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 A B S T R A C T

The sense of embodiment — the subjective experience of owning and controlling one’s body — is crucial for 
self-awareness. Virtual Reality (VR) allows controlled manipulation of visuomotor synchrony to investigate 
embodiment. This study investigates how temporal discrepancies between real and avatar movements affect 
subjective embodiment and the Readiness Potential (RP), a neurophysiological marker of motor preparation. 
Using a VR ‘‘reach and press’’ task, participants (𝑛 = 25) performed movements under three delay conditions 
(200, 400, 600ms) and one condition with no added delay (NA-delay), while EEG (64-channel) recorded 
RP in anterior-frontal and central regions, and subjective embodiment was assessed via questionnaire. A 
control group performed the NA-delay condition in a real setting. Results showed that embodiment decreased 
with increasing delay (significant at 400ms, 600ms). RP peaks also diminished, particularly frontally, 
suggesting a shift from motor preparation to cognitive processes like error monitoring. sLORETA implicated 
dorsal anterior cingulate and prefrontal cortices in monitoring user–avatar discrepancies. These findings 
highlight RP as an objective biomarker for embodiment in VR. This offers significant implications for human–
computer Interaction, providing a continuous, objective measure to improve user agency in VR, enhance 
neurorehabilitation therapies, optimize avatar design, and advance brain–computer interface systems.
1. Introduction

The sense of body ownership, or the feeling that one’s body and 
its movements belong to the self, is a fundamental aspect of human 
self-awareness and agency (Braun et al., 2018). This phenomenon has 
long intrigued researchers across fields such as cognitive neuroscience, 
psychology, and human–computer interaction (HCI). Recent advances 
in virtual reality (VR) technologies provide new opportunities for in-
vestigating body ownership by allowing individuals to embody virtual 
avatars and interact with digital environments in increasingly lifelike 
ways. In this context, the sense of agency (SoA) can be defined as the 
feeling of being in control of the avatar, and the sense of ownership as 
the feeling that the virtual avatar is part of one’s own body (Argelaguet 
et al., 2016).

The combination of VR and electroencephalography (EEG) offers a 
powerful paradigm to investigate the neural underpinnings of embod-
iment. VR allows for the precise control of visuomotor events, while 
EEG provides high-temporal-resolution data on the corresponding brain 

∗ Corresponding author.
E-mail address: francesco.strada@polito.it (F. Strada).

1 These authors equally contributed.

activity. This approach has been used to study Breaks in Embodiment, 
which occur when violations of agency or ownership disrupt the user’s 
experience (Porssut et al., 2019). These studies have shown that event-
related potentials (ERPs) elicited by the detection of errors between 
expected and actual avatar movements can reveal physiological alter-
ations in fronto-central-parietal areas (Porssut et al., 2019; Raz et al., 
2020). While crucial, these findings have primarily focused on reactive, 
error-related brain responses that occur after a discrepancy is detected, 
leaving proactive markers of the ongoing SoA less explored.

A fundamental way to challenge the SoA is by introducing visuo-
motor latency, that is, a delay between a user’s physical movement and 
the avatar’s corresponding action. Visuomotor delay is known to impair 
both task performance and the subjective sense of embodiment in VR. 
Different studies have identified this phenomenon. For example, Wal-
temate et al. (2016) observed that delays exceeding 125ms can reduce 
agency and body ownership, with further deterioration after 300ms. 
More recent work suggests that even delays above 100ms can degrade 
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task accuracy and user experience (Caserman et al., 2019). Importantly, 
user sensitivity to visuomotor delays may vary across populations 
and tasks. For instance, Samaraweera et al. (2013) demonstrated that 
mobility-impaired users exhibit gait adjustments in response to delays 
even without consciously detecting them. Recently, Bockelmann et al. 
(2024) showed that highly realistic avatars can mitigate some negative 
effects of delay on embodiment, although the added rendering com-
plexity may itself increase system delays. These studies have provided 
valuable insights into the behavioral and experiential consequences 
of visuomotor delays in VR. However, they have not addressed what 
occurs at the neurophysiological level. In other words, it remains 
unclear whether objective biomarkers can be identified that reliably 
track the impact of visuomotor delay on embodiment. Establishing 
such neural markers would not only complement self-report and behav-
ioral measures but also offer real-time, bias-free indicators of agency 
and ownership, thus advancing both theoretical understanding and 
practical applications of VR.

For investigating the neural basis of agency under these conditions, 
the Readiness Potential (RP) is a more direct and proactive marker than 
error-related ERPs. As a slow cortical potential that precedes voluntary 
movement (Kornhuber & Deecke, 1965), the RP reflects motor plan-
ning and initiation processes. Its characteristics are tied not only to 
movement preparation but also to the reliability of action consequences 
and, notably, the degree of agency and motor control experienced by 
an individual (Piedimonte et al., 2015; Schurger et al., 2021; Shibasaki 
& Hallett, 2006; Wen et al., 2018). Despite this theoretical link, EEG 
correlates of visuomotor discrepancies — such as ERPs or oscillatory 
power — have been studied (Alchalabi et al., 2019; Esteves et al., 2025; 
Feder et al., 2023; Kober et al., 2022). However, how varying latency 
modulates the RP remains largely unexplored.

The present study directly addresses this gap. We investigate how 
incremental visuomotor delays influence both RP characteristics and 
the corresponding subjective sense of embodiment during an immersive 
VR ‘‘reach and press’’ task. We tested four conditions: a no-additional-
delay condition (NA-delay, representing baseline system latency), and 
three conditions with experimentally added delays of 200, 400, and 
600ms. A control group performed the same task in a real-world 
setting to provide a non-VR comparison. Our results demonstrate that 
as the delay between real and avatar movements increases, the sense 
of embodiment significantly decreases. These subjective changes are 
accompanied by clear electrophysiological alterations: the amplitude 
of the RP is reduced, particularly in frontal cortical regions, deviating 
from the classical centrally-dominant pattern.

These findings suggest that the RP can serve as an objective neuro-
marker for the SoA. This holds significant implications for VR and 
HCI, offering a continuous, real-time alternative to subjective ques-
tionnaires, which are often limited by bias and post-hoc administra-
tion (Burns & Fairclough, 2015; Esteves et al., 2025; Guy et al., 2023). 
Potential applications include enhancing neurorehabilitation through 
personalized VR therapies (Dewil et al., 2023; Juliano et al., 2020; 
McDermott et al., 2023), informing avatar and interaction design (Shin 
et al., 2021; Ziadeh et al., 2021), and advancing Brain–Computer Inter-
face (BCI) technology with more adaptive, ‘zero-lag’ systems (Brouwer 
et al., 2017; Kritikos et al., 2023; Nguyen et al., 2024).

2. Materials and methods

2.1. Ethics approval

The present study was conducted in accordance with the Declara-
tion of Helsinki and was approved by the [university name removed 
for anonymization] ethics committee. All participants provided written 
informed consent in which the experimental procedure was carefully 
described.
2 
2.2. Participants

Power analysis was computed with G*Power 3.1 to determine our 
sample size (Faul et al., 2007; Peck & Gonzalez-Franco, 2021) for 
electrophysiological variables (peak and time to reach max amplitude) 
and embodiment questionnaire. To achieve a medium effect size (𝑓 =
0.25) with an alpha of 0.05 and power of 0.80, 24 participants were 
needed. For this reason, 25 individuals took part in this study (mean 
age = 23.84; SD = 4.65; 16 females, 9 males). Participants were re-
cruited among [university name removed for anonymization] students 
and were asked to participate in an electrophysiological study aimed 
at investigating motor performance in VR or real environments. To 
control for differences between the VR environment (VR group) and 
real environment (Real group), another 17 participants (mean age =
24.35; SD = 2.39; 10 females, 7 males) were recruited.

