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This Review Article provides a scholarly, clear and well-structured review of intracranial research into
the neural correlates of consciousness (NCCs). To our knowledge this is the first such review and is
therefore likely to become a must-read for anyone working in the field of consciousness research.
The authors discuss the difficulties that researchers must face when studying NCCs and how insights
may emerge via intracranial recordings in humans. This no doubt reflects an in-depth, timely, and
insightful contribution to the literature.

Abstract Despite many years of research, the quest to identify neural correlates of perceptual
consciousness (NCC) remains unresolved. One major obstacle lies in methodological limitations: most
studies rely on non-invasive neural measures with limited spatial or temporal resolution, making it diffi-
cult to disentangle proper NCCs from concurrent cognitive processes. Additionally, the relatively low
sensitivity of non-invasive neural measures limits the interpretation of null findings in studies targeting
proper NCCs. In this review, we discuss how human intracranial recordings can advance the search for
NCCs by offering high spatiotemporal resolution, improved signal sensitivity, and broad cortical and
subcortical coverage. We review studies that have examined NCCs at the level of single neurons and
populations of neurons, and evaluate their implications on the debates between cognitive and sensory
theories of consciousness. Finally, we highlight the limits of current intracranial human recordings and
propose future directions based on emerging technologies and novel experimental paradigms.
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Neural correlates of consciousness

Perceptual consciousness refers to the subjective experience associated with processing sensory
stimuli. When presented with images, sounds, touches, tastes, or smells, humans not only register
these inputs but also report vivid conscious experiences. Understanding the mechanisms underlying
perceptual consciousness has been a focus of research in philosophy and psychology for centuries
(James, 1890; LeDoux et al., 2020). A major shift occurred with the proposal by Crick and Koch,
1990 to identify neural correlates of consciousness (NCCs) — the minimal neural mechanisms jointly
sufficient for a particular conscious percept to occur. In empirical research, studies on NCCs relied
mostly on the contrastive approach (Baars, 1988; Dehaene, 2014), where neural activity is compared
between trials where the same stimulus is consciously perceived or not (see Figure 1). In the conscious
condition, participants report perceiving a critical stimulus. The same critical stimulus is presented in
the unconscious condition, but participants report not being conscious of it (note that NCC research
differs from the study of the neural correlates of unconscious processing, which is focused on the
processing of stimuli that participants do not consciously perceive, Mudrik and Deouell, 2022),
due to various psychophysical tricks including backward masking, binocular rivalry, (continuous)
flash suppression, the attentional blink, and the presentation of near-threshold stimuli (see Kim and
Blake, 2005; Breitmeyer, 2015 for reviews). Participants are asked to make subjective reports of
consciousness (Seth et al., 2008), which allows distinguishing between trials in which they did and
did not consciously perceive the stimulus (see Fahrenfort et al., 2025, for potential issues with this
approach). Crucially, the two conditions must differ minimally in terms of the stimulus presentation
parameters so that the observed neural differences can be attributed to perceptual consciousness,
rather than differences in display parameters. (In contrastive studies that use backward masking to
render stimuli invisible, e.g., Dehaene et al., 2001, Dehaene et al., 1998, while the critical stimulus
is the same across all trials, the mask is presented earlier relative to the onset of the critical stimulus
or for a longer duration in the conscious than the unconscious condition. This systematic difference
in stimulation parameters across conditions is a possible confound when interpreting neural activity.
In recent years, the field has moved to paradigms where stimulation parameters are the same in both
conditions, e.g., near-threshold paradigm depicted in Figure 1.) Apart from the contrastive approach,
recent studies have also relied on a supraliminal approach, in which participants are presented with
clear but task-irrelevant stimuli (see Ferrante et al., 2025; Gerber et al., 2017, Noy et al., 2015;
Figure 1 and below for further details).

It is also helpful to distinguish between levels of consciousness, defined as a global level of arousal
or wakefulness (e.g., being awake vs. under anesthesia), and the contents of consciousness, defined as
the specific subjective experiences one has while conscious (e.g., perceiving a visual stimulus; Bayne
et al., 2016; Laureys, 2005). Though the majority of this review focuses on the contents of conscious-
ness, the two dimensions are intrinsically linked, as global states typically set the conditions for the
occurrence of specific conscious contents.

Since the late 1990s, both the contrastive and the supraliminal approaches have resulted in a
multitude of NCC candidates, mostly identified through non-invasive neuroimaging methods (for
reviews, see Boly et al., 2017, Dykstra et al., 2017; Koch et al., 2016; Rees et al., 2002). Numerous
anatomical maps of the NCCs have been developed over the past 30 years, but no consensus has
been reached even on basic properties, such as whether the NCCs include prefrontal regions or not
(Boly et al., 2017, Odegaard et al., 2017). The reason for this situation is threefold. In what follows,
we discuss the key aspects of these three issues before presenting human intracranial recordings as a
potential solution to advance our understanding of perceptual consciousness.

Distinguishing NCCs from their prerequisites and consequences

The traditional use of the contrastive approach has important pitfalls (Aru et al., 2012b; de Graaf
et al., 2012, Sergent and Naccache, 2012), which are also relevant to intracranial research. First,
the brain processes that precede conscious experience differ systematically between conscious and
unconscious trials due to various factors including arousal, attention, and expectations. Thus, most
studies cannot distinguish a proper NCC from preceding processes. Second, post-perceptual activity
following conscious experience can be mistaken for the NCC. For example, because participants are
asked to report their perception of the stimuli, the neural activity measured in the unconscious vs.
conscious conditions is contaminated by the planning and execution of these reports. We define a
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Figure 1. Experimental approaches to study the NCC. In the contrastive approach (left), the visibility of stimuli is manipulated across trials such that

they are either perceived (conscious trials) or not perceived (unconscious trials). Two of the most popular paradigms to manipulate visibility, near-
threshold presentation of stimuli and backward masking, are depicted. In report tasks, participants perform button presses or saccadic eye movements
to report whether they perceived the stimulus or not. In no-report tasks, attentional manipulations, stimulus intensity, or automatic oculomotor or
pupillary responses (e.g., optokinetic nystagmus, pupil dilation) are used to infer if the stimulus was perceived or not. Neural signals that correlate with

consciousness should differ across trials that are classified as conscious and unconscious. In the supraliminal approach (right), full contrast stimuli are

presented and are assumed to always be consciously perceived. Trials are compared across conditions that differ in the characteristics of the stimuli,

such as presentation duration (discussed below).

report as any explicit behavioral response (whether verbal, manual, or otherwise) that communicates
a participant’s subjective state. We consider proper NCCs to consist of neural activity that reflects
the subjective experience itself, regardless of the downstream requirements of report. Note that the
no-report intracranial studies described below attempt to distinguish NCCs from externally observ-
able, behaviorally expressed reports, and not from internally generated metacognitive judgments that
are not communicated. Identifying proper NCCs thus requires experimental approaches that separate
perceptual experience from its neural precursors and consequences (Aru et al.,, 2012b; de Graaf
et al., 2012, Sergent and Naccache, 2012).

Much research has focused on addressing the consequences problem, notably through no-report
paradigms, where participants passively view stimuli while their brain activity is recorded (Fréssle
et al., 2014; Lumer et al., 1998, Tsuchiya et al., 2015). The rationale is that such paradigms yield
recordings that are not confounded by much of the post-perceptual activity associated with reporting
one's perception. Three strategies have been employed to infer conscious perception without
reports. The first relies on inattentional blindness (Rock et al., 1992). In a first phase, participants
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perform a task on central stimuli while critical stimuli are presented in the periphery unbeknownst
to them. Subsequently, they are informed about the presence of the critical stimuli, which remain
task-irrelevant (phase 2) or become central to the task (phase 3). Neural activity in response to the
critical stimuli can then be compared between trials where they were consciously perceived (phases
2 and 3), and trials where they were not (phase 1; Dellert et al., 2021; Pitts et al., 2012; Pitts et al.,
2014). In the second strategy, participants passively observed stimuli, and involuntary eye move-
ments are used as an indirect measure for classifying stimuli as perceived or non-perceived (Fréssle
et al., 2014; Hesse and Tsao, 2020; Kronemer et al., 2022; White et al., 2022). The third strategy
involves presenting stimuli at varying physical intensities, either below or above participants’ percep-
tual threshold (Pereira et al., 2021; Sergent et al., 2021). Researchers can then compare neural
responses across these stimulus intensities, assuming that participants are more likely to perceive
the stimuli when presented at a higher intensity. The resulting comparison cannot be interpreted
in isolation, as the display parameters are varied across conditions. Nevertheless, it can still be very
informative when compared with the outcomes of a report condition in which these parameters
remain constant.

No-report paradigms have changed the field's perspective on the NCC. Typically, if a seen vs.
unseen effect is found in the report condition, but not in the no-report condition, it is interpreted
as reflecting processes related to post-perceptual processing rather than to consciousness per se
(Dembski et al., 2021). There has been less research on distinguishing the proper NCCs from their
prerequisites. However, this reasoning necessarily involves inference based on null effects that can be
difficult to interpret, also due to the limitations of brain imaging techniques (for limitations of non-
invasive measures, see the following section).

Limits of non-invasive measures

The quest for NCCs coincided with the emergence of new technological advancements in computing
power and brain imaging techniques. Notably, functional magnetic resonance imaging (fMRI) studies
allowed for whole-brain coverage with good spatial resolution, promising to reveal the neural
networks involved in consciousness. NCCs were initially investigated using univariate statistical
models (Dehaene et al., 2001, Lumer et al., 1998; Tong et al., 1998), and then with the help of
multivariate pattern analysis (Hatamimajoumerd et al., 2022, Haynes, 2009). Because of the low
temporal resolution of fMRI, however, the temporal dynamics of NCCs remain largely unexplored in
these studies. Other neuroimaging modalities, such as electroencephalography (EEG) and magneto-
encephalography (MEG), offer significantly better temporal resolution. EEG and MEG can be paired
with the contrastive approach to compare the temporal distribution of event-related responses to
consciously perceived vs. non-perceived stimuli (Dehaene et al., 2001; King et al., 2016; Koivisto
and Revonsuo, 2003; Sergent et al., 2021). Several candidate NCCs were identified using scalp
EEG or MEG, but none of them reached a consensus (for reviews, see Bola and Doradzinska, 2021;
Dembski et al., 2021; Férster et al., 2020). This might be related to the anatomical limitations
of scalp EEG and MEG signals given the overlap of deep and superficial brain signals at the scalp
level. This is the ‘inverse problem’, where different cortical configurations can produce identical scalp
topographies. Additionally, the signal-to-noise ratio of these measures is unequal across brain regions:
MEG is relatively insensitive to radial sources and both methods to subcortical sources (Piastra et al.,
2021). In the case of scalp EEG, the scattering of the adjacent electrical signals through the scalp
further reduces the signal-to-noise ratio from all sources.

The limitations of these methods become more prominent when dealing with null effects such as
those often obtained in no-report paradigms. Subtle effects that are transient or involve only small
populations of neurons might remain undetected. One non-invasive tool for bridging across spatial
and temporal scales is combined fMRI-EEG, where the two signals are collected concurrently and
then merged (e.g., Dellert et al., 2021). While powerful, this approach relies on merging an indirect
metabolic signal with a weak electrophysiological signal filtered by the skull, which is computationally
complex and often noisy. More precise invasive measures, which provide direct measurements of both
local field potentials and spiking activity, thus offer important complementary evidence in perceptual
consciousness research.
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Limits of consciousness research in non-human species

Using invasive electrophysiological measures, non-human animal studies have shown clear prefrontal
contributions in no-report paradigms that were not readily observed with fMRI or scalp EEG (e.g.,
Kapoor et al., 2022, for reviews, see Block, 2024; Panagiotaropoulos, 2024). While non-human
electrophysiology combines unique strengths, such as the ability to collect numerous trials and implant
dense electrode arrays in specific brain areas selected for research, it also has limitations. First, the
range of available behavioral paradigms is more restricted. Paradigms that directly assess subjective
states, like more complex scales to measure consciousness (Ramsgy and Overgaard, 2004), cannot
be employed. Relatedly, non-human animals are unable to provide verbal reports of their subjective
experiences. Second, non-human primate studies usually draw conclusions from a low number of indi-
viduals (typically two), who are extensively trained to perform psychophysical tasks that yield rewards,
eliciting strong reinforcement learning. Therefore, conclusions from these studies may be jeopardized
by specific confounds that are irrelevant to human research. Third, although mapping the extent and
signatures of perceptual consciousness across species is valuable (Lamme, 2022), the extent to which
these results apply to human consciousness remains unclear. Finally, invasive animal research pres-
ents ethical challenges that should not be overlooked, particularly relevant in consciousness research
(Mazor et al., 2023).

Given this situation, along with the limitations of fMRI and scalp EEG in studying the NCC, human
intracranial EEG seems to be a particularly promising direction for consciousness research. Below, we
report the results of a non-systematic literature review, based on 37 articles published between 2001
and 2025. The articles were identified during the course of our own research on NCCs and supple-
mented by a bibliographic search based on screening the citations of two leading early publications
in the field (Fisch et al., 2009, Gaillard et al., 2009, search performed on April 16, 2025) as well as
screening of all the records using intracranial EEG on the ConTrast database on theories of conscious-
ness (Yaron et al., 2022).

ECoG strip

1 4

SsEEG .

depth \
electrode /

Te_trodéé for SEEG
Microrecordings

Figure 2. Different types of implants used for intracranial recordings in humans: electrocorticography (ECoG) strips
or grids are typically placed under the dura mater (purple implant); Deep-brain stimulation (DBS) electrodes are
typically used to record and stimulate subcortical regions (green implant); Microelectrode arrays are positioned

on the cortex (yellow implant); stereo-encephalography (sEEG) depth electrodes are inserted in the brain across
cortical and subcortical structures (blue implant). Hybrid models can record single-unit activity with either tetrodes
(red) or microwires protruding from the electrode.
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Human intracranial electrophysiology

Human intracranial EEG is typically conducted on patients with drug-resistant epilepsy, who are
implanted with electrodes as part of the pre-surgical evaluation of the cortical source of their
seizures (Mercier et al., 2022). Broadly, two types of implants are utilized: (1) Electrocorticography
(ECoG), where grids and/or strips of electrodes are placed on the surface of the cortex, and stereo-
encephalography (sEEG), which employs depth electrodes (Figure 2). Both ECoG and sEEG capture
local field potentials, which are considered to reflect the activity of large populations of neurons span-
ning several mm?3. In a processing step called rereferencing, neighboring contacts on an electrode
can be referenced to each other to ensure that only local activity is captured by the resulting channel
(Li et al., 2018). Single-neuron recordings can also be collected using microwires at the tip of sEEG
electrodes or by microelectrode arrays on the cortical surface, which allows testing of finer-grained
hypotheses about the NCCs (Despouy et al., 2020; Fried et al., 1999).

There are several advantages to using sEEG or ECoG over scalp EEG and MEG. While scalp-level
recordings can reflect the combination of multiple underlying cortical signals, direct recordings at
the cortical surface with ECoG or within the cortex with sEEG provide significantly better spatial
resolution. Perhaps more importantly, direct recordings of patches of tissue do not rely on statistical
estimates of sources, providing higher spatial certainty. While local field potentials have been found
to reflect the activity of 3-5 mm and 50-200 pm of cortex for macro- and microelectrode contacts
respectively (Buzsaki, 2004; Harris et al., 2016; Kreiman et al., 2006), the exact spatial resolution of
intracranial signals depends on multiple factors including electrode size, spacing, impedance, refer-
encing, frequency of interest and investigated signal frequency. Another advantage over scalp EEG
is an improved signal-to-noise ratio by one to two orders of magnitude (Ball et al., 2009; Ramantani
et al., 2016), which allows for the detection of more subtle effects. Furthermore, while scattering
and artifactual activity in scalp signals limit the analysis of high-frequency components (Cohen, 2014;
Pfurtscheller and Cooper, 1975), intracranial signals capture brain oscillations in the high gamma
range that have been associated with local neuronal firings (Lachaux et al., 2012; Nir et al., 2007,
Ray and Maunsell, 2011). Finally, the contacts along the electrodes can be used to directly stimulate
the brain, making it possible to modulate brain activity intracranially and study the effect of neuro-
modulation on consciousness (for a review, see Raccah et al., 2021).

It is important to acknowledge that intracranial research is not devoid of limitations (Parvizi and
Kastner, 2018). First, it does not provide homogeneous sampling of the brain across participants.
Implantation schemes are individualized based on suspected epileptic sources and brain anatomy.
This limits the types of inferences that can be drawn from group statistics, although methods exist to
alleviate this challenge (Mentzelopoulos et al., 2024; Mercier et al., 2022). It also underscores the
importance to report results based on channels’ MNI coordinates and individual anatomy, and not just
based on labeled regions of interest. Second, the sparse coverage resulting from the clinical constraints
of human intracranial research implies that some areas of the brain may not be sampled from at all. As
a result, intracranial studies might fail to record from important neural populations and do not have as
broad a coverage as scalp EEG and MEG. Note, however, that implants can cover a large portion of
the cortex, enabling the study of multiple brain regions in a single experiment, although occipital and
parietal regions are often undersampled. Third, because recordings are obtained from patient popula-
tions that have pathological brain activity patterns, care should be taken when interpreting the results
and their generalizability. Recorded signals can be contaminated by epileptic activity, and neuroplas-
ticity can occur following cortical damage caused by epileptic seizures (Parvizi and Kastner, 2018).
These concerns are mitigated by the removal of epileptic artifacts and showing an effect of interest in
multiple patients with different suspected epileptogenic networks (Mercier et al., 2022). Despite the
inherent challenges of interpreting intracranial signals, this method has the unique advantages listed
above, and can greatly contribute to our understanding of the NCC. Importantly, though, even the
most precise recordings cannot replace careful behavioral designs and paradigm innovations in distin-
guishing NCCs from their prerequisites and consequences. In the following sections, we describe the
results of studies that have investigated the NCC using human intracranial data.
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Population-level cortical correlates of visual consciousness

Macroelectrode measurements (i.e., ECoG or sEEG) capture the collective activity of large popula-
tions of neurons and can sample large portions of the brain in a single participant. Such local field
potential data are particularly relevant to NCC research, as many theoretical predictions suggest that
consciousness emerges from neural population activity (Albantakis et al., 2023; Brown et al., 2019,
Lamme, 2018; Malach, 2021; Mashour et al., 2020). For a summary of the studies that used macro-
electrode measurements to study the visual NCC, see Table 1.

We start in the posterior visual system, where the occipitotemporal cortex provides the earliest
and most consistent intracranial responses to visual stimuli. Several sEEG studies focused on event-
related potentials in response to perceived and not perceived visual word stimuli in backward masking
paradigms (Gaillard et al., 2009; Gaillard et al., 2006a; Naccache et al., 2005). In one representative
study, the authors found an early response in channels located in the occipital and temporal lobes,
regardless of whether the word was masked or unmasked (Gaillard et al., 2009). Later responses (200
ms after stimulus onset) observed in the same channels were stronger in the unmasked condition, indi-
cating a possible role of these responses in perceptual consciousness. Another study examined the
low gamma response (30-70 Hz) from ECoG channels primarily located in the occipitotemporal cortex
while participants performed a backward masking task, in which they were asked to recognize different
categories of visual stimuli (Fisch et al., 2009). Channels that responded specifically to the presenta-
tion of one stimulus category, often to faces, exhibited an early (starting 150 ms post-stimulus), non-
linear response following recognized vs. unrecognized stimuli. These channels were located mainly in
non-retinotopic high-order visual cortical regions, including the lateral occipital cortex and fusiform
gyrus. Altogether, these early human intracranial studies indicate that early-latency visual processing
steps, reflected in broadband and low gamma activity, occur irrespective of whether a stimulus is
consciously perceived or not. They also identified a candidate NCC: later activity in the occipitotem-
poral region responsible for higher-order visual processing.

