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Decoding internally generated transitions of
conscious contents in the prefrontal cortex
without subjective reports
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A major debate about the neural correlates of conscious perception concerns its cortical
organization, namely, whether it includes the prefrontal cortex (PFC), which mediates
executive functions, or it is constrained within posterior cortices. It has been suggested that
PFC activity during paradigms investigating conscious perception is conflated with post-
perceptual processes associated with reporting the contents of consciousness or feedforward
signals originating from exogenous stimulus manipulations and relayed via posterior cortical
areas. We addressed this debate by simultaneously probing neuronal populations in the
rhesus macaque (Macaca mulatta) PFC during a no-report paradigm, capable of instigating
internally generated transitions in conscious perception, without changes in visual stimula-
tion. We find that feature-selective prefrontal neurons are modulated concomitantly with
subjective perception and perceptual suppression of their preferred stimulus during both
externally induced and internally generated changes in conscious perception. Importantly,
this enables reliable single-trial, population decoding of conscious contents. Control experi-
ments confirm significant decoding of stimulus contents, even when oculomotor responses,
used for inferring perception, are suppressed. These findings suggest that internally gener-
ated changes in the contents of conscious visual perception are reliably reflected within the
activity of prefrontal populations in the absence of volitional reports or changes in
sensory input.
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ARTICLE

ne of the most elusive problems in science is to under-

stand the biological basis of consciousness!. A seminal

paper almost 30 years ago incited researchers that “the
time is ripe for an attack on the neural basis of consciousness” and
proposed conscious visual perception as a form of consciousness
within the reach of neuroscience?. Since then, several theoretical
treatises’=, including the frontal lobe hypothesis?, higher order
(HOT)® and global neuronal workspace (GNW) theories*®, pos-
tulate the prefrontal cortex (PFC) as a critical node in mediating
conscious perception. Evidence supporting its involvement comes
from functional magnetic resonance imaging (fMRI)®-8, experi-
ence of visual hallucinations upon its electrical stimulation®10,
impaired conscious processing following PFC lesions!!-1> and
intracortical recordings!6-20,

Alternative approaches such as the integrated information
(IIT) or the recurrent processing (RPT) theories diverge on the
contribution of PFC to conscious perception?l:22, Their propo-
nents suggest that activity in posterior cortical areas reflects
conscious contents, and PFC is primarily responsible for its
executive role of processing the behavioral and cognitive con-
sequences of conscious perception like task demands, introspec-
tion about the perceived stimuli and motor reports of
perception?3-27. This is corroborated with functional magnetic
resonance imaging (fMRI) studies utilizing paradigms where
either no volitional report is required or perceptual changes are
indiscernible and therefore unreportable23-2628, These studies
suggest that consequences of perception such as decision making
or motor action drive frontal activity, thus casting doubt if PFC
represents conscious content®!1:2>27, However, the univariate
contrastive fMRI analysis, as well as the indirect nature and
limited spatial resolution of BOLD fMRI signal compared to
direct neuronal recordings?® leaves open the possibility that
prefrontal ensembles could reflect the content of consciousness
even without report requirements or other conflating variables.
Importantly, this cannot be firmly established from previous
electrophysiological studies probing the PFC during conscious
perception since they either leveraged an external manipulation of
stimulus presentation, which affected the feedforward sensory
drive!” or utilized motor reports!®18-20_ These variables could
conflate the signals intrinsically related to conscious perception
(also see Supplementary Table 1). For example, it is possible that
prefrontal activity during conscious perception paradigms uti-
lizing external changes in sensory input reflects feedforward
signals relayed via the posterior cortical areas!”. In addition, if
motor reports are required to indicate conscious perception, it is
plausible that prefrontal signals could reflect the decision about
the specific motor report that is associated with a particular visual
stimulus!®18-20 Therefore, ascertaining the presence of con-
scious content related signals in the PFC, in the absence of these
variables, is necessary for a resolution of the aforementioned
debate and crucial for understanding whether PFC is a part of the
cortical network underlying conscious perception.

We examined this by simultaneously probing the activity of
neuronal populations in the macaque ventrolateral PFC with
multi-electrode arrays during a no-report binocular rivalry (BR)
paradigm. BR is a phenomenon, wherein presentation of incon-
gruent, dichoptic visual input to corresponding retinal locations
results in stochastic, endogenously driven alternations in sub-
jective perception of the presented stimuli. It therefore allows a
dissociation of conscious perception from sensory input, since the
contents of consciousness fluctuate without a change in sensory
stimulation3%31. Typical BR experiments require perceptual
reports from subjects, thus conflating the neural activity related to
consciousness with signals related to its consequences such as
volitional reports, decision making and introspection?3-32-34,
Objective indicators of perception like the optokinetic nystagmus

(OKN) reflex, a combination of smooth pursuit and fast saccadic
eye movements, provide a solution to this problem. OKN polarity
correlates with the perceptual reports during BR elicited with
stimuli containing opposing motion content3>-36. Thus, exploiting
OKN as a surrogate measure to infer conscious perception can
address confounds in the neural activity originating from motor
reports. Importantly, utilizing such a stimulus set allows scruti-
nizing, if PFC represents simple low-level features such as
direction of motion, when they are consciously perceived. To this
end, we probed prefrontal ensembles in rhesus macaques (which
were not trained for reporting their perception during a beha-
vioral task) while they experienced no-report BR to investigate
representations of conscious content in the PFC. Therefore, a
central aim of the present work was to unravel the report-free
prefrontal correlates of conscious visual perception during
internally generated changes in the contents of consciousness.

Here we show that stimulus selective, prefrontal activity is
modulated in concordance with subjective perception, during
both externally induced and internally generated changes in
conscious perception. Importantly, we reliably decoded the con-
tents of conscious perception from prefrontal activity in the
absence of subjective reports. These findings suggest a decodable
representation of the ongoing conscious percept within an
executive brain region such as the PFC.

