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a b s t r a c t

Disclosing the brain areas responsible for the emergence of visual awareness and their 

timing of activation represents one of the major challenges in consciousness research. In 

particular, isolating the neural processes strictly related to consciousness from concurrent 

neural dynamics, either related to prerequisites or post-perceptual processing, has long 

engaged consciousness research. In this framework, the present study aims at unraveling 

the spatio-temporal dynamics underlying conscious vision by adopting a distinctive 

experimental design in which both awareness and motor response are manipulated, 

allowing the segregation of neural activity strictly related to awareness from response-

related mechanisms. The study included 32 participants. We employed a GO/NOGO 

detection task, in which participants responded or withheld responding according to the 

experimental condition. Critically, during the performance of the task, participants’ brain 

activity was recorded by means of Event-Related Optical Signal (EROS) technique, which 

provides accurate information about brain functions both from the temporal and spatial 

point of view within the covered regions, simultaneously. The combination of this 

experimental design with EROS recording enabled us to pinpoint the neural correlates 

underlying conscious vision and to disentangle them from processes related to the 

response. Extra-striate areas, specifically the Lateral Occipital Complex (LOC), showed 

greater awareness-related activity independently of motor response. Our findings support 

the view that LOC plays a key role as a proper correlate of visual awareness, rather than 

post-perceptual or response-related processes. They also show that awareness modulates 

motor activity only when a response is executed, clarifying how conscious perception in-

fluences downstream motor processing.

© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC 

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Consciousness, namely the set of subjective experiences we 

have when we are awake, is one of the most intriguing topics 

debated in neuroscience research. In particular, the search for 

its neural correlates (NCC) has permeated the literature in 

recent decades. In broad strokes, one of the most widely used 

approaches to assess such NCCs involves contrasting brain 

activity occurring when a visual stimulus enters conscious-

ness with brain activity occurring when the same stimulus 

does not reach awareness. This renowned paradigm is known 

as contrastive analysis (Aru et al., 2012) and has been frequently 

combined with electrophysiological recording or functional 

neuroimaging, leading to numerous and dissimilar results 

(F€ orster et al., 2020). Indeed, the interpretations of spatio-

temporal dynamics underlying conscious vision are among 

the most disparate. ERP studies propose two possible elec-

trophysiological markers as correlates of visual awareness: an 

earlier occipito-temporal negative deflection (i.e., Visual 

Awareness Negativity—VAN) detectable 200 msec after the 

presentation of the stimulus, and a later positivity (i.e., Late 

Positivity—LP) widespread over centro-parietal regions, peak-

ing 300—500 msec after the stimulus onset (Koivisto & 
Revonsuo, 2010). However, the electrophysiological signa-

ture/s characterizing conscious vision has still to be eluci-

dated. This may be attributed to one of the main limitations of 

the contrastive analysis, which is represented by its ineffec-

tiveness in dissociating the true NCC (i.e., the set of neural 

correlates necessary and sufficient to enable consciousness) 

from concurrent neural dynamics either related to pre-

requisites or post-perceptual processing (Aru et al., 2012). In 

most prior studies aiming at identifying such NCCs, partici-

pants were asked to make judgments about their experience. 

However, such an operation could lead to confounding neural 

processes related to the task, not strictly to awareness per se.

For this reason, in an effort to disentangle the proper cor-

relates of consciousness from neural activity related to the 

response, no-report paradigms have been employed. In this 

framework, no-report paradigms, where participants are not 

requested to perform any tasks or to provide any judgments 

about their perceptual experience, represent an advantageous 

tool to dissociate the neural processes strictly related to con-

sciousness from subsequent processes related to the required 

response (Hatamimajoumerd et al., 2022; Tsuchiya et al., 

2015). Studies employing this kind of paradigm with 

different techniques such as EEG and fMRI concluded that LP 

is highly modulated by several different cognitive processes 

occurring at later stages of processing (Dembski et al., 2021; 

Kronemer et al., 2022; Mazzi et al., 2020; Schlossmacher 

et al., 2020), as well as by the task relevance of the stimulus 

(Dellert et al., 2021; Hense et al., 2024; Makeig & Jung, 2000; 

Pitts et al., 2014; Schelonka et al., 2017; Shafto & Pitts, 2015). 

By contrast, the role of response requirements, as well as that 

of attention, on the VAN are still debated as different studies 

have reported both positive (e.g., Bola & Doradzi� nska, 2021; 

Dellert et al., 2021; Doradzi� nska & Bola, 2024) and negative 

(e.g., Ciupi� nska et al., 2024; Cohen et al., 2020; Dellert et al., 

2022; Koivisto et al., 2006) results. Interestingly, in a study 

published in 2016 by Koivisto and colleagues (Koivisto et al.,

2016), authors successfully dissociated ERP correlates of vi-

sual awareness from those related to post-perceptual mech-

anisms, disclosing that VAN was not modulated by response 

requirements. The authors adopted a particular partial-report 

paradigm in which participants were sometimes asked to 

provide a report by pressing a response button when they 

were aware of the stimulus and sometimes to withhold 

responding in case of awareness. They found that, while the 

amplitude of LP was modulated by the response (i.e., it was 

greater in trials where participants were asked to respond in 

case of awareness, compared to the Aware condition where 

they were asked to withhold responding), VAN did not change 

depending on task requirements. This allowed Koivisto and 

colleagues to advocate for an early onset of visual awareness: 

the phenomenal content of a visual experience, indeed, takes 

place before LP, more specifically in the temporal window of 

VAN.

Several pieces of evidence are consistent in considering 

VAN as the electrophysiological signature of phenomenal 

consciousness (Koivisto et al., 2008; Railo et al., 2015), while 

the localization of its neural generator still remains open. In 

this regard, previous MEG source localization studies (Liu 

et al., 2012; Vanni et al., 1996) identified the Lateral Occipital 

Complex (LOC), an extra-striate visual areas traditionally 

associated with object recognition, as the generator of VAN. 

Moreover, previous no-report studies using both EEG and fMRI 

(Dellert et al., 2021; Kronemer et al., 2022) have also found 

awareness effects in LOC and linked it to VAN. The same 

result was achieved in a recent work aimed at unravelling the 

spatio-temporal dynamics underlying conscious vision 

(Colombari et al., 2024). In such study, participants were asked 

to perform a discrimination task on the orientation of a tilted 

Gabor patch while their brain activity was recorded first with 

EEG and then with Fast Optical Imaging. This allowed authors 

to identify the exact temporal window of VAN and LP and 

then, by taking advantage of the peculiarity of Fast Optical 

Imaging of achieving both temporal and spatial accurate in-

formation (Baniqued et al., 2013; Gratton & Corballis, 1995; 

Gratton & Fabiani, 2010), to investigate the spatio-temporal 

unfolding of brain activity occurring in these predetermined 

time windows. Authors contrasted activity of Aware trials (i.e., 

trials in which participants reported to perceive the orienta-

tion of the stimulus) with activity of Unaware ones and 

observed a sustained activation of LOC in the VAN temporal 

window, consistently with the above-mentioned MEG studies. 

More interestingly, they observed that, only when the stim-

ulus crossed the threshold of consciousness, activity in extra-

striate visual areas triggered subsequent activation of motor 

areas, although motor response was required in both Aware 

and Unaware conditions. Authors tried to interpret this un-

expected finding by ascribing it to the selection of the correct 

response, that could be provided in the Aware trials only 

where participants consciously perceived the stimulus. 

Indeed, in Aware trials participants had to press a specific 

button on the response box (to provide the correct answer 

about the orientation of the Gabor patch), while when the 

stimulus was unseen (i.e., Unaware trials) they had to respond 

randomly, by pressing indifferently one of the two response 

buttons. However, the employed experimental paradigm did
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not allow the authors to thoroughly investigate this issue. 

Thus, in order to clarify the interplay between extra-striate 

areas and motor regions in awareness, in the present study 

we adopted a go/no-go detection task (similar to that adopted 

by Koivisto et al., 2016), while recording participants’ brain 

activity by means of Fast Optical Imaging. Specifically, Event-

Related Optical Signal (EROS) technique was employed. This 

technique, by shedding near-infrared light through the brain 

tissues, is able to detect changes in the light scattering prop-

erties that are known to be directly related to neural activity, 

thus providing simultaneous spatial resolution at the sub-

centimeter level and temporal resolution below 100 msec 

within the cortical regions accessible to near-infrared light, 

that is, cortical structures no deeper than approximately 3 cm 

from the scalp surface (Gratton et al., 1997; Gratton & Fabiani, 

1998, 2001). The main limitations of the technique are its 

restricted depth of penetration, which precludes imaging of 

deep cortical structures and subcortical regions, and its rela-

tively low signal-to-noise ratio, which requires a large number 

of trials per condition (Gratton & Fabiani, 2010). Accordingly, 

the montage employed here was designed to provide dense 

coverage of the occipital, temporal, and parietal cortices 

relevant to the pre-specified ROIs, and does not extend to 

prefrontal cortex (see Fig. 2 and Section 2.6). Critically, the 

study adopted a distinctive paradigm manipulating both 

awareness and response. The latter, indeed, was provided 

sometimes in the Aware condition (condition Aware-GO/ 

Unaware-NOGO) and sometimes in the Unaware one (condi-

tion Aware-NOGO/Unaware-GO). This double manipulation 

enabled us to unravel the spatio-temporal unfolding of 

awareness-related activity, by disentangling neural activity 

related to awareness from response-related mechanisms. 