More recent human intracranial studies investigating the NCC focused mainly on High Gamma
band Activity (HGA). HGA is believed to be more focal than broadband activity, reflecting the firing
rates of the population of neurons located near depth electrodes or beneath strip or grid electrodes
(Lachaux et al., 2012; Nir et al., 2007, Ray and Maunsell, 2011) or dendritic processes, depending
on the depth at which it is recorded (Leszczynski et al., 2020). One study examined HGA from ECoG
grids placed on the lateral occipitotemporal cortex and the fusiform gyrus while participants reported
the visibility of near-threshold pictures (Aru et al., 2012a). In some trials, they were presented with
the picture for the first time, but in other trials, they had been previously exposed to the same, non-
degraded picture. Manipulations of physical evidence and prior exposure produced the same effect
of increasing reported visibility. However, while six out of seven channels with category-specific HGA
exhibited an effect of physical evidence, none demonstrated an effect of prior exposure. Since both
manipulations influenced reported visibility but prior exposure did not influence HGA in the lateral
occipitotemporal cortex and the fusiform gyrus, the authors concluded that these regions are not
part of the NCC. A subsequent sEEG study utilized a similar manipulation, examining the impact of
repetition suppression (where neural activity is reduced through repeated stimulus exposure) on HGA
in the ventral visual cortex (not only in the fusiform gyrus) in response to masked and unmasked words
(Vidal et al., 2014b). Repetition suppression influenced the reduction of response amplitude in two
out of three word-responsive channels in both masked and unmasked conditions. The results of these
two studies revealed a complex pattern: on the one hand, HGA in the lateral occipitotemporal cortex
and the ventral visual cortex correlated with stimulus strength. On the other hand, it also correlated
with another factor that does not appear to play a role in visibility (repetition suppression), and did not
correlate with a non-sensory factor that affects visibility reports (prior exposure). These results raise
the possibility that activity in occipitotemporal cortex regions reflecting higher-order visual processing
may be a precursor to the NCC. Another possibility is that prior exposure influenced reports of visi-
bility, and not perceptual consciousness itself, in which case HGA in occipitotemporal cortex may still
reflect an NCC proper.

Other intracranial studies provided evidence that went in the other direction, suggesting that
under certain experimental conditions, HGA in the occipitotemporal cortex might still be related to
visibility per se. They focused on neural responses to face stimuli, because these responses in the
occipitotemporal cortex are well-characterized and robust (Kanwisher et al., 1997, Rossion et al.,
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Table 1. Summary of electrocorticography (ECoG) and stereo-encephalography (sEEG) studies using the contrastive approach to
study visual NCCs in humans.

Implant Sample
Study type Coverage size Stimuli Suppression method Task type Main result
The subliminal P3 peaks earlier and is
Near-threshold (oddball shorter in duration than the supraliminal
Brazdil et al., 2001 sEEG Temporal and frontal 13 Letters task) Report P3.
Naccache et al., Masked word emotion affected broadband
2005 sEEG Amygdala 3 Words Backward masking Report activity ~870 ms after stimulus onset.
Repetition of previously masked words
Gaillard et al., exerts a long-lasting effect on neural
2006a sEEG Occipitotemporal 7 Words Backward masking Report signals.
Cortical event-related response to masked
Gaillard et al., words was confined to ventral pathways
2006b sEEG Occipitotemporal 1 Words Backward masking Report and not as sustained as for masked words.
Perceptual consciousness is associated
with sustained activity in the prefrontal
Gaillard et al., All lobes (mostly cortex and increased long-distance
2009 sEEG posterior) 10 Words Backward masking Report synchrony.
Stimuli reported as seen induce a non-
All lobes (mostly linear increase of activity in higher-order
Fisch et al., 2009 ECoG posterior) 1" Categories Backward masking Report visual cortex.
A manipulation of visibility by prior
exposure indicates that the higher-order
Aruetal., 2012a ECoG Occipitotemporal 6 Pictures Near-threshold Report visual cortex is not an NCC.
Repetition suppression in the ventral visual
Occipitotemporal cortex occurs for perceived and non-
Vidal et al., 2014a sEEG (ventral) 3 Words Backward masking Report perceived stimuli.
Stimulus disappearance triggered
decreases in low-frequency activity and
Vidal et al., 2014a sEEG All lobes 9 Shape (ring) Contrast adaptation No-report increases in HGA.
Decoding of activity in ventral visual
Near-threshold + cortex and lateral visual cortex correlates
continuous flash with subjective visibility better than with
Baroni et al., 2017 ECoG Occipitotemporal 5 Faces suppression Report stimulus strength.
Near-threshold +
continuous flash Conscious contents show correspondence
suppression + backward to integrated information measures based
Haun et al., 2017 ECoG Occipitotemporal 6 Faces masking Report on neural activity.
Perceived stimuli, but not non-perceived
Herman et al., ECoG stimuli, are accompanied by large-scale
2019 sEEG All lobes 9 Faces Near-threshold Report network switching.
A thalamic event-related potential with
Kronemer et al., onset ~250 ms is observed in response to
2022 sEEG Thalamus 7 Faces Near-threshold Report perceived vs. non-perceived stimuli.
Activity from every channel could be used
to discriminate between brain activity
Breaking continuous flash before and after stimuli broke from
Shan et al., 2022  sEEG All lobes 7 Not reported suppression Report suppression.
Clustering analyses showed an interaction
Occipital, temporal, between exogenous attention and
Liu et al., 2023 sEEG parietal, and frontal 13 Gratings Near-threshold Report conscious report.
Face-specific activity in the ventral visual
cortex is stronger and more reliable for
Li et al., 2024 ECoG Ventral temporal 4 Faces Near-threshold Report perceived than non-perceived stimuli.
Fang et al., 2024a sEEG Mostly prefrontal 6 Gratings Near-threshold Report Stimuli reported as perceived induce

prefrontal activations independently from
motor preparation.

Table 1 continued on next page
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Implant
Study type

Neuroscience

Sample

Coverage size Stimuli Suppression method Task type Main result

Fang et al., 2024b sEEG

The onset of broadband activity in
response to perceived vs. non-perceived
stimuli in the lateral prefrontal cortex

Mostly prefrontal 9 Gratings Near-threshold Report follows a bimodal distribution.

Fang et al., 2025 sEEG

Thalamic responses to perceived vs. non-
perceived stimuli are earliest and strongest

Thalamus and in medial and intralaminar nuclei, and drive
prefrontal 5 Gratings Near-threshold Report lateral prefrontal cortex activity.

Stockart et al.,
2025a sEEG

A neural code in the ventral visual
cortex reflects (1) stimulus detection
Report + and (2) stimulus intensity in a no-report

All lobes 29 Faces Near-threshold no-report  experiment.

2023). A recent analysis investigated HGA in a task where participants provided immediate detec-
tion responses to degraded, near-threshold face stimuli (Li et al., 2024). Consistent with previous
findings (Fisch et al., 2009), the response of face-selective ECoG channels located over the ventral
visual cortex was stronger for faces reported as seen than for unseen faces. This effect was more
pronounced in channels located in the more anterior part of the ventral visual cortex. The amplitude
and peak times of HGA correlated with response accuracy and latency across channels, as would be
expected from a response associated with perceptual consciousness. In another ECoG study, channels
located on the surface of the lateral and ventral temporal cortex were used. A face presented in one
interval and a blank in another were both masked with continuous flash suppression (Baroni et al.,
2017). Participants performed a 2-interval forced choice paradigm, where they reported which of the
two intervals contained the face. They then rated its visibility on the perceptual awareness scale, a
four-point scale that has been found to offer a more appropriate measure of perceptual consciousness
than binary scales (Ramsoy and Overgaard, 2004; Sandberg et al., 2010). HGA captured by chan-
nels in the fusiform gyrus correlated better with subjective visibility than with actual stimulus intensity,
suggesting that this response plays a crucial role in the emergence of conscious face percepts. A
re-analysis of those data complemented by a backward masking task in the same patients found simi-
larity between conscious contents and measures of information integration based on neural activity in
occipitotemporal cortex (Haun et al., 2017). Altogether, these studies found that HGA in the ventral
visual cortex evoked by face stimuli correlates with visual consciousness of faces in several ways. It is
possible that this signal consists of a content-specific NCC involved in the subjective experience of
faces, while content-specific responses for other categories of experiences have been less thoroughly
investigated.

So far, we have focused on the occipitotemporal cortex, leaving aside the role of frontoparietal
activations in perceptual consciousness. We now turn to studies focusing on more anterior correlates
of consciousness. A seminal study examined intracranial equivalents to the P3 component, a late posi-
tivity observed over frontoparietal electrodes, in response to clearly visible oddball letter stimuli or
to subliminal stimuli (Brazdil et al., 2001). They identified a P3 component in both conditions, which
exhibited an earlier peak and shorter duration in the subliminal condition. Additionally, this ‘sublim-
inal P3’ was less anatomically widespread than its supraliminal counterpart, showing no detectable
response in the dorsolateral prefrontal cortex. Prefrontal channels in backward masking studies also
showed a stronger evoked response for unmasked vs. masked stimuli (Gaillard et al., 2009) and an
increased gamma response for recognized vs. unrecognized stimuli (Fisch et al., 2009). However,
these studies could not assess if the differences between the two conditions reflected an NCC or
activity linked to preparing a report.

To mitigate the report confound, two recent sEEG studies used an elaborate contrastive task.
Gratings were presented at different intensities around the perceptual threshold, but participants
could only prepare their responses after a delay of 650 ms. In the first study, the prefrontal cortex
exhibited stronger broadband activity and HGA in response to consciously perceived than non-
consciously perceived gratings, regardless of stimulus contrast (Fang et al., 2024a). In the second
study, the authors further demonstrated that the onset times of the broadband response in the lateral
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prefrontal cortex followed a bimodal distribution, in line with the possibility that the first cluster
relates to perceptual consciousness while the latter cluster relates to post-perceptual processing
(Fang et al., 2024b, Figure 3A). This interpretation assigns a role to the lateral prefrontal cortex in
perceptual consciousness. It should be treated with caution, though, because it does not depend
on an analysis that directly assesses the influence of post-perceptual confounds beyond motor
preparation.

Beyond studying the responses of channels or regions in isolation, several studies have looked
at functional connectivity to assess how interactions within or between brain regions shape percep-
tual consciousness. Phase synchrony analyses revealed that long-range coherence in the beta band
between pairs of channels across the cortex increased in the unmasked vs. masked condition (Gaillard
et al., 2009). In a subsequent study, several markers of functional connectivity across prefrontal chan-
nels were also found to increase significantly when participants consciously saw the gratings (Fang
et al.,, 2024a). As discussed in detail below, intralaminar thalamic activity was later found to drive this
prefrontal activity (Fang et al., 2025). Because none of these studies controlled for report-related
activity using no-report paradigms, it remains unclear to what extent these connectivity patterns
reflect perceptual consciousness or post-perceptual processing. Additionally, it is unknown how the
signals associated with perceptual consciousness in the occipitotemporal cortex interact with fronto-
parietal regions.

Other human intracranial studies have benefited from more extensive cortical coverage, and could
look at the role of large-scale brain networks in visual consciousness. One study suppressed images
with a variant of continuous flash suppression where images are presented long enough to ‘break’
into consciousness (Shan et al., 2022). The authors could classify whether low-frequency oscillatory
activity (4-30 Hz) preceded or followed images’ entry into awareness from all recorded channels.
While the results were interpreted in light of perceptual consciousness, they might also reflect the
mechanisms linked to the perceptual alternations involved in breaking continuous flash suppression
(Stein and Peelen, 2021). Another study with broad cortical coverage examined the responses of
brain networks during a delayed detection response to near-threshold face stimuli (Herman et al.,
2019). The authors conducted analyses that separated channels across clusters based on the HGA
following stimuli reported as seen. The first cluster, which included the primary visual cortex, poste-
rior parietal lobe, inferior lateral frontal cortex, and orbitofrontal cortex, was associated with initial
activation for both perceived and unperceived stimuli, followed by a dip in activity below baseline,
and finally by a late reactivation (>600 ms after stimulus onset) in response to perceived stimuli only.
A second cluster, linked to the default mode network, was deactivated starting 300 ms after stim-
ulus onset. Lastly, the ventral visual cortex and frontoparietal association cortices showed an early
(starting <200 ms after stimulus onset) and later sustained wave of activation. In another study where
participants performed a detection task on near-threshold gratings (Liu et al., 2023), five distinct clus-
ters, including channels from the same four lobes, were found to exhibit stronger activations to stimuli
reported as seen vs. unseen. However, the results should be interpreted cautiously because they do
not distinguish between the NCC and its consequences, such as the neural activity associated with
reporting one's perceptual consciousness.

Few studies have attempted to pair contrastive tasks that do not require participants to provide a
report on a visual stimulus with intracranial recordings. In one study, participants were presented with
a ring whose contrast changed several times at fixed intervals during each trial (Vidal et al., 2014a).
In the middle of the trial, the ring was always presented at the same contrast, but adaptation suppres-
sion made it such that it was either visible when preceded by a lower contrast ring or invisible when
preceded by a higher contrast ring. In the main experiment, participants were not required to provide
any detection response about the ring at that point in the trial but were asked to report a ring offset 2
s later. A stronger increase in low-frequency oscillatory activity (8-24 Hz) was observed in response to
visible vs. invisible rings in all brain lobes. More surprisingly, HGA increased in the invisible ring condi-
tion and decreased in the visible ring condition in contacts located in the occipital, temporal, and
frontal lobes, including the fusiform gyrus, anterior insula, and inferior frontal gyrus. One explanation
for this result is that the task set introduced by reporting a disappearance at the end of the trial led to
the encoding of a saliency signal in the invisible condition. Note that it is difficult to make conclusions
about the NCC from this study alone, as the visible and invisible conditions also differed in terms of
the contrast of the preceding ring.
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Figure 3. Summary of key results of intracranial studies of perceptual consciousness. (A) Broadband activity in response to seen vs. unseen face

stimuli in the prefrontal cortex follows a bimodal distribution, leading the authors to speculate that early responses may be associated with perceptual
consciousness. (B) In the ventral visual cortex including the face fusiform area, High Gamma band Activity (HGA) increases track face stimulus detection
in immediate and delayed report experiments, and stimulus intensity in a no-report experiment. (C) A thalamic awareness potential is observed in
response to seen, but not unseen, face stimuli. Panel reproduced from Figure 2 from Kronemer et al., 2022. (D) Medial and intralaminar thalamic nuclei

Figure 3 continued on next page
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Figure 3 continued

respond more to perceived face stimuli than ventral nuclei (left panel) and drive activity in the prefrontal cortex as shown by phase-amplitude coupling
(PAC; right panel). (E) Multivariate decoding in the occipital and ventral-temporal cortices, but not the parietal and prefrontal cortices, tracks stimulus
duration. Panel reproduced from Figure 4 from Vishne et al., 2023. (F) Stimulus category can be decoded for the entire duration of the stimulus in
the posterior cortex but not in the prefrontal cortex, while stimulus orientation decoding does not track the duration of the stimulus in either region of
interest. Panel reproduced from Figure 3 from Ferrante et al., 2025.
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© 2025, Science. Figure 3D is reprinted from Figures 2 and 5 from Fang et al., 2025, with permission from Science. It is not covered by the CC-BY 4.0
licence and further reproduction of this panel would need permission from the copyright holder

We recently performed an sEEG study where cross-task decoding was used to disentangle the
NCC from post-perceptual confounds linked to perceptual reports (Stockart et al., 2025a). Partici-
pants performed three experiments on the same sequence of near-threshold face stimuli. Multivariate
decoders were trained on HGA to discriminate between seen and unseen stimuli in an immediate-
response experiment, where participants were tasked to press on a button as soon as they saw a face.
The same decoders could predict whether a face stimulus was reported as seen or unseen in all regions
of interest when tested on HGA in a second, delayed-response experiment. In the third, no-report
experiment, participants were presented with faces at two intensities around perceptual threshold,
with the assumption that faces at the higher intensity would be perceived more often. Stimulus inten-
sity was classified above chance-level performance in the ventral visual cortex by decoders trained
on detection reports in the first experiment, but not in the parietal and frontal cortices. These results
indicate that HGA activity in response to faces in the ventral visual cortex is not a post-perceptual
confound (Figure 3B).

Altogether, studies that investigated the cortical correlates of visual consciousness point to a role of
neural responses starting ~250 ms after stimulus onset in the non-primary visual cortex and prefrontal
cortex (although the precise timing of these responses may depend on the task and across trials;
Pereira et al., 2022; Salti et al., 2019). Lateral and ventral occipitotemporal signals are observed in
the absence of report preparation, but studies have found contradictory results as to whether they
correlate better with perceptual consciousness or physical features of the stimuli. More work is also
required to establish the extent to which early responses in contrastive tasks in the prefrontal cortex,
and particularly its lateral part, reflect report preparation.

Population-level cortical correlates beyond vision

Another key question in the study of consciousness is the extent to which the putative NCCs found
with visual stimuli extend to other sensory modalities (Sanchez et al., 2020). The intracranial studies
discussed so far, like the whole field of consciousness, mostly focus on the visual modality (Faivre et al.,

Table 2. Summary of electrocorticography (ECoG) and stereo-encephalography (sEEG) studies using the contrastive approach to
study non-visual NCC in humans.

Implant Sample Suppression
Study type Coverage size Stimuli method Task type Main result
Inferior temporal Heschl’s gyrus and the inferior frontal
Dykstra et al., and inferior Informational cortex increase their activity for heard vs.
2016 ECoG frontal 1 Tones (auditory) masking Report unheard sounds.
The cortical and subcortical networks
Christison-Lagay ECoG + Categories involved in auditory consciousness are
et al., 2025 sEEG All lobes 31 (auditory) Near-threshold Report similar to those in visual perception.
Tonic HGA responses in the parietal
operculum (1) are all-or-none, (2)
Median nerve differentiate between stimuli reported
Albertini et al., stimulation Report + as perceived and not perceived, and (3)
2025 sEEG All lobes 30 (tactile) Near-threshold no-report are observed in a no-report task.
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2017). One study, which measured sEEG correlates during contralateral near-threshold median nerve
stimulation, found evidence for a key role of the parietal operculum in tactile consciousness (Albertini
et al., 2025). HGA in this region, as well as in the superior parietal, motor, and premotor cortices,
was modulated by stimulus intensity in both report and no-report experiments. Tonic responses in the
parietal operculum, however, best distinguished between stimulations reported as perceived vs. not
perceived and showed the earliest inflection points in their neurometric curve, indicative of all-or-none
responses.

Macroelectrode recordings were also used to examine the auditory NCC. In a case study, one
patient implanted with several ECoG grids completed a tone repetition detection task on informa-
tionally masked stimuli (Dykstra et al., 2016), a method that can render salient sounds imperceptible
(Gutschalk et al., 2008). Event-related responses to masked targets reported as detected vs. unde-
tected over Heschl's gyrus and the inferior frontal cortex exhibited an early negativity in a window
spanning from 100 to 200 ms after stimulus onset. Late positive responses were also observed more
broadly across temporal and frontal regions. Interestingly, HGA showed earlier, more focal increases
than the broadband response. A recent, large-scale study with extensive anatomical coverage inves-
tigated the auditory NCC with ECoG and sEEG (Christison-Lagay et al., 2025). HGA increases in
response to perceived stimuli were recorded from the right caudal middle frontal gyrus as early as
25 ms after stimulus onset and then propagated to the auditory cortex, as well as to insular, frontal,
and occipital regions. HGA increases in response to non-perceived stimuli remained mostly confined
to the auditory cortex. The difference in HGA response to perceived vs. non-perceived stimuli was
broadly similar to what was observed in vision with a comparable design (Herman et al., 2019),
except for a sustained activation of the auditory cortex.

Overall, studies of the NCC beyond the visual modality offer leads for shared intracranial neural
responses to perceptual consciousness across sensory modalities (e.g., frontoparietal cortex; Table 2).

Table 3. Summary of studies using the contrastive approach to study single-neuron NCC in humans.

Sample Suppression

Study Implant type Coverage size Stimuli method Task type Main result

The activity of neurons in
Kreiman et al., medial temporal lobe follows
2002 Microwires Medial temporal 14 Categories Flash suppression Report  reported percepts.

The activity of neurons in
Quiroga et al., medial temporal lobe follows
2008 Microwires Medial temporal 5 Categories Backward masking ~ Report  reported percepts.

The strength and timing of

neurons’ responses to seen

vs. unseen stimuli follows a
Reber et al., Pre-screened posterior to anterior gradient
2017 Microwires Medial temporal 21 stimuli Attentional blink Report  in medial temporal lobe.

Changes in firing rates

of medial temporal lobe

neurons reflect the preferred
Gelbard-Sagiv Medial temporal Pre-screened stimulus start >1 s before a
etal., 2018 Microwires and frontal 9 stimuli Binocular rivalry Report perceptual transition.

Neurons in the posterior

parietal cortex reflect

evidence accumulation,

confidence, and stimulus
Pereira et al., Vibrations Report + intensity in the absence of
2021 ECoG + array Posterior parietal 1 (tactile) Near-threshold no-report reports.

Thalamic and subthalamic

Subthalamic nuclei differentiate between

Pereira et al., nucleus + Vibrations perceived vs. non-perceived
2025 Microelectrodes thalamus 32 (tactile) Near-threshold Report vibrotactile stimuli.

Classification of stimulus

category based on neural

Backward masking + population responses only

Vanhoyland Lateral occipital flash suppression + occurs for stimuli reported
et al.,, 2025 Array cortex 4 Categories binocular rivalry Report as seen.
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Like many studies on the NCC in the visual modality, however, several of them did not control for post-
perceptual processing. As a result, it is a possibility that shared activations across sensory modalities
reflect the consequences of perceptual consciousness rather than an NCC.

