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Abstract

The role of the primate prefrontal cortex (PFC) in conscious perception is debated. The global neuronal workspace theory of conscious-
ness predicts that PFC neurons should contain a detailed code of the current conscious contents. Previous research showed that PFC is
indeed activated in paradigms of conscious visual perception, including no-report paradigms where no voluntary behavioral report of
the percept is given, thus avoiding a conflation of signals related to visual consciousness with signals related to the report. Still, it has
been argued that prefrontal modulation could reflect post-perceptual processes that may be present even in the absence of report, such
as thinking about the perceived stimulus, therefore reflecting a consequence rather than a direct correlate of conscious experience.
Here, we investigate these issues by recording neuronal ensemble activity from themacaque ventrolateral PFC during briefly presented
visual stimuli, either in isolated trials in which stimuli were clearly perceived or in sequences of rapid serial visual presentation (RSVP)
in which perception and post-perceptual processing were challenged. We report that the identity of each stimulus could be decoded
from PFC population activity even in the RSVP condition. The first visual signals could be detected at 60ms after stimulus onset and
information was maximal at 150ms. However, in the RSVP condition, 200ms after the onset of a stimulus, the decoding accuracy
quickly dropped to chance level and the next stimulus started to be decodable. Interestingly, decoding in the ventrolateral PFC was
stronger compared to posterior parietal cortex for both isolated and RSVP stimuli. These results indicate that neuronal populations in
the macaque PFC reliably encode visual stimuli even under conditions that have been shown to challenge conscious perception and/or
substantially reduce the probability of post-perceptual processing in humans. We discuss whether the observed activation reflects
conscious access, phenomenal consciousness, or merely a preconscious bottom-up wave.
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Introduction
During the last decades, there has been significant progress
in our understanding of the neural correlates of consciousness
(NCC), in particular, conscious visual perception (Koch 2004;
Dehaene and Changeux 2011; Dehaene 2014; Koch et al. 2016).
The field has advanced thanks to macroscopic brain imaging
methods such as the blood-oxygen-level-dependent (BOLD) signal

(measured with functional magnetic resonance imaging—fMRI),
electroencephalography, magnetoencephalography, and electro-

corticography signals (EEG, MEG, EcoG) that measure electric and
magnetic field potentials. Significant information about localized

single neurons and small neuronal populations also came from a

handful of studies in human patients undergoing neural surgery

and consenting for intracortical recordings (Kreiman et al. 2002;
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Quiroga et al. 2008; Reber et al. 2017; Gelbard-Sagiv et al. 2018). The
function of isolated neurons has also been thoroughly described in
several parts of the visual system using monkeys trained to report
their subjective percepts (Logothetis 1998). These studies show
activation of neurons and modulation of signals in many corti-
cal areas (and to various degrees) during conscious perception.
However, due to a number of variables that could conflate percep-
tual signals, including the motor reports often used by subjects to
report their percepts, it is still a matter of debate which mecha-
nisms and which specific brain regions are involved in perceptual
awareness. This is because the measured signals could poten-
tially reflect subliminal processes preceding conscious experience
or being a consequence of it such as introspection or report.

The potential implication of the prefrontal cortex (PFC) in con-
sciousness is a pivotal element in these discussions, because of its
importance in theories of consciousness. According to the global
neuronal workspace (GNW) theory, PFC should be a key node in a
network of global-workspace neurons whose population activity
should encode, at any given moment, the details of the current
conscious experience (Mashour et al. 2020). This role of PFC is
questioned by Information Integration Theory (IIT), according to
which, themajor complex encoding perceptual experience should
be primarily located in posterior areas, including sensory and pari-
etal cortices (Tononi et al. 2016). Finally, higher-order thought
(HOT) theories consider PFC important, not because PFC neu-
rons are directly encoding the experience, but because a subset
of PFC regions might encode a HOT about the experience (e.g.
confidence in seeing a stimulus) (Lau and Rosenthal 2011; Brown
et al. 2019). Thus, whether PFC populations contain a detailed
code for the current perceptual experience is a central question
for consciousness research.

Empirically, PFC activity has classically been associated with
consciousness using fMRI, EEG, MEG, and intracranial recordings
(Lumer and Rees 1999; Dehaene et al. 2001; Lau and Passingham
2006; Del Cul et al. 2009; Gaillard et al. 2009; Rounis et al. 2010; Li
et al. 2014; Levinson et al. 2021). Also, electrical stimulation of the
prefrontal cortex can elicit vivid hallucinations (Blanke et al. 2000;
Vignal et al. 2000) and intrusive thoughts (Popa et al. 2016; Liu et al.
2020). Furthermore, in monkeys, PFC firing is modulated shortly
before the report of a conscious percept of motion (Libedinsky and
Livingstone 2011) and shows a characteristic ignition only in trials
where a stimulus near the threshold of perception is perceived by
the animal (Thompson and Schall 1999; Van Vugt et al. 2018). How-
ever, due to the role of PFC in higher-order cognitive processes, it
has been argued that this activity could potentially reflect report-
ing, self-monitoring, and introspection processes related to the
report requirements of the tasks, rather than perception per se
(Frassle et al. 2014; Farooqui and Manly 2018).