Indeed, in the present study, we could investigate the NCCs 

both when the motor response was required and when no task 

was performed, thus allowing to isolate consciousness effects 

from the effects related to the task. Importantly, the experi-

mental paradigm adopted enabled us to elucidate the inter-

play between extra-striate visual areas and motor areas. 

Indeed, in addition to conventional EROS analyses, we per-

formed Granger Causality analysis, in order to disclose the 

relationship existing among the investigated areas. In broad 

strokes, Granger analysis allows to move beyond the classical 

identification of cortical activation provided by EROS analysis 

by disclosing functional circuits underpinning the investi-

gated brain function (Seth et al., 2015). When coupled with 

EROS, Granger Causality analysis represents a powerful tool to 

highlight predictive relationships between activations in the 

investigated regions of interest (ROI) at different time-points 

(Parisi et al., 2020).

Based on previous literature suggesting that VAN is inde-

pendent from subjective report (Koivisto et al., 2016; Ye et al., 

2024) and LOC represents the cortical generator of VAN 

(Colombari et al., 2024; Liu et al., 2012), we expected Aware 

trials to elicit early greater activation of LOC, independently of 

the response requirement. Moreover, by combining EROS 

conventional analysis with Granger Causality analysis, and 

manipulating both awareness and motor response, we aimed 

to highlight potential interplay between consciousness-

related extra-striate areas and response-related motor areas

both when the motor response was required and when it had 

to be inhibited.

2. Methods

This manuscript corresponds to Stage 2 of a Registered Report. 

The Stage 1 protocol has been peer-reviewed and is available 

at https://osf.io/8ya2t.

2.1. Ethics information

The study was approved by the local Ethics Committee 

(Prog.171CESC) and it was conducted in accordance with the 

principles laid down in the 2013 Declaration of Helsinki. Par-

ticipants were recruited from the University of Verona com-

munity, by means of printed flyers displayed on notice boards 

at different University of Verona sites and through adver-

tisements on social media. Each participant was fully 

informed about the modalities of the study before taking part 

in the experiment and written informed consent was signed. 

In addition, participants received compensation for their 

participation and were debriefed after the conclusion of the 

experiment.

2.2. Participants

We recruited healthy adults, right-handed (as assessed by 

means of the standard handedness inventory Edinburgh 

Handedness Questionnaire; Oldfield, 1971) and aged between 18 

and 50 years old. All of them had to report normal or 

corrected-to-normal vision, no history of neurological or 

psychiatric disorders and no contraindications to MRI. The 

study was conducted at the PandA lab of the University of 

Verona (Italy).

2.2.1. Sample size estimation

The estimate of the sample size for the current study is based 

on our previous EROS study (Colombari et al., 2024), in which a 

similar paradigm was adopted, and similar analyses on 

similar ROIs were performed. Specifically, EROS data from the 

ROI of LOC were extracted, and significant time-points were 

averaged within participants so to have one value for each of 

them. Then, a one-sample t-test was performed [t (23) = 2.99, 

p = .006, Cohen’s d = .611], and the resulting Cohen’s d was 

employed to compute the sample size estimation for the 

current study. Specifically, the estimated sample size for 

research questions Q1 (i.e., “Can we replicate Colombari et al., 

2024 findings showing that LOC is an NCC?”) and Q2 (i.e., “Is 

the activity in LOC independent from the response?”) was 

calculated with G-Power software (v. 3.1.9.7), with a power of 

90% and a level of significance of 2%. The estimated sample 

size resulted in 32 participants (critical t = 2.143; actual 

power = .900). Considering that the estimated sample size for 

this study (n = 32) is more than double the typical sample size 

of EROS studies present in literature, the same estimated 

sample size seems to be also adequate to answer research 

questions Q3 (i.e., “Does consciousness modulate the
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Fig. 1 — Trial procedure and stimuli: A) Experimental procedure: the trial began with a fixation cross persisting at the center 

of the screen for 500 msec. After that, an acoustic tone lasting 100 msec was presented, followed by a random interval 

ranging from 500 to 600 msec. Then, the stimulus was presented for 100 msec and participants were asked to respond 

according to the experimental condition (i.e., Aware GO or Aware-NOGO). B) Example of stimuli: on the left is shown the 

catch stimulus, with all the radii equally thick; on the right is depicted the critical stimulus, with the first radius, clockwise, 

thicker than the others.

Fig. 2 — Covered area. The gray area represents the area covered by the EROS montages (combined together) from the 

sagittal, axial and coronal point of view.
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activation of motor areas in a detection task?”) and Q4 (i.e., 

“Does consciousness modulate the activation of motor areas 

in ABSENCE of motor response?”). For a review of the existing 

EROS literature, see Supplementary Table S1 in Supplemen-

tary Materials) from which emerges that, on average, EROS 

studies employ experimental samples composed of about 13 

participants (mean 12.944; SD 7.008).

2.2.2. Exclusion criteria

As better specified in section 2.4, before getting involved in the 

study, participants underwent a perceptual threshold 

assessment, in order to identify the proper stimulus to be 

employed in the main experiment. To be enrolled in the study, 

participants had to successfully complete this session. The 

criterion used was that one of the stimuli presented during the 

threshold assessment had to be acknowledged as perceived by 

a minimum of 25%, a maximum of 75%, or closest to the 50% of 

the times (i.e., at perceptual threshold level). If no stimulus 

resulted at the threshold level, the participant was not 

enrolled in the study.

In addition, participants who did not complete all the 

experimental sessions, as well as participants reporting a 

level of Awareness superior to 75% or inferior to 25% at the 

end of the experiment were excluded from analyses. This 

was to maintain comparable the number of trials in the two 

experimental conditions (i.e., Aware and Unaware) and to 

ensure a reliable EROS activity (because of its relatively low 

signal-to-noise ratio, EROS needs a high number of trials per 

condition, in order to compute statistics). Moreover, partici-

pants whose behavioral performance was affected by biases 

related to the behavioral response (as assessed by catch trial 

analysis, explained more in detail below) were excluded from 

the analyses (see below —Section 2.8.1 Behavioral data for more 

detailed information on the analysis of catch trials). Finally, 

participants whose EROS signal could not be detected prop-

erly during the experiment (for example because of too dark 

hair or technical issues) were also not included in the ana-

lyses as well. In particular, the opacity value (i.e., the product 

of the scattering and absorption coefficients) was estimated 

for each participant. Based on this value, it was possible to 

judge the quality of the signal for each participant, inde-

pendently from the experimental condition. Opacity values 

of all participants were averaged together providing the ab-

sorption coefficient to be used when running statistical 

analysis. Participants whose opacity value was equal to 0 or 

exceeded three standard deviations of the mean were 

excluded from statistical analyses.

Importantly, each participant who was excluded due to the 

previously mentioned exclusion criteria, was replaced with 

the recruitment of another participant. Thus, the number of 

participants to be recruited was increased to reach a total of 32 

analyzed subjects, as specified in section 2.2.1.

2.3. Stimuli

Stimuli were created by means of a custom-made Matlab 

script (version R2022b; the MathWorks, Inc., Natick, MA) and 

resized by means of Photoshop (Adobe Photoshop CC, 

v2014.0.0). As shown in Fig. 1, they were gray circles (.85 .85 .85 

RGB), presented on a black background, with 8 radii equally

distanced from one another. One radius (the first one, clock-

wise) could be slightly thicker than the others (critical trials) or 

not (catch trials). The thickness of the radius for critical 

stimuli was individually assessed for each participant on the 

basis of a subjective perceptual threshold assessment that 

was held before the main experiment.

Both in the perceptual threshold assessment and in the 

main experiment, the stimulus was presented in the lower 

right quadrant of the screen, specifically at an eccentricity of 

3.5 ◦ from the fixation cross along the vertical meridian and of

2 ◦ along the horizontal one. This was to allow a left-lateralized 

EROS montage, as a full-head montage is not achievable in our 

lab due to technical constraints (i.e., insufficient probes). 

Moreover, since EROS technique is sensitive to depth, a right-

lateralized stimulus ensures that it elicits activity in the left 

portion of the primary visual cortex, which is known to be 

anatomically closer to the skull compared to the right one 

(Zhao et al., 2022), thus ensuring a better penetration of near-

infrared light through brain tissues.

2.4. Perceptual threshold assessment

Before starting the experiment, participants underwent a 

perceptual threshold assessment, with the aim of identifying, 

for each participant, the level of thickness of the critical radius 

so that it resulted to be perceived as thicker 50% of the times. 

To this aim, stimuli with different levels of radius thickness 

were randomly presented and the subjective perceptual 

threshold was measured using the method of constant stim-

uli. Specifically, 9 levels of radius thickness were presented. 