Single-neuron cortical correlates of perceptual consciousness

Macroelectrodes measure the activity of large populations of neurons, and thus do not capture finer-
grained activity patterns. On the other hand, microelectrodes can capture single- or multi-unit activity
reflecting the firing rates of single or small groups of neurons (unlike macroelectrode recordings,
which are primarily used for clinical purposes, microelectrode recordings — whether through microfil-
aments added to sEEG clinical electrodes or through multielectrode arrays — are currently used solely
for research purposes). Though microelectrode recordings generally yield a few units per participant
restricted to specific brain regions, they provide a unique opportunity to track single neurons firing
and its relations to perceptual consciousness (Table 3). This constitutes an interesting piece of the
puzzle in uncovering the NCC, for several reasons. First, single-unit activity provides the level of gran-
ularity necessary to dissociate neurons representing the percept from neighboring neurons involved
in task-related confounds (e.g., motor preparation or arousal). Percepts represented by sparse
coding involving a small, specific population might only be identified with microelectrode recordings.
Second, key computations at the level of population dynamics can only be uncovered by unit-level
recordings (Vyas et al., 2020). Animal studies reveal that various cognitive processes are encoded
within neuronal subspaces that only emerge when single-unit activity is analyzed as lower-dimensional
projections of the broader neural activity manifold (Mante et al., 2013; Ebitz and Hayden, 2021,
Jazayeri and Afraz, 2017). Third, while many prominent theories predict that perceptual conscious-
ness is a system-level property, there is still a lack of clarity about the appropriate level at which
consciousness should be studied (Aru et al., 2020; Whyte et al., 2024). For instance, micro-scale
measurements are required to test the prediction of Dendritic Integration Theory (Bachmann et al.,
2020) that the integration of feedforward and feedback signals occurs at the level of individual pyra-
midal neurons. Finally, beyond spatial granularity, single-unit activity also provides excellent temporal
granularity, which is crucial for testing theories that rely on the precise timing of spikes (e.g., neural
synchrony). Only microelectrode recordings can confirm whether individual neurons lock their spikes
to a specific phase, a mechanism hypothesized for binding features into a conscious whole (Singer
and Gray, 1995).

Microelectrode recordings used in NCC research were mostly obtained from microwires at the
tip of sEEG electrodes in the medial temporal lobe, including contacts in the amygdala, entorhinal
cortex, hippocampus, and parahippocampal gyrus. In those studies, participants were presented with
visual stimuli from different categories (e.g., faces, houses, tools, etc.), which they either perceived
consciously or not. A first study had participants perform a flash suppression paradigm, where a stim-
ulus initially presented to both eyes is suppressed by the sudden presentation of a different stimulus in
the dominant eye (Kreiman et al., 2002). Medial temporal neurons that responded specifically to one
stimulus or one stimulus category did so when the stimulus was consciously perceived but not when it
was not perceived. Another study presented participants with unmasked vs. backward masked visual
stimuli, finding stronger responses for unmasked compared to masked stimuli (Quiroga et al., 2008).
This study also confirmed that neuronal responses in the medial temporal lobe were specific to certain
types of perceptual contents.

While studies investigating human single-unit activity in the medial temporal cortex uncovered
stronger neuronal activity for perceived over non-perceived stimuli, there is also evidence for partially
conserved processing when the stimuli were not consciously perceived. This effect was particularly
strong in a more recent study, in which stimuli that were pre-screened for eliciting preferential neuronal
responses were presented in an attentional blink paradigm (Reber et al., 2017). Relatively preserved
activity for stimuli reported as non-consciously perceived was measured from many medial temporal
neurons, including several hundred milliseconds after stimulus onset. This response was stronger
for posterior than anterior contacts. It was also generally less robust and delayed compared to the
response to stimuli that were reported as consciously perceived. These findings led the authors to
argue that the NCC consists of precise spiking patterns and not a binary activation status of neurons.
Itis also possible that the degree to which unconscious processing occurs in the medial temporal lobe

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 14 of 33


https://doi.org/10.7554/eLife.109604

e Life Review article

Neuroscience

depends on the blinding method used, with attentional manipulations leaving more processing intact
(Kanai et al., 2010).

We know of only two studies that investigated single-neuron responses to visual consciousness
outside of the medial temporal lobe. A recent study used microelectrode arrays to measure single
and multi-unit activity from the surface of the human lateral occipital cortex in response to different
categories of visual stimuli (Vanhoyland et al., 2025). In backward masking and flash suppression
experiments, recorded neurons were found to respond more strongly to stimuli reported as perceived
than to stimuli reported as not perceived, similar to what was observed in the medial temporal lobe.
However, the stimulus category could be decoded both when the stimuli were reported as perceived
and not perceived. Interestingly, the latency and activation profiles of the neuronal response varied
greatly with the precise location of the implants on the lateral occipital cortex. In a third, binocular
rivalry experiment, stimulus category could be decoded from firing rates as early as 1.5 s before
participants reported a perceptual transition to that stimulus. This result is consistent with another
study investigating single-neuron and multi-unit responses in the medial temporal lobe during binoc-
ular rivalry (Gelbard-Sagiv et al., 2018). In both studies, firing rates preceded the change in percep-
tual consciousness, indicating the existence of unconscious representations among occipitotemporal
neurons. In the second study, some participants also had implants in the pre-supplementary motor
area and anterior cingulate cortex, and the activity from neurons in these regions could predict the
perceptual transitions even earlier than neurons in the medial temporal lobe. This result suggests a
role of these structures in resolving the conflict between the two rivaling images, and therefore a
contribution as a precursor for consciousness. It remains unknown, however, whether decoding of
perceived contents based on firing rates in the lateral occipital cortex precedes or comes after activity
in the frontal cortex.

Moreover, none of these studies controlled for the consequences of perceptual consciousness,
leaving it unclear whether the results reflect NCCs or post-perceptual processing. This concern was
mitigated in a study that used near-threshold vibrotactile stimuli in both report and no-report exper-
iments (Pereira et al., 2021). One human participant was implanted with an ECoG grid and a micro-
electrode array in the posterior parietal cortex. The researchers identified neurons that responded
more strongly when the stimulus was consciously perceived. Motor and decisional confounds were
controlled for by demonstrating that neuronal responses could also be modulated by stimulus inten-
sity in a no-report version of the task. These results accordingly suggest that neuronal responses in
the posterior parietal cortex are unlikely to reflect the consequences of the NCC and may play a
role as neural correlates of tactile consciousness. They also corroborate the results of an sEEG study
that found a key role for the parietal lobe in tactile consciousness (Albertini et al., 2025), albeit in a
different part of that lobe (parietal operculum).

Subcortical correlates of perceptual consciousness

So far, this review has solely focused on NCC candidates located in the cortex. Subcortical struc-
tures, particularly the thalamus, have also been implicated in consciousness (Bachmann et al., 2020,
Blumenfeld, 2023; Llinas et al., 1998, Whyte et al., 2024). While it has long been believed that
subcortical networks are crucial in the slow modulations of arousal and attention, and that thalamo-
cortical interactions significantly contribute to consciousness (Llinas et al., 1998), investigations of
subcortical responses in contrastive tasks are still relatively rare (e.g., Christison-Lagay et al., 2025;
Fang et al., 2025; Haegens et al., 2014; Kronemer et al., 2022; Levinson et al., 2021; Pereira
et al., 2025; Tauste Campo et al., 2019).

To test the proposal that thalamic nuclei play a key role in enabling perceptual consciousness, a
study directly measured local field potentials in the intralaminar thalamus of human participants during
a contrastive task on near-threshold face stimuli (Kronemer et al., 2022). The authors uncovered a
biphasic event-related potential, the thalamic awareness potential, in response to faces reported as
seen vs. unseen (Figure 3C). Concurrent scalp EEG data showed that the thalamic awareness poten-
tial occurred at an intermediate latency between an early (the visual awareness negativity) and a late
(P3b) EEG component. Another recent study jointly investigated thalamic and prefrontal responses
to near-threshold grating stimuli in a task where participants could not prepare their reports during
a delay period (Fang et al., 2025). Changes in voltage were found for gratings reported as seen vs.
unseen in all recorded thalamic nuclei, reliably across trials and as early as 200 ms post-stimulus. They
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appeared across more channels, showed earlier onsets, and were stronger in magnitude in intralam-
inar and medial nuclei than in ventral nuclei. Functional connectivity analyses revealed that the flow
of information following stimulus presentation was from these thalamic nuclei to the lateral prefrontal
cortex, rather than in the reverse direction, which led the authors to suggest that the medial and
intralaminar thalamic nuclei act as a gate to perceptual consciousness (Figure 3D).

Thalamic responses to perceptual consciousness were not only found in response to visual stimuli.
This thalamic awareness potential was observed in the right thalamus of one patient in response to
auditory stimuli reported as heard vs. unheard (Christison-Lagay et al., 2025; Kronemer et al., 2022).
Another study that examined intraoperative recordings of neurons located in the subthalamic and
thalamic nuclei during a near-threshold vibrotactile task identified neurons with differential responses
between trials where participants reported feeling vs. not feeling the stimuli (Pereira et al., 2025).

Together, the findings of these studies suggest that the thalamus is not only involved in perceptual
consciousness by serving as a sensory relay and modulating long-term levels of consciousness. Rather,
the medial and intralaminar nuclei appear to act as a gate for stimuli to access perceptual conscious-
ness and further processing in the cortex (Fang et al., 2025; Kronemer et al., 2022). More research
is required to determine whether subcortical responses like the thalamic awareness potential play a
direct role in the NCC or in the precursors or consequences of perceptual consciousness.

The supraliminal approach

No-report conditions are not the only major development of the last decade in the study of the NCC.
Although the field is still mainly focused on the contrastive approach, other paradigms have been
proposed and used (Lepauvre and Melloni, 2021). The ‘supraliminal approach’, which consists in
presenting clearly visible stimuli to participants, is increasingly popular (Ferrante et al., 2025; Gerber
et al., 2017, Noy et al., 2015). Participants are required to perform a task that keeps them attentive
but requires little cognitive demand. Such tasks include pressing a button when a subset of stimuli is
presented (the brain response to the other stimuli is then the main focus of analysis), reporting when
a stimulus is repeated, or recalling the stimuli at the end of the experiment. The results are often
interpreted as being less confounded by post-perceptual activity than in contrastive tasks, where
participants have to perform a demanding task on near-threshold stimuli. The two main advantages
of the supraliminal approach are that (1) it is credible that participants consciously perceive the stimuli
in most if not all trials even when they do not directly report on those stimuli and (2) suprathreshold
stimuli evoke stronger neural responses. One important pitfall, however, is that it cannot distinguish
between unconscious and conscious processing. Because stimuli are always suprathreshold, the
neural activity that occurs only when participants are conscious of the stimuli cannot be isolated. Thus,
studies using the supraliminal approach cannot be regarded as a means to isolate and detect NCCs.
However, their results can affect our assessments of NCCs. For example, if an NCC candidate previ-
ously detected using the contrastive approach is not observed in response to suprathreshold stimuli,
this casts strong doubts on it being an NCC. In addition, presenting stimuli at full contrast avoids the
drawback of working with stimuli presented near the perceptual threshold, making it easier to study
the dynamics of perceptual consciousness (e.g., the maintenance of a conscious percept).

In that regard, an ECoG study investigated how well HGA tracked stimulus duration in the occip-
itotemporal cortex by presenting full-contrast face and house stimuli for variable durations (Gerber
et al., 2017). Duration-tracking followed a posterior-to-anterior gradient, with many duration-tracking
channels in the early visual cortex and very few in the inferior temporal cortex. Category-selectivity
showed the opposite pattern and was found to be strongest in the temporal cortex. Intriguingly, the
only two channels found to both encode category and track duration were located in the posterior
fusiform face area, consistent with contrastive studies indicating that this brain area plays a special role
in conscious perception of faces. A re-analysis of data from this study including channels in the pari-
etal cortex and prefrontal cortex found that stimulus contents could be decoded for the whole time
that the stimulus was presented in occipital and ventral temporal cortices, but only for a short time
after stimulus onset in frontal and parietal regions (Vishne et al., 2023; Figure 3E). Another human
intracranial study presented consistent results, finding decoding of stimulus contents in occipitotem-
poral regions for the entire duration of 1.5-s long stimuli (Broday-Dvir et al., 2023). Interestingly,
while decoding of the stimulus category (faces vs. places) was successful for face-selective contacts in
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ventral temporal and lateral occipital cortices, only exemplars and not categories could be decoded
in the early visual cortex.

In a recent large-scale adversarial collaboration study, different categories of clearly visible
stimuli were paired with intracranial recordings, amongst other imaging modalities (Ferrante et al.,
2025). Two regions of interest were specified to test predictions of the global neuronal workspace
and integrated information theories of consciousness: the prefrontal cortex and a posterior 'hot
zone' including occipital, temporal, and parietal regions. While decoding of stimulus categories
was found in both regions of interest, it was very short-lived in the prefrontal cortex and did not
track the duration of the stimulus (Figure 3F), consistent with prior studies (Broday-Dvir et al.,
2023; Vishne et al., 2023). Together, the results of these three studies indicate that populations
of neurons in the occipitotemporal cortex are involved in maintaining conscious percepts over
time. At the anatomical level, these results extend a previous ECoG study with large-scale cortical
coverage that used the supraliminal approach to assess whether visual NCCs are found in frontopa-
rietal or higher-order sensory cortices (Noy et al., 2015). HGA increases in response to all stimuli
and to specific stimulus categories in the higher-order visual cortex had a larger amplitude, but
not earlier latencies, than in frontal and parietal cortices. The results were interpreted as failing to
clearly arbitrate between a stronger role of the higher visual or frontoparietal cortex in perceptual
consciousness.

Finally, another research group used the supraliminal approach to study HGA in response to visual
linguistic stimuli. In a first study, they used a block design where letter stimuli were presented at 1 Hz
in an active session, and no stimuli were presented in a passive session (Li et al., 2019). While both the
visual cortex (including V1 and the fusiform gyrus) and the default mode network showed sustained
inhibition during the active session, only the former transiently increased its activity in response to
the stimulus. A re-analysis of these data showed widespread and early transient brain responses to
the letter stimuli, starting in the occipital and frontal cortices, and then propagating to the fusiform,
medial temporal, and frontal cortices (Khalaf et al., 2023). These results were confirmed with word
stimuli in a study that leveraged data from a large human intracranial database, demonstrating very
early signals in the frontal cortex potentially involved in signal detection (Kwon et al., 2021). They
highlight the importance of studying network dynamics besides the response of isolated regions.

Studies using the supraliminal approach are summarized in Table 4. Altogether, they make it easier
to study facets of consciousness like maintenance without relying on reports. However, the lack of an
unconscious condition makes it particularly hard to distinguish NCCs from unconscious activations
that precede it. Thus, their insights are best evaluated in combination with studies that used the
contrastive approach.

Table 4. Summary of intracranial studies using the supraliminal approach to study the NCC in humans.

Sample

Study Implant type Coverage size Stimuli Main result

Content-specific, high-magnitude visual cortex signals are followed by content-
Noy et al., 2015 ECoG All lobes 43 Categories invariant frontoparietal signals.
Gerber et al., The duration for which a stimulus is presented is better reflected by activity in
2017 ECoG Occipitotemporal 10 Faces and houses posterior than anterior visual cortex.

Presentation of conscious stimuli leads to both sustained and transient dynamics
Lietal., 2019 ECoG + seEEG All lobes 1" Letters in cortical network activity.

Visual, medial temporal, and frontal cortices form a signal detection network
Kwon et al., 2021 ECoG + sEEG All lobes 158 Words involved at the onset of perceptual consciousness.

A large range of regions from all cortical lobes are involved in an early detection
Khalaf et al., 2023 ECoG + sEEG All lobes 11 Letters network.
Broday-Dvir et al., Sustained representation of conscious stimuli depends on similarity distances
2023 ECoG + sEEG All lobes 13 Faces and places  between activation patterns in VVC.

The population response in occipitotemporal regions encodes stimuli's temporal
Vishne et al., 2023 ECoG All lobes 10 Faces and houses  dynamics.

Stimulus category can be decoded for the entire stimulus duration in the
Ferrante et al., posterior region of interest, and after stimulus onset in the prefrontal region of
2025 ECoG + sEEG All lobes 34 Categories interest.
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Insights gained from intracranial studies on theoretical
accounts of consciousness

When taken together, what do these results teach us about theoretical accounts of consciousness?
A large number of such accounts have been proposed (for reviews, see Doerig et al., 2021; Kuhn,
2024; Seth and Bayne, 2022). They differ in many aspects, which are not always easy or possible to
arbitrate empirically (Evers et al., 2024; Fazekas et al., 2024; Mudrik et al., 2025, Northoff and
Lamme, 2020; Yaron et al., 2022). Two avenues for evaluating theories of consciousness against each
other are their anatomical and temporal predictions about the NCC. Intracranial recordings are well
suited for doing so, given their joint anatomical and temporal resolution. They also lend themselves to
predictions about the mechanism that subtends perceptual consciousness. In what follows, we discuss
the anatomical and temporal insights brought by intracranial consciousness research.

Anatomical insights

Localist theories predict that the NCC is to be found in (non-primary) sensory cortices. For example,
the recurrent processing theory holds that perceptual consciousness corresponds to feedback activity
across these areas (Lamme, 2018; for a similar account, see also Malach, 2021). The integrated
information theory predicts that perceptual consciousness relies on a ‘posterior hot zone' reflecting
maximal integrated information in the brain and spanning the temporal, parietal, and occipital
cortices (Boly et al., 2017). The results reviewed here are broadly consistent with the NCC being
located in non-primary sensory cortices. Specifically, lateral and ventral occipitotemporal activity has
been shown to correlate with visual consciousness, including in no-report conditions (Fisch et al.,
2009; Stockart et al., 2025a; Vanhoyland et al., 2025). A suggested dissociation is that non-primary
sensory regions play a role as precursors for consciousness rather than reflecting an NCC proper
(Melloni et al., 2011). This possibility is supported by the finding of one sEEG study that HGA tracks
one source of evidence (stimulus strength) but not another (previous exposure), both of which affect
visibility reports (Aru et al., 2012a). An alternative explanation, however, is that prior exposure only
influences reports of visibility, and not perceptual consciousness itself, in which case the NCC should
only reflect the effect of stimulus strength and not prior exposure. Further investigation of the precur-
sors of the NCC will be necessary to settle this issue. Notably though, the critical claim of localist theo-
ries is that posterior activations are sufficient for consciousness. Thus, finding positive evidence for the
involvement of posterior areas in perceptual consciousness does not, by itself, confirm these theories.
For that, one has to show that no additional activations (e.g., in prefrontal areas) are required, or rely
on neurological lesion data showing that patients who are missing one part of the cortex have intact
perceptual consciousness (but interpretations of such findings can be contentious, Boly et al., 2017,
Odegaard et al., 2017).

Indeed, this is the main contrast between localist theories and cognitive ones, which assign a
crucial role to the prefrontal cortex in perceptual consciousness. The global neuronal workspace
theory holds that a given content is consciously experienced when a non-linear ‘ignition’ broadcasts
this content throughout the brain via thalamocortical loops and pyramidal neurons in parietal and
prefrontal cortices (Mashour et al., 2020). Higher-order theories hold that a first-order representa-
tion of a perceptual content in sensory cortices is insufficient for this content to become conscious,
and that a higher-order representation/indexing, generally predicted to be in the prefrontal cortex,
is needed (Brown et al., 2019, Lau and Rosenthal, 2011). Although none of the contrastive studies
reviewed here directly investigated the role of the prefrontal cortex for ignition or higher-order mech-
anisms, some of them are broadly consistent with cognitive theories, since activity in the prefrontal
cortex, and specifically in its lateral part, correlated with reportedly perceived content (Brazdil et al.,
2001; Fang et al., 2024a; Gaillard et al., 2009, Gelbard-Sagiv et al., 2018). This is partly supported
by the finding of an onset response in the prefrontal cortex for clearly visible, task-irrelevant stimuli,
and the ability to decode their content from the prefrontal cortex, though not for all aspects (Ferrante
et al., 2025).

In a no-report task, we recently failed to find a neural code reflecting perceptual consciousness in
the prefrontal cortex and posterior parietal cortex (Stockart et al., 2025a). However, it is important
to note that this null result is not evidence that these regions are not part of the NCC. A single-
neuron study found NCC-like neuronal activity in the posterior parietal cortex (Pereira et al., 2021),
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suggesting that macroelectrode recordings may not have the required level of granularity to pick out
the relevant activity (Naccache et al., 2021). Also, although studies using fMRI and MEG indicate that
some activity patterns linked to the NCC reflect post-perceptual processing, some prefrontal activity
is still observed in no-report conditions (Hatamimajoumerd et al., 2022; Kronemer et al., 2022,
Sergent et al., 2021). Though this issue of conflating NCCs and their consequences is relevant to
most intracranial studies, it does not apply to no-report ones, where post-perceptual effects are less
expected (though see Block, 2019). Notably, given the mixed pattern of results found in no-report
intracranial experiments (e.g., Albertini et al., 2025; Ferrante et al., 2025; Stockart et al., 2025b;
Vishne et al., 2023), more research is needed to elucidate this point and assess the strength of intra-
cranial evidence supporting cognitive theories.