Recently, there was evidence that the neuronal activity in the
ventrolateral prefrontal cortex (VLPFC) continues to correlate with
conscious content even in the absence of any need to report.
Two no-report paradigms were used: binocular flash suppression
(BFS) and binocular rivalry (BR) combinedwith eye-tracking. These
paradigms are called ‘no-report’ because they allow inferring a
conscious percept without requiring the subject to report it. In
the BFS experiment, an image is first projected to one eye and
it stays physically present when a second image is then sud-
denly presented in the second eye. The appearance of the second
image irreversibly causes the conscious percept to switch from the
first image to the second, although both images are displayed.
The percept of the subject is identical to when the first image
is removed from the screen at the same time the second image
is flashed (Wolfe 1984). These BFS experiments enabled one of

us to reveal PFC neurons specifically activated when a stimu-
lus is consciously perceived rather than unconsciously processed
(Panagiotaropoulos et al. 2012; Kapoor et al. 2018). The second
approach, the BR experiments, consisted of presenting simulta-
neously a drifting grating to one eye and another grating to the
other eye, drifting in the opposite direction compared to the first
grating. Under these conditions, the content of visual conscious-
ness alternates spontaneously between the two opposing stimuli.
These stimuli cause involuntary optokinetic nystagmus, with the
direction of the smooth pursuit phase correlating with the content
of conscious perception in humans (Naber et al. 2011). In these
experiments, further evidence was provided revealing that PFC
neural activity correlates with the contents of consciousness in
the absence of explicit reports (Dwarakanath et al. 2020; Kapoor
et al. 2020). Importantly, the code for the direction of motion
could generalize to trials without rivalry (and vice versa) using a
controlled alternation of stimulus direction.

However, because they contrast only two stimuli, these no-
report experiments provide a limited test of the GNW theory,
according to which the PFC should participate in the encoding
of every conscious percept. Moreover, it was recently pointed
out that these PFC correlates of consciousness might just be
post-perceptual signals, that is, a consequence but not a cause
of consciousness even in such no-report paradigms (Block 2020,
but see Panagiotaropoulos et al. 2020). According to this view,
the PFC activity is related only to what can be reported (access
consciousness), which (so the argument goes) is different from
what is actually felt or experienced by the subject (phenome-
nal consciousness). Phenomenal consciousness is suggested to
occur before access consciousness, in hierarchically earlier cor-
tical areas, and to contain richer sensory information than what
can be reported by the subject—the ‘overflow’ argument (Block
2011).

In the present study, we provide evidence that neural repre-
sentations at the level of the VLPFC are rich and occur shortly
after stimulus onset. We show that the identity of each of the
presented images can be decoded very shortly after stimulus
onset, at timescales that correspond to when feedforward com-
putations are still being processed in most visual areas (Maunsell
and Gibson 1992; Nowak et al. 1995; Schmolesky et al. 1998;
Pouget et al. 2005; Self et al. 2013; Chen et al. 2018; Zamarashkina
et al. 2020). We further show that significant information is
still present during rapid serial visual presentation (RSVP) when
images are presented in streams of 10 images per second, a rate
at which access consciousness and post-perceptual processing
is challenged (Lawrence 1971; Broadbent and Broadbent 1987;
Raymond et al. 1992; Sergent et al. 2005; Marti and Dehaene 2017)
but the phenomenal percept is still one of seeing a stream of
very brief images, without necessarily being able to report the
image identity. In this procedure of RSVP, if the images are con-
secutive words forming a sentence, human subjects are able to
understand it and repeat it, even when an occasional noun is
replaced by the corresponding picture (Potter et al. 1986). However,
when having to report, and especially if the stream of stimuli can-
not be integrated into a single representation such as a sentence,
humans typically fail to report at least some of them (Broadbent
and Broadbent 1987; Raymond et al. 1992). This is true even in con-
ditions avoiding the so-called attentional blink, where the active
report of a target renders a subsequent target invisible (Olivers
et al. 2007). Thus, conscious access and post-perceptual processes
are unlikely to happen for every stimulus of a RSVP sequence. Yet,
we found that the decoding accuracy of each consecutive stimu-
lus, at its peak, was of the same magnitude during RSVP as when
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Figure 1. Task design. (a) Task performed by monkey A. After an initial fixation of 300ms, either a stream of five random stimuli would appear for one
frame each within 500ms (RSVP trial) or a single random stimulus would appear for one screen frame (single stimulus trial). For both types of trials, a
juice reward was delivered at a random time ranging between 500 and 700ms relative to the first stimulus onset. Note that for the sake of figure
readability, the time duration depicting a single screen frame is not to scale with the inter-stimulus interval and the duration of a trial. (b) Task
performed by monkey H. After an initial fixation of 300ms, a stream of stimuli would be presented over 1.6 s. Some trials contained 16 stimuli with
100ms SOA (RSVP trial), others contained four stimuli with 400ms SOA

the same stimulus was presented in isolation and clearly visi-
ble. Therefore, encoding of visual information in the VLPFC can
occur prior to post-perceptual processes and access conscious-
ness. We also report a stable and sustained code emerging after
the peak of maximal information at 150ms when stimuli were
presented in isolation. Such a stable representation is a hallmark
of the reverberating activity constituting NCCs in the GNW the-
ory (Dehaene et al. 2003) and, interestingly, was reduced in the
RSVP condition. We later discuss how our observations raise chal-
lenges for both GNW and IIT theories and may help refine our
understanding of the role of PFC in the NCCs.