Results

No-report BR paradigm and the temporal dynamics of per-
ception. The no-report BR paradigm consisted of two trial types,
physical alternation (PA, wherein perceptual changes were
induced externally without visual competition) and binocular
rivalry (BR, where perceptual changes could also occur endogen-
ously because of visual competition, see Fig. 1b and Supplemen-
tary Fig. 1 and methods). Each trial started with a fixation spot
cueing the animal to initiate fixation, lasting ~300 milliseconds,
followed by monocular presentation of a stimulus (upward or
downward drifting motion) for 1 or 2 sec. After this, an oppositely
drifting stimulus (grating or random dots) was presented to the
contralateral eye during BR trials, typically inducing perceptual
suppression of the first stimulus, a phenomenon termed as
binocular flash suppression (BFS)37-38. BFS, typically resulted in a
switch of the OKN polarity (Fig. 1b), indicating perception of the
newly presented direction of motion (Fig. 1b, marked in grey).
Following this, visual competition ensued, resulting in sponta-
neous perceptual switches between the two stimuli as inferred
from the OKN polarity. We evaluated the onset and offset of
perceptual dominance periods during every trial based on the
stability of the OKN pattern (see methods) during BFS and BR.
Perceptual dominance durations displayed a gamma distribution
(Fig. 1c), a key characteristic of multistable perception dynamics3?,
which has been previously established for both human and
monkey observers that reported their perception#0.

Feature selective PFC activity during changes in conscious
perception. We targeted the inferior convexity of the PFC (Fig. 1a
and methods), where neurons display selective responses to
complex visual stimuli and direction of motion*1-43, Neural
representations of conscious content are assessed with such fea-
ture selectivity. If neurons or units (see methods and see below)
during BR reliably increase and decrease their firing rate con-
temporaneously with the perceptual dominance and suppression
of their preferred stimulus respectively, then they are considered
perceptually modulated and provide an explicit representation of
conscious content?), We spike sorted and identified putative
single units in our recordings. The spiking waveforms, recorded
from a given electrode, which could not be sorted to a given single
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unit, were collected and denoted as a multi-unit. The valid
spiking activity recorded from a given electrode together is
referred to as a site. For a majority of analyses presented in this
study (unless stated otherwise), we utilized the sorted single units
and multi-units and they are collectively referred to as units. After
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sorting, we identified 987 units across two animals (734 units
from HO7, and 253 units from All). We would like to add
that the chronic nature of recordings might lead to an overlap of
units across different recording sessions. At the same time, our
approach is similar to other recent studies, wherein recording
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Fig. 1 Recorded area, BR paradigm and example unit activity. a, Utah array location displayed over the vIPFC (schematic macaque brain and post
implantation location in one animal). b, Visual input, OKN and spiking activity during an example BR and PA trial. A drifting sinusoidal grating (downward)
was monocularly presented first during both trials. During BR, an upward drifting grating was presented to the contralateral eye 2000 ms later, resulting in
perceptual suppression (BFS) of downward motion, as inferred from the OKN (grey curve). Externally induced perceptual suppression lasted ~3000 ms,
following which a spontaneous switch (~5000 ms) reinstated the perception of downward motion (green curve). Units 33 and 119 display strong spiking
activity when downward drifting grating is perceptually dominant, while units 44 and 167 respond more when upward drifting grating is perceived. Below is
a PA trial. Following initial monocular presentation of downward drifting grating, an upward drifting grating was presented to the contralateral eye. The
stimulus was switched later (~<4500 ms) resulting in a change in OKN polarity. Individual units were preferentially modulated by similar direction of motion
as during BR ¢, Perceptual dominance distributions during flash suppression and rivalry phases (derived from the OKN traces) are approximated well by a
gamma distribution. d, Sites with significant stimulus preference (Wilcoxon rank-sum test, two-sided, p < 0.05) during PA trials (physical alternation
phase) projected on the array for one recording session (selectivity here was computed using spiking activity recorded from a given electrode). Location of
units (identified after spike sorting) presented in b are marked. Green and pink pixels reflect sites, where activity was stronger for downward or upward
drifting gratings, respectively. e, Average spike density functions of two simultaneously recorded PFC units, 33 (preferred downward motion) and 167
(preferred upward motion), during PA and BR trials. Pink and green colors in the first four columns depict responses pertaining to downward and upward
drifting grating respectively. The last two columns display the activity during a stimulus or perceptual switch from downward to an upward drifting grating

(pink) and vice versa (green). Source data are provided as a Source Data file.

sessions (with chronically implanted arrays) on separate days are
treated as independent*4-45. We further note that we also carried
out the decoding analysis (presented later) on individual
recording sessions, which alleviates the aforementioned concern.

Figure 1b displays discharges of four such, simultaneously
recorded prefrontal units and OKN during one PA and one BR
trial. While two units fired more when the downward drifting
grating was presented, another two displayed stronger modulation
for the opposite motion direction during a PA trial (Fig. 1b).
Spiking activity of these units was similarly modulated with
subjective changes in conscious perception during a BR trial, for
both externally induced perceptual suppression (BES) and a
subsequent spontaneous switch in conscious content (BR) (Fig. 1b).

We analyzed the spiking activity of the recorded units
separately during perceptual dominance and suppression periods
either (i) externally induced during BFS, or (ii) brought about by
an endogenous spontaneous switch in BR. Furthermore, selectiv-
ity of neural activity was analyzed both before and after such
perceptual switches and in all aforementioned cases, compared
with selectivity in corresponding temporal phases during PA
trials (see methods). We found sites displaying similar as well as
opposite stimulus preference (as judged from their underlying
spiking activity) distributed in close proximity throughout the
electrode array (Fig. 1d and Supplementary Fig. 2a). Individual
units recorded from these sites displayed robust perceptual
modulation in their average response (examples in Fig. le and
Supplementary Fig. 2).