We further note that not all cognitive theories hold that conscious contents themselves should be
represented in the prefrontal cortex. Given that content representation occurs in sensory cortices,
prefrontal cortex activity does not need to reflect that content directly but can simply serve as a
‘pointer’ to the relevant sensory representations (Block, 2024; Lau, 2022).

Temporal insights

The temporal dynamics of putative NCCs can also be used to assess theories of consciousness. For
instance, several localist theories predict that the NCC should be observed for the entire duration for
which a stimulus is presented, while the global neuronal workspace predicts that it should only be
observed at stimulus onset and offset (Ferrante et al., 2025; Malach, 2021; Melloni et al., 2021).
The visual studies reviewed here support the idea that sustained activity in ventral temporal regions
tracks the time course of visual consciousness for suprathreshold stimuli. In contrast, frontal regions
generally exhibit more transient activity locked on stimulus onset, with only anecdotal evidence for
offset responses (Ferrante et al., 2025). While some exceptions have been identified using the
contrastive method (Fang et al., 2024a), these might be related to the working memory processes
necessary for stimulus report. Overall, these findings are consistent with the idea that conscious
percepts are primarily encoded in posterior regions, whereas the frontal cortex might provide brief,
top-down signals that facilitate gating or selecting percepts represented in posterior regions. This
interpretation aligns with several theoretical frameworks put forward to explain perceptual conscious-
ness. Some higher-order theories of consciousness suggest that prefrontal regions play a key role in
determining which sensory representations reach consciousness (Fleming, 2020; Lau, 2019). It has
also been proposed that global neuronal workspace neurons provide top-down compressed informa-
tion to lower-level cortical areas (Mashour et al., 2020). Top-down activity also plays a central role in
recurrent processing and predictive processing theories, even if such activity need not originate in the
prefrontal cortex (Seth and Bayne, 2022). The observation that posterior regions display sustained
NCCs while prefrontal activity tends to be transient is also consistent with findings in non-human
primates. These works show that the inferior temporal and prefrontal cortices are both involved in
higher-order visual processing of faces (Kornblith and Tsao, 2017), though the latter is more related
to behaviorally relevant categorization (Freedman et al., 2003). Whether the putative top-down
activity observed in the prefrontal cortex reported here reflects post-processing alone or plays a more
direct role in consciousness remains to be established (Panagiotaropoulos, 2024).

The high temporal resolution of electrophysiological data makes it possible to investigate the laten-
cies of putative NCCs. In the non-primary visual cortex, they have been found to range from <100 to
>300 ms following stimulus onset (Stockart et al., 2025a; Vanhoyland et al., 2025), although one
consistent finding is that activity representing conscious contents follows an initial wave of uncon-
scious processes (Fisch et al., 2009). Variable latencies as early as 200 ms and as late as over 500 ms
after stimulus onset have also been observed in the prefrontal and posterior parietal cortices (Fang
et al., 2024b; Pereira et al., 2021). The observation of such latency differences within the same brain
region appears to depend on several factors including the specific neural populations being recorded
(Fang et al., 2024b), reaction times (Li et al., 2024; Pereira et al., 2021; Stockart et al., 2025b),
and the experimental paradigm used (e.g., near-threshold stimuli seem to lead to later latencies than
backward masked stimuli). This suggests that perceptual consciousness is a dynamic phenomenon
and that NCCs might occur at variable timings (He, 2023; Pereira et al., 2022, Salti et al., 2019,
Sergent, 2018). Therefore, predictions about the exact timing of raw latencies probably have limited
use in comparing theories of consciousness.
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However, the high temporal resolution of intracranial recordings can be leveraged in other ways.
Paired with no-report paradigms, it can provide unique insights into the temporal dynamics of puta-
tive NCCs across behavioral paradigms. It also makes it possible to analyze the frequency content
of neural responses and to determine the direction of flow of information between brain regions
with connectivity analyses (Ferrante et al., 2025; Fang et al., 2025). For example, recent research
indicates that the intralaminar thalamus drives activity in the lateral prefrontal cortex and not the
other way around (Fang et al., 2025), consistent with theoretical predictions of the global neuronal
workspace and others (Blumenfeld, 2023; Mashour et al., 2020). Precise predictions about how
percepts are maintained in the brain and expected interareal connectivity can be readily assessed with
intracranial recordings.

Limitations
We reviewed human intracranial research on perceptual consciousness. These studies are informative
about candidate NCC regions, but are also subject to pitfalls, some of which are discussed below.

First, because human intracranial NCC research in modalities other than vision is still in its infancy,
it is not clear whether existing findings reflect mechanisms that are shared across consciousness of
different modalities, or only to the visual one (Sanchez et al., 2020; note that this problem pertains to
NCC research in general, and not only to intracranial studies). More research about the brain regions
that subtend content-invariant NCCs (if any) is required, and one way to achieve this is to look at brain
responses across sensory modalities. Second, cortico-centric bias and scarce coverage of subcor-
tical structures make it unclear what role subcortical structures play in perceptual consciousness, and
whether they are constitutive of the NCC. A growing body of research is starting to uncover the role
of the thalamus in perceptual consciousness (Kronemer et al., 2022; Fang et al., 2025; Pereira et al.,
2025).

Third, the large heterogeneity in definitions of regions of interest makes it hard to compare the
results of different studies and take full advantage of the fine anatomical resolution of intracranial
recordings. A useful recommendation for nuanced anatomical interpretations and data synthesis
across studies would be to make MNI coordinates of relevant contacts readily available. Fourth, it
remains unclear whether the findings of many studies using the contrastive approach indeed reflect
the NCC or associated confounds. Only a few of the human microelectrode recording studies used
the same parameters for the unconscious and the conscious conditions (Pereira et al., 2021; Reber
et al., 2017). This raises the concern that some of the findings reflect the physical differences between
the conditions, rather than changes in consciousness itself.

Fifth, some concerns have been raised about the contrastive approach and no-report paradigms.
No-report experiments do not fully address confounding activity from post-perceptual cognitive
processing (Block, 2019; Block, 2024). Covert decisions or mind-wandering are likely to co-occur
with perceptual consciousness, even when participants are not engaged in a task. A related concern
involves attentional confounds when comparing the results of report and no-report experiments:
While participants are incentivized to pay attention in report experiments because of the task, they
are likely to be less attentive in no-report experiments (Lau, 2025). Consequently, they may perceive
stimuli less often in no-report than in report experiments, leading to reduced statistical power in
detecting NCCs. Note that these first two issues also apply to the supraliminal approach.

Sixth, there are reasons to be wary of interpreting participants’ reports of not having perceived a
stimulus as a ground truth (Fahrenfort et al., 2025; Schmidt, 2015; for a recent discussion of best
practices and pitfalls in studying unconscious processes, see Stockart et al., 2025b). The setting of
a decision criterion affects participants’ categorization of trials as conscious or unconscious, inde-
pendently of phenomenology (Macmillan, 1986). Also, researchers should be mindful that partic-
ipants’ reports of being conscious of something do not necessarily imply being conscious of the
task-relevant features of the stimulus (Michel, 2023). Although these concerns expose some weak-
nesses, we believe that none are fatal to the study of the NCC with the contrastive approach (a posi-
tion also shared by others; Doerig et al., 2021). However, they highlight that it is unlikely that there is
a ‘perfect experiment’ that addresses all sources of concern simultaneously.

Lastly, it is essential to remember that the best correlate is still just that: a correlate. Therefore, it is
important to recognize that understanding consciousness will necessitate an evaluation of its mech-
anisms. This involves integrating intracranial recordings with a computational approach, alongside a
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falsifiable theoretical framework that makes precise empirical predictions. One previous study has
compared behavior and electrophysiological signals with simulations from a computational model
of evidence accumulation (Stockart et al., 2025a). Other fields have also benefited from mecha-
nistic approaches through the combination of biologically constrained recursive neural networks with
(animal) electrophysiology. In perceptual decision-making, for instance, reverse engineering these
recursive neural networks helped reveal how task-relevant features of a stimulus are selected (Barbosa
et al., 2023; Mante et al., 2013) or how top-down signals affect choice signals in sensory regions
(Wimmer et al., 2015). Nonetheless, such computational approaches are still seldom used in human
studies of perceptual consciousness.

Perspectives

Toward improved behavioral paradigms

The inherent quality of intracranial data in no way diminishes the necessity to combine them with
meticulously controlled behavioral paradigms. It will be important for future invasive and non-invasive
studies to more systematically distinguish the NCC from its precursors and consequences. Future
intracranial research should consider the use of manipulations to isolate NCCs from their precursors,
such as participants’ expectations and attention (Aru et al., 2012a; Melloni et al., 2011, Wyart et al.,
2011). There is also value in directly characterizing activity that is known to come before perceptual
consciousness and how it interacts with later NCC-related activity. For instance, intracranial studies
have shown that pre-stimulus activity in the amygdala and ventral striatum is predictive of whether
stimuli are perceived or not (Guex et al., 2023; Slagter et al., 2017). Non-veridical percepts, where
participants report perceiving a stimulus when none was presented, can also be used to distinguish
neural activity associated with the NCC from that associated with stimulus processing (Filimonov
et al., 2025; Haarsma et al., 2023; Stockart et al., 2025a).

Other studies should focus on distilling the NCC from its consequences. Few intracranial studies
used the contrastive approach in combination with a no-report paradigm, where participants passively
perceive stimuli, to study an NCC not confounded by decisional processes (Albertini et al., 2025;
Pereira et al., 2021; Stockart et al., 2025a). Combined with electrophysiology studies in non-human
primates (de Lafuente and Romo, 2006; Hesse and Tsao, 2020, Kapoor et al., 2022, Panagiota-
ropoulos et al., 2012) and fMRI studies in humans (Hatamimajoumerd et al., 2022; Kronemer et al.,
2022), they raise the interesting possibility that many cortical areas, including the visual cortex, poste-
rior parietal cortex, and lateral prefrontal cortex, could be constitutive of the NCC. Beyond no-re-
port paradigms, the contrastive approach could be paired with other experimental manipulations
that address post-perceptual confounds. One group recorded early brain responses free of motor
confounds by making the response contingent on a cue presented after a delay period (Fang et al.,
2024a; Fang et al., 2024b; Fang et al., 2025). But because it still requires a report, this strategy does
not control for brain areas that are recruited in the decision-making process (Aru et al., 2012b; de
Graaf et al., 2012; Sergent and Naccache, 2012). The observed responses could be some of the
neural generators of the P3b, a scalp event-related potential that is not observed when decisional
activity is accounted for (Cohen et al., 2020). Alternative controls include the decoding of task-
irrelevant features (Ferrante et al., 2025; Mante et al., 2013).

Yet another interesting avenue is to investigate the dynamics of perceptual consciousness of stimuli
at perceptual threshold and rely on paradigms in which participants are asked to reproduce subjective
aspects of perception such as its duration (Msheik et al., 2025). Considering these temporal aspects
of perceptual consciousness could help isolate the true NCC. A promising direction for research would
involve combining supraliminal and contrastive tasks within the same study. With cross-task decoding,
researchers could, for instance, determine if the same neural code is involved in perceptual conscious-
ness in the contrastive task and percept duration tracking in the supraliminal task.

Beyond traditional NCCs, the excellent sensitivity of recordings made directly in contact with the
cortex could make it possible to carry out very short experiments involving very few or even a single
trial. This would make it possible to identify NCCs without any learning in so-called ‘zero-shot experi-
ments’. These experiments have been seminal in the study of consciousness, particularly in elucidating
the links between attention and consciousness (e.g., inattentional blindness; Rock et al., 1992), but
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are difficult to characterize at the neural level using non-invasive measures because the phenomenon
cannot be repeated many times.

Toward multiscale recordings

An important question that arises from NCC research with intracranial recordings is the level of gran-
ularity at which the NCC should be studied. While most studies focus on isolated brain regions, it is
likely that only adopting a meso-scale approach would miss a part of the explanation. On the one
hand, the NCC is likely to be constituted by the coordinated activity of whole-brain networks and not
by activity in anatomical regions taken in isolation (Blumenfeld, 2023). For example, it is meaningful
to consider deactivation of the default mode network as a whole in response to perceptual conscious-
ness (Herman et al., 2019; Kwon et al., 2021). As a result, more studies with whole-brain coverage
could consider pooling channels across cortical networks instead of arbitrarily large cortical regions
that sometimes include entire lobes (Herman et al., 2019, Liu et al., 2023). On the other hand, it
is important to understand the micro-scale with investigations of single- or multi-unit firing rates.
These micro-recordings can provide information that is invisible when recording large populations of
neurons.

Toward a within-patient research of contents and levels of
consciousness

For clinical reasons, patients with intracranial electrodes sleep during naps and nights in the hospital
and undergo general anesthesia before the electrodes are explanted. Although methodologically
complex and potentially disturbing for patients, recording intracranial signals under these conditions,
along with a contrastive study during wakefulness, provides an exceptional framework for jointly
studying the contents and levels of consciousness (Eichenlaub et al., 2020; Jiang et al., 2017, Krom
et al., 2020). A particularly interesting suggestion is the use of multivariate decoding of contents
as a way to assess participants’ levels of consciousness, thus individualizing analyses to partici-
pants’ specific neuroanatomy and processing times (Fischer et al., 2025). Such analyses have been
performed on scalp EEG (King et al., 2013), but the spatiotemporal resolution of intracranial record-
ings could provide better sensitivity. The suprathreshold approach’s non-reliance on reports makes it
suitable to identify brain responses that differ across levels of consciousness. Pairing this approach
with intracranial recordings in sleep has already shown that HGA increases in response to sounds are
largely preserved in the auditory cortex, including in the deeper stages of sleep (Hayat et al., 2022).
Stimulus-evoked event-related desynchronization was also strongly reduced during sleep (Hayat
et al.,, 2022), indicative of disrupted feedback connections (van Kerkoerle et al., 2014). Similarly,
the primary auditory cortex was found to respond strongly to auditory click trains during anesthesia,
while the response of the surrounding cortex was disrupted (Krom et al., 2020). Beyond sleep and
anesthesia, this approach could also be paired with investigations of epileptic seizures as an altered
state of consciousness to be studied in its own right (Arthuis et al., 2009; Blumenfeld et al., 2004;
Bonini et al., 2016; Englot et al., 2010; Lambert et al., 2012, Mateos et al., 2018). In the context
of NCC research, investigations of conscious contents across levels of consciousness could be used
to provide indications that some candidate NCCs actually reflect unconscious, sensory processing.

Toward other applications of intracranial interventions

We have only scratched the surface of the research possibilities offered by intracranial recordings
in human patients. While studying NCCs using the contrastive approach remains a standard in
consciousness research, complementary approaches specific to intracranial recordings merit discus-
sion. First, the preoperative assessment of the epileptogenic zone often requires clinicians to perform
electrical stimulation, typically by applying a weak electric current between two contacts on selected
electrodes. These clinical stimulations often evoke conscious experiences (e.g., visual hallucinations,
somatosensory sensations, etc.) that can be analyzed to evaluate the causal role of a specific cortical
region in a given conscious percept (Raccah et al., 2021). With the right clinical setup, electrical
stimulations can also be triggered at specific timings relative to the presentation of a stimulus, to
study the role of brain regions or networks at specific latencies (e.g., Hampson et al., 2018). Addi-
tionally, electrical stimulations produce signals that travel along axonal fibers and can be measured
by remote electrodes. These measurements, known as cortico-cortical evoked potentials, provide
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accurate information about functional connectivity (Lemaréchal et al., 2022) and could enhance our
understanding of the circuitry of the NCCs, considered as a network rather than isolated regions.
The rapid technological development of electrodes that enable the measurement of a large number
of neurons (e.g., neuropixels; Chung et al., 2022; Coughlin et al., 2023; Leonard et al., 2024)
or the assessment of signals previously little studied in humans (e.g., voltammetry; Kishida et al.,
2016) suggests an improved characterization of electrophysiological and electrochemical correlates
of consciousness in the near future.

Human intracranial research is also expanding beyond studying the brain of patients who are
implanted with electrodes in the context of pre-surgical assessments. New types of implants with
different clinical targets are increasingly used. Chronic implants are used to stimulate and record
cortical and subcortical structures in patients with a wide range of psychiatric and neurological condi-
tions, including disorders of consciousness (Cao et al., 2024), migraines (Leone, 2006), obsessive—
compulsive disorders (Chabardes et al., 2020), depression (Hitti et al., 2021), Parkinson’s disease
(Deuschl et al., 2006), tumors (Boussen et al., 2016), and epilepsy (Gummadavelli et al., 2015). For
example, a recent study found that stimulation of the subthalamic nucleus of patients with obses-
sive—compulsive disorders did not affect their perception of near-threshold stimuli (Kist et al., 2024).
The emerging diversity in invasive electrophysiological recordings offers new avenues of research for
studying perceptual consciousness. Microelectrode recordings outside of the medial temporal lobe
made it possible to investigate the contrastive response of neurons in other regions of the human
brain (Pereira et al., 2021; Pereira et al., 2025; Vanhoyland et al., 2025). Additionally, implants in
non-epileptic patient populations can target structures that are typically not sampled or undersam-
pled in epileptic participants’ populations, but could play a role in perceptual consciousness (e.g.,
thalamus; Fang et al., 2025).

Concluding remarks

Despite decades of research, the neural bases of perceptual consciousness remain contentious. Human
intracranial recordings, with their excellent joint temporal and anatomical resolution, already provide
key insights into the NCCs that complement those provided by non-invasive methods. In the coming
years, improved paradigms, multiscale recordings, diverse implants, and new analyses promise to
shed mechanistic insights on how the brain builds subjective experience from the surrounding world.

Acknowledgements

Funded by the European Union. Views and opinions expressed are however those of the author(s)
only and do not necessarily reflect those of the European Union or the European Research Council
Executive Agency. Neither the European Union nor the granting authority can be held responsible for
them. This work is supported by an ERC grant (Volta, 101125379). FS is supported by a post-doctoral
study grant of the Fyssen Foundation.

Additional information

Competing interests
Nathan Faivre: Reviewing editor, elife. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author

H2020 European Research LEAP Michael Pereira
Council

H2020 European Research  10.3030/101125379 Nathan Faivre
Council

Fyssen Foundation Francois Stockart

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 23 of 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.3030/101125379

e Life Review article

Neuroscience

Funder Grant reference number Author

The funders had no role in study design, data collection, and interpretation, or the
decision to submit the work for publication.