Results
Visual information allows linear classification of
every stimulus and reaches VLPFC rapidly
We recorded multi-unit spiking activity (MUA) using Utah arrays
composed of 96 electrodes implanted in the VLPFC (inferior con-
vexity, area 45a) of twomacaquemonkeys, monkey A andmonkey
H. The main figures of this article display the results obtained
from monkey A. In monkey H, the quality of the VLPFC recording
was lower with only 32 out of 96 channels sensing more than one
spike per second. Yet, all results obtained in monkey A were repli-
cated in monkey H (those results are presented as Supplementary
Material). Monkey A and monkey H performed similar tasks, pas-
sively viewing stimuli presented either at a slow pace or in a RSVP
sequence of 10 images per second (Fig. 1).

We trained linear classifiers to predict the displayed image
from neural activity. Each of the 18 images used in our exper-
iment could be decoded with high accuracy (Fig. 2 for results
of monkey A and Supplementary Fig. S1 for results of monkey

H). Note that for all the timing information provided in our
study, the decoding score at a given time point rests upon all
the spikes collected from the active channels in a window of 50-
ms duration preceding that time point. Decodable information
reached the VLPFC already by 75ms for the first image (represent-
ing spikes collected in the interval 25–75ms after image onset;
Fig. 3b).

To ensure that the above chance decoding accuracy was not
due to a single image or a few images leading to unusually fast
response in the VLPFC, we performed fine-grained measurement
of the timing of decoding accuracy between every 153 possible
pairs of images (Supplementary Fig. S4). The media first time of
significant decoding was 60ms in monkey A and 90ms in monkey
H (Supplementary Fig. S4). Information was maximal at 150ms
and slowly decayed afterwards (Fig. 3b).

We compared the decoding accuracy of VLPFC to a portion of
the lateral surface of the posterior parietal cortex (PPC), approx-
imately over areas 7a/7b (Petrides and Pandya 2009), which is
connected directly to the VLPFC, and is likely to be involved in con-
scious processing according to both IIT and GNW theories. Despite
PPC being part of the dorsal pathway, decoders could classify the
images above chance level. However, the decoding accuracy was
higher in VLPFC than in PPC when keeping the number of training
samples and the number of active channels equal between both
areas (Supplementary Fig. S5). This result shows that the visual
information available to VLPFC is superior to that of PPC, which
is part of the posterior cortical ‘hot zone’ postulated in IIT to be
especially important for consciousness.

We also assessed the sparseness of the VLPFC neural pop-
ulation. Decoding remained possible when up to 50% of the
most informative channels were excluded from the analysis
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Figure 2. Every tested image is decodable from the neural activity in the VLPFC of monkey A. (a) Time course of the accuracy of decoder relative to
stimulus onset for decoders trained with isolated stimuli. Black lines are accuracy levels averaged across all occurrences of a given stimulus in
isolation. Blue lines are accuracy levels averaged across stimuli occurring in positions 2, 3, or 4 of the RSVP sequence. Thick lines depict groups of time
points for which the accuracy is significantly higher than the chance level (P<0.001, random permutations with cluster correction for multiple
comparisons). Gray vertical bars depict the duration of the physical presence of the stimulus on the screen. Gray dotted lines indicate chance level.
(b) Same as (a) but with decoders trained with stimuli in positions 2, 3, or 4 of the RSVP sequence

(Supplementary Fig. S6), indicating that the representation of
stimulus identity was distributed over a large VLPFC neural
population. However, conversely, keeping 10% of the most infor-
mative channels sufficed to reach an asymptotic level of decoding.

Those results suggest that the representation is based on both
a relatively sparse set of highly discriminating units (∼10%) and
a more distributed set of weakly informative ones, representing
∼50% of VLFPC units.
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Figure 3. Decoder accuracy as a function of time for stimuli presented in RSVP and stimuli presented in isolation. (a) Grand average decoder accuracy
across the 18 accuracy levels corresponding to every stimulus. Accuracy is averaged independently for each stimulus of the RSVP sequence as a
function of time since the first stimulus onset. Error bars are the standard error of the mean across the 18 stimuli. Horizontal bars above the curves
indicate time points with decoder accuracy higher than chance level (P<0.001, single-sample T-tests corrected for multiple comparisons using false
discovery rate procedure). Rectangles under the curves represent the time of physical presence of the stimuli on the screen. (b) Same as in (a) but
aligned to stimulus onset and adding the curve for stimuli presented in isolation (black curve). Uppermost horizontal lines display the same statistics
as in (a) but adding the curve for the isolated stimuli. The other horizontal lines represent the time for which stimuli presented in the RSVP sequence
are less decodable than stimuli presented in isolation (P<0.001, dependent T-tests corrected for multiple comparisons using false discovery rate
procedure). The gray vertical rectangle represents the time of physical presence of the stimuli on the screen. (c) Same as in (a) but with decoders
trained with stimuli in positions 2, 3, or 4 of the RSVP sequence. (d) Same as in (b) but with decoders trained with stimuli in positions 2, 3, or 4 of the
RSVP sequence