Strength of unit selectivity and population responses. We
estimated the selectivity of the recorded units (see methods)
during sensory, monocular presentations in PA trials and com-
pared it with their selectivity during subjective perception in BFS
and BR (see methods). The majority of stimulus selective units (as
judged from PA trials) fired on average more when their pre-
ferred stimulus was consciously perceived compared to its per-
ceptual suppression (in BR trials). Specifically, during the BFS
and BR phases of the paradigm, 84.21% (288/342) (HO07: 87.72%
(250/285); All: 66.67% (38/57)) and 76.09% (277/364) (HO7:
75.52% (216/286); All: 78.21% (61/78)) of stimulus selective
units, respectively displayed on average stronger activity during
the perceptual dominance of their preferred stimulus (with 53.8%
(184/342) (HO7: 60.35% (172/285); All: 21.05% (12/57)) and
40.38% (147/364) (HO7: 42.31% (121/286); A11: 33.33% (26/78))
being significantly modulated, Wilcoxon rank-sum test, p <0.05;
also see Supplementary Table 2 and Fig. 2a). This result indicates
that conscious content is robustly encoded in PFC. While many
units fire more during perceptual suppression of their preferred

stimulus in earlier visual regions (proposed as a part of an
inhibitory mechanism independent of the mechanisms of
perception)3%; such units were a minority in PFC (BFS-2.92% (10/
342) (HO7: 2.81% (8/285); A11: 3.51% (2/57)) and BR-4.12% (15/
364) (HO7: 4.89% (14/286); Al1: 1.28% (1/78))). Moreover, sev-
eral units displayed significant preference only during BFS
(26.51%, 70/264) (HO7: 24.05% (57/237); Al1l: 48.15% (13/27))
and BR (34.41%, 85/247) (HO07: 35.71% (75/210); All: 27.03%
(10/37)), indicating a separate population, whose activity dis-
criminates across the subjective perception of the two visual sti-
muli reliably, only during visual competition. The pattern of
results were largely comparable across animals.

In general, units displayed considerable heterogeneity in
stimulus preference strength estimated using a d’ index (see
methods) during the temporal phases of BES (d’-physical
alternation = 0.3985 +0.0131 (Mean+SEM), d’-perceptual dom-
inance = 0.4471+0.0133) and BR (d’-physical dominance =
0.3075 +£0.0098, d’-perceptual dominance = 0.2719 +0.0082).
The magnitude of sensory selectivity (d’) was a critical factor
determining perceptual modulation (Fig. 2a) since almost 90% of
units displaying strong sensory selectivity (d’ > 1), fired more
during conscious perception of their preferred stimulus during
BR trials (Wilcoxon rank-sum test, p < 0.05) (90% (72/80) for
BFS and 86.96% (40/46) for BR). These proportions are
remarkably similar to those observed in the temporal lobe of
macaques participating in report based BR*/, thus indicating that
neuronal activity in two cortical regions reflects conscious
content. Further, these results suggest that PFC activity correlates
with externally and internally driven switches in subjective
conscious perception of simple visual features like direction of
motion, in addition to the externally induced perceptual
suppression of faces and more complex stimulil”.

Next, we computed the prefrontal population spiking activity
by averaging the mean activity of all units that displayed
significant modulation (in PA or BR) and similar preference
across temporally corresponding phases of PA and BR trials (see
methods). Similar to their response during monocular presenta-
tions (PA trials), the average population response during both
BFS and BR phases displayed stronger activity during conscious
perception of a preferred stimulus and a dramatic reduction,
when the same stimulus was perceptually suppressed (Fig. 2b,
upper and lower row). Interestingly, the strong transient response
observed during BFS after the externally induced perceptual
dominance was absent in BR, after the spontaneously induced
perceptual transitions. Since reliable perceptual modulation was
detected in both BFS and BR during subjective perception, this
feedforward response component is unlikely to be the main
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However, we also note that the lack of a transient response during
BR could possibly also result from a jitter of the perceptual
changes relative to OKN changes across trials.

Moreover, neural activity switched reliably around both
physical stimulus and perceptual switches (Fig. 2b). Similar
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results were obtained when the population activity was computed
by averaging the responses of the units, selected based upon their
significant modulation in either PA or BR trials (Supplementary
Fig. 3). Additionally, when neural activity during PA was aligned
to OKN changes (see methods), as was done for BR trials, we
obtained similar results (Supplementary Fig. 4 and 5 and

NATURE COMMUNICATIONS | (2022)13:1535 | https://doi.org/10.1038/s41467-022-28897-2 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-28897-2

Fig. 2 Sensory (PA) versus perceptual (BR) modulation of spiking activity - d' and average population activity. a, Scatter plot of sensory vs. perceptual
selectivity (d”) for all units (dots) during BFS and BR. Displayed with different colors are units; showing no significant modulation in PA or BR trials (grey);
those with significant modulation for the same stimulus during both trial types (green); units displaying significant preference only during PA (red) and
units displaying significant modulation only during BR trials (blue) and a small percentage of units which fired more when their preferred stimulus was
perceptually suppressed (cyan). Proportion of perceptually modulated units for both BFS and BR increased as a function of sensory selectivity strength
(insets showing perceptual modulation for d'>1, BFS - 90% and BR - 86%). b, Population activity averaged across units, which were significantly modulated
during PA (upper row, presented in black) or BR (lower row, presented in red) trials and preferred the same stimulus, is plotted for perceptual dominance
brought about by BFS (left) or during BR (middle), as well as switches (right) during BR. Plotted above is population activity during temporally matched
phases in PA. Shaded regions depict standard error of the mean. The orange dashed line indicates the average delay between the physical stimulus
transition and the OKN derived transition during PA trials (129.4 £+ 36.6 ms following the onset of change in the physical stimulus). A remarkable similarity
in population activity across trial types indicates robust perceptual modulation. Source data are provided as a Source Data file.
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Fig. 3 Decoding the contents of conscious perception from simultaneously recorded prefrontal ensembles. a, Normalized population spiking activity of
down (green) and up (pink) preferring ensembles during up to down or down to up, PA (upper row) and BR (lower row) switches shows reliable

modulation. Data are presented as mean, and shaded regions depict standard error of the mean. b, Cross-temporal decoding of conscious contents around
switches during PA and BR trials and generalization across the two. Classification accuracy was computed for each pair of train and test time windows (see
methods) in steps of 50 ms, using 150 ms bins. In both a and b, the delay between the physical stimulus transition and the OKN derived transition during
PA trials is indicated with an orange dashed line (129.4 £ 36.6 ms). ¢, Cross trial-type invariance of the population code assessed by training a classifier on
activity during one trial type and testing on the other, before and after a switch for a single 400 ms bin (starting 200 ms pre and post switch). Box plots
(for box plot description, see statistical information, methods) depict the distribution of classification results with shuffled labels (n = 500), while filled
circles denote the highly significant (permutation test, one-sided, estimated p-value: p = 0.00199) classification accuracy with real labels. Results suggest
invariance of the population code, thus encoding perceptual contents. The presented results were computed with data from two animals pooled together.