2.3. Experimental procedure

As mentioned in the Introduction, this study was designed to inves-
tigate the effects of delayed avatar movements on the SoA and RP in 
a virtual environment. Specifically, the study combined EEG record-
ings, an immersive virtual experience and hand-tracking technology 
to investigate how visual-motor discrepancies affect embodiment and 
motor preparation processes. The participants in the VR group were 
immersed in a virtual environment that included a chair and a desk 
with a button, similar to those in the real experimental room, while 
the rest of the virtual room was furnished with classic elements such 
as a sofa, a bookshelf, a lamp, and a window (Fig.  1).

Participants sat on the chair in front of the desk and held their right 
hand over a button. This button was present in both the real and virtual 
environments so that when participants pressed the button in VR, they 
also received haptic feedback from the physical button. The position 
of the button was precisely adjusted in a preliminary calibration phase 
so that its position in the virtual environment matched that of its real-
life counterpart, allowing participants to interact seamlessly with both 
physical and virtual elements. Each trial began with the hand resting 
on the button. When a red and white target appeared above the desk 
at eye level, participants had to release the button and quickly reach 
the target center with their virtual index finger (Fig.  1). The movement 
was considered complete when the finger touched the center of the 
target, after which the target disappeared and the participant returned 
the hand to the button to prepare for the next trial.

Throughout the experiment, participants saw a virtual representa-
tion of their right forearm and hand, which enabled them to orient 
themselves in space and maintain a coherent body reference. This 
representation was part of a generic humanoid avatar implemented in 
Unity and displayed via the Meta Quest 2 headset. Since the headset 
only provides tracking data for the head and hands, the movement of 
the virtual arm was generated using inverse kinematics (IK) to ensure 
a natural and biomechanically plausible animation of the entire limb. 
The IK was implemented using Unity’s built-in Animator IK solver, 
with the tracked hand position serving as the end effector. This is 
the standard IK solver included in Unity’s humanoid rig and is widely 
used in VR applications, although the exact algorithmic implementa-
tion is not publicly documented. To ensure coherence between the 
virtual and real-life appearance, the avatar’s gender and skin color were 
matched to each participant (in this study, all were Caucasian). This 
controlled matching minimized potential confounds associated with 
avatar–participant mismatch and allowed us to focus specifically on the 
effects of visuomotor latency on readiness potential.

To track hand movements, we used the Meta Quest 2 built-in optical 
hand-tracking system. Although such systems can in principle exhibit 
artifacts (e.g., finger flickering), this was not a problem in our study. 
Participants performed a simple open-handed reach and press action. 
Both the start button and the target center (diameter = 5 cm) were 
equipped with large colliders to ensure reliable interaction detection 
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Fig. 1. Left : The virtual environment experienced during the experiments: Participants were seated on a chair and asked to press the red button on the wooden 
table. Right : Participants’ first-person perspective of the VR environment showing the arm and forearm of the controlled avatar as seen through the VR headset. 

The targets appeared in front of them on top of the table at eye level and had to be touched at the center using the avatar’s index finger.
 
(a) Experimental setting.

  
(b) Experimental procedure.

 

Fig. 2. In (a) the comparison between the two experimental settings (VR group and Real group). The Real group had no headset and performed the same 
paradigm, targets appeared in front of them on a specially crafted corkboard, on top of a wooden table at eye level. In (b) an outline of each condition and block 
of the experimental paradigm.
even in the presence of moderate tracking noise. The room was ade-
quately lit to maximize tracking quality, and no tracking failures were 
detected in the system logs. Thus, hand-tracking was stable and did not 
interfere with the embodiment or EEG recordings.

The most important manipulation in this study was the introduc-
tion of controlled delays in the movement of the virtual hand. The 
VR system included a buffer mechanism that temporarily stored the 
tracking data before they were applied to the virtual hand, effectively 
delaying the movement of the virtual hand relative to the real hand. 
This delay was systematically varied across different experimental con-
ditions, allowing the researchers to assess how an increasing temporal 
shift affected participants’ sense of control and neural responses.

The experimental procedure began with the placement and cal-
ibration of the EEG cap, which ensured optimal positioning of the 
electrodes over the motor cortex to capture neural signals related to 
movement planning. Once the signal quality was confirmed, the VR 
headset was put on and adjusted to ensure proper alignment and 
comfort. Once participants were in the virtual environment, they un-
derwent a brief calibration phase aimed at aligning the positions of the 
virtual table and buttons with their real counterparts to ensure spatial 
consistency and improve immersion. After calibration, participants had 
time to adapt to the virtual environment and familiarize themselves 
with the task and experimental conditions. Once they felt comfortable, 
the formal experimental session began.

The task consisted of 160 ‘‘reach-and-press’’ movements distributed 
across the experimental conditions. As stated previously, each move-
ment began with the hand resting on the button and ended when the 
virtual index finger touched the target center (Fig.  2(a)).  After each 
3 
action, the participants had to put their hand back on the button and 
press it again to prepare for the next movement. A trigger mounted 
under the button signaled movement initiation, as already done in 
other studies (Carlino et al., 2019; Piedimonte et al., 2015). As soon 
as participants lifted the hand to start the reach, the switch opened 
and sent a TTL trigger to the EEG system signaling the 0-point, that is 
the moment when participants started the movement. Each movement 
was followed by a 7-s rest period before a new target appeared in 
a different location above the desk. To prevent motor habituation 
and ensure participants could not anticipate the next movement, the 
position of the target was pseudo-randomized across five predefined 
locations throughout the experiment, with the constraint that the same 
position never occurred consecutively.

The 160 ‘‘reach and press’’ trials were distributed across one
matched condition (NA-delay condition) and three mismatched con-
ditions with varying time delays (Fig.  2(b)). In the NA-delay condi-
tion, the virtual hand’s movements closely resembled participants’ real 
movements with no added delay. Thus, this baseline condition incor-
porated the inherent latency present in the Meta Quest 2, measured 
in previous works in the order of 45ms (Abdlkarim et al., 2024). In 
contrast, the three mismatched conditions introduced temporal delays 
of 200, 400, and 600ms, respectively (i.e., these latencies do not 
represent total latency but were added to the baseline latency inherent 
to the system), creating a discrepancy between the participant’s actual 
movements and the ones they observed in VR. For example, in the 
400ms delay condition, the virtual hand left the button 400ms after 
the real hand started moving. Participants were not verbally informed 
about these variations. Each time-delay condition (NA-delay, 200, 400, 
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600) was repeated twice during the experiment, with each condition 
involving 40 movements split into two blocks of 20 movements each. 
Participants completed eight blocks of 20 movements each, presented 
in a pseudo-randomized order (e.g., NA-delay, 400, 600, 200, 600, 
NA-delay, 400, 200). The randomization was designed to avoid order 
effects and ensured that the same condition was never presented twice 
consecutively. After each block, participants answered four questions 
adapted from the Embodiment Questionnaire (Peck & Gonzalez-Franco, 
2021) to assess their subjective embodiment experience related only to 
the previous time-delay condition (for details on the questionnaire’s 
administration see the Section 2.4).

The Real group performed the same task in the real environment, 
outside of VR. As in the VR condition, participants had to keep their 
hand on the button until the red and white target appeared on a 
specifically crafted corkboard with circular targets mounted on rotat-
able supports. Each target had two sides: one identical to the virtual 
target (white with a red center) and one plain white, matching the 
background of the panel. During the rest phase, all targets were ori-
ented with the plain white side facing the participant. At the onset 
of each reaching trial, an experimenter positioned behind the panel 
manually rotated one target as fast as possible to reveal the red-and-
white face, making it visible to the participant and thereby indicating 
the target location. Once the movement was completed, the target was 
rotated back to the white side, restoring the rest condition. Five targets 
were created in five different positions that mimicked the virtual ones. 
Specifically, five circular targets were mounted on the corkboard at 
different predefined locations, corresponding to the spatial distribution 
of targets in the VR environment. This design ensured that participants 
in the real-world condition experienced comparable spatial variability 
to those in VR, thereby minimizing potential biases in the comparison 
between the two settings. Since no artificial lag was introduced in the 
Real group, the task design was identical to the one in VR, though they 
only experienced the NA-delay condition.