VLPFC represents visual stimuli also in RSVP
conditions
Our experimental design included RSVP trials with stimuli pre-
sented only 100ms apart. When we applied the decoders trained
on single-image trials to RSVP data, we found that every stimu-
lus could still be decoded in monkey A (Fig. 2a, blue traces) and
17 out of 18 stimuli in monkey H (Supplementary Fig. S1a, blue
traces). On average, the peak decoding accuracy for stimuli pre-
sented at any of the positions in the RSVP sequence was of the
same magnitude (Fig. 3a and b and Supplementary Fig. S2a and
b). When compared to stimuli presented in isolation, the RSVP
altered decodability in a time-dependent manner. Information
was decodable only starting from 125ms following stimulus onset
when it occurred in positions 2, 3, 4, or 5 of the RSVP sequence
(Fig. 3b, Supplementary Fig. S2b). At 150ms, the magnitude of the
average accuracy was similar to that of isolated stimuli. At that
time, the difference with the accuracy for the isolated stimulus
condition was rather weak (P-values corrected for multiple com-
parisons using the Benjamini–Hochberg false discovery rate (FDR)
procedure are: 0.213, 0.124, 0.009, 0.002, 0.001 for stimuli pre-
sented in positions 1, 2, 3, 4, and 5, respectively; Fig. 3b). However,
at 250ms, the decodability was drastically reduced for stimuli that
were followed by another one. The difference with the accuracy

in isolated stimulus condition was substantial (P-values FDR cor-
rected: 4.02 × 10−08, 2.01 × 10−08, 1.92 × 10−08, 1.18 ×10−08, 0.050
for stimuli presented in positions 1, 2, 3, 4, and 5, respectively;
Fig. 3b). Thus, consecutive images had a suppressive effect on the
neural code for the earlier images, potentially reflecting masking,
as previously reported in the inferotemporal cortex (Kovacs et al.
1995). In summary, RSVP both delayed the peak time at which
information was decodable and impaired the late sustained neu-
ronal activity but had little effect on the amount of information
carried by VLPFC at its peak 150ms after stimulus onset.

When decoders were trained and tested on neural activity
evoked by stimuli in the RSVP sequence, information could be
retrieved for up to 275ms after stimulus onset (Fig. 3c and d) com-
pared to 225ms with classifiers trained on the isolated-stimuli
condition (Fig. 3a) and the decoding accuracy peaked slightly
higher than with classifiers trained on isolated stimuli. However,
the classifier trained with the RSVP condition did not reveal the
sustained information of stimuli presented in isolation and of the
fifth stimulus in the sequence (Fig. 3d). The discrepancy between
the behavior of classifiers trained with isolated stimuli and clas-
sifiers trained with RSVP stimuli suggests that a neural code that

was present in the late time period after the presentation of an
isolated image was reduced or shortened in the RSVP condition.
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Figure 4. Temporal generalization matrices. (a) We trained independent decoders for each time bin around the onset of isolated stimuli. These
decoders were then tested on the other time bins and we display here their accuracy. The gray dashed line shows times at which training and testing
times coincide. White contours delineate clusters of pixels for which accuracy is significantly higher than chance (P<0.001, random permutations
corrected for multiple comparisons using the Benjamini–Hochberg false discovery rate procedure). Note that after an early period with
time-dependent representations, the code becomes stable and generalizes to other time bins. (b) Same as in (a). The classifiers are still trained with
isolated stimuli but tested on stimuli presented in RSVP sequences. Note that for stimuli in positions 1–4, late decoders can decode early activity but
the reverse is not true. (c) Same as in (a) but with decoders trained with stimuli in positions 2, 3, or 4 of the RSVP sequence. Note that early decoders
can decode late activity but the reverse is not true. (d) Same as in (b) but with decoders trained with stimuli in positions 2, 3, or 4 of the RSVP sequence

A dynamic code coexists with a sustained
representation of stimuli
To clarify the previous decoding observations, we examined how
the decoders generalize over time. Recent MEG experiments in
humans suggest that, once a stimulus has been consciously
accessed, regardless of its original duration, it is internally rep-
resented by a metastable code that remains relatively fixed for a
period of several hundreds of milliseconds (King et al. 2014, 2016;
Schurger et al. 2015a; Baria et al. 2017; Marti and Dehaene 2017).
Because of the limited spatial resolution of MEG, the brain areas
contributing to these stable representations are unknown. There-
fore, we analyzed the generalization-across-time (GAT) matri-
ces of our decoders (King and Dehaene 2014). A square GAT
matrix indicates a metastable neural representation, as previ-
ously reported for conscious visual and auditory stimuli (King
et al., 2014, 2016; Baria et al. 2017; Marti and Dehaene 2017).
We investigated whether the neural representations in VLPFC
also exhibit this property. To this end, using only trials from the
single-image condition, in which the stimulus was clearly visi-
ble, we trained the decoders at specific time bins after stimulus
onset and tested performance at this and other time bins. In
the single-image condition, a dynamic code unfolded with time
from stimulus onset, first showing a narrow diagonal and then
an increasingly longer window of temporal generalization, and
∼200ms with a nearly square GATmatrix indicating a metastable
representation (Fig. 4a). When testing the same decoders on neu-
ral activity evoked by the RSVP stimuli, we still observed the
diagonal component and early activity being accurately classi-
fied by late decoders (Fig. 4b, diagonal, and above). However,
for stimuli presented in positions 1–4, the late decoders showed
reduced performance, and the corresponding period of signifi-
cant decoding was shortened. Still, the decoders that, for a sin-
gle image, achieved stable and significant decoding from 150 to
600ms remained significant from ∼175 to 400ms after RSVP pic-
ture onset. Significant off-diagonal decoding (King and Dehaene
2014) indicated that the late wave of PFC neural activity was com-
pressed in time, but did not totally vanish—for instance, even
the decoders at 400–500ms after single-image onset continued to
provide above chance decoding in the RSVP context up to 400ms or

more. Finally, the 5th RSVP image, which was not followed by any
image, could be decoded with a longer-duration GAT matrix, sim-
ilar to a single image (Fig. 4b). In summary, in the RSVP condition,
virtually all of the successive neural representations that nor-
mally unfold until ∼500ms after the stimulus remained present
for every picture: theywere shorter-lived and compressed, but still
overlapped partially with each other.