Author contributions

Francois Stockart, Conceptualization, Validation, Investigation, Visualization, Writing — original
draft, Writing — review and editing; Alexis Robin, Hal Blumenfeld, Milan Brazdil, Philippe Kahane,
Jasmine Thum, Conceptualization, Investigation, Writing — review and editing; Liad Mudrik,
Conceptualization, Supervision, Validation, Investigation, Writing — review and editing; Michael
Pereira, Conceptualization, Supervision, Funding acquisition, Investigation, Writing — original draft,
Project administration, Writing — review and editing; Nathan Faivre, Conceptualization, Supervi-
sion, Funding acquisition, Validation, Investigation, Writing — original draft, Project administration,
Writing — review and editing

Author ORCIDs

Francois Stockart @ https://orcid.org/0000-0002-6945-0638
Alexis Robin @ https://orcid.org/0009-0009-4330-8148

Hal Blumenfeld @ https://orcid.org/0000-0003-0812-8132
Liad Mudrik @ https://orcid.org/0000-0003-3564-6445
Michael Pereira @ https://orcid.org/0000-0003-0778-674X
Nathan Faivre @ https://orcid.org/0000-0001-6011-4921

Peer review material

Version of Record:

Reviewer #1 (Public review): https://doi.org/10.7554/elife.109604.4.sa
Reviewer #2 (Public review): https://doi.org/10.7554/elife.109604.4.sa2
Reviewer #3 (Public review): https://doi.org/10.7554/elife.109604.4.sa3
Author response https://doi.org/10.7554/elife. 109604 .4.sa4

Reviewed preprint v3

Reviewer #1 (Public review): https://doi.org/10.7554/elife.109604.3.sa
Reviewer #2 (Public review): https://doi.org/10.7554/elife.109604.3.sa2
Reviewer #3 (Public review): https://doi.org/10.7554/elife. 109604.3.sa3
Author response: https://doi.org/10.7554/elife.109604.3.sa4

Reviewed preprint v2

Reviewer #1 (Public review): https://doi.org/10.7554/elife.109604.2.sa3
Reviewer #2 (Public review): https://doi.org/10.7554/elife.109604.2.sa2
Reviewer #3 (Public review): https://doi.org/10.7554/elife.109604.2.sa
Author response: https://doi.org/10.7554/elife.109604.2.sa0

Reviewed preprint v1

Reviewer #1 (Public review): https://doi.org/10.7554/¢elife.109604.1.sa2
Reviewer #2 (Public review): https://doi.org/10.7554/elife.109604.1.sa
Reviewer #3 (Public review): https://doi.org/10.7554/elife.109604.1.sa0

References

Albantakis L, Barbosa L, Findlay G, Grasso M, Haun AM, Marshall W, Mayner WGP, Zaeemzadeh A, Boly M,
Juel BE, Sasai S, Fuijii K, David |, Hendren J, Lang JP, Tononi G. 2023. Integrated information theory (lIT) 4.0:
Formulating the properties of phenomenal existence in physical terms. PLOS Computational Biology
19:€1011465. DOI: https://doi.org/10.1371/journal.pcbi.1011465, PMID: 37847724

Albertini D, Del Vecchio M, Sartori |, Pigorini A, Talami F, Zauli FM, Sarasso S, Mikulan EP, Massimini M,
Avanzini P. 2025. Conscious tactile perception entails distinct neural dynamics within somatosensory areas.
Current Biology 35:2583-2596. DOI: https://doi.org/10.1016/j.cub.2025.04.052, PMID: 40378839

Arthuis M, Valton L, Régis J, Chauvel P, Wendling F, Naccache L, Bernard C, Bartolomei F. 2009. Impaired
consciousness during temporal lobe seizures is related to increased long-distance cortical-subcortical
synchronization. Brain 132:2091-2101. DOI: https://doi.org/10.1093/brain/awp086, PMID: 19416952

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 24 of 33


https://doi.org/10.7554/eLife.109604
https://orcid.org/0000-0002-6945-0638
https://orcid.org/0009-0009-4330-8148
https://orcid.org/0000-0003-0812-8132
https://orcid.org/0000-0003-3564-6445
https://orcid.org/0000-0003-0778-674X
https://orcid.org/0000-0001-6011-4921
https://doi.org/10.7554/eLife.109604.4.sa1
https://doi.org/10.7554/eLife.109604.4.sa2
https://doi.org/10.7554/eLife.109604.4.sa3
https://doi.org/10.7554/eLife.109604.4.sa4
https://doi.org/10.7554/eLife.109604.3.sa1
https://doi.org/10.7554/eLife.109604.3.sa2
https://doi.org/10.7554/eLife.109604.3.sa3
https://doi.org/10.7554/eLife.109604.3.sa4
https://doi.org/10.7554/eLife.109604.2.sa3
https://doi.org/10.7554/eLife.109604.2.sa2
https://doi.org/10.7554/eLife.109604.2.sa1
https://doi.org/10.7554/eLife.109604.2.sa0
https://doi.org/10.7554/eLife.109604.1.sa2
https://doi.org/10.7554/eLife.109604.1.sa1
https://doi.org/10.7554/eLife.109604.1.sa0
https://doi.org/10.1371/journal.pcbi.1011465
http://www.ncbi.nlm.nih.gov/pubmed/37847724
https://doi.org/10.1016/j.cub.2025.04.052
http://www.ncbi.nlm.nih.gov/pubmed/40378839
https://doi.org/10.1093/brain/awp086
http://www.ncbi.nlm.nih.gov/pubmed/19416952

e Life Review article

Neuroscience

Aru J, Axmacher N, Do Lam ATA, Fell J, Elger CE, Singer W, Melloni L. 2012a. Local category-specific gamma
band responses in the visual cortex do not reflect conscious perception. The Journal of Neuroscience
32:14909-14914. DOI: https://doi.org/10.1523/JNEUROSCI.2051-12.2012, PMID: 23100413

Aru J, Bachmann T, Singer W, Melloni L. 2012b. Distilling the neural correlates of consciousness. Neuroscience &
Biobehavioral Reviews 36:737-746. DOI: https://doi.org/10.1016/].neubiorev.2011.12.003

Aru J, Suzuki M, Larkum ME. 2020. Cellular mechanisms of conscious processing. Trends in Cognitive Sciences
24:814-825. DOI: https://doi.org/10.1016/j.tics.2020.07.006

Baars B. 1988. A Cognitive Theory of Consciousness. Cambridge University Press.

Bachmann T, Suzuki M, Aru J. 2020. Dendritic integration theory: A thalamo-cortical theory of state and content
of consciousness. Philosophy and the Mind Sciences 1:1l. DOI: https://doi.org/10.33735/phimisci.2020.11.52

Ball T, Kern M, Mutschler |, Aertsen A, Schulze-Bonhage A. 2009. Signal quality of simultaneously recorded
invasive and non-invasive EEG. Neurolmage 46:708-716. DOI: https://doi.org/10.1016/j.neuroimage.2009.02.
028, PMID: 19264143

Barbosa J, Proville R, Rodgers CC, DeWeese MR, Ostojic S, Boubenec Y. 2023. Early selection of task-relevant
features through population gating. Nature Communications 14:6837. DOI: https://doi.org/10.1038/s41467-
023-42519-5, PMID: 37884507

Baroni F, van Kempen J, Kawasaki H, Kovach CK, Oya H, Howard MA, Adolphs R, Tsuchiya N. 2017. Intracranial
markers of conscious face perception in humans. Neurolmage 162:322-343. DOI: https://doi.org/10.1016/].
neuroimage.2017.08.074, PMID: 28882629

Bayne T, Hohwy J, Owen AM. 2016. Are there levels of consciousness? Trends in Cognitive Sciences 20:405-413.
DOI: https://doi.org/10.1016/j.tics.2016.03.009

Block N. 2019. What is wrong with the no-report paradigm and how to fix it. Trends in Cognitive Sciences
23:1003-1013. DOI: https://doi.org/10.1016/j.tics.2019.10.001

Block N. 2024. What does decoding from the PFC reveal about consciousness? Trends in Cognitive Sciences
28:804-813. DOI: https://doi.org/10.1016/j.tics.2024.05.004

Blumenfeld H, Rivera M, McNally KA, Davis K, Spencer DD, Spencer SS. 2004. Ictal neocortical slowing in
temporal lobe epilepsy. Neurology 63:1015-1021. DOI: https://doi.org/10.1212/01.wnl.0000141086.91077 .cd,
PMID: 15452292

Blumenfeld H. 2023. Brain mechanisms of conscious awareness: detect, pulse, switch, and wave. The
Neuroscientist 29:9-18. DOI: https://doi.org/10.1177/10738584211049378, PMID: 34632846

Bola M, Doradzinska £. 2021. Perceptual awareness negativity-does it reflect awareness or attention? Frontiers in
Human Neuroscience 15:742513. DOI: https://doi.org/10.3389/fnhum.2021.742513, PMID: 34720911

Boly M, Massimini M, Tsuchiya N, Postle BR, Koch C, Tononi G. 2017. Are the neural correlates of
consciousness in the front or in the back of the cerebral cortex? clinical and neuroimaging evidence. The
Journal of Neuroscience 37:9603-9613. DOI: https://doi.org/10.1523/JNEUROSCI.3218-16.2017, PMID:
28978697

Bonini F, Lambert |, Wendling F, McGonigal A, Bartolomei F. 2016. Altered synchrony and loss of consciousness
during frontal lobe seizures. Clinical Neurophysiology 127:1170-1175. DOI: https://doi.org/10.1016/j.clinph.
2015.04.050, PMID: 25912335

Boussen S, Velly L, Benar C, Metellus P, Bruder N, Trébuchon A. 2016. In vivo tumour mapping using
electrocorticography alterations during awake brain surgery: a pilot study. Brain Topography 29:766-782. DOI:
https://doi.org/10.1007/s10548-016-0502-6, PMID: 27324381

Brazdil M, Rektor I, Daniel P, Dufek M, Jurdk P. 2001. Intracerebral event-related potentials to subthreshold
target stimuli. Clinical Neurophysiology 112:650-661. DOI: https://doi.org/10.1016/51388-2457(01)00463-1,
PMID: 11275538

Breitmeyer BG. 2015. Psychophysical “blinding” methods reveal a functional hierarchy of unconscious visual
processing. Consciousness and Cognition 35:234-250. DOI: https://doi.org/10.1016/j.concog.2015.01.012,
PMID: 25704454

Broday-Dvir R, Norman Y, Harel M, Mehta AD, Malach R. 2023. Perceptual stability reflected in neuronal pattern
similarities in human visual cortex. Cell Reports 42:112614. DOI: https://doi.org/10.1016/j.celrep.2023.112614,
PMID: 37285270

Brown R, Lau H, LeDoux JE. 2019. Understanding the higher-order approach to consciousness. Trends in
Cognitive Sciences 23:754-768. DOI: https://doi.org/10.1016/j.tics.2019.06.009

Buzsaki G. 2004. Large-scale recording of neuronal ensembles. Nature Neuroscience 7:446-451. DOI: https://
doi.org/10.1038/nn1233

Cao T, He S, Wang L, Chai X, He Q, Liu D, Wang D, Wang N, He J, Wang S, Yang Y, Zhao J, Tan H. 2024. Clinical
neuromodulatory effects of deep brain stimulation in disorder of consciousness: A literature review. CNS
Neuroscience & Therapeutics 30:€14559. DOI: https://doi.org/10.1111/cns. 14559

Chabardes S, Krack P, Piallat B, Bougerol T, Seigneuret E, Yelnik J, Fernandez Vidal S, David O, Mallet L,
Benabid AL, Polosan M. 2020. Deep brain stimulation of the subthalamic nucleus in obsessive-compulsives
disorders: long-term follow-up of an open, prospective, observational cohort. Journal of Neurology,
Neurosurgery & Psychiatry 91:1349-1356. DOI: https://doi.org/10.1136/jnnp-2020-323421

Christison-Lagay KL, Khalaf A, Freedman NC, Micek C, Kronemer SlI, Gusso MM, Kim L, Forman S, Ding J,
Aksen M, Abdel-Aty A, Kwon H, Markowitz N, Yeagle E, Espinal E, Herrero J, Bickel S, Young J, Mehta A,

Wu K, et al. 2025. The neural activity of auditory conscious perception. Neurolmage 308:121041. DOI: https://
doi.org/10.1016/j.neuroimage.2025.121041, PMID: 39832539

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 25 of 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1523/JNEUROSCI.2051-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23100413
https://doi.org/10.1016/j.neubiorev.2011.12.003
https://doi.org/10.1016/j.tics.2020.07.006
https://doi.org/10.33735/phimisci.2020.II.52
https://doi.org/10.1016/j.neuroimage.2009.02.028
https://doi.org/10.1016/j.neuroimage.2009.02.028
http://www.ncbi.nlm.nih.gov/pubmed/19264143
https://doi.org/10.1038/s41467-023-42519-5
https://doi.org/10.1038/s41467-023-42519-5
http://www.ncbi.nlm.nih.gov/pubmed/37884507
https://doi.org/10.1016/j.neuroimage.2017.08.074
https://doi.org/10.1016/j.neuroimage.2017.08.074
http://www.ncbi.nlm.nih.gov/pubmed/28882629
https://doi.org/10.1016/j.tics.2016.03.009
https://doi.org/10.1016/j.tics.2019.10.001
https://doi.org/10.1016/j.tics.2024.05.004
https://doi.org/10.1212/01.wnl.0000141086.91077.cd
http://www.ncbi.nlm.nih.gov/pubmed/15452292
https://doi.org/10.1177/10738584211049378
http://www.ncbi.nlm.nih.gov/pubmed/34632846
https://doi.org/10.3389/fnhum.2021.742513
http://www.ncbi.nlm.nih.gov/pubmed/34720911
https://doi.org/10.1523/JNEUROSCI.3218-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28978697
https://doi.org/10.1016/j.clinph.2015.04.050
https://doi.org/10.1016/j.clinph.2015.04.050
http://www.ncbi.nlm.nih.gov/pubmed/25912335
https://doi.org/10.1007/s10548-016-0502-6
http://www.ncbi.nlm.nih.gov/pubmed/27324381
https://doi.org/10.1016/s1388-2457(01)00463-1
http://www.ncbi.nlm.nih.gov/pubmed/11275538
https://doi.org/10.1016/j.concog.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25704454
https://doi.org/10.1016/j.celrep.2023.112614
http://www.ncbi.nlm.nih.gov/pubmed/37285270
https://doi.org/10.1016/j.tics.2019.06.009
https://doi.org/10.1038/nn1233
https://doi.org/10.1038/nn1233
https://doi.org/10.1111/cns.14559
https://doi.org/10.1136/jnnp-2020-323421
https://doi.org/10.1016/j.neuroimage.2025.121041
https://doi.org/10.1016/j.neuroimage.2025.121041
http://www.ncbi.nlm.nih.gov/pubmed/39832539

(3
ELlfe Review article Neuroscience

Chung JE, Sellers KK, Leonard MK, Gwilliams L, Xu D, Dougherty ME, Kharazia V, Metzger SL, Welkenhuysen M,
Dutta B, Chang EF. 2022. High-density single-unit human cortical recordings using the Neuropixels probe.
Neuron 110:2409-2421. DOI: https://doi.org/10.1016/j.neuron.2022.05.007, PMID: 35679860

Cohen MX. 2014. Analyzing Neural Time Series Data: Theory and Practice. MIT press. DOI: https://doi.org/10.
7551/mitpress/9609.001.0001

Cohen MA, Ortego K, Kyroudis A, Pitts M. 2020. Distinguishing the neural correlates of perceptual awareness
and postperceptual processing. The Journal of Neuroscience 40:4925-4935. DOI: https://doi.org/10.1523/
JNEUROSCI.0120-20.2020, PMID: 32409620

Coughlin B, Mufioz W, Kfir Y, Young MJ, Meszéna D, Jamali M, Caprara |, Hardstone R, Khanna A, Mustroph ML,
Trautmann EM, Windolf C, Varol E, Soper DJ, Stavisky SD, Welkenhuysen M, Dutta B, Shenoy KV, Hochberg LR,
Mark Richardson R, et al. 2023. Modified Neuropixels probes for recording human neurophysiology in the
operating room. Nature Protocols 18:2927-2953. DOI: https://doi.org/10.1038/s41596-023-00871-2, PMID:
37697108

Crick F, Koch C. 1990. Towards a neurobiological theory of consciousness. Seminars in the Neurosciences
2:263-275.

de Graaf TA, Hsieh P-J, Sack AT. 2012. The ‘correlates’ in neural correlates of consciousness. Neuroscience &
Biobehavioral Reviews 36:191-197. DOI: https://doi.org/10.1016/].neubiorev.2011.05.012

Dehaene S, Naccache L, Le Clec'H G, Koechlin E, Mueller M, Dehaene-Lambertz G, van de Moortele PF,

Le Bihan D. 1998. Imaging unconscious semantic priming. Nature 395:597-600. DOI: https://doi.org/10.1038/
26967, PMID: 9783584

Dehaene S, Naccache L, Cohen L, Bihan DL, Mangin JF, Poline JB, Riviere D. 2001. Cerebral mechanisms of word
masking and unconscious repetition priming. Nature Neuroscience 4:752-758. DOI: https://doi.org/10.1038/
89551, PMID: 11426233

Dehaene S. 2014. Le Code de La Conscience. Odile Jacob.

de Lafuente V, Romo R. 2006. Neural correlate of subjective sensory experience gradually builds up across
cortical areas. PNAS 103:14266-14271. DOI: https://doi.org/10.1073/pnas.0605826103

Dellert T, Miller-Bardorff M, Schlossmacher |, Pitts M, Hofmann D, Bruchmann M, Straube T. 2021. Dissociating
the neural correlates of consciousness and task relevance in face perception using simultaneous EEG-fMRI. The
Journal of Neuroscience 41:7864-7875. DOI: https://doi.org/10.1523/JNEUROSCI.2799-20.2021, PMID:
34301829

Dembski C, Koch C, Pitts M. 2021. Perceptual awareness negativity: a physiological correlate of sensory
consciousness. Trends in Cognitive Sciences 25:660-670. DOI: https://doi.org/10.1016/].tics.2021.05.009

Despouy E, Curot J, Reddy L, Nowak LG, Deudon M, Sol J-C, Lotterie J-A, Denuelle M, Maziz A, Bergaud C,
Thorpe SJ, Valton L, Barbeau EJ. 2020. Recording local field potential and neuronal activity with tetrodes in
epileptic patients. Journal of Neuroscience Methods 341:108759. DOI: https://doi.org/10.1016/].jneumeth.
2020.108759, PMID: 32389603

Deuschl G, Schade-Brittinger C, Krack P, Volkmann J, Schéfer H, Botzel K, Daniels C, Deutschléander A,

Dillmann U, Eisner W, Gruber D, Hamel W, Herzog J, Hilker R, Klebe S, Klof3 M, Koy J, Krause M, Kupsch A,
Lorenz D, et al. 2006. A randomized trial of deep-brain stimulation for Parkinson’s disease. New England
Journal of Medicine 355:896-908. DOI: https://doi.org/10.1056/NEJM0a060281

Doerig A, Schurger A, Herzog MH. 2021. Hard criteria for empirical theories of consciousness. Cognitive
Neuroscience 12:41-62. DOI: https://doi.org/10.1080/17588928.2020.1772214, PMID: 32663056

Dykstra AR, Halgren E, Gutschalk A, Eskandar EN, Cash SS. 2016. Neural correlates of auditory perceptual
awareness and release from informational masking recorded directly from human cortex: a case study. Frontiers
in Neuroscience 10:472. DOI: https://doi.org/10.3389/fnins.2016.00472, PMID: 27812318

Dykstra AR, Cariani PA, Gutschalk A. 2017. A roadmap for the study of conscious audition and its neural basis.
Philosophical Transactions of the Royal Society B 372:20160103. DOI: https://doi.org/10.1098/rstb.2016.0103

Ebitz RB, Hayden BY. 2021. The population doctrine in cognitive neuroscience. Neuron 109:3055-3068. DOI:
https://doi.org/10.1016/j.neuron.2021.07.011, PMID: 34416170

Eichenlaub J-B, Jarosiewicz B, Saab J, Franco B, Kelemen J, Halgren E, Hochberg LR, Cash SS. 2020. Replay of
learned neural firing sequences during rest in human motor cortex. Cell Reports 31:107581. DOI: https://doi.
org/10.1016/j.celrep.2020.107581, PMID: 32375031

Englot DJ, Yang L, Hamid H, Danielson N, Bai X, Marfeo A, Yu L, Gordon A, Purcaro MJ, Motelow JE, Agarwal R,
Ellens DJ, Golomb JD, Shamy MCF, Zhang H, Carlson C, Doyle W, Devinsky O, Vives K, Spencer DD, et al.
2010. Impaired consciousness in temporal lobe seizures: role of cortical slow activity. Brain 133:3764-3777.
DOI: https://doi.org/10.1093/brain/awg316, PMID: 21081551

Evers K, Farisco M, Pennartz CMA. 2024. Assessing the commensurability of theories of consciousness: On the
usefulness of common denominators in differentiating, integrating and testing hypotheses. Consciousness and
Cognition 119:103668. DOI: https://doi.org/10.1016/j.concog.2024.103668, PMID: 38417198

Fahrenfort JJ, Johnson PA, Kloosterman NA, Stein T, van Gaal S. 2025. Criterion placement threatens the
construct validity of neural measures of consciousness. eLife 13:RP102335. DOI: https://doi.org/10.7554/¢eLife.
102335

Faivre N, Arzi A, Lunghi C, Salomon R. 2017. Consciousness is more than meets the eye: a call for a multisensory
study of subjective experience. Neuroscience of Consciousness 2017:nix003. DOI: https://doi.org/10.1093/nc/
nix003, PMID: 30042838

Fang Z, Dang Y, Ling Z, Han Y, Zhao H, Xu X, Zhang M. 2024a. The involvement of the human prefrontal cortex in
the emergence of visual awareness. eLife 12:RP89076. DOI: https://doi.org/10.7554/elLife.89076