2.4. Embodiment questionnaire

An adapted version of the Embodiment Questionnaire (Peck & 
Gonzalez-Franco, 2021) was used to assess participants’ sense of em-
bodiment after each block. During the rest period between the blocks, 
the experimenters asked four questions, which the participants an-
swered on a 7-point Likert scale from ‘‘strongly disagree’’ to ‘‘strongly 
agree’’. Questions are detailed in Table  A.1. The four questions were 
selected as a subset of the original embodiment questionnaire. Specif-
ically, we chose the items that most directly captured the core di-
mensions of embodiment relevant to our experimental design: dis-
embodiment (Q1), motor influence (Q2), body ownership (Q3), and 
agency (Q4). Questions were administered by speaking directly to 
participants, similarly to other studies focused on the same topic (Tan 
et al., 2024), and answers were promptly recorded in digital format 
in an excel spreadsheet. This resulted in eight sets of answers to the 
four questions (Q1–Q4) across the four conditions (NA-delay,200, 400, 
600). The association between each questionnaire and its correspond-
ing delay condition was ensured via the system’s log files, in which 
the condition was recorded together with the start and end time of 
each block. Finally, the answers belonging to the same condition were 
averaged, yielding four mean scores (one per condition). These scores 
are reported in Table  A.2 in the Appendix.

2.5. EEG recordings

EEG was recorded at a 1 kHz sampling rate using a 64-channel 
amplifier and digitizer (Galileo, Ebneuro S. p. A., Italy). Scalp signals 
were acquired through a prewired cup using 61 shielded Ag-AgCl 
electrodes, positioned according to the 10-10 International System with 
CPPz as the reference electrode and FCz as the ground electrode. EEG 
4 
data processing was carried out using Matlab, via the EEGLAB tool-
box (Delorme & Makeig, 2004), and EEG recordings were synchronized 
to the trigger (i.e., the hand leaving the button to reach the target). The 
continuous EEG recordings were low-pass filtered using a 30 Hz finite 
impulse response (FIR) filter. Data was average referenced and then 
segmented in 2.5 s epochs, ranging between −2000 to +500ms before 
and after each trigger. For each participant, a total of 160 epochs was 
obtained: 40 epochs for each condition (i.e., 0, 200, 400, 600). EOG and 
muscle artifacts were removed using independent component analysis 
(ICA) (Jung et al., 2000). In particular, ICs related to eye movements 
and muscle noise were removed using an EEGLAB plugin, namely 
ICLabel (Pion-Tonachini et al., 2019), set to automatically remove 
components recognized as eye movements and muscle activity with a 
90% confidence threshold. Baseline correction was performed by sub-
tracting the −2000 to −1500ms pre-stimulus interval. Finally, epochs 
exceeding ±75 μV were automatically removed. Artifact-free epochs 
were averaged for each condition and each participant and handled 
accordingly, thus, for each participant, we obtained four averages.

Given the heterogeneity of self-regulating processes in the fron-
tocentral networks (Menon & D’Esposito, 2022) and the specificity 
of motor processes over the motor cortical areas (Kim et al., 2023; 
Suviseshamuthu et al., 2022), RPs averages have been computed on 
two distinct fronto-central patches. Analyzed electrodes were grouped 
as follows: AF3, AFz, F1, F3, F5, Fz for the Anterior-Frontal patch (AF), 
and C1, C3, C5, Cz for the Central patch (C).

A subsequent ERPs computation was carried out using sLORETA 
software (Pascual-Marqui, 2002) to estimate the current source den-
sity values. sLORETA computes a three-dimensional distributed source 
localization to solve the inverse problem of brain electric activity to 
calculate the standardized current source density (amperes per square 
meter; A∕m2) at each of the 6.239 gray matter and hippocampus 
voxels of the probabilistic MNI-reference brain template (resolution: 
5 mm × 5 mm × 5 mm) by the Brain Imaging Center of the Montreal 
Neurological Institute (Mazziotta et al., 2001). The calculation of the 
current source density is derived from a linearly weighted sum of scalp 
electric potentials. sLORETA estimates the underlying sources based 
on the assumption that neighboring voxels exhibit maximally simi-
lar electrical activity. sLORETA assumes a smooth spatial distribution 
of electrical activity, applying the principle that neighboring voxels 
should exhibit highly similar activity (Silva et al., 1991). This approach 
reduces localization errors and enables the accurate identification of 
source activity, albeit with low spatial resolution.

2.6. Statistical analysis

Statistical analyses on the behavioral and ERPs data were carried 
out using Statistica Software (StatSoft, 2011). Analyses on source lo-
calization were carried out using the statistical package of sLORETA 
(Pascual-Marqui, 2002). The Kolmogorov–Smirnov test was used to 
verify the normality of the distribution of all the dependent variables. 
For the behavioral and ERPs analyses, the level of significance was set 
at 𝑝 < 0.05, data in the figures are presented as mean±standard error 
of the mean (SEM). For sLORETA analyses the level of significance was 
set at 𝑝 < 0.01.

2.7. Embodiment questionnaire analysis

To analyze the sense of embodiment in the VR group, two com-
plementary analyses were performed. First, mean Likert scores (1–7) 
across all questionnaire items (Q1–Q4) were entered into a repeated-
measures ANOVA with Condition (NA-delay, 200, 400, 600 ms) as the 
within-subject factor. Second, each item was analyzed separately to 
examine whether the observed effects were consistent across individual 
questions. For both analyses, post hoc Student–Newman–Keuls (SNK) 
tests were applied to explore pairwise differences between conditions. 
Moreover, a correlation analysis was conducted to examine the rela-
tionship between electrophysiological indices of motor preparation and 
subjective embodiment ratings.
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Fig. 3. Embodiment questionnaire results of average items. The 𝑌 -axis represents the Likert 1–7 scores. Each colored bar corresponds to a different delay condition. 

Asterisks denote statistically significant post hoc differences: **𝑝 < 0.01. Error bars represent standard errors of the means (SEM).
2.8. Readiness potential analysis

Differences in mean RP peak and time at max amplitude for every 
electrode patch in the VR group were tested by means of a two 
repeated-measures ANOVAs with Condition (0, 200, 400, 600) as the 
within-subject factor. To investigate significant differences, post hoc 
SNK test was applied for multiple comparisons. Mauchly’s test was 
performed to detect sphericity violations. In cases where sphericity as-
sumption was violated, Greenhouse–Geisser (G–G) corrected degrees of 
freedom were applied to adjust the p-values and results were reported 
using G–G correction. Given the unbalanced group sizes (Real = 17; 
VR = 25), we performed Levene’s test for homogeneity of variances 
on the EEG patches (Anterior-Frontal, Central). Results indicated that 
variances were not homogeneous between groups (AF: 𝑝 = 0.030; C: 
𝑝 = 0.013). Based on this violation of the homogeneity assumption, 
a non-parametric test (Mann–Whitney U test) was performed, which 
do not rely on distributional or variance homogeneity assumptions, 
on both RP peak and time at max amplitude to check for differences 
between groups in the NA-delay.

2.9. EEG source analysis

Current source densities in each voxel as results of the differences 
between two conditions or groups (e.g., VR group > Real group) 
were computed using statistical non-parametric mapping by sLORETA 
software (Nichols & Holmes, 2002). This method averages intracerebral 
current densities distribution at a specific time interval and returns 
as output significant differences based on a voxel-by-voxel one-tailed 
paired or independent samples t-test with 5.000 permutations. Acti-
vated voxels exceeding the tcrit are considered as cortical active regions 
and classified through Broadmann areas (Zilles & Amunts, 2010) and 
normalized MNI coordinates (Mazziotta et al., 2001).