Similar results were observed for individual animals, which are presented in supplementary figure 6. Source data are provided as a Source Data file.

Supplementary Table 3). Together, these results indicate robust
modulation of prefrontal spiking activity during conscious
perception.

Decoding the contents of consciousness from prefrontal
ensembles. Probing the PFC with multi-electrode arrays allowed
us to simultaneously monitor feature specific ensembles, that is,
the two groups of units displaying preferential response to each
motion direction. Ensemble activity reliably followed both exo-
genous stimulus changes during PA and endogenous perceptual
transitions during BR trials (Fig. 3a). Importantly, this pattern of
the population response during the two trial types was observed
in prefrontal ensembles recorded in both animals (Supplementary
Fig. 6a and d).

Next, we utilized a multivariate decoding approach#® to assess
the population code’s ability to predict contents during single

instances of stimulus and perceptual transitions (see methods).
Classifiers trained on neural activity elicited around switches
during PA or BR trials discriminated strongly above chance
(50%) stimulus or perceptual contents not only within a trial type
but crucially also generalized across them with near-perfect
accuracy (levels reaching up to 95%, when computed over data
collated across both animals, see Fig. 3b and c) revealing a
relatively static population code®. Such temporal generalization
was similarly observed in the population code, when the neural
responses recorded in individual animals were subjected to the
decoding analysis (Supplementary Fig. 6b, e). Importantly, strong
temporal generalization of the classifier trained and tested before
and after a switch, across PA and BR when the same stimulus
was perceived, indicates an invariance in the population
code representing sensory input and its subjective perception
(Fig. 3¢)*8. Moreover, such an invariance is crucial to establishing
that PFC represents the contents of conscious perception. For
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Decoding within individual datasets
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Fig. 4 Assessment of decoding within individual datasets. This figure displays the classification accuracy at the level of individual recording sessions
performed across the two animals: four sessions of HO7 (red asterisks) and two sessions for A1l (red circles). Each point in the scatter plot corresponds to
classification accuracy during PA or BR trials, obtained in a given dataset. The three panels present the results obtained across the different temporal
phases of the paradigm: a, flash dominance, b, rivalry dominance, wherein PA trials are aligned to the physical stimulus change and ¢, rivalry dominance,
wherein PA trials were aligned to the change in OKN. The results are computed over an 800 ms window starting 200 ms after the event used for aligning
the data (physical stimulus change, or OKN derived change). We note that the classification accuracy for BR in b and ¢ are similar but not identical,
because they were obtained using two separate runs of the decoding analysis. In general, we observed strong classification accuracy even at the level of

individual datasets.

instance, if the PFC activity was reflecting the unconscious
stimulus, the neural populations would be modulated differently
during BR (in comparison to PA), when their preferred stimulus
was perceptually suppressed. This would then result in a lack of
generalization across the two trial types, PA and BR.

This generalization across trial types during corresponding
temporal phases was highly significant (permutation test,
p <0.002, see methods) when assessed during two temporal
windows (400 ms), before (—200 ms to —600ms) and after
(200ms to 600ms) a switch (Fig. 3c). Similarly, reliable
generalization across the two trial types was observed in both
animals (Supplementary Fig. 6¢ and f). In contrast, training the
classifier on activity before and testing after (or training on
activity after and testing before) a switch resulted in a dramatic
drop in the classification accuracy, given that oppositely drifting
stimuli were perceived during the phases compared (Fig. 3b).
Therefore, the population activity explicitly encodes the stimulus
that enters awareness with minimal representation of the
suppressed stimulus. Importantly, a similar overall pattern of
results pertaining to the decoding analysis were obtained, when
we analyzed the data from the two individual animals separately
(Supplementary Fig. 6). Moreover, we observed robust decoding
and generalization of stimulus and perceptual content within an
individual dataset (see Supplementary Fig. 7 for results pertaining
to one example dataset). Figure 4 summarizes the classification
accuracy obtained within the two trial types for all individual
datasets during the different temporal phases of the paradigm.
Reliable classification and generalization accuracy was also
obtained, when the PA activity was aligned to OKN change
instead of stimulus changes (Supplementary Fig. 7). Together,
these results suggest that the prefrontal population code
underlying purely sensory perception without visual competition
and subjective, conscious perception is similar, reliable and
robust.

Further, we also assessed the ability of the population code to
generalize across different recording days, by computing the
generalization accuracy across recording sessions and compared it

with the classification accuracy obtained within a recording session
(see methods). Although strong decoding was observed within
individual datasets (mean: Physical Alternation = 94.61, Perceptual
Dominance (BFS) =91.82, Physical Dominance = 95.78, Percep-
tual Dominance (BR) = 86.35), the generalization accuracy across
recording sessions was limited (mean: Physical Alternation = 63.12,
Perceptual Dominance (BFS)=65.09, Physical Dominance =
62.57, Perceptual Dominance (BR)=57.70) (see Fig. 5 and
methods). This is in agreement with recent work®® which reported
a steady turnover of individual neurons from one recording session
to the next. This resulted in reduced prediction accuracy across
sessions, when using fixed linear decoders, based directly on the
recorded neural activity. Instead, it found low-dimensional latent
dynamics were stable across days. The decreased generalization
across recording days in our experiments, together with the strong
classification performance within a day suggest that a similar
turnover may have occurred in our recordings.