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 26 of 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1016/j.neuron.2022.05.007
http://www.ncbi.nlm.nih.gov/pubmed/35679860
https://doi.org/10.7551/mitpress/9609.001.0001
https://doi.org/10.7551/mitpress/9609.001.0001
https://doi.org/10.1523/JNEUROSCI.0120-20.2020
https://doi.org/10.1523/JNEUROSCI.0120-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/32409620
https://doi.org/10.1038/s41596-023-00871-2
http://www.ncbi.nlm.nih.gov/pubmed/37697108
https://doi.org/10.1016/j.neubiorev.2011.05.012
https://doi.org/10.1038/26967
https://doi.org/10.1038/26967
http://www.ncbi.nlm.nih.gov/pubmed/9783584
https://doi.org/10.1038/89551
https://doi.org/10.1038/89551
http://www.ncbi.nlm.nih.gov/pubmed/11426233
https://doi.org/10.1073/pnas.0605826103
https://doi.org/10.1523/JNEUROSCI.2799-20.2021
http://www.ncbi.nlm.nih.gov/pubmed/34301829
https://doi.org/10.1016/j.tics.2021.05.009
https://doi.org/10.1016/j.jneumeth.2020.108759
https://doi.org/10.1016/j.jneumeth.2020.108759
http://www.ncbi.nlm.nih.gov/pubmed/32389603
https://doi.org/10.1056/NEJMoa060281
https://doi.org/10.1080/17588928.2020.1772214
http://www.ncbi.nlm.nih.gov/pubmed/32663056
https://doi.org/10.3389/fnins.2016.00472
http://www.ncbi.nlm.nih.gov/pubmed/27812318
https://doi.org/10.1098/rstb.2016.0103
https://doi.org/10.1016/j.neuron.2021.07.011
http://www.ncbi.nlm.nih.gov/pubmed/34416170
https://doi.org/10.1016/j.celrep.2020.107581
https://doi.org/10.1016/j.celrep.2020.107581
http://www.ncbi.nlm.nih.gov/pubmed/32375031
https://doi.org/10.1093/brain/awq316
http://www.ncbi.nlm.nih.gov/pubmed/21081551
https://doi.org/10.1016/j.concog.2024.103668
http://www.ncbi.nlm.nih.gov/pubmed/38417198
https://doi.org/10.7554/eLife.102335
https://doi.org/10.7554/eLife.102335
https://doi.org/10.1093/nc/nix003
https://doi.org/10.1093/nc/nix003
http://www.ncbi.nlm.nih.gov/pubmed/30042838
https://doi.org/10.7554/eLife.89076

e Life Review article

Neuroscience

Fang Z, Dang Y, Li X, Zhao Q, Zhang M, Zhao H. 2024b. Intracranial neural representation of phenomenal and
access consciousness in the human brain. Neurolmage 297:120699. DOI: https://doi.org/10.1016/j.
neuroimage.2024.120699, PMID: 38944172

Fang Z, Dang Y, Ping A, Wang C, Zhao Q, Zhao H, Li X, Zhang M. 2025. Human high-order thalamic nuclei gate
conscious perception through the thalamofrontal loop. Science 388:eadr3675. DOI: https://doi.org/10.1126/
science.adr3675, PMID: 40179184

Fazekas P, Cleeremans A, Overgaard M. 2024. A construct-first approach to consciousness science.
Neuroscience & Biobehavioral Reviews 156:105480. DOI: https://doi.org/10.1016/j.neubiorev.2023.105480

Ferrante O, Gorska-Klimowska U, Henin S, Hirschhorn R, Khalaf A, Lepauvre A, Liu L, Richter D, Vidal Y,
Bonacchi N, Brown T, Sripad P, Armendariz M, Bendtz K, Ghafari T, Hetenyi D, Jeschke J, Kozma C,

Mazumder DR, Montenegro S, et al. 2025. Adversarial testing of global neuronal workspace and integrated
information theories of consciousness. Nature 642:133-142. DOI: https://doi.org/10.1038/s41586-025-08888-
1, PMID: 40307561

Filimonov D, Lenkkeri S, Koivisto M, Revonsuo A. 2025. Event-related potential correlates of consciousness in
simple auditory hallucinations. Neurolmage 310:121168. DOI: https://doi.org/10.1016/j.neurcimage.2025.
121168, PMID: 40127874

Fisch L, Privman E, Ramot M, Harel M, Nir Y, Kipervasser S, Andelman F, Neufeld MY, Kramer U, Fried |,

Malach R. 2009. Neural “ignition”: enhanced activation linked to perceptual awareness in human ventral
stream visual cortex. Neuron 64:562-574. DOI: https://doi.org/10.1016/j.neuron.2009.11.001, PMID: 19945397

Fischer D, Edlow BL, Freeman HJ, Alaiev D, Wu Q, Ware JB, Detre JA, Aguirre GK. 2025. Reconstructing covert
consciousness: neural decoding as a novel consciousness assessment. Neurology 104:€210208. DOI: https://
doi.org/10.1212/WNL.0000000000210208, PMID: 39883908

Fleming SM. 2020. Awareness as inference in a higher-order state space. Neuroscience of Consciousness
2020:niz020. DOI: https://doi.org/10.1093/nc/niz020, PMID: 32190350

Forster J, Koivisto M, Revonsuo A. 2020. ERP and MEG correlates of visual consciousness: The second decade.
Consciousness and Cognition 80:102917. DOI: https://doi.org/10.1016/j.concog.2020.102917, PMID:
32193077

Frassle S, Sommer J, Jansen A, Naber M, Einhduser W. 2014. Binocular rivalry: frontal activity relates to
introspection and action but not to perception. The Journal of Neuroscience 34:1738-1747. DOI: https://doi.
org/10.1523/JNEUROSCI.4403-13.2014, PMID: 24478356

Freedman DJ, Riesenhuber M, Poggio T, Miller EK. 2003. A comparison of primate prefrontal and inferior
temporal cortices during visual categorization. The Journal of Neuroscience 23:5235-5246. DOI: https://doi.
org/10.1523/JNEUROSCI.23-12-05235.2003, PMID: 12832548

Fried |, Wilson CL, Maidment NT, Engel J, Behnke E, Fields TA, MacDonald KA, Morrow JW, Ackerson L. 1999.
Cerebral microdialysis combined with single-neuron and electroencephalographic recording in neurosurgical
patients. Technical note. Journal of Neurosurgery 91:697-705. DOI: https://doi.org/10.3171/jns.1999.91.4.
0697, PMID: 10507396

Gaillard R, Del Cul A, Naccache L, Vinckier F, Cohen L, Dehaene S. 2006a. Nonconscious semantic processing of
emotional words modulates conscious access. PNAS 103:7524-7529. DOI: https://doi.org/10.1073/pnas.
0600584103

Gaillard R, Naccache L, Pinel P, Clémenceau S, Volle E, Hasboun D, Dupont S, Baulac M, Dehaene S, Adam C,
Cohen L. 2006b. Direct intracranial, FMRI, and lesion evidence for the causal role of left inferotemporal cortex
in reading. Neuron 50:191-204. DOI: https://doi.org/10.1016/j.neuron.2006.03.031, PMID: 16630832

Gaillard R, Dehaene S, Adam C, Clémenceau S, Hasboun D, Baulac M, Cohen L, Naccache L. 2009. Converging
intracranial markers of conscious access. PLOS Biology 7:e61. DOI: https://doi.org/10.1371/journal.pbio.
1000061, PMID: 19296722

Gelbard-Sagiv H, Mudrik L, Hill MR, Koch C, Fried I. 2018. Human single neuron activity precedes emergence of
conscious perception. Nature Communications 9:2057. DOI: https://doi.org/10.1038/s41467-018-03749-0,
PMID: 29802308

Gerber EM, Golan T, Knight RT, Deouell LY. 2017. Cortical representation of persistent visual stimuli. Neurolmage
161:67-79. DOI: https://doi.org/10.1016/j.neuroimage.2017.08.028, PMID: 28807872

Guex R, Ros T, Mégevand P, Spinelli L, Seeck M, Vuilleumier P, Dominguez-Borras J. 2023. Prestimulus amygdala
spectral activity is associated with visual face awareness. Cerebral Cortex 33:1044-1057. DOI: https://doi.org/
10.1093/cercor/bhac119, PMID: 35353177

Gummadavelli A, Kundishora AJ, Willie JT, Andrews JP, Gerrard JL, Spencer DD, Blumenfeld H. 2015.
Neurostimulation to improve level of consciousness in patients with epilepsy. Neurosurgical Focus 38:E10. DOI:
https://doi.org/10.3171/2015.3.FOCUS 1535, PMID: 26030698

Gutschalk A, Micheyl C, Oxenham AJ. 2008. Neural correlates of auditory perceptual awareness under
informational masking. PLOS Biology 6:e138. DOI: https://doi.org/10.1371/journal.pbio.0060138, PMID:
18547141

Haarsma J, Deveci N, Corbin N, Callaghan MF, Kok P. 2023. Expectation cues and false percepts generate
stimulus-specific activity in distinct layers of the early visual cortex. The Journal of Neuroscience 43:7946-7957.
DOI: https://doi.org/10.1523/JNEUROSCI.0998-23.2023, PMID: 37739797

Haegens S, Vazquez Y, Zainos A, Alvarez M, Jensen O, Romo R. 2014. Thalamocortical rhythms during a
vibrotactile detection task. PNAS 111:E1797-E1805. DOI: https://doi.org/10.1073/pnas. 1405516111, PMID:
24733899

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 27 of 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1016/j.neuroimage.2024.120699
https://doi.org/10.1016/j.neuroimage.2024.120699
http://www.ncbi.nlm.nih.gov/pubmed/38944172
https://doi.org/10.1126/science.adr3675
https://doi.org/10.1126/science.adr3675
http://www.ncbi.nlm.nih.gov/pubmed/40179184
https://doi.org/10.1016/j.neubiorev.2023.105480
https://doi.org/10.1038/s41586-025-08888-1
https://doi.org/10.1038/s41586-025-08888-1
http://www.ncbi.nlm.nih.gov/pubmed/40307561
https://doi.org/10.1016/j.neuroimage.2025.121168
https://doi.org/10.1016/j.neuroimage.2025.121168
http://www.ncbi.nlm.nih.gov/pubmed/40127874
https://doi.org/10.1016/j.neuron.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19945397
https://doi.org/10.1212/WNL.0000000000210208
https://doi.org/10.1212/WNL.0000000000210208
http://www.ncbi.nlm.nih.gov/pubmed/39883908
https://doi.org/10.1093/nc/niz020
http://www.ncbi.nlm.nih.gov/pubmed/32190350
https://doi.org/10.1016/j.concog.2020.102917
http://www.ncbi.nlm.nih.gov/pubmed/32193077
https://doi.org/10.1523/JNEUROSCI.4403-13.2014
https://doi.org/10.1523/JNEUROSCI.4403-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24478356
https://doi.org/10.1523/JNEUROSCI.23-12-05235.2003
https://doi.org/10.1523/JNEUROSCI.23-12-05235.2003
http://www.ncbi.nlm.nih.gov/pubmed/12832548
https://doi.org/10.3171/jns.1999.91.4.0697
https://doi.org/10.3171/jns.1999.91.4.0697
http://www.ncbi.nlm.nih.gov/pubmed/10507396
https://doi.org/10.1073/pnas.0600584103
https://doi.org/10.1073/pnas.0600584103
https://doi.org/10.1016/j.neuron.2006.03.031
http://www.ncbi.nlm.nih.gov/pubmed/16630832
https://doi.org/10.1371/journal.pbio.1000061
https://doi.org/10.1371/journal.pbio.1000061
http://www.ncbi.nlm.nih.gov/pubmed/19296722
https://doi.org/10.1038/s41467-018-03749-0
http://www.ncbi.nlm.nih.gov/pubmed/29802308
https://doi.org/10.1016/j.neuroimage.2017.08.028
http://www.ncbi.nlm.nih.gov/pubmed/28807872
https://doi.org/10.1093/cercor/bhac119
https://doi.org/10.1093/cercor/bhac119
http://www.ncbi.nlm.nih.gov/pubmed/35353177
https://doi.org/10.3171/2015.3.FOCUS1535
http://www.ncbi.nlm.nih.gov/pubmed/26030698
https://doi.org/10.1371/journal.pbio.0060138
http://www.ncbi.nlm.nih.gov/pubmed/18547141
https://doi.org/10.1523/JNEUROSCI.0998-23.2023
http://www.ncbi.nlm.nih.gov/pubmed/37739797
https://doi.org/10.1073/pnas.1405516111
http://www.ncbi.nlm.nih.gov/pubmed/24733899

e Life Review article

Neuroscience

Hampson RE, Song D, Robinson BS, Fetterhoff D, Dakos AS, Roeder BM, She X, Wicks RT, Witcher MR,
Couture DE, Laxton AW, Munger-Clary H, Popli G, Sollman MJ, Whitlow CT, Marmarelis VZ, Berger TW,
Deadwyler SA. 2018. Developing a hippocampal neural prosthetic to facilitate human memory encoding and
recall. Journal of Neural Engineering 15:036014. DOI: https://doi.org/10.1088/1741-2552/aaaed7, PMID:
29589592

Harris KD, Quiroga RQ, Freeman J, Smith SL. 2016. Improving data quality in neuronal population recordings.
Nature Neuroscience 19:1165-1174. DOI: https://doi.org/10.1038/nn.4365, PMID: 27571195

Hatamimajoumerd E, Ratan Murty NA, Pitts M, Cohen MA. 2022. Decoding perceptual awareness across the
brain with a no-report fMRI masking paradigm. Current Biology 32:4139-4149. DOI: https://doi.org/10.1016/j.
cub.2022.07.068, PMID: 35981538

Haun AM, Oizumi M, Kovach CK, Kawasaki H, Oya H, Howard MA, Adolphs R, Tsuchiya N. 2017. Conscious
perception as integrated information patterns in human electrocorticography. eNeuro
4:ENEURO.0085-17.2017. DOI: https://doi.org/10.1523/ENEURO.0085-17.2017, PMID: 29085895

Hayat H, Marmelshtein A, Krom AJ, Sela Y, Tankus A, Strauss |, Fahoum F, Fried I, Nir Y. 2022. Reduced neural
feedback signaling despite robust neuron and gamma auditory responses during human sleep. Nature
Neuroscience 25:935-943. DOI: https://doi.org/10.1038/s41593-022-01107-4, PMID: 35817847

Haynes JD. 2009. Decoding visual consciousness from human brain signals. Trends in Cognitive Sciences
13:194-202. DOI: https://doi.org/10.1016/j.tics.2009.02.004

He BJ. 2023. Towards a pluralistic neurobiological understanding of consciousness. Trends in Cognitive Sciences
27:420-432. DOI: https://doi.org/10.1016/].tics.2023.02.001

Herman WX, Smith RE, Kronemer SI, Watsky RE, Chen WC, Gober LM, Touloumes GJ, Khosla M, Raja A,

Horien CL, Morse EC, Botta KL, Hirsch LJ, Alkawadri R, Gerrard JL, Spencer DD, Blumenfeld H. 2019. A switch
and wave of neuronal activity in the cerebral cortex during the first second of conscious perception. Cerebral
Cortex 29:461-474. DOI: https://doi.org/10.1093/cercor/bhx327, PMID: 29194517

Hesse JK, Tsao DY. 2020. The macaque face patch system: a turtle’s underbelly for the brain. Nature Reviews.
Neuroscience 21:695-716. DOI: https://doi.org/10.1038/s41583-020-00393-w, PMID: 33144718

Hitti FL, Cristancho MA, Yang Al, O'Reardon JP, Bhati MT, Baltuch GH. 2021. Deep brain stimulation of the
ventral capsule/ventral striatum for treatment-resistant depression. The Journal of Clinical Psychiatry 82:37487.
DOI: https://doi.org/10.4088/JCP.21m 13973

James W. 1890. The Principles of Psychology. Henry Holt and Company. DOI: https://doi.org/10.1037/10538-
000

Jazayeri M, Afraz A. 2017. Navigating the neural space in search of the neural code. Neuron 93:1003-1014.
DOI: https://doi.org/10.1016/j.neuron.2017.02.019

Jiang X, Shamie |, K. Doyle W, Friedman D, Dugan P, Devinsky O, Eskandar E, Cash SS, Thesen T, Halgren E.
2017. Replay of large-scale spatio-temporal patterns from waking during subsequent NREM sleep in human
cortex. Scientific Reports 7:17380. DOI: https://doi.org/10.1038/s41598-017-1746%9-w

Kanai R, Walsh V, Tseng C. 2010. Subjective discriminability of invisibility: a framework for distinguishing
perceptual and attentional failures of awareness. Consciousness and Cognition 19:1045-1057. DOI: https://doi.
org/10.1016/j.concog.2010.06.003, PMID: 20598906

Kanwisher N, McDermott J, Chun MM. 1997. The fusiform face area: a module in human extrastriate cortex
specialized for face perception. The Journal of Neuroscience 17:4302-4311. DOI: https://doi.org/10.1523/
JNEUROSCI.17-11-04302.1997, PMID: 9151747

Kapoor V, Dwarakanath A, Safavi S, Werner J, Besserve M, Panagiotaropoulos Tl, Logothetis NK. 2022.
Decoding internally generated transitions of conscious contents in the prefrontal cortex without subjective
reports. Nature Communications 13:1535. DOI: https://doi.org/10.1038/s41467-022-28897-2, PMID: 35318323

Khalaf A, Kronemer SI, Christison-Lagay K, Kwon H, Li J, Wu K, Blumenfeld H. 2023. Early neural activity changes
associated with stimulus detection during visual conscious perception. Cerebral Cortex 33:1347-1360. DOI:
https://doi.org/10.1093/cercor/bhac140, PMID: 35446937

Kim CY, Blake R. 2005. Psychophysical magic: rendering the visible ‘invisible’. Trends in Cognitive Sciences
9:381-388. DOI: https://doi.org/10.1016/j.tics.2005.06.012

King JR, Faugeras F, Gramfort A, Schurger A, El Karoui |, Sitt JD, Rohaut B, Wacongne C, Labyt E,

Bekinschtein T, Cohen L, Naccache L, Dehaene S. 2013. Single-trial decoding of auditory novelty responses
facilitates the detection of residual consciousness. Neurolmage 83:726-738. DOI: https://doi.org/10.1016/j.
neuroimage.2013.07.013

King JR, Pescetelli N, Dehaene S. 2016. Brain mechanisms underlying the brief maintenance of seen and unseen
sensory information. Neuron 92:1122-1134. DOI: https://doi.org/10.1016/j.neuron.2016.10.051, PMID:
27930903

Kishida KT, Saez |, Lohrenz T, Witcher MR, Laxton AW, Tatter SB, White JP, Ellis TL, Phillips PEM, Montague PR.
2016. Subsecond dopamine fluctuations in human striatum encode superposed error signals about actual and
counterfactual reward. PNAS 113:200-205. DOI: https://doi.org/10.1073/pnas. 1513619112

Kist A, Pereira M, Msheik R, Goueytes D, Pouchon A, Chabardes S, Bastin J, Polosan M, Faivre N. 2024.
Obsessive-compulsive disorder is characterised by metacognitive deficits resistant to subthalamic stimulation.
medRxiv. DOI: https://doi.org/10.1101/2024.11.03.24316467

Koch C, Massimini M, Boly M, Tononi G. 2016. Neural correlates of consciousness: progress and problems.
Nature Reviews. Neuroscience 17:307-321. DOI: https://doi.org/10.1038/nrn.2016.22, PMID: 27094080

Koivisto M, Revonsuo A. 2003. An ERP study of change detection, change blindness, and visual awareness.
Psychophysiology 40:423-429. DOI: https://doi.org/10.1111/1469-8986.00044, PMID: 12946115

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 28 of 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1088/1741-2552/aaaed7
http://www.ncbi.nlm.nih.gov/pubmed/29589592
https://doi.org/10.1038/nn.4365
http://www.ncbi.nlm.nih.gov/pubmed/27571195
https://doi.org/10.1016/j.cub.2022.07.068
https://doi.org/10.1016/j.cub.2022.07.068
http://www.ncbi.nlm.nih.gov/pubmed/35981538
https://doi.org/10.1523/ENEURO.0085-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/29085895
https://doi.org/10.1038/s41593-022-01107-4
http://www.ncbi.nlm.nih.gov/pubmed/35817847
https://doi.org/10.1016/j.tics.2009.02.004
https://doi.org/10.1016/j.tics.2023.02.001
https://doi.org/10.1093/cercor/bhx327
http://www.ncbi.nlm.nih.gov/pubmed/29194517
https://doi.org/10.1038/s41583-020-00393-w
http://www.ncbi.nlm.nih.gov/pubmed/33144718
https://doi.org/10.4088/JCP.21m13973
https://doi.org/10.1037/10538-000
https://doi.org/10.1037/10538-000
https://doi.org/10.1016/j.neuron.2017.02.019
https://doi.org/10.1038/s41598-017-17469-w
https://doi.org/10.1016/j.concog.2010.06.003
https://doi.org/10.1016/j.concog.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20598906
https://doi.org/10.1523/JNEUROSCI.17-11-04302.1997
https://doi.org/10.1523/JNEUROSCI.17-11-04302.1997
http://www.ncbi.nlm.nih.gov/pubmed/9151747
https://doi.org/10.1038/s41467-022-28897-2
http://www.ncbi.nlm.nih.gov/pubmed/35318323
https://doi.org/10.1093/cercor/bhac140
http://www.ncbi.nlm.nih.gov/pubmed/35446937
https://doi.org/10.1016/j.tics.2005.06.012
https://doi.org/10.1016/j.neuroimage.2013.07.013
https://doi.org/10.1016/j.neuroimage.2013.07.013
https://doi.org/10.1016/j.neuron.2016.10.051
http://www.ncbi.nlm.nih.gov/pubmed/27930903
https://doi.org/10.1073/pnas.1513619112
https://doi.org/10.1101/2024.11.03.24316467
https://doi.org/10.1038/nrn.2016.22
http://www.ncbi.nlm.nih.gov/pubmed/27094080
https://doi.org/10.1111/1469-8986.00044
http://www.ncbi.nlm.nih.gov/pubmed/12946115

e Life Review article

Neuroscience

Kornblith S, Tsao DY. 2017. How thoughts arise from sights: inferotemporal and prefrontal contributions to
vision. Current Opinion in Neurobiology 46:208-218. DOI: https://doi.org/10.1016/j.conb.2017.08.016, PMID:
28942219