3. Results

3.1. Embodiment questionnaire

Behavioral results of the mean Likert scores (1–7) across all ques-
tionnaire items (Q1–Q4) are shown in Fig.  3. Means of single items are 
reported in Table  A.2. For the overall sense of embodiment, the analysis 
on mean Likert score points (1–7) for questions Q1, Q2, Q3, and Q4 
showed a significant main effect of Condition (𝐹(3,72) = 12.85, 𝑝 < 0.01), 
depicting a decrease in mean scores from the NA-delay condition to 
the 600ms delay condition. SNK post hoc test showed significant dif-
ferences between the NA-delay condition and the 400ms (𝑝 < 0.01) and 
600ms (𝑝 < 0.01) delay conditions, and between the 200ms condition 
and both the 400ms (𝑝 < 0, 01) and 600ms (𝑝 < 0.01) delay conditions, 
but not between the 0ms and the 200ms (𝑝 = 0.371) delay condition, 
and between the 400ms and the 600ms (𝑝 = 0, 094) delay conditions.

Furthermore, we analyzed each item separately to examine whether 
the observed effects were consistent across individual questions.
5 
Results for Q1 showed that the repeated-measures ANOVA on mean 
Likert ratings did not reveal a significant main effect of Condition, 
𝐹(3,72) = 0.48, 𝑝 = 0.698.

Results for Q2 showed a significant main effect of Condition, 𝐹(3,72)
= 7.67, 𝑝 < 0.001. Since Mauchly’s test indicated that the assumption of 
sphericity was violated, the Greenhouse–Geisser correction was applied 
(𝜀 = 0.667). After applying the Greenhouse–Geisser correction, the 
effect of Condition remained significant, 𝐹(2.00,48.02) = 7.67, 𝑝 < 0.001. 
Post-hoc SNK comparisons revealed that the NA-delay condition signif-
icantly differed from both the 400ms (𝑝 < 0.05) and 600ms (𝑝 < 0.001) 
conditions, and the 200ms condition significantly differed from the 
600ms condition (𝑝 = 0.01). No significant differences were found 
between NA-delay and 200ms (𝑝 = 0.366), between 200ms and 400ms 
(𝑝 = 0.093), and between 400ms and 600ms (𝑝 = 0.072).

Results for Q3 showed a significant main effect of Condition, 𝐹(3,72)
= 36.16, 𝑝 < 0.001. Since Mauchly’s test indicated a violation of 
sphericity, the Greenhouse–Geisser correction was applied (𝜀 = 0.738). 
The effect of Condition remained highly significant after correction, 
𝐹(2.22,53.17) = 36.16, 𝑝 < 0.001. Post-hoc SNK tests revealed significant 
differences between the NA-delay condition and both the 400ms (𝑝 <
0.001) and 600ms (𝑝 < 0.001) conditions, but not between NA-delay 
and 200ms (𝑝 = 0.072). Furthermore, the 200ms condition significantly 
differed from the 400ms (𝑝 < 0.001) and 600ms (𝑝 < 0.001) conditions, 
while the 400ms and 600ms conditions also differed significantly (𝑝 <
0.001).

Results for Q4 showed a significant main effect of Condition, 𝐹(3,72)
= 34.87, 𝑝 < 0.001. Since Mauchly’s test indicated a violation of 
sphericity, the Greenhouse–Geisser correction was applied (𝜀 = 0.594). 
The effect of Condition remained highly significant after correction, 
𝐹(1.78,42.75) = 34.87, 𝑝 < 0.001. Post-hoc SNK tests revealed that the 
NA-delay condition significantly differed from the 400ms (𝑝 < 0.001) 
and 600ms (𝑝 < 0.001) conditions, but not from the 200ms condition 
(𝑝 = 0.227). In addition, the 200ms condition significantly differed from 
both the 400ms (𝑝 < 0.001) and 600ms (𝑝 < 0.001) conditions, while 
the 400ms and 600ms conditions also significantly differed (𝑝 < 0.01). 
To summarize, results showed that all items, with the exception of 
Q1, yielded patterns comparable to the overall analysis, confirming the 
robustness of the effect across individual questions.

3.2. Readiness potential peak and time at max amplitude in the VR group

Electrophysiological results for the VR group are shown in Fig.  4. 
For the Anterior-Frontal patch, the analysis on the mean RPs peak 
showed a significant main effect of Condition (𝐹(3,72) = 3.46, 𝑝 < 0.05), 
revealing a decrease in mean RPs peak from the NA-delay condition to 
the other conditions with longer delays. Mauchly’s test indicated that 
the assumption of sphericity had been violated (𝑊 = 0.486, 𝜒2(5) =
16.40, 𝑝 < 0.01). Therefore, degrees of freedom were corrected using 
the Greenhouse–Geisser estimate of sphericity (𝜀 = 0.671). The effect 
of condition remained significant after correction, 𝐹 = 3.46, 
(2.01,48.33)
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Fig. 4. EEG results for RPs in the VR group. Left : Grand-average RP waveforms (in 𝜇V) for each delay condition across all participants. The top plot shows 
the Anterior-Frontal patch (AF3, AFz, F1, F3, F5, Fz), while the bottom plot shows the Central patch (C1, C3, C5, Cz). The 0 point on the 𝑥-axis represents the 
movement initiation (e.g., the time when the hand leaves the button). Center : Bar plots showing the mean (±SEM) of individual participants’ RP peak amplitudes. 
Note that these values differ from the grand-average waveforms due to inter-participant timing variability. Right : Bar plots showing RP latency, defined as the 
time of maximum amplitude. Asterisks denote statistically significant post hoc differences: *𝑝 < 0.05, **𝑝 < 0.01. Error bars represent standard error of the mean 
(SEM).
𝑝 < 0.05. SNK post hoc test showed significant differences between 
the NA-delay condition and the 200ms (𝑝 < 0.05), 400ms (𝑝 < 0.05), 
and 600ms (𝑝 < 0.05) delay conditions. No significant differences 
were found between the 200ms, the 400ms, and the 600ms delay 
conditions. For the Central patch, the analysis on the mean RPs peak 
showed no significant effect of Condition (𝐹(3,72) = 2.08, 𝑝 = 0.111), nor 
significant SNK post hoc test differences.

For the Anterior-Frontal patch, the analysis of the mean RPs latency 
showed a significant main effect of Condition (𝐹(3,72) = 3.51, 𝑝 < 0.05), 
revealing an increased mean RP time to reach max amplitude in the NA-
delay condition compared to the other conditions with longer delays. 
Mauchly’s test indicated that the assumption of sphericity had been 
violated, and thus Greenhouse–Geisser corrected degrees of freedom 
were applied (𝜀 = 0.750). The effect of condition remained significant 
after correction (𝐹(2.25,53.97) = 3.52, 𝑝 < 0.05). SNK post hoc test showed 
significant differences between the NA-delay condition and the 400ms 
(𝑝 < 0.05) and 600ms (𝑝 < 0.05) delay conditions, while only a tendency 
towards significance was found between the NA-delay condition and 
the 200ms delay condition (𝑝 = 0.056). No significant differences 
were found between the 200ms, the 400ms, and the 600ms delay 
conditions. For the Central patch, the analysis on the mean RPs latency 
showed no significant effect of Condition (𝐹(3,72) = 0.29, 𝑝 = 0.834), nor 
significant SNK post hoc test differences.

3.3. Readiness potential peak in the VR vs. Real group

Electrophysiological results for the VR group vs. Real group are 
shown in Fig.  5. For the Anterior-Frontal patch, the analysis on mean 
RPs peak (NA-delay condition) showed a significant difference between 
groups (𝑈 = 82.0, 𝑍 = 3.34, 𝑝 < 0.01), revealing a higher RP peak 
in the VR group compared to the Real group. For the Central patch, 
the analysis on the mean RPs peak (NA-delay condition) showed no 
significant effect of Group (𝑈 = 169.0, 𝑍 = 1.11, 𝑝 = 0.265), revealing 
no difference between the VR group and the Real group.

3.4. Readiness potential time at max amplitude in the VR vs. real group

For the Anterior-Frontal patch, the analysis of mean RPs time to 
max amplitude (NA-delay condition) showed a significant difference 
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between groups (𝑈 = 131.0, 𝑍 = −2.09, 𝑝 < 0.05), revealing a delayed 
RP time at max amplitude in the VR group compared to the Real 
group. For the Central patch, the analysis on the mean RPs time at 
max amplitude (NA-delay condition) showed a significant difference 
between groups (𝑈 = 133.5, 𝑍 = 2.02, 𝑝 < 0.05), revealing an earlier RP 
time at max amplitude in the VR group compared to the Real group, as 
opposed to the Anterior-Frontal patch.