Decoding motion content in the presence and during the
suppression of eye movements. Finally, given the tight coupling
between OKN and perceptual content, we aimed at dissociating
neural activity related to oculomotor processes from activity
related to visual input. For a majority of units (n=>581, HO7
(n=1328), and A1l (n=253)), we estimated their preference to
direction of motion during two control experiments, which uti-
lized the following two paradigms: Fixation Off and Fixation On.
During Fixation Off, visual input elicited OKN, similar to the BR
paradigm, while during Fixation On, macaques suppressed their
eye movements by fixating a centrally presented spot (Fig. 6).
Example units displaying similar tuning curves across the two
paradigms are displayed in Fig. 6e and f. Our analysis focused on
upward and downward motion, which were used for instigating
competition during BR. Ensemble population PSTHs (see meth-
ods) of significantly modulated units during Fixation Off or
Fixation On and preferring the same motion direction across the
two conditions displayed stronger activity when the preferred
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Fig. 5 Decoding within and generalization across recording sessions. Displayed is the classification accuracy, a, computed for individual datasets and
b, generalization accuracy across recording sessions. This analysis requires a correspondence of features across them. The units were identified after spike
sorting, and can therefore be different across individual sessions. Thus, for this analysis, the spiking activity recorded from each of the 96 sites recorded
with the array served as features, on which we trained and tested the classifier across the recording sessions. Results are presented for both the flash
suppression (Perceptual dominance - BFS) and the rivalry phase (Perceptual dominance - BR) of the paradigm computed with neural activity elicited during
an 800 ms window starting 200 ms after a stimulus or a perceptual change. The main diagonal (upper left to lower right) represents classification accuracy
within a session and lateral diagonals represent generalization accuracy across sessions. While we find on average, high accuracy within individual

recording sessions, the generalization across datasets is limited. Moreover, the classification accuracy within datasets was significantly more compared to
generalization accuracy across datasets (two-sample t-test, two-sided, Physical Alternationiinin vs. Physical Alternation,cross, p = 2.42*10~9, Perceptual
Dominance (BFS)within VS. Perceptual Dominance (BFS).cross, p = 1.94*10~5, Physical Dominanceyiin Vs. Physical Dominance,cross, p = 7.45*10~10,

Perceptual Dominance (BR)yitin VS. Perceptual Dominance (BR)scross, p = 1.07*10~7). Potential reasons for such limited generalization could be that units

either change or lose their preference, or it is likely, that we sampled from different units across recording sessions.

motion direction was presented and a reduction in response to the
nonpreferred visual input during both paradigms (Fig. 7a).
A similar modulation of population responses was observed in
both animals (Supplementary Fig. 8a and d). Further, a classifier
trained on neural responses of these units to stimuli that elicited
OKN could reliably predict the same stimuli with significant
accuracy (permutation test, p <0.002, see methods), when
macaques viewed them with eye movements suppressed, and vice
versa. Importantly, reliable generalization across paradigms was
observed, when the classifiers were trained on the data collected
from the two individual animals separately (Supplementary Fig. 8c
and f). Therefore, this indicates that prefrontal activity contains
stimulus information and is not just driven by eye movements
(Fig. 7b and c). We also obtained similar results using only those
Fixation On trials where eye movements within the fixation
window were further controlled (see methods, Fig. 6 and Sup-
plementary Fig. 9). Importantly the cross-paradigm generalization
was robust to the unit selection procedure (see methods and
Supplementary Fig. 10). These findings corroborate previous work
suggesting that the frontal cortex responds to visual motion
both in the presence and absence of OKN*3>! and indicate that
motion content signals contribute to the activity of the tested
population.

We further quantified the difference in the modulation
strength of the unit population across the two control paradigms

(Supplementary Fig. 11). This was assessed by computing a
difference in the d-primes (fix Off - fix On) of individual units.
Interestingly, the average of this difference was significantly
different from zero for the last 500 ms (mean = 0.27 + 0.07, one-
sample t-test, p =4.85¥10~4), but not the first 500 ms (mean =
—0.003 +0.05, one-sample t-test, p=0.9552). A stronger
response modulation appearing later in time during Fixation
Off paradigm, is possibly related to a visual update, which is
instigated by the saccade related to the optokinetic response.
However, the similarity of this differential response (Supplemen-
tary Fig. 11a) during the first 500 ms across the two paradigms,
suggests that prefrontal populations during this period represent
direction of motion in the absence of any motor reports or when
eye movements are suppressed. In summary, neurons in this
prefrontal region reflect a mixture of perceptual and oculomotor
signals®? and are selective for motion stimuli even when the
monkeys fixate*3. Oculomotor signals are therefore not solely
responsible for prefrontal activity reflecting the contents of visual
consciousness.

Discussion

These results suggest that feature selective neural activity in the
primate PFC reliably reflects internally generated changes in the
content of subjective perception even without voluntary percep-
tual reports or external changes in visual stimulation, which
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would elicit strong feedforward responses. While addressing an
ongoing debate among the various theories of consciousness
regarding the neural correlates of conscious perception in the
PECL811,21,22,2527,53 " we demonstrate that conscious contents
can be reliably decoded from the activity of prefrontal ensembles.