The range of stimuli to be used in the perceptual threshold 

assessment was selected based on the results of a pilot 

experiment in which participants were asked to perform the 

same task employed in the perceptual threshold assessment 

while presented with a wider range of radius thickness. This 

allowed us to identify a smaller range of optimal stimuli to be 

presented thus excluding a range of stimuli whose thickness 

was almost never or always reported by participants. Each 

level of radius thickness was presented 5 times per block, for a 

total of 8 blocks. Thus, all the stimuli, as well as the catch 

stimulus, were presented 40 times each. Participants were 

asked to press the spacebar as soon as they detected the 

stimulus with a thicker radius. The stimulus identified as 

perceived a minimum of 25%, a maximum of 75%, and closest 

to 50% of the times at the end of the subjective perceptual 

threshold assessment was used in the experimental task, 

together with the catch. The perceptual threshold assess-

ment, as well as the main experiment, was conducted in a 

dimly illuminated room and participants were sitting in front 

of a 17 in. LCD monitor (resolution 1920 × 1080, refresh rate of 

144 Hz) placed at a viewing distance of 57 cm. Their head was 

held in place by means of an adaptable chin rest so that eyes 

were aligned with the center of the screen. Both the percep-

tual threshold assessment and the main experiment were 

programmed and administered using E-Prime 3.0 software (E-

Prime Psychology Software Tools Inc., Pittsburgh, PA, USA). 

Before starting the perceptual threshold assessment, partici-

pants underwent a fixation training (Leung et al., 2009), in 

order to ensure they could maintain their gaze on the central 

fixation cross correctly.
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2.5. Experimental procedure

The experiment was composed of two identical sessions 

lasting approximately 3 h each performed on different days. 

The first session was preceded by the assessment of the 

subjective perceptual threshold, which, in turn, lasted around 

20 min. The two experimental sessions were identical except 

for the EROS montages, specifically devised to obtain better 

coverage of the brain areas of interest. The order of the 

montages was counterbalanced across participants, as well as 

the order of conditions (see below and Table 2 for more 

detailed information).

The task was a two-conditions go/no-go detection task, 

similar to that adopted by Koivisto et al., 2016, in which par-

ticipants have to respond in different ways according to the 

experimental condition (Table 1). In condition “Aware-GO”, 

they were asked to press the spacebar on the keyboard as soon 

as they perceived the thicker radius, and withhold responding 

when they did not perceive any difference among radii. On the 

contrary, in condition “Aware-NOGO”, participants were 

asked to withhold responding when they perceived a thicker 

radius, and press the response button when they did not 

perceive any difference. Each trial began with the presentation 

of a central fixation cross, followed 500 msec later by a sound 

(1000 Hz) presented for 100 msec, notifying participants of the 

subsequent onset of the stimulus. After a random interval 

ranging from 500 to 600 msec, the stimulus was presented for 

100 msec in the lower right quadrant of the screen. After that, 

participants were asked to respond according to the experi-

mental condition. Each experimental session was composed 

of 24 blocks: 12 blocks for condition Aware-GO/Unaware-

NOGO and 12 blocks for condition Aware-NOGO/Unaware-

GO, counterbalanced across participants according to the 

order depicted in Table 1. Each block consisted of 50 critical 

trials and 15 catch trials. The whole experiment was composed 

of 48 blocks per participant, for a total of 2400 critical trials and 

720 catch trials per participant. In order to test the experi-

mental paradigm, we pilot-tested the task (see the 

Supplementary Materials section—Pilot Study).

2.6. Optical recording

Three synchronized Imagent frequency domain systems (ISS, 

Inc., Champaign, IL) were used to record continuous fast

optical data throughout experimental sessions. Each system 

was equipped with 4 photo-multiplier tubes detectors, for a 

total of 12 detectors. Near-infrared light (830 nm) was deliv-

ered from 48 laser diodes on participants’ scalp and it was 

modulated at 110 MHz. Each of 12 detectors received light 

from sets of 16 light emitters, multiplexed every 25.6 msec, 

resulting in a sampling rate of 39.0625 Hz.

To avoid cross-talk between channels, the array of 

source—detector pairs (i.e., the montage) was created by 

means of a specific program (NOMAD, Near-Infrared Optode 

Montage Automated Design) implemented in Matlab, useful to 

place sources and detectors at optimal distances. In this 

experiment, we set the minimal distance to 17.5 mm and the 

maximum distance to 50 mm, in order to ensure an extensive 

coverage of the brain regions of interest both from the spatial 

and the depth point of view. The distance between the source 

and the detector of a channel, in fact, determines the depth of 

the light pathway (Gratton et al., 2000), thus corresponding to 

the depth of the investigation: namely, longer channels can 

investigate deeper layers and shorter channels can examine 

shallower regions.

Both light emitters and detectors were placed on partici-

pants head using a custom-built helmet. To minimize in-

terferences, before placing the optical fibers on the head, hairs 

were carefully moved with cotton buds, so that the fibers 

could reach the scalp directly. In order to better adhere to the 

head of the participant, we employed two helmets of different 

sizes: one 55—56 cm large, and one 57—58 cm large. For each 

helmet, we developed two different montages, so that to 

provide a dense coverage of the regions of interest (i.e., the left 

occipital, temporal and parietal cortices, see Fig. 2). Each 

montage consisted of the combination of 12 detectors and 48 

light emitters, resulting in a total of 192 channels per montage. 

As mentioned before, each montage was recorded in a sepa-

rate session, and the order was counterbalanced across 

participants.

At the end of each EROS session, the scalp location of each 

source and detector was digitized in relation to four fiducial 

points (i.e., nasion, inion and pre-auricular points) with a 

neuro-navigation software (SofTaxic, E.M.S., Bologna, Italy) 

combined with a 3D optical digitizer (Polaris Vicra, NDI, Wa-

terloo, Canada). Afterwards, the digitized scalp locations were 

co-registered with each participant’s individual MRI, using a

Table 1 — Experimental conditions. Both Awareness and 

Response were manipulated: Awareness was 

experimentally manipulated by employing a threshold 

stimulus, so that sometimes it was consciously perceived 
(Aware) and sometimes not (Unaware). Response was 

manipulated by the task: in condition GO participants were 

asked to respond by pressing a key, while in condition 

NOGO they were asked to withhold responding. The 
combination of these two manipulations gives rise to the 4 

experimental conditions depicted in the table.

Awareness

Yes No

Response No Aware-NOGO Unaware-NOGO

Yes Aware-GO Unaware-GO

Table 2 — Counterbalancing of montages and task 
conditions across participants. Both EROS montages and 

task conditions (G ¼ Aware-GO/Unaware-NOGO;

N ¼ Aware-NOGO/Unaware-GO) were counterbalanced 

across participants. In the column “Task”, each letter 
represents 6 blocks of task. Thus, each day, participants 

performed 12 blocks per condition, for a total of 24 blocks of 

task per day.

Day 1 Day 2

Participants EROS 

montage 1

Task EROS 

montage 2

Task

1 A GNNG B NGGN

2 B GNNG A NGGN

3 A NGGN B GNNG

4 B NGGN A GNNG
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dedicated software package (OCP, Optimized Co-registration 

Package, Matlab code developed by Chiarelli and colleagues 

(Chiarelli et al., 2015).

For this reason, participants underwent a structural MRI at 

the Azienda Ospedaliera Universitaria Integrata of Verona 

(AOUI).

2.7. MRI acquisition

Participants’ individual structural MRI was acquired by means 

of a 3 T Philips Elition S scanner with a 32-channel head RF 

receive coils. A whole brain high-resolution 3D T1-weighted 

image (T1w) Turbo-field echo image (1 mm-isotropic TE/ 

TR = 3.8/8.4 msec, TI = 1050 msec) was acquired.

The T1w field of view (240 × 240 × 180 mm) was large 

enough to allow for the ears and the entire scalp to be fully 

included in the image to facilitate later and accurate co-

registration with functional data.

2.8. Data analysis

2.8.1. Behavioral data

Raw data were processed by means of custom scripts created 

on Matlab (the MathWorks, Inc., Natick, MA). Data were 

divided into the 4 experimental conditions (i.e., Aware-GO, 

Unaware-NOGO, Aware-NOGO, Unaware-GO). For each 

participant, trials with reaction times lower than 150 msec 

and higher than 3 standard deviations from the mean were 

excluded from the analysis. Data were successively analyzed 

using Jamovi (version 2.3.28): first, the percentage of Aware 

and Unaware trials was calculated, in order to assess that a 

sufficient amount of trials was present for each condition. 

Participants presenting more than 75% or less than 25% of 

Awareness were discarded from the sample. This was 

because, in that case, the number of Unaware (or Aware) trials 

would be insufficient for statistical EROS analysis. EROS 

technique, indeed, although having a high localization power 

from both the spatial and temporal point of view, has a rela-

tively low signal-to-noise ratio. For this reason, a high number 

of trials is required for statistical analysis. Subsequently, re-

action times (RTs) were analyzed for the “GO” conditions, thus 

paired sample t-tests (two-tailed) were applied to compare the 

mean RTs between Aware-GO and Unaware-GO conditions. 

Finally, to verify that participants were performing the task 

accurately and that there were no biases related to the 

response, catch trials were analyzed. As mentioned above, 

catch trials were those trials in which all the radii of the 

stimulus were equally thick, thus no differences in the stim-

ulus were present. In case of catch trials, the participants’ task 

was different according to the condition: in the Aware-GO 

condition, they were expected to withhold responding, while 

in the Aware-NOGO condition, they were expected to respond. 

Thus, catch trials were analyzed separately for the two con-

ditions (GO and NOGO) by means of a paired sample t-test 

(two-tailed), in order to ensure that the behavioral perfor-

mance followed the above-mentioned trend. Paired sample t-

tests (two-tailed) were indeed performed to test whether catch 

trials performance was significantly different from critical 

trials.