Classifiers trained exclusively with stimuli presented during
the RSVP sequence did not reveal a square GAT matrix when
tested on isolated stimuli (Fig. 4d and Supplementary S3d). Yet,
in the isolated condition, they could also classify above chance
neural activity occurring later than the time interval they were
trained on (Fig. 4c and Supplementary Fig. S3c). This could be
interpreted as the dynamic neural code being compressed in time
during the RSVP sequence compared to the isolated stimulus con-
dition. It is also likely that the square GAT matrix in the isolated
condition results from the maintenance of the neural ensembles
successively activated during the dynamic phase. The asymme-
tries when testing the generalization of classifiers from one con-
dition to the other would be a consequence of a lack of sustained
activity of the sequentially activated neural ensembles during the
RSVP condition.

Discussion
In the current experiment, we studied the response of populations
of VLPFC neurons to isolated and rapidly presented visual stimuli
(RSVP) in two macaque monkeys. Using linear decoders of spiking
activity at the neuronal population level, we found that rich infor-
mation was available as early as 75ms after the onset of a visual
stimulus. We further showed that the peak in decodability occur-
ring at 150ms is unaltered in an RSVP conditionwhere themonkey
is unlikely to have any time to introspect on every stimulus, due
to the rapid change in visual input.

Because timing can be crucial for brain processing (Singer
1999; Oram et al. 2002), one can only grasp the importance of
the present results in light of the latencies previously described
in other visual areas. At 75ms, most of the feedforward visual
processing is already completed in the lateral geniculate nucleus
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(Schmolesky et al. 1998), superior colliculus (Chen et al. 2018), and
area V1 (Maunsell and Gibson 1992; Nowak et al. 1995; Schmolesky
et al. 1998; Self et al. 2013). However, in anesthetized monkeys,
the proportion of neurons having emitted a first spike in response
to a visual stimulus is only ∼60% in areas of the dorsal stream
(V3, MT, MST, and FEF) and, in the ventral stream, 30% and 10%
for areas V2 and V4, respectively (Schmolesky et al. 1998). Those
timings are shorter in awake animals: at 75ms, 70% of FEF neu-
rons have started to respond (Pouget et al. 2005) and close to
50% in V4 (Zamarashkina et al. 2020). Thus, early areas in the
visual hierarchy are still processing information when it reaches
VLPFC. Moreover, object identity can only be reliably decoded after
100ms in the inferotemporal cortex (Hung et al. 2005). Thus, the
VLPFC is likely to be actively involved in the process of object
recognition even before the feedforward sweep of visual infor-
mation processing has been completed. This interpretation is
supported by a recent study showing that pharmacological inac-
tivation of VLPFC impairs category decoding in inferotemporal
cortex (Kar and DiCarlo 2021). Our results are in line with the
hypothesis that an early wave of PFC activity provides facilita-
tory top-down inputs to the ventral object recognition pathway
(Bar et al. 2006). In the present study, half of the pairs of images
could be discriminated from each other before 60ms based on
our decoding results (Supplementary Fig. S5). Besides the clas-
sical ventral occipito-temporal pathway, another fast anatomi-
cal route for visual information to reach VLPFC is through the
superior colliculus (Benevento and Fallon 1975; Chen et al. 2018)
via the mediodorsal thalamus (Goldman-Rakic and Porrino 1985;
Sommer andWurtz 2004). Given that at 60ms the superior collicu-
lus mainly responds to low spatial frequencies (Chen et al. 2018)
and that the magno-cellular pathway, sensitive to low-spatial
spatial frequencies, dominates over the parvocellular pathway
(Schmolesky et al. 1998), it seems likely that VLPFC gains first
access to coarse visual representations and integrates later infor-
mation processed by the ventral stream. Therefore, the earliest
responses of the VLPFC are unlikely to constitute a full code for
the contents of consciousness, but only a coarse first pass.

Our results also support a prediction of the GNW model,
according to which populations of PFC neurons encode every
aspect of conscious content, even in the absence of report or
of sufficient time for complex post-perceptual operations. It is
remarkable that as many as 18 different images could be decoded
way above chance levels from as few as 96 channels in monkey A
and 32 channels in monkey H. Since the images depicted three-
dimensional (3D) objects that differed in multiple ways, including
identity, color, and orientation, future work, using stimuli that
vary these features in a systematic manner, will be required to
understandwhether and how the PFC code can be ‘factorized’ into
these different dimensions. With regard to theories of conscious-
ness, it will be essential to probe to what extent the PFC code
reflects every aspect of perceptual experience, but also fails to
reflect dimensions that are not perceived consciously, as predicted
by GNW. It has recently been shown that the inferotemporal cor-
tex ensembles, from which VLPFC receives direct inputs, encode
object properties usually attributed to the dorsal stream (e.g. size
and position of an object) (Hong et al. 2016). Future experiments
need to be designed to investigate whether this is also true in
VLPFC.