Kreiman G, Fried |, Koch C. 2002. Single-neuron correlates of subjective vision in the human medial temporal
lobe. PNAS 99:8378-8383. DOI: https://doi.org/10.1073/pnas.072194099

Kreiman G, Hung CP, Kraskov A, Quiroga RQ, Poggio T, DiCarlo JJ. 2006. Object selectivity of local field
potentials and spikes in the macaque inferior temporal cortex. Neuron 49:433-445. DOI: https://doi.org/10.
1016/j.neuron.2005.12.019, PMID: 16446146

Krom AJ, Marmelshtein A, Gelbard-Sagiv H, Tankus A, Hayat H, Hayat D, Matot |, Strauss |, Fahoum F, Soehle M,
Bostrdm J, Mormann F, Fried |, Nir Y. 2020. Anesthesia-induced loss of consciousness disrupts auditory
responses beyond primary cortex. PNAS 117:11770-11780. DOI: https://doi.org/10.1073/pnas. 1917251117

Kronemer Sl, Aksen M, Ding JZ, Ryu JH, Xin Q, Ding Z, Prince JS, Kwon H, Khalaf A, Forman S, Jin DS, Wang K,
Chen K, Hu C, Agarwal A, Saberski E, Wafa SMA, Morgan OP, Wu J, Christison-Lagay KL, et al. 2022. Human
visual consciousness involves large scale cortical and subcortical networks independent of task report and eye
movement activity. Nature Communications 13:7342. DOI: https://doi.org/10.1038/s41467-022-35117-4,
PMID: 36446792

Kuhn RL. 2024. A landscape of consciousness: Toward a taxonomy of explanations and implications. Progress in
Biophysics and Molecular Biology 190:28-169. DOI: https://doi.org/10.1016/j.pbiomolbio.2023.12.003, PMID:
38281544

Kwon H, Kronemer SI, Christison-Lagay KL, Khalaf A, Li J, Ding JZ, Freedman NC, Blumenfeld H. 2021. Early
cortical signals in visual stimulus detection. Neurolmage 244:118608. DOI: https://doi.org/10.1016/j.
neuroimage.2021.118608, PMID: 34560270

Lachaux JP, Axmacher N, Mormann F, Halgren E, Crone NE. 2012. High-frequency neural activity and human
cognition: past, present and possible future of intracranial EEG research. Progress in Neurobiology 98:279-
301. DOI: https://doi.org/10.1016/j.pneurobio.2012.06.008, PMID: 22750156

Lambert I, Arthuis M, McGonigal A, Wendling F, Bartolomei F. 2012. Alteration of global workspace during loss
of consciousness: a study of parietal seizures. Epilepsia $3:2104-2110. DOI: https://doi.org/10.1111/j.
1528-1167.2012.03690.x, PMID: 23016829

Lamme VAF. 2018. Challenges for theories of consciousness: seeing or knowing, the missing ingredient and how
to deal with panpsychism. Philosophical Transactions of the Royal Society B 373:20170344. DOI: https://doi.
org/10.1098/rstb.2017.0344

Lamme VAF. 2022. Behavioural and neural evidence for conscious sensation in animals : an inescapable avenue
towards biopsychism? Journal of Consciousness Studies 29:78-103. DOI: https://doi.org/10.53765/20512201.
29.3.078

Lau H, Rosenthal D. 2011. Empirical support for higher-order theories of conscious awareness. Trends in
Cognitive Sciences 15:365-373. DOI: https://doi.org/10.1016/].tics.2011.05.009

Lau H. 2019. Consciousness, metacognition, & perceptual reality monitoring. PsyArXiv. DOI: https://doi.org/10.
31234/osf.io/ckbyf

Lau H. 2022. In Consciousness We Trust: The Cognitive Neuroscience of Subjective Experience. Oxford
University Press. DOI: https://doi.org/10.1093/0s0/9780198856771.001.0001

Lau H. 2025. The end of consciousness. PsyArXiv. DOI: https://doi.org/10.31234/0sf.io/gnyra_v'1

Laureys S. 2005. The neural correlate of (un)awareness: lessons from the vegetative state. Trends in Cognitive
Sciences 9:556-559. DOI: https://doi.org/10.1016/].tics.2005.10.010

LeDoux JE, Michel M, Lau H. 2020. A little history goes a long way toward understanding why we study
consciousness the way we do today. PNAS 117:6976-6984. DOI: https://doi.org/10.1073/pnas. 1921623117

Lemaréchal J-D, Jedynak M, Trebaul L, Boyer A, Tadel F, Bhattacharjee M, Deman P, Tuyisenge V, Ayoubian L,
Hugues E, Chanteloup-Forét B, Saubat C, Zouglech R, Reyes Mejia GC, Tourbier S, Hagmann P, Adam C,
Barba C, Bartolomei F, Blauwblomme T, et al. 2022. A brain atlas of axonal and synaptic delays based on
modelling of cortico-cortical evoked potentials. Brain 145:1653-1667. DOI: https://doi.org/10.1093/brain/
awab362, PMID: 35416942

Leonard MK, Gwilliams L, Sellers KK, Chung JE, Xu D, Mischler G, Mesgarani N, Welkenhuysen M, Dutta B,
Chang EF. 2024. Large-scale single-neuron speech sound encoding across the depth of human cortex. Nature
626:593-602. DOI: https://doi.org/10.1038/s41586-023-06839-2, PMID: 38093008

Leone M. 2006. Deep brain stimulation in headache. The Lancet. Neurology 5:873-877. DOI: https://doi.org/10.
1016/S1474-4422(06)70575-0, PMID: 16987734

Lepauvre A, Melloni L. 2021. The search for the neural correlate of consciousness: Progress and challenges.
Philosophy and the Mind Sciences 2:87. DOI: https://doi.org/10.33735/phimisci.2021.87

Leszczynski M, Barczak A, Kajikawa Y, Ulbert |, Falchier AY, Tal |, Haegens S, Melloni L, Knight RT, Schroeder CE.
2020. Dissociation of broadband high-frequency activity and neuronal firing in the neocortex. Science
Advances 6:eabb0977. DOI: https://doi.org/10.1126/sciadv.abb0977, PMID: 32851172

Levinson M, Podvalny E, Baete SH, He BJ. 2021. Cortical and subcortical signatures of conscious object
recognition. Nature Communications 12:2930. DOI: https://doi.org/10.1038/s41467-021-23266-x, PMID:
34006884

Li G, Jiang S, Paraskevopoulou SE, Wang M, Xu Y, Wu Z, Chen L, Zhang D, Schalk G. 2018. Optimal referencing
for stereo-electroencephalographic (SEEG) recordings. Neurolmage 183:327-335. DOI: https://doi.org/10.
1016/j.neuroimage.2018.08.020, PMID: 30121338

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 29 of 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1016/j.conb.2017.08.016
http://www.ncbi.nlm.nih.gov/pubmed/28942219
https://doi.org/10.1073/pnas.072194099
https://doi.org/10.1016/j.neuron.2005.12.019
https://doi.org/10.1016/j.neuron.2005.12.019
http://www.ncbi.nlm.nih.gov/pubmed/16446146
https://doi.org/10.1073/pnas.1917251117
https://doi.org/10.1038/s41467-022-35117-4
http://www.ncbi.nlm.nih.gov/pubmed/36446792
https://doi.org/10.1016/j.pbiomolbio.2023.12.003
http://www.ncbi.nlm.nih.gov/pubmed/38281544
https://doi.org/10.1016/j.neuroimage.2021.118608
https://doi.org/10.1016/j.neuroimage.2021.118608
http://www.ncbi.nlm.nih.gov/pubmed/34560270
https://doi.org/10.1016/j.pneurobio.2012.06.008
http://www.ncbi.nlm.nih.gov/pubmed/22750156
https://doi.org/10.1111/j.1528-1167.2012.03690.x
https://doi.org/10.1111/j.1528-1167.2012.03690.x
http://www.ncbi.nlm.nih.gov/pubmed/23016829
https://doi.org/10.1098/rstb.2017.0344
https://doi.org/10.1098/rstb.2017.0344
https://doi.org/10.53765/20512201.29.3.078
https://doi.org/10.53765/20512201.29.3.078
https://doi.org/10.1016/j.tics.2011.05.009
https://doi.org/10.31234/osf.io/ckbyf
https://doi.org/10.31234/osf.io/ckbyf
https://doi.org/10.1093/oso/9780198856771.001.0001
https://doi.org/10.31234/osf.io/gnyra_v1
https://doi.org/10.1016/j.tics.2005.10.010
https://doi.org/10.1073/pnas.1921623117
https://doi.org/10.1093/brain/awab362
https://doi.org/10.1093/brain/awab362
http://www.ncbi.nlm.nih.gov/pubmed/35416942
https://doi.org/10.1038/s41586-023-06839-2
http://www.ncbi.nlm.nih.gov/pubmed/38093008
https://doi.org/10.1016/S1474-4422(06)70575-0
https://doi.org/10.1016/S1474-4422(06)70575-0
http://www.ncbi.nlm.nih.gov/pubmed/16987734
https://doi.org/10.33735/phimisci.2021.87
https://doi.org/10.1126/sciadv.abb0977
http://www.ncbi.nlm.nih.gov/pubmed/32851172
https://doi.org/10.1038/s41467-021-23266-x
http://www.ncbi.nlm.nih.gov/pubmed/34006884
https://doi.org/10.1016/j.neuroimage.2018.08.020
https://doi.org/10.1016/j.neuroimage.2018.08.020
http://www.ncbi.nlm.nih.gov/pubmed/30121338

e Life Review article

Neuroscience

Li J, Kronemer SI, Herman WX, Kwon H, Ryu JH, Micek C, Wu Y, Gerrard J, Spencer DD, Blumenfeld H. 2019.
Default mode and visual network activity in an attention task: Direct measurement with intracranial EEG.
Neurolmage 201:116003. DOI: https://doi.org/10.1016/j.neuroimage.2019.07.016, PMID: 31295566

Li W, Cao D, Li J, Jiang T. 2024. Face-specific activity in the ventral stream visual cortex linked to conscious face
perception. Neuroscience Bulletin 40:1434-1444. DOI: https://doi.org/10.1007/s12264-024-01185-3, PMID:
38457111

Liu J, Bayle DJ, Spagna A, Sitt JD, Bourgeois A, Lehongre K, Fernandez-Vidal S, Adam C, Lambrecq V, Navarro V,
Seidel Malkinson T, Bartolomeo P. 2023. Fronto-parietal networks shape human conscious report through
attention gain and reorienting. Communications Biology 6:730. DOI: https://doi.org/10.1038/s42003-023-
05108-2, PMID: 37454150

Llinas R, Ribary U, Contreras D, Pedroarena C, The American Association for Research into Nervous and Mental
Diseases. 1998. The neuronal basis for consciousness. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences 353:1841-1849. DOI: https://doi.org/10.1098/rstb.1998.0336, PMID:
9854256

Lumer ED, Friston KJ, Rees G. 1998. Neural correlates of perceptual rivalry in the human brain. Science
280:1930-1934. DOI: https://doi.org/10.1126/science.280.5371.1930, PMID: 9632390

Macmillan NA. 1986. The psychophysics of subliminal perception. Behavioral and Brain Sciences 9:38-39. DOI:
https://doi.org/10.1017/S0140525X00021427

Malach R. 2021. Local neuronal relational structures underlying the contents of human conscious experience.
Neuroscience of Consciousness 2021:niab028. DOI: https://doi.org/10.1093/nc/niab028, PMID: 34513028

Mante V, Sussillo D, Shenoy KV, Newsome WT. 2013. Context-dependent computation by recurrent dynamics in
prefrontal cortex. Nature 503:78-84. DOI: https://doi.org/10.1038/nature 12742, PMID: 24201281

Mashour GA, Roelfsema P, Changeux JP, Dehaene S. 2020. Conscious processing and the global neuronal
workspace hypothesis. Neuron 105:776-798. DOI: https://doi.org/10.1016/j.neuron.2020.01.026, PMID:
32135090

Mateos DM, Guevara Erra R, Wennberg R, Perez Velazquez JL. 2018. Measures of entropy and complexity in
altered states of consciousness. Cognitive Neurodynamics 12:73-84. DOI: https://doi.org/10.1007/s11571-017-
9459-8, PMID: 29435088

Mazor M, Brown S, Ciaunica A, Demertzi A, Fahrenfort J, Faivre N, Francken JC, Lamy D, Lenggenhager B,
Moutoussis M, Nizzi M-C, Salomon R, Soto D, Stein T, Lubianiker N. 2023. The scientific study of consciousness
cannot and should not be morally neutral. Perspectives on Psychological Science 18:535-543. DOI: https://doi.
org/10.1177/17456916221110222, PMID: 36170496

Melloni L, Schwiedrzik CM, Miiller N, Rodriguez E, Singer W. 2011. Expectations change the signatures and
timing of electrophysiological correlates of perceptual awareness. The Journal of Neuroscience 31:1386-1396.
DOI: https://doi.org/10.1523/JNEUROSCI.4570-10.2011, PMID: 21273423

Melloni L, Mudrik L, Pitts M, Koch C. 2021. Making the hard problem of consciousness easier. Science 372:911-
912. DOI: https://doi.org/10.1126/science.abj3259, PMID: 34045342

Mentzelopoulos G, Chatzipantazis E, Ramayya A, Hedlund M, Buch V, Daniilidis K, Kording K, Vitale F. 2024.
Neural decoding from stereotactic EEG: accounting for electrode variability across subjects. Advances in
Neural Information Processing Systems 37. 108600-108624. DOI: https://doi.org/10.52202/079017-3448

Mercier MR, Dubarry A-S, Tadel F, Avanzini P, Axmacher N, Cellier D, Vecchio MD, Hamilton LS, Hermes D,
Kahana MJ, Knight RT, Llorens A, Megevand P, Melloni L, Miller KJ, Piai V, Puce A, Ramsey NF, Schwiedrzik CM,
Smith SE, et al. 2022. Advances in human intracranial electroencephalography research, guidelines and good
practices. Neurolmage 260:119438. DOI: https://doi.org/10.1016/j.neuroimage.2022.119438, PMID: 35792291

Michel M. 2023. How (not) to underestimate unconscious perception. Mind & Language 38:413-430. DOI:
https://doi.org/10.1111/mila.12406

Msheik R, Sirouet E, Kelly S, Faivre N, Pereira M. 2025. Leaky evidence accumulation accounts for perceptual
confidence and subjective duration. bioRxiv. DOI: https://doi.org/10.1101/2025.03.17.643717

Mudrik L, Deouell LY. 2022. Neuroscientific evidence for processing without awareness. Annual Review of
Neuroscience 45:403-423. DOI: https://doi.org/10.1146/annurev-neuro-110920-033151, PMID: 35803585

Mudrik L, Boly M, Dehaene S, Fleming SM, Lamme V, Seth A, Melloni L. 2025. Unpacking the complexities of
consciousness: Theories and reflections. Neuroscience & Biobehavioral Reviews 170:106053. DOI: https://doi.
org/10.1016/j.neubiorev.2025.106053

Naccache L, Gaillard R, Adam C, Hasboun D, Clémenceau S, Baulac M, Dehaene S, Cohen L. 2005. A direct
intracranial record of emotions evoked by subliminal words. PNAS 102:7713-7717. DOI: https://doi.org/10.
1073/pnas.0500542102

Naccache L, Changeux JP, Panagiotaropoulos Tl, Dehaene S. 2021. Why intracranial electrical stimulation of the
human brain suggests an essential role for prefrontal cortex in conscious processing: a commentary on raccah
et al. V1. Open Science Framework. https://doi.org/10.31219/0sf.io/zrqp8

Nir Y, Fisch L, Mukamel R, Gelbard-Sagiv H, Arieli A, Fried |, Malach R. 2007. Coupling between neuronal firing
rate, gamma LFP, and BOLD fMRI is related to interneuronal correlations. Current Biology 17:1275-1285. DOI:
https://doi.org/10.1016/j.cub.2007.06.066, PMID: 17686438

Northoff G, Lamme V. 2020. Neural signs and mechanisms of consciousness: Is there a potential convergence of
theories of consciousness in sight? Neuroscience & Biobehavioral Reviews 118:568-587. DOI: https://doi.org/
10.1016/j.neubiorev.2020.07.019

Noy N, Bickel S, Zion-Golumbic E, Harel M, Golan T, Davidesco |, Schevon CA, McKhann GM, Goodman RR,
Schroeder CE, Mehta AD, Malach R. 2015. Ignition’s glow: Ultra-fast spread of global cortical activity

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 30 of 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1016/j.neuroimage.2019.07.016
http://www.ncbi.nlm.nih.gov/pubmed/31295566
https://doi.org/10.1007/s12264-024-01185-3
http://www.ncbi.nlm.nih.gov/pubmed/38457111
https://doi.org/10.1038/s42003-023-05108-2
https://doi.org/10.1038/s42003-023-05108-2
http://www.ncbi.nlm.nih.gov/pubmed/37454150
https://doi.org/10.1098/rstb.1998.0336
http://www.ncbi.nlm.nih.gov/pubmed/9854256
https://doi.org/10.1126/science.280.5371.1930
http://www.ncbi.nlm.nih.gov/pubmed/9632390
https://doi.org/10.1017/S0140525X00021427
https://doi.org/10.1093/nc/niab028
http://www.ncbi.nlm.nih.gov/pubmed/34513028
https://doi.org/10.1038/nature12742
http://www.ncbi.nlm.nih.gov/pubmed/24201281
https://doi.org/10.1016/j.neuron.2020.01.026
http://www.ncbi.nlm.nih.gov/pubmed/32135090
https://doi.org/10.1007/s11571-017-9459-8
https://doi.org/10.1007/s11571-017-9459-8
http://www.ncbi.nlm.nih.gov/pubmed/29435088
https://doi.org/10.1177/17456916221110222
https://doi.org/10.1177/17456916221110222
http://www.ncbi.nlm.nih.gov/pubmed/36170496
https://doi.org/10.1523/JNEUROSCI.4570-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21273423
https://doi.org/10.1126/science.abj3259
http://www.ncbi.nlm.nih.gov/pubmed/34045342
https://doi.org/10.52202/079017-3448
https://doi.org/10.1016/j.neuroimage.2022.119438
http://www.ncbi.nlm.nih.gov/pubmed/35792291
https://doi.org/10.1111/mila.12406
https://doi.org/10.1101/2025.03.17.643717
https://doi.org/10.1146/annurev-neuro-110920-033151
http://www.ncbi.nlm.nih.gov/pubmed/35803585
https://doi.org/10.1016/j.neubiorev.2025.106053
https://doi.org/10.1016/j.neubiorev.2025.106053
https://doi.org/10.1073/pnas.0500542102
https://doi.org/10.1073/pnas.0500542102
https://doi.org/10.31219/osf.io/zrqp8
https://doi.org/10.1016/j.cub.2007.06.066
http://www.ncbi.nlm.nih.gov/pubmed/17686438
https://doi.org/10.1016/j.neubiorev.2020.07.019
https://doi.org/10.1016/j.neubiorev.2020.07.019

e Life Review article

Neuroscience

accompanying local “ignitions” in visual cortex during conscious visual perception. Consciousness and
Cognition 35:206-224. DOI: https://doi.org/10.1016/j.concog.2015.03.006, PMID: 25824626

Odegaard B, Knight RT, Lau H. 2017. Should a few null findings falsify prefrontal theories of conscious
perception? The Journal of Neuroscience 37:9593-9602. DOI: https://doi.org/10.1523/JNEUROSCI.3217-16.
2017, PMID: 28978696

Panagiotaropoulos Tl, Deco G, Kapoor V, Logothetis NK. 2012. Neuronal discharges and gamma oscillations
explicitly reflect visual consciousness in the lateral prefrontal cortex. Neuron 74:924-935. DOI: https://doi.org/
10.1016/j.neuron.2012.04.013, PMID: 22681695