2.8.2. EROS data

Pre-processing of continuous phase delay (i.e., time-of-flight) 

data was computed by means of a dedicated in-house soft-

ware, P-POD (Pre-Processing of Optical Data, run in Matlab, 

version R2013b). Thus, raw data were normalized (i.e., cor-

rected for phase wrapping and de-trended to remove low-

frequency drifts), demeaned and filtered by means of a 6th 

order Butterworth band-pass filter which allows frequencies 

between .5 Hz and 15 Hz. Pulse artifacts were removed by 

using a regression algorithm (GRATTON et al., 1995). After 

that, data were averaged separately for each subject, condi-

tion, and channel and segmented into epochs time-locked to 

the onset of the stimulus. Each epoch comprised a period from 

486 msec before the stimulus onset to 998 msec following the 

stimulus onset, resulting in an epoch lasting 1484 msec. 

Subsequently, statistical analyses were computed with an in-

house software package (Opt-3d; Gratton, 2000), which pro-

vides statistical spatial maps of fast optical data.

To perform statistics, data from channels whose diffusion 

paths intersect a given voxel were combined (Wolf et al., 2014). 

Phase delay data were spatially filtered with an 8-mm 

Gaussian kernel and baseline corrected using a 204 msec 

time-window preceding the stimulus onset. Within each ROI, 

t-Statistics were calculated at group level, converted into z-

scores and corrected for multiple comparisons using random 

field theory (Kiebel et al., 1999; Worsley et al., 1995). Then, z-

scores were weighted and orthogonally projected onto the 

surface of an MNI template brain, according to the physical 

homogenous model (Arridge & Schweiger, 1995; Gratton, 

2000).

In order to investigate the neural dynamics related to 

conscious vision and to disentangle the role of the motor 

areas, the following contrasts between conditions were 

computed: 1) Aware-GO versus Unaware-GO and 2) Aware-

NOGO versus Unaware-NOGO. These contrasts allowed to 

investigate the research questions the proposed study aimed 

at answering (see Section 3 for a detailed description of the 

planned analysis). Importantly, both frequentist and Bayesian 

statistics (with default priors) were computed, to test both 

positive and negative effects.

Moreover, Granger Causality analysis was computed. 

Granger Causality analysis allows to explore the predictive 

interactions between different brain areas at different time-

points. Specifically, this approach requires a region of inter-

est (ROI) to be used as a “seed” and investigating whether the 

activity of this seed predicts activity in the other ROIs at a later 

time-lag, by deriving statistical maps from t-statistics 

computation (then transformed into z scores) for each lag.

Statistical functional analysis was computed within spe-

cific predetermined regions of interest (ROIs) and time in-

tervals. ROIs were defined by a 2-dimensional box-shaped 

structure, covering an area of 20 × 20 mm. Critical ROIs were 

selected on the basis of the results obtained in the above-

mentioned experiment (Colombari et al., 2024) and they 

were located in the occipital and in the left parietal and tem-

poral lobes, specifically over the primary visual cortex (V1, 

Brodmann Area 17), the left lateral occipital cortex (LOC, 

Brodmann Area 19), the left supplementary motor area (SMA, 

Brodmann Area 6), the left premotor area (PM, Brodmann Area
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Table
 

3
 

—
 

Study
 

design.

Question
 

Hypothesis Sampling
 

plan

Analysis plan
 

Rationale
 

for 
deciding

 
the

 
sensitivity

 
of 

the
 

test for 
confirming

 
or 

disconfirming
 

the
 

hp

Interpretation
 

given
 

different outcomes

Observed

outcomes

Q1: Can
 

we
 

replicate
 

Colombari 
et al., 2024

 
findings 
showing

 
that 

LOC
 

is an
 

NCC?

H1: We
 

hypothesized
 

to
 

replicate
 

Colombari 
et al., 2024

 
results: 

Greater activity
 

in
 

LOC
 

in
 

an
 

early
 

temporal 
window

 
(i.e., 150

—350
 

msec
 

post 
stimulus onset) is 
observed

 
when

 
contrasting

 
aware

 
and

 
unaware

 
trials in

 
the

 
condition

 
in
 

which
 

the
 

response
 

is required
 

(i.e., GO
 

condition) 
Expected

 
outcome: 

LOC
 

aware-GO
 

>
LOC

 
unaware-GO,

as measured
 

by
 

EROS
 

activity

Since
 

the
 

present research
 

question
 

aims at 
replicating

 
the

 
results of 
Colombari et al., 
2024, sample

 
size

 
estimation

 
is 

based
 

on
 

those
 

EROS
 

data.

Sample
 

size
 

calculation
 

was 
performed

 
with

 
G-power 
software

 
(v. 

3.1.9.7), with
 

a
 

power of 90%
 

and
 

a
 

significance
 

level of 2%, 
resulting

 
in
 

32
 

participants.

A1: The
 

goal is to
 

replicate
 

the
 

results of 
Colombari et al., 2024, in

 
which

 
the

 
manual 

response
 

was required
 

for both
 

aware
 

and
 

unaware
 

conditions. Here, in
 

order to
 

perform
 

the
 

same
 

analysis, early
 

LOC
 

activity
 

in
 

Aware-GO
 

and
 

Unaware-GO
 

trials was compared
 

by
 

using
 

a
 

paired-

sample
 

one-tailed
 

t-test, computed
 

with
 

the
 

EROS
 

dedicated
 

analysis software
 

“Opt3d”.

In
 

addition
 

to
 

frequentist statistics, 
Bayesian

 
statistics (with

 
default prior) was 

computed
 

to
 

test potential null effects. 
Contrast to

 
be
 

computed:

AWARE
 

GO
 

vs UNAWARE
 

GO

ROI to
 

be
 

tested:

LOC

Time
 

interval of interest:

150—350
 

msec
 

after stimulus onset

Sample
 

size
 

estimation
 

is 
based

 
on
 

previous EROS
 

data
 

(Colombari 
et al., 2024), on

 
which

 
similar

analyses were
 

performed.

O1.1: A
 

significant t-test within
 

the
 

interval

of interest is interpreted
 

as a
 

successful 
replication

 
of previous findings, supporting

 
the

 
involvement of LOC

 
in
 

NCC.

O1.2: The
 

absence
 

of this effect does not 
confirm

 
the

 
hypothesis, suggesting

 
that

LOC
 

is not involved
 

in
 

the
 

conscious

detection

of a
 

stimulus property.

OO1: Our hypothesis 
was confirmed

 
by
 

our results, as the
 

results from
 Colombari et al. was 

replicated. Indeed, 
when

 
contrasting

 
aware

 
and

 
unaware

 
trials in

 
the

 
condition

 
in
 

which
 

the
 

response
 

is 
required

 
(i.e., GO

 
condition), greater 
activity

 
in
 

LOC
 

was 
observed

 
179

 
msec

 
after the

 
stimulus 

onset.

(continued
 

on
 

next page)
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—
 

(continued
 

)

Question
 

Hypothesis Sampling
 

plan

Analysis plan
 

Rationale
 

for 
deciding

 
the

 
sensitivity

 
of 

the
 

test for 
confirming

 
or 

disconfirming
 

the
 

hp

Interpretation
 

given
 

different outcomes

Observed

outcomes

Q2: Is the
 

activity
 

in
 

LOC
 

independent 
from

 
the

 
response?

H2: We
 

hypothesized
 

that LOC
 

activity
 

is
 

independent from
 response

 
requirement: 

When
 

contrasting
 

activity
 

elicited
 

by
 

Aware-NOGO
 

trials 
with

 
activity

 
elicited

 
by
 

Unaware-NOGO
 

trials, 
we
 

expect to
 

find
 

the
 

same
 

activation
 

of LOC
 

found
 

in
 

the
 

Aware-GO
 

vs Unaware-GO
 

contrast.

Expected
 

outcome:

LOC
 

aware-NOGO
 

>
 

LOC
 

unaware-NOGO, as 
measured

 
by
 

EROS
 

activity
 

(LOC
 

aware-

GO
 

>
 

LOC
 

unaware-

GO)=(LOC
 

aware-

NOGO
 

>
 

LOC
 

unaware-

NOGO)

Since
 

research
 

question
 

Q2
 

involves
 

the
 

same
 

analyses
 

of research
 

question
 

Q1
 

(but 
for the

 
NOGO

 
condition), the

 
sampling

 
plan

 
for 

Q2
 

is the
 

same
 

as 
for Q1.

A2.1: A
 

paired-sample
 

one-tailed
 

t-test was 
computed

 
in
 

order to
 

compare
 

early
 

activity
 

in
 

LOC
 

in
 

the
 

NOGO
 

condition. Thus, activity
 

in
 

Aware-NOGO
 

and
 

Unaware-NOGO
 

trials
 

was contrasted.

Both
 

frequentist and
 

Bayesian
 

statistics 
(with

 
default prior) was computed. 