A major debate in contemporary consciousness research focuses
on the functional relevance of PFC in representing conscious
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perception. Multiple studies indicate a prefrontal involvement
during paradigms investigating conscious perception®-816-20,54,
However, recent theoretical and experimental work argue that
previously reported frontal activation instead reflects prerequisites
or consequences of perception23-27. In particular, it has been
suggested that other cognitive processes mediated by the PFC such
as decision-making, introspection or preparation and execution of
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Fig. 6 Control paradigms - Fixation Off, Fixation On and example unit activity. Trials started with a fixation spot, cueing the animal to bring and maintain
gaze within a fixation window (300 ms), following which a drifting stimulus was presented monocularly. a, During Fixation Off, the fixation spot was
removed at stimulus onset, thus inducing OKN. b, During Fixation On, the stimulus was presented without removal of the fixation spot, and the animal was
required to maintain its gaze within a window (21 or £2°) until the trial ended, to receive a juice reward. ¢, During each trial, a stimulus drifting in one of
eight different directions (pseudorandomized across trials) was presented. d, Whisker box plots (for box plot description, see statistical information,
methods) displaying the distribution of standard deviations (STD) estimated from the eye movement signal (y-coordinate) elicited on individual trials
during stimulus presentation (0-1000 ms). For Fixation On, either all (n = 187) or selected trials (n = 95), which displayed lower variance in the eye
movement (E.M.) signal were analyzed (see methods). The STD was significantly reduced (Wilcoxon rank-sum test, two-sided, *** denotes p < 0.007,
Fixation Off vs. Fixation On (all trials), p = 7.86*10—69, Fixation On (all trials) vs. Fixation On (low E.M. variance), p = 9.07*10~>, Fixation Off (all trials) vs.
Fixation On (low E.M. variance), p = 6.09*10~46) during Fixation On as compared to Fixation Off trials (n = 239). The results presented in this figure were
computed with data from two animals pooled together. e and f show spike density functions overlaid on spike raster plots depicting the responses of two
units to eight different motion directions during the two paradigms. The middle polar plots display the tuning curves of each unit (average response in Hz to
gratings drifting in different directions). Spike rasters are displayed for first ‘'n" trials of every motion direction presentation. Here, n is the minimum number
of trials presented to the animal across any motion direction during a given paradigm. PSTHs and tuning curves were computed taking all trials (of a given
motion direction) into account. e, Example Unit 1 displays a stronger response to a stimulus drifting downwards during both paradigms. The unit displayed
in f responds strongly to two opposite directions of motion, thus displaying orientation preference. Although the firing rate was higher during the Fixation
off paradigm, the unit displayed similar preference across both paradigms. Source data are provided as a Source Data file.
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Fig. 7 Decoding of motion content in the presence and during the suppression of OKN eye movements from simultaneously recorded prefrontal
ensembles. a, Ensemble population spiking activity (see methods) during fixation-Off and fixation-On paradigm for units which were significantly
modulated in either paradigms and preferred the same motion direction (also see methods). Black solid and dashed lines depict the response to the
preferred and nonpreferred stimulus respectively. Data are presented as mean and shaded regions depict standard error of the mean. b, Cross-temporal
decoding of stimulus contents (binning parameters similar to Fig. 3b). ¢, Cross-paradigm invariance of the population code was assessed by training a
classifier on activity during one paradigm and testing on the other, for a single 400 ms bin (starting 400 ms poststimulus onset) during visual motion
presentation. Significant (permutation test, one-sided, estimated p-value: p = 0.00199) accuracy (checked by comparing it to accuracy obtained with
shuffled labels (n = 500), summarized with box plots (for box plot description, see statistical information, methods)) suggests that the population code is
invariant to the presence of large OKN, and encodes stimulus motion contents. Classification accuracy for decoding within the paradigm is also presented.
The presented results were computed with data from two animals pooled together. We observed similar pattern of results in individual animals, and they
are presented in supplementary figure 8. Source data are provided as a Source Data file.

motor reports (typical of these psychophysical paradigms), to posterior cortices!>>?8, The present study addresses this debate
confound the previously observed correlates of conscious by utilizing direct recordings of PFC neuronal populations during
perception?>32-34 The opponents to a prefrontal role therefore a no-report BR paradigm, wherein no volitional action was
posit that the correlates of conscious perception are limited to required from the subjects. In particular, this allowed us to care-
posterior sensory regions, which has instigated a ‘front vs back’ of  fully control for various cognitive processes associated with
the cortex debate regarding the cortical organization underlying reporting, which may confound neural responses related to con-
conscious perception!11:27:54=57 " This is particularly relevant, scious perception. We find that prefrontal activity during BR
since this critical issue separates key theories of consciousness with  reliably reflects changes in subjective perception, in the absence of
respect to their predictions about the role of PFC, in comparison these confounds.

10 | (2022)13:1535 | https://doi.org/10.1038/s41467-022-28897-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

BR offers a distinct advantage over other paradigms investi-
gating visual consciousness such as BFS or visual masking, since it
instigates stochastic, internally driven changes in the subjective
perceptual content without a concomitant change in visual
stimulation®, Hence, it confers an opportunity to observe the
internal neural dynamics contemporaneous with spontaneous
changes in the contents of visual consciousness, without the
conflation introduced from abrupt changes in the sensory input
affecting the feedforward drive, which is typical of other per-
ceptual paradigms, such as binocular flash suppression!”-37 (also
see Supplementary Table 1). Paired with electrophysiological
investigations of the primate visual system>0, BR has revealed
that the proportion of feature selective neurons reliably reflecting
conscious content increases as one progresses in the visual cor-
tical hierarchy from early visual areas to later temporal regions*0.
A recent study reported non-selective modulation of neural
activity in human medial frontal cortex (in the anterior cingulate
(ACC) and pre-supplementary motor area (pre-SMA)) before
spontaneous perceptual transitions during BR, suggesting that
some medial frontal areas might reflect the prerequisites of
conscious percepti0n19. In contrast, our results demonstrate
conscious content-specific representations in a macaque ven-
trolateral PFC subregion, where cells are selective for faces,
complex visual objects and direction of motion*!-43 and which is
reciprocally connected with the inferotemporal cortex®l. Impor-
tantly, previous electrophysiological studies probing the PFC
during conscious perception either utilized a motor report10:18-20
and were therefore likely conflated by consequences of conscious
perception, or investigated perceptual modulation among neu-
rons selective for high-level stimuli, such as faces and complex
objects with a no-report BFS paradigm!”. In BFS, perceptual
dominance and suppression are externally induced due to an
abrupt change in the visual stimulation that results in strong
changes in the feedforward input (see Fig. 1 and Supplementary
Table 1). In contrast, during BR, perceptual dominance and
suppression are endogenously driven and therefore neural activity
recorded during this paradigm is more likely to reflect conscious
perception!”, uncontaminated from the strong initial feedforward
signal associated with a newly presented stimulus. Hence, our
results collected during unreported but clearly occurring spon-
taneous transitions in conscious perception indicate the existence
of prefrontal representations of conscious content. Together with
results obtained from previous electrophysiological investigations
employing BR, present results indicate that the neural correlates
of conscious perception are distributed throughout the cortical
hierarchy with stronger representations in association cortical
areas, including the PFC.

These results constitute a critical advance in our understanding
of PFC function. A quintessential node in the perception-action
cycle, PFC has long been considered crucial for temporal orga-
nization of goal-directed behavior®2:93, This is aided by its brain-
wide anatomical connectivity, which includes both sensory and
motor regions®®. An important prerequisite suggested for
implementing such executive function is a cognitively relevant
representation of conscious perception in the PFC®, However,
we never trained the animals participating in the current study to
categorize or discriminate motion direction and report their
perception, thus precluding an expectation that they were men-
tally generating an action, which was then withheld. Hence, our
finding of report-free correlates of conscious content in the
frontal cortex suggests that such perceptual information is
available within the region, even when no rule-based overt action,
such as a learned motor response associated with a specific sti-
mulus, is required. Therefore, these results challenge the notion
that post-perceptual processes, in particular, motor reports are
the major source of PFC activity during paradigms of conscious

perception?>32. They further challenge a purely task associated
representation of perception in the PFC. Additionally, the diverse
bi-directional connectivity of prefrontal cortex® endows it with
the ability to communicate this disambiguated ongoing percep-
tual content contemporaneously to multiple regions of the pri-
mate brain. This is particularly relevant in cases where top-down
influences from the PFC might be required, such as cognitive
control, attentional selection or visual processing®%. Taken
together, a holistic understanding of PFC function necessitates an
investigation of areal and functional segregation of perceptual and
cognitive processes within the region®.