These results, taken together with previous work (Ó Scalaidhe
et al. 1999; Constantinidis et al. 2001; Freedman et al. 2001;
Fuster 2015; Riley et al. 2017), establish that PFC contains a
rich visual code, richer than the binary code used in previous

experiments studying visual consciousness using perceptual sup-
pression (Panagiotaropoulos et al. 2012; Kapoor et al. 2018, 2020;
Dwarakanath et al. 2020), and does so in a passive fixation task,
and even under an RSVP protocol that challenges conscious per-
ception of stimuli at least according to human data. The finding
of a rich PFC code during RSVP challenges the view that the
prefrontal cortex is only involved in cognitive or post-perceptual
processes, secondary to conscious perception of visual stimuli,
and that most of the details of conscious experience are speci-
fied by posterior areas (Tononi et al. 2016; Boly et al. 2017). In fact,
we found that decoding accuracy was higher in the VLPFC than in
the lateral PPC, two areas known to be directly connected through
the superior longitudinal fasciculus (Petrides and Pandya 2009),
even during the early phase of response. Thus, VLPFC could be
as much a valid candidate for processing phenomenal conscious-
ness as PPC or other areas upstream in the visual hierarchy. We
should stress that the PPC still enabled significant decoding of
image identity although it is part of the dorsal stream tradition-
ally described for processing location and spatial relationships
as opposed to the ventral stream involved in object recognition
(Mishkin et al. 1983). This observation supports both the GNW the-
ory and IIT according to which neural correlates of consciousness
are integrated in large portions of the cortex, including PPC. It is
likely that decoding accuracy in PPC could be on par with other
parts of the PFC less connected to the ventral stream than is VLPFC
or that other PPC areas exhibit a stronger perceptual effect. Still,
recordings of single neurons in the lateral intraparietal area, dor-
sal to the parietal areas we recorded, showed that only a minority
of neurons exhibited stimulus and perceptual selectivity during
BFS and these responses were modulated by association of the
visual stimulus with reward (Bahmani et al. 2019).

In IIT, the ‘major complex’ of brain regions normally involved
in phenomenology entails the inferotemporal cortex (Tononi et al.
2016; Boly et al. 2017). In this region, the decoding of image identity
is possibly the highest for a given number of channels (Majaj et al.
2015; Hong et al. 2016). However, NCCs are likely composed of pop-
ulations that are orders of magnitude bigger than those measured
experimentally. Therefore, the magnitude of decoding accuracy,
alone, should be discussed with caution when considering an area
as being involved in NCC or not. In general, any part of the brain
exhibiting unique states of activity corresponding to any percep-
tually differentiable stimuli should be considered as a potential
candidate for processing phenomenal consciousness.

Due to the lack of subjective report under the present RSVP
conditions, two interpretations of the data remain tenable:
macaques could either be very fast in perceiving the stimuli or
most of the stimuli could have remained unconscious. The inter-
pretation of the results could therefore change depending on
the subjective experience of the animals, to which we did not
have access. In any case, the current data pose new challenges
and questions in the discussion about the neural correlates of
phenomenal and access consciousness and the nature of visual
information processing related to consciousness in the PFC.

Furthermore, our results also contradict the interpretation of a
recent study investigating extensively the causal effect of intracra-
nial electrical stimulation on conscious perception in humans
(Fox et al. 2020). This study and a recent review suggest that electri-
cal stimulation of PFC rarely elicits exogenous sensations (Raccah
et al. 2021, but see Blanke et al. 2000; Vignal et al. 2000). However,
electrical microstimulation activates neurons within a volume of
about 1mm in diameter around the tip of the electrode, inde-
pendently of the current used (Histed et al. 2009). Thus, it is not
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surprising that well-defined percepts can be elicited by stimulat-
ing sensory areas with topological organization (e.g. retinotopy,
tonotopy, etc.) but that it is more difficult to elicit such percepts
in areas like PFC that seem to lack topography, but rely on highly
distributed and overlapping neural representations.

These decoding results also indicate that the VLPFC code for
stimulus identity achieves stability after about 200ms, which
agrees with a lower estimate of the correlates of access conscious-
ness reported in humans (King et al., 2014, 2016; Schurger et al.
2015b; Baria et al. 2017; Marti and Dehaene 2017) and the igni-
tion postulated in the GNW theory of consciousness (Mashour
et al. 2020). Interestingly, we found that the RSVP condition did
not fully abolish this late sustained activity, but only significantly
shortened and reduced it. Although the early feedforward wave
was dominant, weak but significant later responses could also
be detected. Since the present work arises from an averaging of
about 3500 trials per condition, future work will be needed to
establish if the responses vary on a trial-by-trial basis or if they
are truly present on every trial. At any rate, they replicate and
extend, within a single brain area (VLPFC) in the apex of the cor-
tical visual processing hierarchy, previous human MEG findings
that all successive pictures in an RSVP stream can be encoded at
several successive stages of processing (Marti and Dehaene 2017).

Given that human observers declare seeingmost if not all stim-
uli of a RSVP stream, yet are unable to report them all, and in
the eventuality that the stable code observed in this no-report
study describes the same phenomenon as the stable code previ-
ously attributed to conscious access (King et al. 2016), its partial
suppression under RSVP can be interpreted in several ways. First,
RSVP stimuli could be consciously perceived, but too flimsily to
lay down a short-term memory that would persist long enough
to be later reportable in full. Alternatively, stimuli in the RSVP
may not all be consciously perceived during their presentation—
the impression of seeing them all would be, in part, an illusion, a
consequence of our ability to consciously access any of them later
on, as demonstrated by the phenomenon of retro-cueing (Sperling
1960; Sergent et al. 2013; Thibault et al. 2016; Xia et al. 2016). Under
this interpretation, the transient neural code that we observed
would correspond to what has been termed a ‘pre-conscious’
representation, and only some of them (perhaps variable across
trials) would lead to genuine, stable conscious access. Such non-
conscious representations of sensory input have been previously
reported in the PFC using fMRI (Van Gaal et al. 2010; Levinson et al.
2021; Mei et al. 2021).