Contrast to
 

be
 

computed:

AWARE
 

NOGO
 

vs UNAWARE
 

NOGO

ROI to
 

be
 

tested:

LOC

Time
 

interval of interest:

150—350
 

msec
 

after stimulus onset

A2.2: The
 

interaction
 

effect between
 

awareness and
 

motor response
 

was tested
 

by
 

means of a
 

paired-sample
 

one-tailed
 

t-

test computed
 

between
 

contrast Aware-GO
 

vs Unaware-GO
 

and
 

contrast Aware-NOGO
 

vs Unaware-NOGO

In
 

addition
 

to
 

frequentist statistics, 
Bayesian

 
statistics (with

 
default prior) was 

computed
 

to
 

test potential null effects 
Contrast to

 
be
 

computed: (AWARE
 

GO
 

vs 
UNAWARE

 
GO) - (AWARE

 
NOGO

 
vs 

UNAWARE
 

NOGO)

ROI to
 

be
 

tested:

LOC

Time
 

interval of interest:

150—350
 

msec
 

after stimulus onset

As above
 

O2.1.1: A
 

significant t-test in
 

the
 

time

window
 

of interest suggests
 

that LOC

activity
 

is
 

independent from
 

response,

since
 

its
 

activity
 

is
 

observed
 

even
 

when
 

no
 

response
 

is required
 

(NOGO
 

conditions). 
O2.1.2: If greater activity

 
in
 

LOC
 

in
 

the

time
 

window
 

of interest is not observed,

then
 

it means that LOC
 

activity
 

is somehow
 

related
 

to
 

the
 

motor response.

O2.2.1: Significant interaction
 

effect suggests 
that activity

 
in
 

LOC
 

depends from
 

response
 

requirement

O2.2.2: The
 

absence
 

of a
 

difference
 

between
 

the
 

two
 

effects suggests that motor response
 

does 
not affect awareness-related

 
activity

 
in
 

LOC

OO2: Our hypothesis 
was

 
confirmed

 
by
 

our results, as
 

greater activity
 

in
 

LOC
 

was observed
 

204
 

msec
 

after the
 

presentation
 

of the
 

stimulus when
 

contrasting
 

activity
 

elicited
 

by
 

Aware-

NOGO
 

trials with
 

activity
 

elicited
 

by
 

Unaware-NOGO
 

trials, thus 
independently

 
from

 response
 

requirement.
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Q3: Does
 

consciousness
 

modulate
 

activation
 

of 
motor areas 
in
 

a
 

detection
 

task?

H3: When
 

a
 

motor 
response

 
is
 

required, 
consciousness

 
modulates

 
activation

 
of 

motor areas (MA), as 
activity

 
in
 

motor areas is 
triggered

 
by
 

LOC
 

(Colombari et al., 2024) 
Expected

 
outcome:

MA
 

aware-GO
 

>
 

MA
 

unaware-GO, as 
measured

 
by
 

EROS
 

activity

LOC
 

activity
 

predicts 
MA
 

activity
 

(investigated
 

by
 

means 
of Granger causality

 
analysis)

Considering
 

that 
the

 
estimated

 
sample

 
size

 
for 

this
 

study
 

(n
 
=
 

32) 
is more

 
than

 
twice

 
the

 
typical 

sample
 

size
 

of 
EROS

 
studies

 
present in

 
literature

 
(see

 
Supplementary

 
Table

 
S1, where

 
a
 

systematic
 

review
 

of existing
 

EROS
 

literature
 

revealing
 

that the
 

typical sample
 

size
 

used
 

is 13
 

participants is 
depicted), the

 
same

 
estimated

 
sample

 
size

 
of Q1

 
and

 
Q2
 

seems to
 

be
 

also
 

adequate
 

to
 

answer 
research

questions Q3
 

and
 

Q4.

A3.1
 

A
 

paired-sample
 

one-tailed
 

t-test was
 

computed
 

in
 

order to
 

compare
 

early
 

activity
 

in
 

motor areas
 

in
 

the
 

GO
 

condition. Thus, 
activity

 
in
 

Aware-GO
 

and
 

Unaware-GO
 

trials
 

was contrasted.

In
 

addition
 

to
 

frequentist statistics, 
Bayesian

 
statistics (with

 
default prior) was 

computed
 

to
 

test potential null effects
 

Contrast to
 

be
 

computed:

AWARE
 

GO
 

vs UNAWARE
 

GO

ROI to
 

be
 

tested:

Motor areas

Time
 

interval of interest:

Based
 

on
 

mean
 

RTs, with
 

a
 

time
 

window
 

of 
±1.5

 
SD
 

around
 

the
 

mean

A3.2: In
 

order to
 

further investigate
 

the
 

flow
 

of activity
 

occurring
 

in
 

the
 

investigated
 

brain
 

areas, Granger causality
 

analysis was 
performed. In

 
the

 
present study, we

 
performed

 
Granger analysis on

 
the

 
“Aware-

GO
 

vs Unaware-GO” contrast, since
 

we
 

are
 

interested
 

in
 

investigating
 

whether activity
 

in
 

motor areas is predicted
 

by
 

previous 
activity

 
in
 

LOC, when
 

a
 

motor response
 

is 
required

 
(i.e., in

 
the

 
GO
 

condition). Thus, 
LOC

 
was used

 
as seed

 
ROI and

 
later activity

 
in
 

motor areas was investigated.

In
 

addition
 

to
 

frequentist statistics, 
Bayesian

 
statistics (with

 
default prior) was 

computed
 

to
 

test potential null effects 
Contrast to

 
be
 

computed:

AWARE
 

GO
 

vs UNAWARE
 

GO

ROI to
 

be
 

tested:

LOC
 

(as seed
 

ROI)

Motor areas as predicted
 

areas

Time
 

interval of interest:

LOC: 150—350
 

msec
 

after the
 

stimulus onset 
(within

 
this interval, about ±4

 
time

 
points 

around
 

the
 

peak
 

value
 

-according
 

to
 

the
 

peak
 

waveform- were
 

selected)

MA: Based
 

on
 

mean
 

RTs, with
 

a
 

time
 

window
 

of ±1.5
 

SD
 

around
 

the
 

mean

As
 

above
 

O3.1.1: A
 

statistically
 

significant difference
 

between
 

the
 

two
 

conditions
 

suggests
 

that, even
 

in
 

a
 

detection
 

task, response
 

related
 

motor 
activity

 
is
 

stronger in
 

the
 

aware
 

condition
 

compared
 

to
 

the
 

unaware
 

one.

In
 

Colombari et al., 2024
 

this difference

was observed. Importantly, in
 

this previous 
study

 
a
 

discrimination
 

task
 

was
 

employed

and
 

participants were
 

asked
 

to
 

provide
 

two
 

different responses in
 

case
 

of awareness 
(intentional) or unawareness (random).

Instead, in
 

this study
 

participants are
 

asked

to
 

perform
 

a
 

detection
 

task, in
 

which
 

the

motor behavior made
 

to
 

provide
 

the

response, when
 

required, is the
 

same
 

for

both
 

aware
 

and
 

unaware
 

condition
 

and
 

thus no
 

response
 

selection
 

is required.

O3.1.2: If no
 

difference
 

between
 

the
 

tested
 

conditions is observed, it will suggest that in

a
 

detection
 

task
 

there
 

is no
 

difference
 

in
 

the
 

motor activity
 

related
 

to
 

the
 

response.

O3.2.1: Significant predictive
 

interactions 
between

 
LOC

 
and

 
motor areas will suggest that, 

when
 

the
 

stimulus enters consciousness, 
awareness-related

 
activity

 
in
 

LOC
 

predicts 
subsequent activity

 
in
 

motor areas. This 
(expected) outcome

 
will suggest that 

consciousness modulates subsequent 
response-related

 
motor activity, by

 
directly

 
triggering

 
activation

 
of motor areas, as 

observed
 

in
 

Colombari et al., 2024

O3.2.2: If no
 

significant interactions between
 

LOC
 

and
 

MA
 

will be
 

highlighted, then
 

it would
 

mean
 

that activity
 

in
 

motor areas is not 
predicted

 
by
 

LOC. Specifically, it could
 

be
 

surmised
 

that in
 

a
 

detection
 

task, consciousness 
does not modulate

 
activation

 
of motor areas, as 

observed
 

in
 

Colombari et al., 2024, where
 

a
 

discrimination
 

task
 

was employed. The
 

difference
 

in
 

the
 

two
 

tasks, indeed, consists in
 

the
 

type
 

of motor response
 

required: In
 

the
 

case
 

of the
 

discrimination
 

task, the
 

participant is 
asked

 
to
 

press one
 

button
 

or another according
 

to
 

the
 

response. Conversely, in
 

a
 

detection
 

task, 
the

 
participant has to

 
press a

 
key

 
when

 
the

 
target stimulus is detected. Thus, no

 
selection

 
of the

 
response

 
is needed. This difference

 
could

 
play

 
a
 

role
 

in
 

the
 

relationship
 

between
 

consciousness and
 

motor areas.

OO3: Our hypothesis
 

was
 

partially
 

supported
 

by
 

our 
results. Indeed, 
greater activity

 
in
 

M1
 

was observed
 

when
 

contrasting
 

aware
 

and
 

unaware
 

conditions, 
suggesting

 
that 

response
 

related
 

motor activity
 

is 
stronger in

 
the

 
aware

 
condition

 
compared

 
to
 

the
 

unaware
 

one
 

However, Granger 
analysis revealed

 
no
 

significant predictive
 

effects between
 

extra-striate
 

and
 

motor areas.

(continued
 

on
 

next page)
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3
 

—
 

(continued
 

)

Question
 

Hypothesis Sampling
 

plan

Analysis plan
 

Rationale
 

for 
deciding

 
the

 
sensitivity

 
of 

the
 

test for 
confirming

 
or 

disconfirming
 

the
 

hp

Interpretation
 

given
 

different outcomes

Observed

outcomes

Q4: Does 
consciousness 
modulate

 
activation

 
of 

motor areas in
 

ABSENCE
 

of 
motor 
response?