Panagiotaropoulos Tl. 2024. An integrative view of the role of prefrontal cortex in consciousness. Neuron
112:1626-1641. DOI: https://doi.org/10.1016/j.neuron.2024.04.028, PMID: 38754374

Parvizi J, Kastner S. 2018. Promises and limitations of human intracranial electroencephalography. Nature
Neuroscience 21:474-483. DOI: https://doi.org/10.1038/s41593-018-0108-2, PMID: 29507407

Pereira M, Megevand P, Tan MX, Chang W, Wang S, Rezai A, Seeck M, Corniola M, Momijian S, Bernasconi F,
Blanke O, Faivre N. 2021. Evidence accumulation relates to perceptual consciousness and monitoring. Nature
Communications 12:3261. DOI: https://doi.org/10.1038/s41467-021-23540-y, PMID: 34059682

Pereira M, Perrin D, Faivre N. 2022. A leaky evidence accumulation process for perceptual experience. Trends in
Cognitive Sciences 26:451-461. DOI: https://doi.org/10.1016/].tics.2022.03.003

Pereira M, Faivre N, Bernasconi F, Brandmeir N, Suffridge JE, Tran K, Wang S, Finomore V, Konrad P, Rezai A,
Blanke O. 2025. Subcortical correlates of consciousness with human single neuron recordings. eLife
13:RP95272. DOI: https://doi.org/10.7554/eLife.95272, PMID: 40401631

Pfurtscheller G, Cooper R. 1975. Frequency dependence of the transmission of the EEG from cortex to scalp.
Electroencephalography and Clinical Neurophysiology 38:93-96. DOI: https://doi.org/10.1016/0013-4694(75)
90215-1, PMID: 45909

Piastra MC, NiBing A, Vorwerk J, Clerc M, Engwer C, Wolters CH. 2021. A comprehensive study on
electroencephalography and magnetoencephalography sensitivity to cortical and subcortical sources. Human
Brain Mapping 42:978-992. DOI: https://doi.org/10.1002/hbm.25272, PMID: 33156569

Pitts MA, Martinez A, Hillyard SA. 2012. Visual processing of contour patterns under conditions of inattentional
blindness. Journal of Cognitive Neuroscience 24:287-303. DOI: https://doi.org/10.1162/jocn_a_00111, PMID:
21812561

Pitts MA, Padwal J, Fennelly D, Martinez A, Hillyard SA. 2014. Gamma band activity and the P3 reflect post-
perceptual processes, not visual awareness. Neurolmage 101:337-350. DOI: https://doi.org/10.1016/].
neuroimage.2014.07.024, PMID: 25063731

Quiroga RQ, Mukamel R, Isham EA, Malach R, Fried I. 2008. Human single-neuron responses at the threshold of
conscious recognition. PNAS 105:3599-3604. DOI: https://doi.org/10.1073/pnas.0707043105

Raccah O, Block N, Fox KCR. 2021. Does the prefrontal cortex play an essential role in consciousness? insights
from intracranial electrical stimulation of the human brain. The Journal of Neuroscience 41:2076-2087. DOI:
https://doi.org/10.1523/JNEUROSCI.1141-20.2020, PMID: 33692142

Ramantani G, Maillard L, Koessler L. 2016. Correlation of invasive EEG and scalp EEG. Seizure 41:196-200. DOI:
https://doi.org/10.1016/j.seizure.2016.05.018, PMID: 27324839

Ramsgy TZ, Overgaard M. 2004. Introspection and subliminal perception. Phenomenology and the Cognitive
Sciences 3:1-23. DOI: https://doi.org/10.1023/B:PHEN.0000041900.30172.e8

Ray S, Maunsell JHR. 2011. Different origins of gamma rhythm and high-gamma activity in macaque visual
cortex. PLOS Biology 9:1000610. DOI: https://doi.org/10.1371/journal.pbio. 1000610, PMID: 21532743

Reber TP, Faber J, Niediek J, Bostrém J, Elger CE, Mormann F. 2017. Single-neuron correlates of conscious
perception in the human medial temporal lobe. Current Biology 27:2991-2998. DOI: https://doi.org/10.1016/j.
cub.2017.08.025, PMID: 28943091

Rees G, Kreiman G, Koch C. 2002. Neural correlates of consciousness in humans. Nature Reviews. Neuroscience
3:261-270. DOI: https://doi.org/10.1038/nrn783, PMID: 11967556

Rock I, Linnett CM, Grant P, Mack A. 1992. Perception without attention: results of a new method. Cognitive
Psychology 24:502-534. DOI: https://doi.org/10.1016/0010-0285(92)90017-v, PMID: 1473333

Rossion B, Jacques C, Jonas J. 2023. Intracerebral electrophysiological recordings to understand the neural basis
of human face recognition. Brain Sciences 13:354. DOI: https://doi.org/10.3390/brainsci13020354, PMID:
36831897

Salti M, Harel A, Marti S. 2019. Conscious perception: time for an update? Journal of Cognitive Neuroscience
31:1-7. DOI: https://doi.org/10.1162/jocn_a_01343, PMID: 30240313

Sanchez G, Hartmann T, Fusca M, Demarchi G, Weisz N. 2020. Decoding across sensory modalities reveals
common supramodal signatures of conscious perception. PNAS 117:7437-7446. DOI: https://doi.org/10.1073/
pnas.1912584117

Sandberg K, Timmermans B, Overgaard M, Cleeremans A. 2010. Measuring consciousness: is one measure
better than the other? Consciousness and Cognition 19:1069-1078. DOI: https://doi.org/10.1016/j.concog.
2009.12.013, PMID: 20133167

Schmidt T. 2015. Invisible stimuli, implicit thresholds: why invisibility judgments cannot be interpreted in
isolation. Advances in Cognitive Psychology 11:31-41. DOI: https://doi.org/10.5709/acp-0169-3, PMID:
26203311

Sergent C, Naccache L. 2012. Imaging neural signatures of consciousness: ‘What', ‘When’, "Where' and ‘How’
does it work. Archives Italiennes de Biologie 150:91-106 PMID: 23165871.

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 31 0f 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1016/j.concog.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25824626
https://doi.org/10.1523/JNEUROSCI.3217-16.2017
https://doi.org/10.1523/JNEUROSCI.3217-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28978696
https://doi.org/10.1016/j.neuron.2012.04.013
https://doi.org/10.1016/j.neuron.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22681695
https://doi.org/10.1016/j.neuron.2024.04.028
http://www.ncbi.nlm.nih.gov/pubmed/38754374
https://doi.org/10.1038/s41593-018-0108-2
http://www.ncbi.nlm.nih.gov/pubmed/29507407
https://doi.org/10.1038/s41467-021-23540-y
http://www.ncbi.nlm.nih.gov/pubmed/34059682
https://doi.org/10.1016/j.tics.2022.03.003
https://doi.org/10.7554/eLife.95272
http://www.ncbi.nlm.nih.gov/pubmed/40401631
https://doi.org/10.1016/0013-4694(75)90215-1
https://doi.org/10.1016/0013-4694(75)90215-1
http://www.ncbi.nlm.nih.gov/pubmed/45909
https://doi.org/10.1002/hbm.25272
http://www.ncbi.nlm.nih.gov/pubmed/33156569
https://doi.org/10.1162/jocn_a_00111
http://www.ncbi.nlm.nih.gov/pubmed/21812561
https://doi.org/10.1016/j.neuroimage.2014.07.024
https://doi.org/10.1016/j.neuroimage.2014.07.024
http://www.ncbi.nlm.nih.gov/pubmed/25063731
https://doi.org/10.1073/pnas.0707043105
https://doi.org/10.1523/JNEUROSCI.1141-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/33692142
https://doi.org/10.1016/j.seizure.2016.05.018
http://www.ncbi.nlm.nih.gov/pubmed/27324839
https://doi.org/10.1023/B:PHEN.0000041900.30172.e8
https://doi.org/10.1371/journal.pbio.1000610
http://www.ncbi.nlm.nih.gov/pubmed/21532743
https://doi.org/10.1016/j.cub.2017.08.025
https://doi.org/10.1016/j.cub.2017.08.025
http://www.ncbi.nlm.nih.gov/pubmed/28943091
https://doi.org/10.1038/nrn783
http://www.ncbi.nlm.nih.gov/pubmed/11967556
https://doi.org/10.1016/0010-0285(92)90017-v
http://www.ncbi.nlm.nih.gov/pubmed/1473333
https://doi.org/10.3390/brainsci13020354
http://www.ncbi.nlm.nih.gov/pubmed/36831897
https://doi.org/10.1162/jocn_a_01343
http://www.ncbi.nlm.nih.gov/pubmed/30240313
https://doi.org/10.1073/pnas.1912584117
https://doi.org/10.1073/pnas.1912584117
https://doi.org/10.1016/j.concog.2009.12.013
https://doi.org/10.1016/j.concog.2009.12.013
http://www.ncbi.nlm.nih.gov/pubmed/20133167
https://doi.org/10.5709/acp-0169-3
http://www.ncbi.nlm.nih.gov/pubmed/26203311
http://www.ncbi.nlm.nih.gov/pubmed/23165871

e Life Review article

Neuroscience

Sergent C. 2018. The offline stream of conscious representations. Philosophical Transactions of the Royal Society
B 373:20170349. DOI: https://doi.org/10.1098/rstb.2017.0349

Sergent C, Corazzol M, Labouret G, Stockart F, Wexler M, King J-R, Meyniel F, Pressnitzer D. 2021. Bifurcation in
brain dynamics reveals a signature of conscious processing independent of report. Nature Communications
12:1149. DOI: https://doi.org/10.1038/s41467-021-21393-z, PMID: 33608533

Seth AK, Dienes Z, Cleeremans A, Overgaard M, Pessoa L. 2008. Measuring consciousness: relating behavioural
and neurophysiological approaches. Trends in Cognitive Sciences 12:314-321. DOI: https://doi.org/10.1016/j.
tics.2008.04.008

Seth AK, Bayne T. 2022. Theories of consciousness. Nature Reviews Neuroscience 23:439-452. DOI: https://doi.
org/10.1038/s41583-022-00587-4, PMID: 35505255

Shan L, Huang H, Zhang Z, Wang Y, Gu F, Lu M, Zhou W, Jiang Y, Dai J. 2022. Mapping the emergence of visual
consciousness in the human brain via brain-wide intracranial electrophysiology. Innovation 3:100243. DOI:
https://doi.org/10.1016/j.xinn.2022.100243, PMID: 35519511

Singer W, Gray CM. 1995. Visual feature integration and the temporal correlation hypothesis. Annual Review of
Neuroscience 18:555-586. DOI: https://doi.org/10.1146/annurev.ne.18.030195.003011, PMID: 7605074

Slagter HA, Mazaheri A, Reteig LC, Smolders R, Figee M, Mantione M, Schuurman PR, Denys D. 2017.
Contributions of the ventral striatum to conscious perception: an intracranial EEG study of the attentional blink.
The Journal of Neuroscience 37:1081-1089. DOI: https://doi.org/10.1523/JNEUROSCI.2282-16.2016, PMID:
27986925

Stein T, Peelen MV. 2021. Dissociating conscious and unconscious influences on visual detection effects. Nature
Human Behaviour 5:612-624. DOI: https://doi.org/10.1038/s41562-020-01004-5, PMID: 33398144

Stockart F, Msheik R, Robin A, Jurkovi¢ova L, Goueytes D, Rouy M, Mareéek R, Hoffmann D, Mudrik L, Roman R,
Brézdil M, Minotti L, Kahane P, Pereira M, Faivre N. 2025a. Cortical evidence accumulation for visual perception
occurs irrespective of reports. Nature Communications 16:8458. DOI: https://doi.org/10.1038/s41467-025-
63255-y, PMID: 41006226

Stockart F, Schreiber M, Amerio P, Carmel D, Cleeremans A, Deouell LY, Dienes Z, Elosegi P, Gayet S,
Goldstein A, Halchin AM, Hesselmann G, Kimchi R, Lamy D, Loued-Khenissi L, Meyen S, Micher N, Pitts M,
Salomon R, Sandberg K, et al. 2025b. Studying unconscious processing: Contention and consensus. The
Behavioral and Brain Sciences 15:1-77. DOI: https://doi.org/10.1017/S0140525X25101489, PMID:
40692329

Tauste Campo A, Vazquez Y, Alvarez M, Zainos A, Rossi-Pool R, Deco G, Romo R. 2019. Feed-forward
information and zero-lag synchronization in the sensory thalamocortical circuit are modulated during stimulus
perception. PNAS 116:7513-7522. DOI: https://doi.org/10.1073/pnas. 1819095116, PMID: 30910974

Tong F, Nakayama K, Vaughan JT, Kanwisher N. 1998. Binocular rivalry and visual awareness in human
extrastriate cortex. Neuron 21:753-759. DOI: https://doi.org/10.1016/s0896-6273(00)80592-9, PMID: 9808462

Tsuchiya N, Wilke M, Fréssle S, Lamme VAF. 2015. No-report paradigms: extracting the true neural correlates of
consciousness. Trends in Cognitive Sciences 19:757-770. DOI: https://doi.org/10.1016/].tics.2015.10.002

Vanhoyland M, Janssen P, Theys T. 2025. Single-neuron correlates of visual consciousness in human lateral
occipital complex. Nature Communications 16:11008. DOI: https://doi.org/10.1038/s41467-025-67077-w,
PMID: 41397973

van Kerkoerle T, Self MW, Dagnino B, Gariel-Mathis MA, Poort J, van der Togt C, Roelfsema PR. 2014. Alpha
and gamma oscillations characterize feedback and feedforward processing in monkey visual cortex. PNAS
111:14332-14341. DOI: https://doi.org/10.1073/pnas. 1402773111, PMID: 25205811

Vidal JR, Perrone-Bertolotti M, Kahane P, Lachaux JP. 2014a. Intracranial spectral amplitude dynamics of
perceptual suppression in fronto-insular, occipito-temporal, and primary visual cortex. Frontiers in Psychology
5:1545. DOI: https://doi.org/10.3389/fpsyg.2014.01545, PMID: 25642199

Vidal JR, Perrone-Bertolotti M, Levy J, De Palma L, Minotti L, Kahane P, Bertrand O, Lutz A, Jerbi K, Lachaux J-P.
2014b. Neural repetition suppression in ventral occipito-temporal cortex occurs during conscious and
unconscious processing of frequent stimuli. Neurolmage 95:129-135. DOI: https://doi.org/10.1016/j.
neuroimage.2014.03.049, PMID: 24667455

Vishne G, Gerber EM, Knight RT, Deouell LY. 2023. Distinct ventral stream and prefrontal cortex representational
dynamics during sustained conscious visual perception. Cell Reports 42:112752. DOI: https://doi.org/10.1016/
j-celrep.2023.112752, PMID: 37422763

Vyas S, Golub MD, Sussillo D, Shenoy KV. 2020. Computation through neural population dynamics. Annual
Review of Neuroscience 43:249-275. DOI: https://doi.org/10.1146/annurev-neuro-092619-094115, PMID:
32640928

White AL, Moreland JC, Rolfs M. 2022. Oculomotor freezing indicates conscious detection free of decision bias.
Journal of Neurophysiology 127:571-585. DOI: https://doi.org/10.1152/jn.00465.2021, PMID: 35080462

Whyte CJ, Redinbaugh MJ, Shine JM, Saalmann YB. 2024. Thalamic contributions to the state and contents of
consciousness. Neuron 112:1611-1625. DOI: https://doi.org/10.1016/j.neuron.2024.04.019, PMID: 38754373

Wimmer K, Compte A, Roxin A, Peixoto D, Renart A, de la Rocha J. 2015. Sensory integration dynamics in a
hierarchical network explains choice probabilities in cortical area MT. Nature Communications 6:6177. DOI:
https://doi.org/10.1038/ncomms7177, PMID: 25649611

Wyart V, Dehaene S, Tallon-Baudry C. 2011. Early dissociation between neural signatures of endogenous spatial
attention and perceptual awareness during visual masking. Frontiers in Human Neuroscience 6:16. DOI: https://
doi.org/10.3389/fnhum.2012.00016, PMID: 22363274

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 32 0f 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1098/rstb.2017.0349
https://doi.org/10.1038/s41467-021-21393-z
http://www.ncbi.nlm.nih.gov/pubmed/33608533
https://doi.org/10.1016/j.tics.2008.04.008
https://doi.org/10.1016/j.tics.2008.04.008
https://doi.org/10.1038/s41583-022-00587-4
https://doi.org/10.1038/s41583-022-00587-4
http://www.ncbi.nlm.nih.gov/pubmed/35505255
https://doi.org/10.1016/j.xinn.2022.100243
http://www.ncbi.nlm.nih.gov/pubmed/35519511
https://doi.org/10.1146/annurev.ne.18.030195.003011
http://www.ncbi.nlm.nih.gov/pubmed/7605074
https://doi.org/10.1523/JNEUROSCI.2282-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27986925
https://doi.org/10.1038/s41562-020-01004-5
http://www.ncbi.nlm.nih.gov/pubmed/33398144
https://doi.org/10.1038/s41467-025-63255-y
https://doi.org/10.1038/s41467-025-63255-y
http://www.ncbi.nlm.nih.gov/pubmed/41006226
https://doi.org/10.1017/S0140525X25101489
http://www.ncbi.nlm.nih.gov/pubmed/40692329
https://doi.org/10.1073/pnas.1819095116
http://www.ncbi.nlm.nih.gov/pubmed/30910974
https://doi.org/10.1016/s0896-6273(00)80592-9
http://www.ncbi.nlm.nih.gov/pubmed/9808462
https://doi.org/10.1016/j.tics.2015.10.002
https://doi.org/10.1038/s41467-025-67077-w
http://www.ncbi.nlm.nih.gov/pubmed/41397973
https://doi.org/10.1073/pnas.1402773111
http://www.ncbi.nlm.nih.gov/pubmed/25205811
https://doi.org/10.3389/fpsyg.2014.01545
http://www.ncbi.nlm.nih.gov/pubmed/25642199
https://doi.org/10.1016/j.neuroimage.2014.03.049
https://doi.org/10.1016/j.neuroimage.2014.03.049
http://www.ncbi.nlm.nih.gov/pubmed/24667455
https://doi.org/10.1016/j.celrep.2023.112752
https://doi.org/10.1016/j.celrep.2023.112752
http://www.ncbi.nlm.nih.gov/pubmed/37422763
https://doi.org/10.1146/annurev-neuro-092619-094115
http://www.ncbi.nlm.nih.gov/pubmed/32640928
https://doi.org/10.1152/jn.00465.2021
http://www.ncbi.nlm.nih.gov/pubmed/35080462
https://doi.org/10.1016/j.neuron.2024.04.019
http://www.ncbi.nlm.nih.gov/pubmed/38754373
https://doi.org/10.1038/ncomms7177
http://www.ncbi.nlm.nih.gov/pubmed/25649611
https://doi.org/10.3389/fnhum.2012.00016
https://doi.org/10.3389/fnhum.2012.00016
http://www.ncbi.nlm.nih.gov/pubmed/22363274

o
ELlfe Review article Neuroscience

Yaron |, Melloni L, Pitts M, Mudrik L. 2022. The ConTraSt database for analysing and comparing empirical studies
of consciousness theories. Nature Human Behaviour 6:593-604. DOI: https://doi.org/10.1038/s41562-021-
01284-5, PMID: 35190711

Stockart et al. eLife 2026;15:RP109604. DOI: https://doi.org/10.7554/eLife.109604 33 0f 33


https://doi.org/10.7554/eLife.109604
https://doi.org/10.1038/s41562-021-01284-5
https://doi.org/10.1038/s41562-021-01284-5
http://www.ncbi.nlm.nih.gov/pubmed/35190711

	Neural correlates of perceptual consciousness from within: A narrative review of human intracranial research
	eLife Assessment
	Neural correlates of consciousness
	Distinguishing NCCs from their prerequisites and consequences
	Limits of non-invasive measures
	Limits of consciousness research in non-human species

	Human intracranial electrophysiology
	Population-level cortical correlates of visual consciousness
	Population-level cortical correlates beyond vision
	Single-neuron cortical correlates of perceptual consciousness
	Subcortical correlates of perceptual consciousness
	The supraliminal approach
	Insights gained from intracranial studies on theoretical accounts of consciousness
	Anatomical insights
	Temporal insights

	Limitations
	Perspectives
	Toward improved behavioral paradigms
	Toward multiscale recordings
	Toward a within-patient research of contents and levels of consciousness
	Toward other applications of intracranial interventions

	Concluding remarks
	Acknowledgements
	Additional information
	﻿Competing interests
	﻿Funding
	Author contributions
	Author ORCIDs
	Peer review material

	References