The main limitation of the present study is the absence of
behavioral reports that could have provided insight as to whether
any of the signals we have decoded are correlates of conscious-
ness. A report version of the RSVP paradigm would be necessary
to disentangle the potential contribution of the different represen-
tations to access consciousness. Alternatively, training animals
to report their subjective feeling of similarity between stimuli
could serve as a basis for representational similarity analysis
(Kriegeskorte et al. 2008) revealing which of the successive neural
representations display a geometry that reflects the subjective dis-
tance between stimuli. Such experiments could help refine theo-
ries of consciousness. For instance, the GNW theory, whichmakes
no distinction between phenomenal and access consciousness
(Naccache andDehaene 2007), predicts that the late sustained and
stable representation observed in our study corresponds to NCCs.
Thus, according to this theory, the stable representation should
be specifically reduced in trials when an animal fails to report a
target and should have a geometry reflecting the subjective prox-
imity between stimuli. If, on the other hand, subjective similarity

between stimuli is reflected by the early phase of PFC activity dur-
ing which the code does not generalize to later neural activity,
then this early PFC response could contribute to pure phenom-
enal consciousness in the framework of the IIT theory. Still, if the
latter is true, PFC could be involved in phenomenal consciousness,
suggesting a revision of both GNW theory and IIT.

Methods
All procedureswere conducted following the European convention
for animal care (86-406), the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals, and were approved by
the institutional Ethical Committee (CETEA 10-003). Our license
number for animal experiments was A19_068.

Experiment
Two adult malemacaquemonkeys, monkey A andmonkey H, par-
ticipated in the experiment. The monkeys were never trained to
report their perception of the stimuli used or perform any kind of
report in other tasks. Monkeys A’s task was to fixate a dot at the
center of the screen for a duration uniformly distributed between
900 and 1100ms to obtain a liquid reward composed of water and
apple juice. During fixation, 18 pictures subtending 8 degrees of
visual angle appeared briefly on the screen. The nature of the
images was irrelevant to the task (neither the amount of reward
nor the total duration of fixation depended on it). Every image used
in the experiment is displayed in Fig. 2. The 12 images in the first
two columns are 3D objects generated in Blender. The six images
from the third column were obtained from https://pixabay.com/
and are under CC0 license. After 300ms following fixation onset,
images were flashed foveally for 17ms each. On half of the tri-
als (isolated stimulus trials), only a single image appeared. In the
remaining trials, five images were presented with a stimulus onset
asynchrony (SOA) of 100ms (RSVP trials). Throughout an experi-
ment, we presented in alternation pairs of RSVP trials and pairs
of isolated stimulus trials. On each trial, the stimuli were ran-
domly chosen without replacement among 18 colored images of
single objects in a gray background. A total of 3265 successful
RSVP trials and 3497 isolated stimulus trials were collected over
three consecutive sessions.

Monkey H performed a similar task than monkey A but with
slight modifications. After 300ms following fixation onset, the fix-
ation spot disappeared and the monkey was free to move his eyes
in a 5-degree window around the center of the images displayed.
The monkey had to keep his gaze on the stream of images for
1.6 s after the onset of the first image in order to obtain the liquid
reward. Three types of trials could occur. Either 16 stimuli with
100ms SOA each presented for 50ms on the screen (RSVP condi-
tion). Or 4 stimuli with 400ms SOA each presented for 100ms on
the screen (isolated stimuli condition). Or 8 stimuli with 200ms
SOA each presented for 100ms on the screen. The latter condition
was not included in the analysis of this paper.

Apparatus
During the experiment, the monkeys sat in a primate chair. Head
movements were restricted by employing a skull-form-specific,
surgically implanted head post. Eye movements were recorded
using an infrared eye tracker. We recorded neural activity in
the VLPFC using a Utah array connected to a BlackRock acquisi-
tion system. Wide-band neural signals were collected at 30kHz
and aligned in time with eye-tracking and photodiode signals
sampled at 2 kHz. Stimuli were displayed with Matlab using the
Psychtoolbox extension (Brainard 1997; Kleiner et al. 2007).

https://pixabay.com/
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Data preprocessing
We chose to study the MUA because it is a signal that varies lit-
tle on consecutive days of recording (Dai et al. 2019). MUA data
have been shown to lead to equivalent results than populations of
sorted single unit data when studying dynamics of neural ensem-
bles (Trautmann et al. 2019). For the data collected from monkey
A, we first extracted MUA activity for each channel. To this end,
we band-passed the raw signal between 500 and 6000Hz using
a finite impulse response filter of order 200. We then selected
any spike crossing a negative threshold determined independently
for each channel. This threshold is given by the formula −4 ·
median(|X|)/0.6745, where X is the filtered signal. Although rare,
we excluded events occurring simultaneously (within 0.03ms) in
any two channels because they were likely the result of a corre-
lated artifact during the experiment. The MUA was then aligned
to the time of every stimulus onset and averaged for each chan-
nel in bins of 50ms with 25-ms overlap. The average MUA was
normalized independently for each channel and each day using

the formula
Y−Y−

SD , where Y are all the averaged bins and SD the
standard deviation of Y.