H4: Consciousness

modulates activation
 

of 
motor areas, even

 
if the

 
motor response

 
is
 

not 
required

Expected
 

outcome:

MA
 

aware-NOGO
 

>
 

MA
 

unaware-NOGO

LOC
 

predicts
 

MA
 

(investigated
 

by
 

means 
of Granger causality

 
analysis)

As Q3
 

A4.1: A
 

paired-sample
 

one-tailed
 

t-test was

computed
 

in
 

order to
 

compare
 

activity
 

in
 

motor areas
 

in
 

the
 

NOGO
 

condition. Thus, 
activity

 
in
 

Aware-NOGO
 

and
 

Unaware-

NOGO
 

trials was contrasted.

In
 

addition
 

to
 

frequentist statistics, 
Bayesian

 
statistics (with

 
default prior) was 

computed
 

to
 

test potential null effects 
Contrast to

 
be
 

computed:

AWARE
 

NOGO
 

vs UNAWARE
 

NOGO

ROI to
 

be
 

tested:

Motor areas

Time
 

interval of interest:

Based
 

on
 

mean
 

RTs, with
 

a
 

time
 

window
 

of 
±1.5

 
SD
 

around
 

the
 

mean

A4.2: With
 

the
 

aim
 

of investigating
 

the
 

flow
 

of activity
 

occurring
 

in
 

the
 

investigated
 

brain
 

areas also
 

in
 

the
 

condition
 

where
 

no
 

response
 

is required, Granger analysis was 
performed

 
on
 

the
 

“Aware-NOGO
 

vs 
Unaware-NOGO” contrast. This allowed

 
to
 

investigate
 

whether activity
 

in
 

motor areas 
is triggered

 
by
 

previous activity
 

in
 

LOC, even
 

when
 

a
 

motor response
 

is not required.

Thus, LOC
 

was used
 

as seed
 

ROI and
 

later 
activity

 
in
 

motor areas was investigated.

In
 

addition
 

to
 

frequentist statistics, 
Bayesian

 
statistics (with

 
default prior) was 

computed
 

to
 

test potential null effects 
Contrast to

 
be
 

computed:

AWARE
 

NOGO
 

vs UNAWARE
 

NOGO

ROI to
 

be
 

tested:

LOC
 

(as seed
 

ROI)

Motor areas as predicted
 

areas

Time
 

interval of interest:

LOC: 150—350
 

msec
 

after the
 

stimulus onset 
(within

 
this interval, about ±4

 
time

 
points 

around
 

the
 

peak
 

value
 

-according
 

to
 

the
 

peak
 

waveform- were
 

selected)

MA: Based
 

on
 

mean
 

RTs, with
 

a
 

time
 

window
 

of ±1.5
 

SD
 

around
 

the
 

mean

As above
 

O4.1.1: A
 

statistically
 

significant t-test suggests 
that, when

 
a
 

motor response
 

is

not provided, the
 

inhibition
 

required
 

to
 

withhold
 

responding
 

is
 

stronger when
 

the

visual characteristic
 

of the
 

stimulus is 
consciously

 
perceived, compared

 
to

when
 

no
 

difference
 

is perceived.

O4.1.2: If no
 

difference
 

between
 

the
 

tested
 

conditions
 

is
 

observed, this
 

suggests
 

that ı̀)

no
 

inhibition
 

is required
 

to
 

withhold
 

responding, both
 

in
 

the
 

aware
 

and
 

unaware
 

condition, or ii) the
 

inhibition
 

is equally
 

strong
 

for the
 

two
 

conditions.

O4.2.1: If significant predictive
 

interactions 
between

 
LOC

 
and

 
motor areas will be

 
observed, 

then
 

consciousness modulates subsequent 
activity

 
in
 

motor areas also
 

in
 

absence
 

of a
 

motor response. This could
 

be
 

due
 

to
 

inhibition
 

of the
 

response
 

processes.

O4.2.2: If no
 

significant interactions between
 

LOC
 

and
 

MA
 

are
 

highlighted, then
 

LOC
 

does not 
predict activity

 
in
 

motor areas in
 

absence
 

of 
motor response.

OO4: This 
hypothesis was not 
supported

 
by
 

our 
findings, as

 
no
 

significantly
 

greater 
activation

 
was 

observed
 

in
 

M1
 

when
 

contrasting
 

aware
 

and
 

unaware
 

trials
 

in
 

the
 

condition
 

in
 

which
 

no
 

motor 
response

 
was 

required.
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6) and the left primary motor cortex (M1, Brodmann Area 4). 

Statistical analysis was computed within specific temporal 

windows of interest selected on the basis of the results ob-

tained by Colombari et al., 2024. This is to reduce the risk of 

false positives, as Opt3d does not offer the possibility to cor-

rect data for multiple comparisons in the temporal domain. 

The specific time windows tested for each hypothesis are 

listed in Table 3.

3. Results

3.1. Level of bias control

Level 6. No part of the data or evidence that was used to 

answer the research question was generated until after IPA.

3.2. Behavioral results

Raw data were processed using scripts created on Matlab 

(version R2017b; the MathWorks, Inc., Natick, MA). Trials were 

sorted into the four experimental conditions (i.e., Aware-GO, 

Unaware-NOGO, Aware-NOGO and Unaware-GO) based on 

the participants’ responses. Aware trials were those trials in 

which the participant reported perceiving the thicker radius, 

while Unaware trials were those trials in which participants 

could not perceive that the radius was thicker.

As specified in Section 2.8 (Data Analysis), trials with RTs 

lower than 150 msec or higher than 3SD from the mean were 

removed. After removal, we had on average 801.4 trials for the 

Aware-GO condition, 372.7 for the Unaware-NOGO condition, 

738.9 trials for the Aware-NOGO condition and 450.2 for the 

Unaware-GO. Thus, in the GO condition, Aware trials 

accounted for an average of 68.36% of the trials (SD = 9.64), 

while in the NOGO condition, Aware trials accounted for 

62.13% of the trials (SD = 10.21). A two-tailed paired-samples t-

test comparing the number of Aware trials in the GO and 

NOGO conditions revealed no statistically significant differ-

ence between conditions [t (31) = 2.01, p = .053, Cohen’s 

d = − .355].

Subsequently, mean RTs for Aware and Unaware trials in 

the GO condition were calculated and contrasted by means of a 

paired-sample two-tailed t-test. Statistical analysis high-

lighted that mean RTs for the Aware condition (592.49 msec) 

and the Unaware condition (643.34 msec) were statistically 

different [t (31) = - 4.19, p < .001, Cohen’s d = − .741]. 

Moreover, analysis of catch trials was performed as 

described in Section 2.8.1. As specified above, catch trials were 

those in which all the stimulus radii were equally thick. 

Hence, in those cases, participants should report not seeing 

the thicker radius. As expected, they correctly reported not 

seeing the thicker radius on average 95.72% of the time (SD

= 5.41) in the Aware GO condition and 96.25% (SD = 5.10) in the 

Aware NOGO condition. Paired sample (two-tailed) t-test 

revealed no significant difference between the two conditions 

[t (31) = − .63, p = .533, Cohen’s d = − .11]. Importantly, catch 

trials performance was significantly different from critical 

trials performance both in the GO condition [t (31) = − 12.4, 

p < .001, Cohen’s d = − 2.19] and in the NOGO condition [t 

(31) = − 15.1, p < .001, Cohen’s d = − 2.66].

3.3. EROS results

EROS data were pre-processed with a dedicated in-house 

software, P-POD (Pre-Processing of Optical Data, run in Mat-

lab, version R2013b), as described in Section 2.8 and co-

registered with each subject’s structural MRI using the dedi-

cated OCP software package. Subsequently, we computed 

statistical analyses on pre-processed data by means of the 

dedicated in-house software package Opt-3d. EROS results are 

shown in Fig. 3 and Supplementary Fig. S1.

In order to address the research question Q1 (i.e., “Can we 

replicate Colombari et al., 2024 findings showing that LOC is 

an NCC?”), we investigated awareness-related activity in LOC 

by comparing Aware and Unaware trials in the condition in 

which the motor response was required. To do so, Aware-GO 

and Unaware-GO conditions were contrasted, and activity in 

LOC was analyzed. EROS analyses showed a significantly 

increased activation at 179 msec after the stimulus onset 

(z = 2.80; z crit = 2.47).

In the same manner, with the aim of investigating whether 

the activity in LOC is independent from the response (i.e., 

research question Q2) we contrasted Aware and Unaware 

trials in the condition where the motor response was not 

required. Thus, the contrast between Aware-NOGO and 

Unaware-NOGO conditions was computed, revealing that 

even when a motor response was not required, Aware trials 

yielded greater activation in LOC 204 msec after stimulus 

onset (z = 3.37; z crit = 2.75).

Moreover, the interaction effect between awareness and 

motor response was tested by means of a paired-sample one-

tailed t-test comparing the contrast Aware-GO versus 

Unaware-GO and Aware-NOGO versus Unaware-NOGO, and 

the interaction was not statistically significant. This null effect 

was further confirmed by Bayesian statistics computed with 

the default prior. Specifically, the Bayes factors indicated 

moderate support for the absence of an effect (BF 10 = .19, 

error = 3.8%).