In addition to finding conscious perception related signals in
the PFC, we could reliably decode conscious content from pre-
frontal activity on individual trials with high accuracy. This is
noteworthy, given that a multivariate pattern analysis approach,
i.e., decoding, is considered a powerful framework for identifying
the neural correlates of consciousness®’~%%, in comparison to
univariate contrastive analysis. For example, decoding offers
higher sensitivity since it uses the correlation or covariance of
signals recorded across multiple units. Further, it confers an
ability to judge the consistency with which the population code
represents conscious content on a trial by trial basis, as well as
across task conditions®8-%%. Moreover, it can provide insights into
how neural representations transform in time by lending itself to
a chronological evaluation of the population code”?. In regards to
this, our temporal generalization analysis revealed a population
code, which was stable across time and robustly represented
perception, within the PFC. This is likely important for mediating
perceptual continuity”!.

Crucially, we note that decoding of unambiguous stimuli (PA
trials) alone cannot guarantee that neurons also reflect conscious
perception of these stimuli. However, our result demonstrating
the ability to decode with such high accuracy conscious percep-
tion from PFC activity during binocular rivalry, a visual stimu-
lation protocol that dissociates conscious perception from visual
input confirms decoding of subjective conscious perception,
during visual competition. Specifically, the ability of the classifier
to generalize across the unambiguous (PA) and ambiguous visual
presentations (BR) suggests an invariance of the prefrontal
population code underlying conscious content. In contrast, the
absence of invariance between PA and BR could indicate repre-
sentation of perceptually suppressed stimuli, therefore signaling
the unconscious percept, whose representation seems to be
minimal in PFC during BR. Interestingly, such a multiplexed
representation of perceptually dominant and suppressed stimulus
has been suggested recently in the case of temporal lobe
neurons’2.

Such a decoding approach could be used for investigating the
population code subserving conscious perception across cortical
regions, by for e.g., comparing decoding accuracy. However, the
particularly strong classification and generalization accuracies (up
to 95% obtained on data combined across both animals, see
Fig. 3¢) obtained from prefrontal responses, makes it unlikely that
stronger decoding of the conscious percept would be observed
from activity in other cortical areas.

Our findings are in contrast to the conclusions of recent
imaging studies suggesting PFC’s reduced involvement in con-
scious perception?3*426, However, constraints in the spatio-
temporal resolution of the BOLD signal and its complex
relationship with neural activity limit the interpretations from
imaging data, especially so, when null findings are reported?®>4,
Such limits are particularly relevant to the frontal cortex, where
individual neurons often display a high degree of mixed
selectivity’374 or distinct temporal patterns of activity during
perceptual paradigms®. For example, we found that sites dis-
playing preferential responses to opposite motion directions are
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distributed in close proximity (~0.4 mm) (Fig. 1d and Supple-
mentary Fig. 2). Such spatial variability of stimulus selectivity
remains difficult to capture with fMRI, especially with univariate
methodologies. However, advances in high field imaging together
with multivariate pattern analysis hold great promise in providing
brain-wide representations of conscious content®”.

In summary, our results lend support to theoretical approaches,
which suggest a representation of conscious content in the
executive areas of the brain such as the PFC to mediate cognitive
functions or motor action®>>%73, Future work employing direct
activation of such perceptually modulated ensembles could help
elucidate the causal mechanisms mediating conscious perception’®.
Together with carefully designed experiments, it could help unravel
the similarities and differences in the neural mechanisms under-
lying conscious perception and other cognitive processes®® such
as introspection?377, attention’8, decision making’*3? or cognitive
control3481.,

Methods

All experiments were in full compliance with the guidelines of the European
community (2010/63/EU) for the care and use of laboratory animals and were
approved by the local authorities (Regierungsprésidium, Tuebingen, Baden-
Wiirttemberg, Germany, protocol KY6/12).

Binocular rivalry, control paradigms, and stimulus presentation. The paradigm
consisted of two trial types, namely, the physical alternation (PA) trials and
binocular rivalry (BR) trials (Supplementary Fig. 1a). Both trial types started with
the presentation of a red fixation spot (subtending 0.2 degree of visual angle),
cueing the animal to initiate fixation. Upon successful fixation for 300 milliseconds
within a fixation window (+8°), a drifting sinusoidal grating (size: 8°, speed: 12-13°/
sec, spatial frequency: 0.5 cycles/degree, gratings were drifting vertically up or
down) was monocularly presented. During one recording session (in A11), we used
random dot motion stimulus (field of view 8°, speed 13°/sec, 200 limited lifetime
dots, and 100% coherence) since visual inspection of OKN revealed that such a
stimulus produced better OKN responses than drifting gratings in this animal.
Further, it helped assess if prefrontal responses are correlated with perception of
motion, independent of the low-level stimulus properties generating it. After one or
two seconds, the first stimulus was removed and a second stimulus drifting in the
opposite direction was presented to the contralateral eye in PA trials. During BR
trials, the second stimulus was added to the contralateral eye without removing the
first stimulus. This typically results in perceptual suppression of the first stimulus
and is termed as flash suppression!”-37-3882 (Supplementary Fig. la). After this
period, visual input alternated between oppositely drifting stimuli presented
monocularly in the PA condition. In comparison, during the BR condition, the
percept of the animal switched endogenously between the discordant visual stimuli.
The temporal histogram of perceptual dominance during BR could be approxi-
mated with a gamma distribution (Fig. 1c). The total duration of a single-trial/
observation period was around 8 to 10 s. Note that the perception of the animal
(Supplementary Fig. 1a) is similar during the two trial types, even though the
underlying visual input is monocular in PA trials, while it is dichoptic during BR.
The eye (where the first stimulus was presented), motion direction (which was
presented first), and trial types (PA or BR) were pseudorandomized within a single
dataset. During the entire period of a trial, animals had been trained to maintain
their gaze within a fixation window (+8°), which encompassed the stimulus. A
liquid reward was given to the animal upon successful maintenance of gaze within
the window for the entire trial duration.