3.5. sLORETA source localization in the VR group

The comparison between experimental conditions NA-delay > 200-
delay in the averaged time window −200ms – 0ms (corresponding to 
the Readiness Potential peak) showed statistically significant greater 
cortical activations in the bilateral anterior cingulate cortex (BAs 24, 
32, 33), the bilateral medial frontal gyrus (BA 9), the bilateral cingulate 
gyrus (BAs 24, 32), the right insula (BA 13), the right postcentral gyrus 
(BAs 2,3), the right superior frontal gyrus (BAs 9,10), the right inferior 
parietal lobule (BA 40), the middle frontal gyrus (BA 10), and in the 
right precentral gyrus (BA 4). See Fig.  6 for the activation map and 
Table  B.3 for anatomical details.

The comparison between experimental conditions NA-delay > 400-
delay in the averaged time window −200ms – 0ms showed statistically 
significant higher cortical activations in the bilateral cingulate gyrus 
(BAs 6, 23, 24, 32), the bilateral anterior cingulate cortex (BAs 24, 32, 
33), the bilateral medial frontal gyrus (BAs 6, 9), the left insula (BA 
13), the right superior frontal gyrus (BA 9), the right postcentral gyrus 
(BAs 2,3), the right precentral gyrus (BAs 4,6), and in the right inferior 
parietal lobule (BA 40). See Fig.  7 for the activation map and Table  B.4 
for anatomical details.

The comparison between experimental conditions NA-delay > 600-
delay in the averaged time window -200ms – 0ms showed statistically 
significant higher cortical activations in the bilateral frontal gyrus (BAs, 
6, 8, 9), the bilateral cingulate gyrus (BAs 6, 24, 32), the bilateral 
anterior cingulate (BAs 24, 32, 33), the bilateral superior frontal gyrus 
(BAs 6, 8), the left precentral gyrus (BA 6), and in the left middle 
frontal gyrus (BA 6). See Fig.  8 for the activation map and Table  B.5 
for anatomical details.
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Fig. 5. EEG results for RPs comparing the VR group and the Real group. Left : Grand-average RP waveforms (in 𝜇V) for the NA-delay condition. Solid blue lines 
represent the VR group, and dashed blue lines represent the Real group. The top plot shows the Anterior-Frontal patch (AF3, AFz, F1, F3, F5, Fz), while the bottom 
plot shows the Central patch (C1, C3, C5, Cz). The 0 point on the 𝑥-axis represents the movement initiation (e.g., the time when the hand leaves the button).
Center : Bar plots showing the mean (±SEM) of individual participants’ RP peak amplitudes. Note that these values differ from the grand-average waveforms due 
to inter-participant timing variability. Right : Bar plots showing RP latency, defined as the time of maximum amplitude. Asterisks indicate statistically significant 

differences between groups: 𝑝 < 0.05, *𝑝 < 0.01. Error bars represent standard error of the mean (SEM).

3.6. sLORETA source localization in the VR vs. Real group

The comparison between experimental groups VR group > Real 
group in the averaged time window −200ms – 0ms showed statistically 
significant higher cortical activations (corresponding to the Readiness 
Potential peak) showed statistically significant higher cortical activa-
tions in the left superior frontal gyrus (BAs 9,10), the left middle frontal 
gyrus (BAs 9,10), and in the left medial frontal gyrus (BA 10). See Fig. 
9 for the activation map and Table  B.6 for anatomical details.

3.7. Correlation analysis between RP peak and time at max amplitude and 
subjective embodiment

An exploratory correlation analysis was conducted to examine the 
relationship between electrophysiological indices of motor preparation 
and subjective embodiment ratings. A mixed-model approach was used 
to account for within-subject variability across conditions (NA-delay, 
200, 400, 600ms). In these models, questionnaire responses were en-
tered as dependent variables, and separate analyses were run for Q3 (‘‘I 
felt as if the virtual body was my body’’) and Q4 (‘‘I felt like I could con-
trol the virtual body as if it was my own body’’). RP peak and RP time 
at maximum amplitude in Anterior-Frontal patch (the only significant 
patch) were included as fixed covariates of interest, while Condition 
(NA-delay, 200, 400, 600ms) was modeled as a fixed factor. Subject 
was specified as a random factor to account for repeated measures 
across participants. Degrees of freedom for fixed effects were estimated 
using the Satterthwaite approximation, which provides more accurate 
𝑝-values in mixed models with unbalanced designs. This approach 
allowed us to test whether within-participant variation in RP variables 
was systematically related to embodiment ratings, while simultane-
ously controlling for Condition effects and between-subject differences.

No significant differences were observed for RP peak amplitude 
either for Q3 or for Q4. In contrast, considering RP time at max 
amplitude, for Q3 the model revealed a significant effect of RP time at 
maximum amplitude (𝐹1,30.95 = 6.14, 𝑝 < 0.05), and a significant effect 
of Condition (𝐹3,77.45 = 30.83, 𝑝 < 0.001). The random effect of Subject 
was also significant (𝐹24,71 = 4.32, 𝑝 < 0.001). For Q4, results similarly 
showed a significant effect of RP time at max amplitude (𝐹1,35.73 = 7.19, 
𝑝 < 0.05), alongside a robust main effect of Condition (𝐹 = 30.28, 
3,74.98
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Fig. 6. sLORETA source localization results for the contrast NA-delay > 200-
delay. Activated voxels (thresholded at 𝑝 < 0.01, corrected for multiple 
comparisons) are shown in yellow and red. Peak cortical activity was found 
in the anterior cingulate cortex, specifically in BA 32. Maps were generated 
using statistical non-parametric mapping (SnPM), co-registered to Talairach 
space based on the MNI-152 template and the Co-Planar Stereotaxic Atlas of 
the human brain.

𝑝 < 0.001), and a significant random effect of Subject (𝐹24,71 = 2.61, 
𝑝 < 0.001). These results suggest that RP time to reach max amplitude 
is a robust predictor of subjective embodiment.

4. Discussion

In the current study, using an immersive VR environment, we inves-
tigated how increasing latency between a participant’s real movement 
and their avatar’s movement affects both the subjective sense of owner-
ship and the neurophysiological markers of motor preparation, specifi-
cally the RP’s peak amplitude and time to reach max amplitude. Inter-
estingly, our findings indicate that as the delay between the real and 
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Fig. 7. sLORETA results for the contrast NA-delay > 400-delay. See Fig.  6 for 
methods. Peak activation was again localized to the anterior cingulate cortex 
(BA 32).

Fig. 8. sLORETA results for the contrast NA-delay > 600-delay. See Fig.  6 for 
methods. Peak activation was observed in the cingulate cortex (BA 32).

Fig. 9. sLORETA results for the contrast VR > Real group. See Fig.  6 for 

methods. Peak activation was located in the superior frontal gyrus (BA 9).
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avatar’s movement changes from the NA-delay condition to the other 
conditions with added delays (i.e. 200, 400, 600), the amplitude of the 
RP as well as the time at maximum amplitude both decrease, particu-
larly in frontal regions, representing a departure from the classic pat-
tern of central RP peaks. Accompanying these electrophysiological dif-
ferences, participants’ sense of embodiment, particularly measured in 
questions 3 and 4 specifically related to agency, significantly decreases 
in the 400 ms and 600 ms added delay condition compared to the 
NA-delay condition. Furthermore, a direct comparison of the NA-delay 
condition revealed that the VR group exhibited a higher and temporally 
delayed RP peak in frontal cortical regions relative to the Real group.