To address research questions Q3 and Q4, namely whether 

consciousness modulates activation of motor areas both in 

the presence and absence of motor response, we investigated 

activity in the motor areas while computing the above-

mentioned contrasts. Indeed, the Aware-GO versus 

Unaware-GO contrast showed that activity reached statistical 

significance in motor areas 511 msec after stimulus onset 

(z = 2.73; z crit = 2.59), whereas the contrast between aware 

and unaware trials in the NOGO condition did not yield any 

significant results. To test this null effect, a Bayesian analysis 

using the default prior was computed, providing moderate 

evidence against the effect (BF 10 = .20, error = 3.7%).

3.4. Granger causality analysis results

To further investigate the flow of activity in the investigated 

brain areas, Granger causality analysis was performed. Spe-

cifically, since in research question Q3 we were interested in 

investigating whether activity in motor areas was predicted by 

previous activity in LOC when a motor response is required 

(i.e., in the GO condition), we performed Granger analysis on 

the “Aware-GO versus Unaware-GO” contrast using LOC as 

seed ROI and investigating later activity in motor areas.
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This analysis revealed no significant predictive effects be-

tween extra-striate and motor areas. Importantly, Bayesian 

statistics computed with default priors confirmed the absence 

of an effect, as all confidence intervals included zero, further 

indicating that the estimated effects were not reliably 

different from the null hypothesis.

4. Discussion

The present study aimed to unravel the spatio-temporal dy-

namics underlying conscious vision by combining a go/no-go 

detection task with EROS recordings, thereby disentangling 

neural activity related to visual awareness from concurrent 

response-related mechanisms. Taken together, the results 

provide converging evidence for a central role of the LOC in 

conscious visual processing, while also shedding light on the 

relationship between awareness and motor activity.

As for research question Q1, the EROS data successfully 

replicated the main finding of Colombari et al. (2024), showing 

greater activation in LOC approximately 179 msec after stim-

ulus onset when Aware-GO trials were contrasted with 

Unaware-GO trials. This early activation of LOC is consistent 

with the temporal window of the ERP component most 

commonly associated with visual awareness, the Visual 

Awareness Negativity (VAN; Koivisto & Revonsuo, 2010; 

Koivisto et al., 2016) and aligns with previous MEG source 

localization evidence pointing to the lateral occipito-temporal 

region as a key generator of awareness-related activity (Liu 

et al., 2012; Vanni et al., 1996). Source reconstruction ana-

lyses of ERP data have consistently placed the VAN generators

in the lateral occipital and inferior occipito-temporal cortex 

(Ciupinska et al., 2025; F€ orster et al., 2020). These findings fit 

within a broader theoretical and empirical framework, sug-

gesting that the extra-striate cortex, and in particular LOC, is a 

key area for the neural correlates of visual awareness (Rees et 

al., 2002). Recent literature using different approaches, such as 

single-neuron recordings from the human LOC across a vari-

ety of perceptual tasks (Quiroga et al., 2024) and a TMS-EROS 

paradigm bypassing V1 feedforward input (Knight et al., 

2024), has likewise identified LOC as a critical site of early 

awareness-related activity, which is fully consistent with this 

picture. Importantly, the present result extends beyond the 

discrimination paradigm employed by Colombari and col-

leagues, demonstrating that the early involvement of LOC in 

conscious visual processing generalizes to a detection task in 

which no selection between motor responses is required.

Crucially, the results for research question Q2 demonstrate 

that LOC activation at 204 msec post-stimulus was equally 

present in the no-go condition, in which participants were 

asked to withhold responding. The absence of significant 

interaction between awareness and response requirement, 

further supported by Bayesian evidence in favor of the null 

hypothesis, confirms that the early LOC response is not 

modulated by response requirements and therefore cannot be 

attributed to preparation or execution of the motor response. 

This finding is consistent with the view put forward by 

Koivisto et al. (2016), who argued that subjective visual 

awareness emerges prior to P3 and independently of post-

perceptual mechanisms. Along the same lines, Mazzi et al. 

(2020) demonstrated that the LP component—but not the 

VAN—is modulated by the response criterion adopted by

Fig. 3 — EROS results. The upper panel shows the statistical parametric maps of the z-score difference computed contrasting 

Aware and Unaware trials in the GO condition. The lower panel shows the statistical parametric maps of the z-score 

difference computed by contrasting Aware and Unaware trials in the NOGO condition. Each map represents a 25.6 msec 

interval.
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participants, providing direct electrophysiological evidence 

that early posterior activity reflects the conscious percept per 

se, whereas later components are contaminated by post-

perceptual decision-related processes. Taken together, these 

findings strongly argue for considering LOC early activity as a 

genuine NCC rather than an epiphenomenon of response-

related processes.

The finding that early LOC activation is independent of 

response requirement places the present results in direct 

dialogue with a body of EEG and fMRI research aimed at 

dissociating genuine NCCs from correlates of post-perceptual 

processing. No-report paradigms using EEG and fMRI have 

consistently shown that the late positivity (LP), but not early 

posterior activity, is strongly modulated by task demands, 

report requirements, and stimulus relevance (Dellert et al., 

2021; Hense et al., 2024; Kronemer et al., 2022; 

Schlossmacher et al., 2020). Specifically, Dellert et al. (2021) 

demonstrated, using simultaneous EEG-fMRI, that awareness 

effects in LOC and in the early ERP component (VAN) persisted 

across report and no-report conditions, whereas frontal 

awareness effects were confined to the report condition. 

Likewise, Kronemer et al. (2022) identified awareness-related 

activity in LOC across a broad network using a no-report 

fMRI masking paradigm, and Hense et al. (2024) provided 

electrophysiological evidence for sustained conscious 

perception that similarly implicated posterior rather than 

frontal cortex. The present EROS data, showing response-

independent LOC activation at approximately 200 msec, are 

fully consistent with this picture. Moreover, the role played by 

attention in modulating early posterior awareness effects re-

mains debated. Several studies have reported that VAN 

amplitude is sensitive to both exogenous and endogenous 

attentional manipulations (Bola & Doradzi� nska, 2021; 

Doradzi� nska & Bola, 2024; Koivisto et al., 2006), and others 

have found that it can be dissociated from attentional effects 

(Ciupi� nska et al., 2024; Cohen et al., 2020; Dembski et al., 2021). 

The present paradigm was not designed to manipulate 

attention independently of awareness, and we therefore 

cannot rule out a contribution of differential attentional 

engagement across aware and unaware trials. Importantly, 

however, the response-independence of the LOC effect argues 

against the simplest confound, namely that LOC activation 

merely reflects response—preparation processes triggered 

only in the aware condition. With respect to the relevance of 

no-report paradigms more broadly, the findings from studies 

by Pitts et al. (2014), Shafto and Pitts (2015), Schelonka et al. 

(2017), and Dellert et al. (2022) collectively establish that late 

frontal and centro-parietal activity (including LP and P3) are 

particularly sensitive to task relevance, response criterion, 

and attentional blink dynamics, while early occipito-temporal 

effects show greater stability. This supports interpreting the 

early LOC effect reported here as more likely to reflect the 

conscious percept per se, rather than a post-perceptual 

consequence of detecting the stimulus and preparing a 

response.

Regarding research question Q3, the contrast between the 

aware and unaware conditions when a motor response was 

required showed a significant increase in motor area activa-

tion at approximately 511 msec after stimulus onset, within a 

time window consistent with the mean reaction times

observed in the GO condition. This finding indicates that, even 

in a detection task in which the same motor response is per-

formed regardless of whether the stimulus is consciously 

perceived, awareness modulates the magnitude of motor area 

activation. This result is consistent with Colombari et al. 

(2024), who reported a similar effect in a discrimination task 

in which aware and unaware trials required qualitatively 

different motor responses (i.e., a specific vs a random button 

press), thus, potentially introducing a response selection 

confound. By contrast, in the present detection task, the 

motor output was identical across awareness levels, making it 

less likely that the observed difference in motor area activity 

was driven by response selection demands alone, and sug-

gesting that conscious perception can modulate motor-

related processing even in simple detection contexts. How-

ever, another possible interpretation must be considered. 

Aware and Unaware trials differed not only in awareness but 

also in mean reaction times, reflecting a well-established 

advantage in processing speed for consciously perceived 

stimuli. In this respect, evidence accumulation frameworks 

propose that neural signals in motor and centroparietal re-

gions track a decision variable that builds to a threshold, with 

its rate of rise scaling with the quality of sensory evidence 

(O’Connell et al., 2012; Kelly & O’Connell, 2013; Twomey et al., 

2015; Tagliabue et al., 2019). On this account, the greater motor 

area activation at 511 msec in Aware-GO compared to 

Unaware-GO trials might reflect faster or steeper accumula-

tion in the aware condition, rather than awareness per se. We 

consider this interpretation unlikely to fully account for the 

present result for two reasons. First, the motor activation ef-

fect emerged at 511 msec, which falls within, rather than 

clearly before, the range of mean RTs for both conditions; if 

the difference were driven by an earlier threshold crossing in 

the aware condition, one might expect the effect to appear at a 

shorter latency. Second, in the present paradigm the 

threshold stimulus was individually calibrated to produce 

approximately 50% detection: any difference in evidence 

quality between aware and unaware trials is thus inherent to 

the phenomenal state itself and cannot be independently 

manipulated without altering the experimental design. 