For the data collected frommonkey H, the MUA extraction was
similar to monkey A except that the filter used was a forward and
reverse Butterworth band-pass filter between 600 and 3000Hz.
The threshold for spike selection was given by the formula −5 ·
median(|X|)/0.6745, where X is the filtered signal. The correlated
artifact was removed when more than half of the recording chan-
nels detected a spike within 3ms. The alignment of the MUA
to stimulus onset and the normalization of the firing rate was
obtained using the same analysis steps as monkey A.

To obtain a finer resolution of the time course of information
reaching VLPFC, we also performed the same data preprocessing
but using a 50-ms running window with overlapping steps of 5 ms
(Supplementary Fig. S4).

Decoding
We trained independent linear decoders using the normalized fir-
ing rate pooled from all recording days. To this end, we used
multinomial logistic regression. The probability P for an image
class Y is given by:

P(Yi = j) =
expexp

(
βjXi

)
1+

∑K−1
k exp(βkXi)

(1)

where β is the coefficient vector and X the vector of firing rates
from all channels. The subscript i indicates the trial number and
j the image identity from a total of K images. As the probabili-
ties of all K images sum to 1, the chance level equals 1/K (1/18
in our study). To estimate the coefficients, we used the Logis-
ticRegression function from the Scikit-learn toolbox in python
(Pedregosa et al. 2011) with the arguments: fit_intercept=False,
solver= ‘lbfgs‘, multi_class=’auto’, and max_iter=10000. We
adopted a 10-fold cross-validation strategy.

For Supplementary Fig. S4, we used binomial logistic regression
classifiers contrasting every 153 possible pairs of stimuli.

Comparison between VLPFC and PPC
To compare the amount of information linearly decodable from
the neural ensembles of VLPFC and PPC, we ensured that the num-
ber of visually responsive channels was the same between both
areas. To this end, we selected every channel forwhich the average
firing rate in the period 100–200ms after stimulus onset differed
significantly, by an increase or a decrease of firing rate, from the

baseline activity (−100 to 50ms around stimulus onset). In mon-
key A, this procedure selected 67 channels from the VLPFC array
and 58 channels from the PPC array. Classifiers were then trained
with a bootstrap strategy, which consisted of randomly choos-
ing 52 visually responsive channels in each array, dropping out
15 channels from the PFC array and 6 from the PPC array. This
bootstrap procedure was run for 50 iterations, thus enabling us
to estimate a confidence interval of the median accuracy in each
area.

In monkey H, the PPC data were collected while the animal
was performing the same task as monkey A (Fig. 1a). However,
unlike in monkey A, PPC and VLPFC data were recorded in sepa-
rate sessions. To obtain the fairest comparison between those two
datasets collected in different conditions, the number of stimuli
presentation used to train the decoders was downsampled from
the VLPFC data to match that of the PPC data. Thus, in mon-
key H, the decoding comparison between VLPFC and PPC is based
on 20 visually responsive channels, 2498 trials from the RSVP
condition, and 923 trials from the slow-paced/single-stimulus
condition.

Statistics
In Fig. 2, the clusters of time pointswith significant decoding accu-
racy were revealed by a random-permutations cluster-level statis-
tic corrected for multiple comparisons (Maris and Oostenveld
2007). We first obtained 2000 surrogate classifications by randomly
permuting the class labels given by the classifiers. Specifically,
for a given stimulus in a given trial, all the predictive probabil-
ities attributed to class #1 by our classifiers could be attributed
randomly to any of the 18 other classes. This way, we estimated
the likelihood of obtaining by chance an average classification
accuracy of a certain magnitude. This resulted in P-values for
every time point relative to stimulus onset. We then selected all
clusters of points with P-values<0.05 and computed within each
cluster the sum of the t-values relative to the surrogate distribu-
tion. We then displayed in Fig. 2 all clusters for which the sum
of t-values was superior to 99.9% of the sum of t-values obtained
from clusters from the surrogate dataset (i.e. P<0.001).

In Fig. 3, single-sample T-tests were conducted to evaluate the
likelihood that any stimulus could be decoded by chance. The
mean distribution of accuracy averaged independently across all
18 stimuli was tested against 1/18, and the P-valueswere corrected
formultiple comparisons using the Benjamini–Hochberg false dis-
covery rate (FDR) procedure (Benjamini and Hochberg 1995). We
also used dependent T-tests corrected for multiple comparisons
using FDR in order to evaluate the difference between the decod-
ability in RSVP trials compared to corresponding isolated stimulus
trials.

In Fig. 4, we used 2000 random permutations to obtain sur-
rogate average classification accuracies. These surrogate data
enabled us to estimate P-values for every combination of test time
and training time in the time generalization matrices, with FDR
correction. We chose to use the Benjamini–Hochberg FDR rather
than cluster-based corrections formultiple comparisons to ensure
that the significance of a pixel is solely based on the strength of
its corresponding accuracy and not influenced by the accuracy
associated with neighboring pixels.

In Supplementary Fig. S4, we obtained P-values of the accuracy
by performing a binomial test with a null hypothesis set to a prob-
ability of 0.5. P-values were corrected for multiple comparisons
with the FDR procedure.
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In Supplementary Fig. S5, the P-values corresponding to the
difference in median accuracy between VLPFC and PPC were cal-
culated by means of 2000 permutations and cluster-corrected for
multiple comparisons.

In Supplementary Fig. S6, the mean distribution of accuracy
averaged independently across all 18 stimuli was tested against
1/18 using single sample T-tests and the P-values were FDR cor-
rected.

Supplementary data
Supplementary data is available at NCONSC online.

Data availability
All the data used in this paper are available in Figshare:
10.6084/m9.figshare.14159753.
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