Albeit from a behavioral point of view, a similar situation where 
time has been shown to be crucial to determine the sense of embod-
iment is depicted by studies investigating the rubber hand illusion 
(RHI), which involves attributing sensations from a real hand to a 
rubber hand when both are simultaneously stimulated (Botvinick & 
Cohen, 1998). Using this specific paradigm, it was possible to show 
that temporal visuotactile synchronization is needed to create the 
sense of ownership of the visible stroked fake hand, since when the 
visual delay increased compared to the tactile stimulation, the illusion 
strength significantly decreased (Shibuya et al., 2019) giving rise to a 
similar loss of the sense of embodiment recorded in our longest delay 
conditions. Indeed, delay in time between volition and action execution 
seems to be crucial to creating a strong link bond between what is 
moving, e.g. an arm, and its ownership, e.g. my arm, as synchronization 
between one own’s intention to move and a specific movement is one 
of the main characteristics of conscious will (Wegner & Wheatley, 
1999). Interestingly, from an electrophysiological perspective, it has 
been shown that reducing perceptions of being in control of one’s 
own actions via verbally undermining beliefs in free will result in a 
reduction of the amplitude of RP (Rigoni et al., 2011).

Taking these studies into account, it is possible to explain the reduc-
tion of the RP amplitude observed in the frontal electrodes during the 
delayed conditions as a reduction in being in control of one own’s ac-
tions when the only action observable by participants, that is the avatar 
movement, completely diverged from their own movement, i.e. it was 
out of participants’ control. This reduction was also underlined by the 
significantly lower scores in the sense of embodiment scales, recorded 
after the longest delay conditions. On the other hand, the significantly 
higher RP amplitude in the NA-delay condition could represent an 
increased activation of the premotor areas involved in RP generation 
to exert control over the avatar arm while programming the reaching 
movement in the VR environment while the illusion of embodiment was 
still not broken.

This last hypothesis is also in line with data regarding the time for 
RP to reach max amplitude in the different delay conditions, as in the 
NA-delay condition RP showed a significantly longer time to reach max 
amplitude in comparison to the other conditions, in particular with 
400ms and 600ms delays.

Rather than showing a gradual decrease in peak latency, our study 
revealed a significant step change with the addition of all longer laten-
cies, mirroring the pattern observed for amplitude. When considering 
the Meta Quest 2’s inherent latency of approximately 45–50ms (Ab-
dlkarim et al., 2024), the significant decrease beginning at the 200ms 
added delay condition corresponds to a total system latency approach-
ing 250ms. This threshold is particularly noteworthy, as classic lit-
erature has established that agency diminishes when delays between 
actions and outcomes exceed approximately 250ms. This timing aligns 
with research on temporal binding — the subjective compression of 
intervals between causally related events — which serves as an implicit 
measure of agency (also known as intentional binding). Studies have 
demonstrated that this binding effect diminishes when action-outcome 
intervals reach or exceed 250ms (Ruess et al., 2017). More recent 
electrophysiological work in brain–computer interfaces has further con-
firmed this threshold, showing that reports of agency are more likely 
when actions occur within 250ms of a Readiness Potential compared to 



A. Piedimonte et al. Computers in Human Behavior Reports 20 (2025) 100865 
when no RP is present in the preceding 250ms (Schultze-Kraft et al., 
2020). Our findings clearly align with this established literature. The 
linear mixed model results, which link decreased agency scores (em-
bodiment questionnaire items Q3 and Q4) to reduced time at maximum 
amplitude starting from the 200 ms condition, suggest that this RP mea-
sure effectively captures the disruption of the sensorimotor connection 
between participants and their avatars. Thus, time at maximum ampli-
tude appears to serve as a reliable neural marker for the breakdown of 
embodiment when visuomotor delays exceed perceptual thresholds.

Again, this slower RP timing in the NA-delay and partially in the 
200ms condition could account for a longer elaboration of the possible 
discrepancies between the actual and the virtual movement (i.e. they 
were absent or small enough to be difficult to detect) while during 
longer delays with actual and virtual movements overtly decoupled, 
elaboration time was significantly reduced. Indeed, this is in line with 
a recent EEG study where participants were asked to either select a 
specific action among different actions or execute, without selecting 
it, the same action and results clearly showed longer RP’s timing in 
the selection task, possibly due to what the authors called ‘‘evidence 
accumulation process for response selection in the motor system’’ (Lui 
et al., 2021). Interestingly, all these RP-related differences were ob-
served mainly in frontal electrodes rather than the more typical central 
ones (i.e., those related to primary motor areas). This highlights a 
possible shift from a simple action programming to higher functions 
such as error detection, goal directed behaviors and decision making.

In agreement with this last observation, activation distribution re-
lated to RP’s peaks investigated with sLORETA showed a predominant 
activation of frontal areas in the NA-delay condition in comparison 
to the other conditions, with the involvement of premotor areas such 
as Brodmann area 6 when compared with the longest, 600ms, delay 
where participants’ sense of embodiment significantly decreased. One 
possible explanation for the hyperactivation of these areas during the 
no-delay VR condition is that these cortical regions could be trying 
to maintain a strong sense of embodiment between the real arm and 
the avatar arm while the significantly less activation in these areas, in 
particular during the 600ms latency, could represent the disruption of 
such link. This hypothesis is supported by classic studies on the sense of 
embodiment. For instance, studies conducted with patients affected by 
pathological embodiment, the delusion that someone else’s arm belongs 
to one’s own body, showed that when someone else’s arm is positioned 
like the patient’s own, the patient perceives it as part of their body and 
if this newly acquired ‘alien’ arm moves, the patient believes their own 
arm has moved, becoming unaware of the difference while the arm is 
present (Garbarini et al., 2014, 2013). Interestingly, the lesions charac-
terizing these patients involved subcortical areas such as the superior 
longitudinal fasciculus while systematically spared specific frontal ar-
eas such as the premotor cortex (Brodmann area 6), identified by the 
authors as the primary region responsible of maintaining a strong sense 
of embodiment in these patients when incorporating alien arms (Pia 
et al., 2020). Similar observations, albeit on healthy participants, have 
been made using the abovementioned rubber-hand illusion highlighting 
how the feeling of ownership towards the fake hand seems to be related 
to stronger activations in premotor areas (Ehrsson et al., 2004; Grivaz 
et al., 2017). Thus, based on this literature and our data, it is possible 
that premotor areas exerted maximum activity, in the NA-delay con-
dition, to incorporate the alien, i.e. avatar, hand into participants own 
body representation until the temporal gap between the real and virtual 
condition became too wide and the ‘‘avatar illusion’’ was dissolved.

Notably, the sLORETA analysis showed also the significant involve-
ment of other medial areas such as parts of the dorsal anterior cingulate 
cortex (dACC), namely Brodmann areas 24 and 32. In particular, it 
was again observed a higher activation of these areas in the NA-delay 
condition in comparison to the other conditions. These areas have been 
classically described as the center of performance monitoring via error 
detection (Carter et al. 1998) and then incorporated into a complex 
network related to goal-directed behaviors (Apps, 2018). More recently, 
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activations of these regions were also observed in a study where partic-
ipants were asked to decide whether a stretched and rotated arm was 
a right or a left arm and the authors concluded that dACC could be im-
portant in ‘‘integrating intero-exteroceptive cues for the purpose of spa-
tially transforming the image of our self-body’’ (Sasaoka et al., 2024). 
Thus, the higher activation of the dACC in the NA-delay condition could 
entail a higher burden in detecting the discrepancies between the real 
and the avatar movement while the lower activation observed in the 
longer delay conditions could describe the lack of this necessity since 
the two movements have been already detected as separated, mirroring 
the observed subjective decrease in the sense of embodiment.

Finally, the comparison between VR and Real groups (NA-delay 
condition) showed in the frontal electrodes a higher amplitude of the 
RPs as well as a longer time to reach max amplitude in participants 
performing the reaching movement in the VR environment. Similarly to 
what has been discussed before, this result highlights the possibility for 
RP to represent movement preparation while trying to incorporate the 
avatar’s action when its characteristics almost perfectly overlap those 
produced in the real environment. Following this line of thought, the 
real environment is more akin to the VR condition with a 600ms delay 
since, with this delay, the avatar and the real participant represented 
two different agents and within this VR condition a reaching movement 
was programmed without taking into account the avatar arm exactly as 
if it was executed in a real environment. In other words, while with no 
VR there is no embodiment, in a VR condition with excessive latency, 
the embodiment of the avatar is disrupted.