Nonetheless, without a parametric manipulation of stimulus 

strength or a model-based analysis of the RT distributions, we 

cannot definitively rule out the possibility that the motor area 

difference at 511 msec reflects, at least in part, a difference in 

the rate of decision accumulation between conditions. Future 

work combining EROS with computational modelling of 

accumulation-to-bound dynamics would help to disentangle 

these accounts. More generally, this interpretation is consis-

tent with a broader literature emphasizing that motor areas 

are sensitive not only to the execution of movements, but also 

to the cognitive context in which they are embedded (Montani 

et al., 2026).

Addressing research question Q4, the analysis of the no-go 

condition revealed no significant difference in motor area 

activity between aware and unaware trials, a null result 

further supported by Bayesian evidence. This finding suggests 

that, when participants successfully withhold their motor 

response, consciousness does not produce detectable differ-

ences in motor area activation, or, alternatively, that any 

inhibitory activity elicited by conscious perception of the
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stimulus is equally present across awareness levels and thus 

does not manifest as a difference in the contrast. This inter-

pretation aligns with the well-established role of the pre_SMA 

in response conflict resolution and inhibitory motor control: 

meta-analytic evidence (Swick et al., 2008) consistently iden-

tifies the pre-SMA as a region recruited across simple and 

complex go/no-go tasks, playing a critical role in selecting 

appropriate behavior whether that entails executing or with-

holding a response. The absence of a consciousness-related 

modulation of motor areas in the no-go condition thus sug-

gests that the inhibitory process required to withhold 

responding may operate at a level that is not differentially 

sensitive to awareness in a detection context.

The investigation of the directed flow of activity between 

LOC and motor areas, using Granger causality analyses, did 

not reveal significant predictive interactions between early 

LOC activation and subsequent motor area dynamics, neither 

in the GO nor in the NO-GO condition. Although this null 

result should be interpreted with caution, it was also sup-

ported by Bayesian evidence and, despite being unexpected in 

light of Colombari et al. (2024)’s findings in a discrimination 

task, remains informative and theoretically meaningful when 

considered alongside the pattern of results from the conven-

tional EROS analyses. Indeed, while awareness modulated 

motor area activation in the GO condition, this modulation 

does not appear to be driven by a direct predictive influenceof 

LOC on motor areas. One possible interpretation is that the 

difference in task demands between the present detection 

paradigm and the discrimination paradigm of Colombari et al. 

(2024) may account for this discrepancy: in a discrimination 

task, the need to select among alternative responses may 

amplify the predictive influence of awareness-related occi-

pito-temporal activity on motor areas, a dynamic that may be 

reduced or absent when only a single, stereotyped response is 

required. This interpretation is, again, consistent with evi-

dence showing that pre-SMA and premotor areas are partic-

ularly recruited when response conflict or selection demands 

are high (Nachev et al., 2008; Rushworth et al., 2002), and with 

the broader finding that the relationship between visual 

awareness and motor control is flexible and contingent on the 

cognitive and biomechanical demands of the task (Montani 

et al., 2026). A further, non-mutually exclusive, interpreta-

tion concerns the nature of the information that LOC may 

need to convey to motor areas. In a discrimination task, LOC 

encodes specific perceptual content (i.e., the orientation of the 

Gabor patch) that is directly relevant for selecting which 

response to execute. On this account, the selection of the 

correct action to perform may depend on the transmission of 

content-specific information to motor areas, and it is precisely 

this content-specific process that the Granger causality anal-

ysis may have captured in Colombari et al. (2024). In a detec-

tion task, by contrast, the motor system may not need access 

to detailed perceptual content, but only to the presence of a 

target. This kind of signal can reach M1 through more generic 

sensorimotor circuits, without requiring LOC to directly drive 

motor activity. From this perspective, the predictive 

LOC—motor link may not reflect a general feature of aware-

ness, but rather a process that becomes relevant when the 

perceptual content encoded in LOC is necessary to guide 

response selection. This interpretation is consistent with the

present finding that LOC activation is equally present and 

equally strong across GO and NOGO conditions, but its 

downstream influence on motor circuits depends on whether 

that content is decision-relevant for the required action.

From a broader theoretical standpoint, the present findings 

speak to an ongoing debate in consciousness research about 

the spatial and temporal locus of phenomenal awareness and 

its relationship to cognition and action. The convergent evi-

dence reviewed here—namely, early and response-

independent activation of LOC as a candidate NCC, the 

absence of a direct predictive link from LOC to motor areas in a 

detection context, and the selective modulation of motor ac-

tivity only when a response is executed—seems to be better 

accommodated by a framework in which conscious visual 

experience emerges from early, localized activity in extra-

striate cortex, rather than depending on late widespread ac-

tivity. This interpretation is in line with converging report and 

no-report evidence suggesting that later widespread activity 

mainly reflects post-perceptual processes such as report, 

decision-making, and response selection, while the neural 

correlates of perceptual awareness arise at earlier processing 

stages (Koivisto et al., 2016; Mazzi et al., 2017, 2020; Tsuchiya 

et al., 2015). It is also consistent with the most recent large-

scale adversarial test of the global neuronal workspace the-

ory and integrated information theory, in which decoding of 

conscious content was strongest in posterior cortex and often 

unsuccessful in prefrontal areas (Cogitate et al., 2025). How-

ever, an important qualification is necessary: the EROS 

montage employed here covered occipital, temporal, and pa-

rietal cortices but did not extend to prefrontal cortex (see Fig. 2 

and the limitations paragraph below). The present data are 

therefore silent on whether prefrontal activation accom-

panies the early LOC effect, and our conclusions should be 

read as characterizing the temporal and spatial profile of 

awareness-related activity within the covered territory, not as 

arbitrating the full frontal versus posterior NCC debate. 

Whether and when PFC activity constitutes a genuine NCC or 

a post-perceptual correlate of report in paradigms such as the 

present one remains an open question that EROS as currently 

configured cannot address.

Importantly, the comparison between the present study 

and Colombari et al. (2024) suggests that the critical factor 

determining whether LOC drives motor areas is not awareness 

per se, but the degree to which the specific perceptual content 

encoded in LOC is necessary to guide the required response. 

This distinction between awareness as a presence signal and 

awareness as discriminative content may prove a useful 

organizing principle for understanding when and how 

conscious perception propagates to motor and executive areas 

and invite future work to systematically characterize the 

conditions under which conscious perception shapes down-

stream processing.

The present findings should be interpreted in light of some 

limitations. First, although EROS provides a valuable combi-

nation of temporal and spatial information, the montage used 

in the present study did not provide full whole-brain coverage. 

In particular, major portions of the frontal cortex could not be 

investigated because of the relatively limited number of 

available optodes. Therefore, the present findings should not 

be interpreted as ruling out possible awareness-related
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activity in frontal areas, which are considered crucial by some 

theories of consciousness (e.g., Dehaene & Changeux, 2011). 

Importantly, our conclusions are restricted to the preregis-

tered regions covered by the EROS montage, namely posterior 

visual and motor-related areas.

Second, EROS has a relatively low signal-to-noise ratio 

compared with other neuroimaging techniques and therefore 

requires a high number of trials to obtain reliable estimates. 

Although all conditions retained a substantial number of trials 

after preprocessing, fewer trials were available in the Un-

aware than in the Aware conditions. While this imbalance 

was anticipated and accounted for in the preregistered 

exclusion criteria, this difference may have influenced signal 

quality to some extent and should be considered when 

interpreting the results. Nonetheless, trial counts per condi-

tion were well above the threshold for reliable EROS statistics, 

even for the less represented conditions.

Third, the in-house Opt-3d software implements correc-

tion for multiple comparisons in the spatial domain but does 

not directly provide correction across the temporal domain. 

For this reason, temporally extended effects should be inter-

preted with some caution. Importantly, however, this concern 

is mitigated by the fact that all analyses were restricted to 

preregistered ROIs and time windows. Future studies 

combining EROS with whole-brain EEG, MEG, or fMRI re-

cordings may help clarify how early LOC activity relates to 

later frontal and parietal dynamics during conscious visual 

processing.

A further limitation concerns the interpretation of the 

motor-area effect observed at 511 msec in the Aware-GO 

versus Unaware-GO contrast. Aware and Unaware trials 

differed not only in phenomenal state but also in mean reac-

tion time, with responses being faster in Aware trials than in 

Unaware trials (592 msec vs 643 msec, respectively). This dif-

ference is unlikely to reflect differences in stimulus quality, 

since the same threshold stimulus was used across all trials. 

Rather, it plausibly reflects the phenomenological difference 

between responding on the basis of a conscious percept and 

responding in its absence, with the latter condition intro-

ducing greater decisional uncertainty and a less direct map-

ping between sensory input and motor output. To this extent, 

the RT difference may itself be a consequence of the aware-

ness manipulation rather than an independent confound. 

Future studies combining EROS with computational modelling 

of decision accumulation would help to fully characterize the 

relationship between conscious state, response speed, and 

motor-area activation in paradigms of this type.

In conclusion, the present registered report provides robust 

and pre-registered evidence that LOC represents a key extra-

striate correlate of visual awareness, whose activity appears 

to be independent of motor response requirements. Moreover, 

by demonstrating that awareness selectively modulates 

motor area activation only when a response is executed, the 

study helps clarify the nature of the interplay between 

awareness-related extra-striate regions and response-related 

motor areas, thereby advancing our understanding of the 

neural architecture underlying the early genesis of phenom-

enal awareness and the conditions under which conscious 

perception shapes downstream motor activity.
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