Notably, sLORETA showed a significantly higher activation in the 
VR group compared to the Real group in a specific group of frontal 
areas located in the left frontal gyrus, namely Brodmann area 9 and 
10. Activity within these areas has been principally related to motor 
imagery, i.e. the ability to imagine movements without executing them, 
and is also in line with the current neuroimaging literature related to 
VR environments. For instance, it has been observed that activation 
in the dorsolateral prefrontal cortex (DLPFC), an area roughly corre-
sponding to Brodmann area 9, is associated in VR with the experience 
of presence (Jäncke et al., 2009), an early definition of the subjective 
feeling of being in a virtual environment while being unaware of the 
real surroundings (Meehan et al., 2002). Furthermore, while motor 
imagery and execution share a similar neural network, it has been 
observed how imagining movements with one hand elicits activation 
of specific cortical and subcortical areas, with prefrontal areas such as 
Broadmann area 10 among them Gerardin et al. (2000) and more in 
general motor imagery regarding finger movements have been related 
to activity in the middle frontal gyrus (Hanakawa et al., 2003). Thus, 
it is possible that movements executed in a virtual space share some 
similarities with imagined movements, an idea that has been already 
engaged with in motor training as well as rehabilitation protocols 
where it has been proved that motor imagery accompanied with VR 
environments is capable of increasing cortical excitability in stroke 
patients and healthy participants more than motor imagery alone (Im 
et al., 2016) as well as improving shot accuracy in curling, bowling, 
and archery (Bedir & Erhan, 2021). It is also interesting to note that 
left frontal gyrus lesions can lead to ideomotor apraxia, which is a 
neuropsychological pathology where goal-directed actions are severely 
impaired (Haaland et al., 2000) highlighting the importance of these 
left frontal regions to control complex movements with a specific goal, 
which in our experiment could be well represented by reaching a 
random target in a virtual environment.

Overall, our data suggests that in VR environments where agency 
and ownership are challenged by temporal discrepancies, the brain’s 
motor preparation processes may shift from the motor areas to more 
frontal regions implicated in higher-order cognitive functions such as 
error monitoring, agency evaluation, and decision-making (Kornhuber 
& Deecke, 1965).

Building upon these neurophysiological insights, the finding that 
the RP is sensitive to visuomotor delay in immersive VR has poten-
tially valuable implications for HCI and VR research. This observation 
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suggests a possible pathway towards objectively monitoring aspects of 
a user’s SoA—a subjective psychological construct that has tradition-
ally relied on post-hoc, self-report measures. Traditionally, assessing 
user experience relies on subjective questionnaires, which are often 
criticized for their inherent limitations. These methods are prone to par-
ticipant interpretation and scale biases, lack real-time insight, and ne-
cessitate interrupting the immersive flow, preventing them from being 
considered a ‘‘gold standard’’ for SoA assessment (Burns & Fairclough, 
2015; Esteves et al., 2025; Guy et al., 2023; Safikhani et al., 2024). By 
leveraging the high temporal resolution and increasing portability of 
EEG (Nguyen et al., 2024; Nwagu et al., 2023), these findings provide 
a continuous, objective, and non-intrusive method to quantify SoA, 
offering more reliable insights into how users genuinely perceive their 
control and engagement within virtual worlds. This directly addresses a 
critical need for definitive EEG biomarkers for agency, bridging the gap 
between self-reported experiences and objective neurophysiological 
evidence (Esteves et al., 2025; Jeunet et al., 2018).

These findings may also have a significant impact on the enhance-
ment of neurorehabilitation and therapeutic VR applications (Dewil 
et al., 2023). In VR-based rehabilitation, particularly for gait and 
motor function recovery, a continuous and objective measure of em-
bodiment and agency is paramount for maximizing therapeutic effi-
cacy (Alchalabi et al., 2019; Dewil et al., 2023). A heightened SoA 
is directly associated with improved perceived movement control and 
better functional performance (Dewil et al., 2023). Real-time SoA mea-
surement would allow therapists and rehabilitation systems to monitor 
and maintain optimal levels of agency and engagement throughout 
training sessions, which is crucial for fostering neuroplasticity and 
recovery (Dewil et al., 2023; Vourvopoulos et al., 2024). Importantly, 
this approach can help prevent feelings of estrangement or distress that 
may arise when patients feel a lack of control, potentially hindering 
recovery in BCI-based therapies (Juliano et al., 2020). The proposed 
neuro-marker supports the development of personalized ‘‘closed-loop’’ 
therapeutic VR environments where the choice and timing of virtual 
stimuli are synchronized with relevant, fluctuating brain states that 
modulate motor behavior, optimizing therapeutic efficacy (McDermott 
et al., 2023; Vourvopoulos et al., 2024). This allows for applications 
beyond traditional mirror therapy, such as visually experiencing the 
illusion of successful movements directly triggered by imagination and 
intention (McDermott et al., 2023). Additionally, ‘‘pre-assessments’’ of 
embodiment potential, utilizing this neuro-marker, could be used to 
predict and personalize EEG-based BCI therapy (Juliano et al., 2020).

Moreover, this research can effectively inform VR content and 
avatar design (Crone & Kallen, 2024; Genay et al., 2022; Kober et al., 
2022). The degree of embodiment significantly influences user per-
ception and behavior, including phenomena like the ‘‘Proteus Effect’’, 
where embodying a virtual avatar can alter a user’s attitudes and 
behaviors (Genay et al., 2022; Juliano et al., 2020; Shin et al., 2021). 
Real-time SoA feedback can provide designers with critical data on 
which avatar representations or interaction methods are most effective 
in inducing or maintaining agency (Juliano et al., 2020; Shin et al., 
2021). This is particularly relevant for tasks involving risk perception; 
while human-like avatars can enhance body ownership, they may also 
increase perceived risk and potentially degrade performance in high-
risk teleoperation tasks (Shin et al., 2021). A real-time SoA measure 
could provide crucial data for designing avatars and interactions ap-
propriate for specific task contexts (González-Franco et al., 2014; Shin 
et al., 2021). In the context of BCI tasks, it has been shown that using 
anthropomorphic avatars can increase the user’s perceived agency and 
reduce frustration (Crone & Kallen, 2024; Ziadeh et al., 2021). The 
neuro-marker presented here provides an objective tool to robustly 
validate and explore this relationship.

Finally, this work contributes to advancing BCI technology, which 
allows users to control computers with their brain activity (Esteves 
et al., 2025; Jin et al., 2024; Nguyen et al., 2024). BCI systems often 
suffer from low performance and user frustration (Jin et al., 2024; 
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Ziadeh et al., 2021). An objective SoA marker could help improve these 
systems by ensuring users feel in control (Cioffi et al., 2024; Juliano 
et al., 2020). Furthermore, the RP signal appears before a movement 
is executed. This predictive quality can be leveraged to create highly 
responsive ‘‘zero-lag’’ interfaces that anticipate a user’s actions, which 
would dramatically improve the SoA (Brouwer et al., 2017; McDermott 
et al., 2023; Nguyen et al., 2024). By directly detecting the intention to 
move from the brain, this technology could also reduce the need for ex-
ternal tracking hardware, leading to more seamless and adaptive VR ex-
periences (Dewil et al., 2023; Kritikos et al., 2023; Nwagu et al., 2023).

5. Limitations

Before mentioning methodological and technical limitations, it is 
worth noting that our discussion and interpretation of the results are 
based on indirect assumptions and analyses rather than direct demon-
strations. As mentioned below, future studies could further investigate 
these hypotheses using more ‘‘direct’’ techniques and analyses such 
as fMRI or TMS. Taking this consideration into account, other lim-
itations must be acknowledged. First, since this was the first study 
conducted on evoked potentials and VR environments with a focus 
on time delays, the specific delays selected for the study, i.e. 200, 
400 and 600ms, should be further decomposed (at least between 
the middle latencies, 200 and 400, where the sense of embodiment 
could be more challenged) to achieve more information on RP and 
its relationship with the avatar movement. Secondly, while EEG offers 
a unique window to observe the neural correlates of the relationship 
between real and virtual environments (Guy et al., 2023), it also 
poses various difficulties as the presence of movement artifacts in the 
recordings and the lack of spatial resolution (even though the presence 
of specific software as sLORETA offers a good compromise for evoked 
responses, it still does not offset the core problem of the technique). 
A way to overcome these difficulties could be to use other affordable 
and portable technologies such as functional near-infrared spectroscopy 
(fNIRS), less sensitive to movement and better able to detect specific 
cortical activations. Thirdly, we did not include trial-level kinematic 
covariates; future work should incorporate movement time/speed to 
further isolate pre-movement from execution-related neural variance, 
although our primary RP metrics were confined to the pre-movement 
interval. Finally, we did not directly measure the end-to-end latency 
of the VR tracking and rendering pipeline. Thus, future work should 
include explicit latency measurement and reporting.

6. Conclusions

In conclusion, this study provides compelling evidence that tempo-
ral discrepancies in avatar visuomotor synchrony systematically alter 
the Readiness Potential, in parallel with changes in subjective embod-
iment. We observed a shift in RP characteristics from central motor 
regions towards frontal activity, suggesting an increased engagement 
of higher-order cognitive processes like error monitoring in response 
to latency. These findings significantly advance our understanding of 
neural adaptation to virtual environments. Furthermore, these neuro-
physiological observations offer valuable insights for HCI, highlighting 
the RP as a potentially sensitive neuro-marker connected to embodi-
ment and agency in VR. This connection suggests tangible pathways 
for enhancing interactive systems: it points towards tools for the real-
time assessment that could inform personalized neurorehabilitation; 
offers potential for data-driven insights when optimizing avatar design 
and user engagement; and may support the development of predictive 
BCIs aimed at improving user control. By robustly linking specific EEG 
markers to user experience in VR, this research offers a foundational 
step towards creating more intuitive, responsive, and ultimately more 
effective immersive technologies.
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Appendix A. Embodiment questionnaire

See Tables  A.1 and A.2.

Appendix B. sLORETA output

See Tables  B.3–B.6.

Table A.1
Adapted embodiment questionnaire administered after each block.
 ID Question  
 Q1 ‘‘I felt out of my body’’  
 Q2 ‘‘I felt as if the movements of the virtual body were influencing my own 

movements’’
 

 Q3 ‘‘I felt as if the virtual body was my body’’  
 Q4 ‘‘I felt like I could control the virtual body as if it was my own body’’  

Table A.2
Means of embodiment questionnaire single items for all delay conditions.
 Questions NA-delay 200ms 400ms 600ms 
 Q1 2.50 2.80 3.36 3.96  
 Q2 3.26 3.22 3.32 3.48  
 Q3 4.88 4.42 3.34 2.50  
 Q4 5.38 5.04 3.82 2.84  

Table B.3
sLORETA output of the statistical comparison between the NA-delay > 200ms conditions.
 Brain region Locations Coordinates t -values N* v 
 BA Lobe H MNI TAL max min  
 Anterior cingulate 24, 32, 33 Limbic L/R 10 35 25 10 35 21 4.68 3.64 39  
 Medial frontal gyrus 9 Frontal L/R 10 40 25 10 40 21 4.57 4.00 25  
 Cingulate gyrus 24, 32 Limbic L/R 5 35 30 5 35 26 4.32 3.60 17  
 Postcentral gyrus 2, 3 Parietal R 45 −30 35 45 −27 34 4.14 3.59 13  
 Superior frontal gyrus 9, 10 Frontal R 25 45 30 25 45 25 4.03 3.58 8  
 Insula 13 Sub-lobar R 35 −20 20 35 −18 19 3.93 3.58 14  
 Middle frontal gyrus 10 Frontal R 30 45 30 30 45 25 3.92 3.66 2  
 Inferior parietal lobule 40 Parietal R 45 −30 30 45 −28 29 3.91 3.67 5  
 Precentral gyrus 4 Frontal R 45 −20 40 45 −18 38 3.80 3.64 2  
Note. Bold numbers in the Brodmann Areas (BA) column stand for the area where the peak activity occurred; Montreal Neurological Institute (MNI) and Talairach (TAL) coordinates 
and t-values correspond to the most active voxel clusters in each brain region. N* v represents the number of active voxels.

Table B.4
sLORETA output of the statistical comparison between the NA-delay > 400ms conditions.
 Brain region Locations Coordinates t -values N* v 
 BA Lobe H MNI TAL max min  
 Cingulate gyrus 32, 24, 6, 23 Limbic L/R 5 20 30 5 21 27 6.13 3.58 69  
 Anterior cingulate 32, 24, 33 Limbic L/R 0 20 25 0 21 22 6.15 3.64 46  
 Medial frontal gyrus 9, 6 Frontal L/R 5 30 35 5 31 31 5.51 3.61 38  
 Insula 13 Sub-lobar L −35 −15 15 −35 −14 15 4.15 3.62 19  
 Superior frontal gyrus 9 Frontal R 10 50 30 10 50 25 4.44 3.61 11  
 Postcentral gyrus 2, 3 Parietal R 40 −30 30 40 −28 29 3.76 3.56 8  
 Precentral gyrus 6, 4 Frontal R 40 −10 35 40 −8 33 3.56 3.56 3  
 Inferior parietal lobule 40 Parietal R 45 −30 30 45 −28 29 3.73 3.71 2  
Note. Bold numbers in the Brodmann Areas (BA) column stand for the area where the peak activity occurred; Montreal Neurological Institute (MNI) and Talairach (TAL) coordinates 
and t-values correspond to the most active voxel clusters in each brain region. N* v represents the number of active voxels.
11 
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Table B.5
sLORETA output of the statistical comparison between the NA-delay > 600ms conditions.
 Brain region Locations Coordinates t -values N* v 
 BA Lobe H MNI TAL max min  
 Cingulate gyrus 32, 24, 6 Limbic, Frontal L/R −5 25 35 −5 26 31 5.04 3.64 29  
 Medial frontal gyrus 9, 6, 8 Frontal L/R −5 30 35 −5 31 31 4.99 3.62 31  
 Anterior cingulate 24, 32, 33 Limbic L/R −5 25 30 −5 26 26 5.00 3.59 24  
 Superior frontal gyrus 8, 6 Frontal L/R 10 45 45 10 46 39 3.78 3.68 2  
 Precentral gyrus 6 Frontal L −25 −15 70 −25 −11 65 3.67 – 1  
 Middle frontal gyrus 6 Frontal L −25 −15 65 −25 −12 60 3.59 – 1  
Note. Bold numbers in the Brodmann Areas (BA) column stand for the area where the peak activity occurred; Montreal Neurological Institute (MNI) and Talairach (TAL) coordinates 
and t-values correspond to the most active voxel clusters in each brain region. N* v represents the number of active voxels.

Table B.6
sLORETA output of the statistical comparison between the VR group > Real group.
 Brain region Locations Coordinates t -values N* v 
 BA Lobe H MNI TAL max min  
 Superior frontal gyrus 9, 10 Frontal L −20 55 35 −20 55 29 3.76 3.42 33  
 Middle frontal gyrus 9, 10 Frontal L −30 45 30 −30 45 25 3.71 3.39 10  
 Medial frontal gyrus 10 Frontal L −10 65 15 −10 64 11 3.45 3.38 4  
Note. Bold numbers in the Brodmann Areas (BA) column stand for the area where the peak activity occurred; Montreal Neurological Institute 
(MNI) and Talairach (TAL) coordinates and t-values correspond to the most active voxel clusters in each brain region. N* v represents the 
number of active voxels.

Data availability

Data will be made available on request.
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