The eye movement control experiments using the Fixation Off and Fixation On
paradigms were carried out on a subset of recording sessions (4 out of 6 recording
sessions, 2 - macaque H’07, 2 - macaque A’11). Both paradigms consisted of trials,
where the macaques were presented with a visual stimulus drifting in one of eight
different directions (pseudorandomized across trials) for one second (Fig. 6). Each
trial started with the presentation of a fixation spot for ~300 milliseconds, following
which a drifting visual stimulus was presented for one second. However, there was
one key difference across the two paradigms. During Fixation Off, the fixation spot
disappeared as soon as the visual stimulus was presented, eliciting OKN and the
fixation window (the window within which the animal was required to maintain its
gaze) encompassed the stimulus (+8°). In contrast, during the Fixation On
paradigm, a fixation spot overlaid on the stimulus indicated that the monkeys must
fixate within a smaller fixation window (~+1 to +2 degrees) to complete the trial
and receive the reward, thus suppressing eye movements. Stimulus parameters
were identical to the ones used during the BR paradigm.

Dichoptic visual stimulation was carried out with the aid of a stereoscope and
displayed at a resolution of 1280x1024 on the monitors (running at a 60 Hz refresh
rate) using a dedicated graphics workstation. The custom-made stereoscope
included two mirrors, slanted to approximately a 45° angle and placed in front of
the animal’s eyes. The angle of the mirrors could be adjusted to allow precise

binocular stimulation. In addition, the setup included two monitors, each on the
left and right side, facing each other and perpendicular to the direction in which
the animal faced. This allowed binocular stimulation, wherein images displayed on
the left and right monitor could be presented to corresponding retinal locations of
the left and right eye respectively, with the aid of slanted mirrors. Prior to the
presentation of the BR paradigm, we carried out a previously described calibration
procedured2, which ensured that the stimuli presented on the two monitors
through the stereoscope were appropriately aligned and could be fused binocularly.
It started with the animal participating in a fixation-saccade task, wherein visual
input was at first presented monocularly to the left eye. The task required a brief
period of fixation on a centrally presented red fixation spot (its location was
adjusted according to single eye vergence for each individual monkey), following
which a peripheral fixation target was presented in one of eight different directions.
The animal was trained to make a saccade to the eccentrically presented target for
obtaining a liquid reward. During this period, the eye position was centered within
a fixation window, using a custom-designed linear offset amplifier. After this, a
second procedure was carried out, wherein the fixation target was first presented to
the left eye for a brief duration, after which it was switched off and immediately
presented to the right eye. The animal typically responded with a saccade, whose
amplitude provided an estimate of the offset between the fixation spot displayed on
the two monitors. This offset was confirmed with several repetitions of this
procedure and it served as a correction factor. The visual stimuli were aligned
taking into account this correction factor, thus enabling their fusion.

Visual stimulus design and presentation were carried out using openGL
(version 1.2) and controlled on a windows machine via Tcl/Tk (version 8.0). A
QNX real-time operating system (QNX Software Systems, version 4.25, BlackBerry
Limited, Waterloo, Canada) managed the precise temporal presentation of the
visual stimuli, and sent digital pulses to the Blackrock recording system. An
infrared camera captured eye movements (1 kHz sampling rate) with the software
iView (SensoriMotoric Instruments GmBH, Germany). Besides monitoring eye
movements online, they were also stored for offline analysis in both, the QNX-
based acquisition system as well as the Blackrock neural data acquisition system.
We used the latter to align the neural data.

Surgical procedures. Two healthy male rhesus monkeys (Macaca mulatta), HO7
and A1l participated in behavioral and electrophysiological recordings. HO7 was
~12 years old and weighed ~11-12 kg at the time of the study. A1l was ~15 years
old, and weighed ~8-9 kg, when the experiments were done. All experiments were
approved by the local authorities (Regierungsprasidium, protocol KY6/12 granted
to TIP as the principal investigator) and were in full compliance with the guidelines
of the European community (2010/63/EU) for the care and use of laboratory
animals. Each animal was implanted with a titanium headpost custom designed to
fit the skull based on a high-resolution MR scan collected using a 4.7 tesla scanner
(Biospec 47/70c; Bruker Medical, Ettlingen, Germany). The headpost implantation
was carried out while the animal was under general anesthesia and prior to the
beginning of behavioral training in the BR paradigm. Details of the surgical pro-
cedures have been previously described®3. The MR scan also aided in localizing the
inferior convexity of the lateral PFC. Post behavioral training in the task, the
animals underwent another surgery, where a Utah microelectrode array (Blackrock
Microsystems, Salt Lake City, Utah USA%%) was implanted in the PFC. The array
had a 10 by 10 electrode configuration and was 4 mm by 4 mm in size, with an
inter-electrode distance of 400 um and electrode length of 1 mm. We implanted the
array ventral to the principal and anterior to the arcuate sulcus, thus aiming to
cover a large part of the inferior convexity in the ventrolateral PFC (Fig. 1a).

Electrophysiology data acquisition. All behavioral training and electro-
physiological recordings were carried out with the animals seated in a custom-
designed chair. Data presented here was collected across six recording sessions in
two macaques (4 - H'07 and 2 - A’11). Broadband neural signals (sampled at

30 kHz) were recorded with the Neural Signal Processors (Blackrock Micro-
systems) and band-pass filtered offline between 0.6 - 3 kHz using a second-order
Butterworth filter. Spikes were detected with an amplitude threshold set at five
times the median absolute deviation8®. Any spike events larger than 50 times the
mean absolute deviation were discarded. Further, spike events with an inter-spike
interval of less than the refractory period of 0.5 ms were also discarded. Events
satisfying the aforementioned criterion of threshold and the refractory period were
kept for further analysis. Collected spike events were aligned to their minima and
45 samples (1.5 ms) around the peak were extracted for spike sorting. An automatic
clustering procedure identified putative single neurons via a Split and Merge
Expectation-Maximisation algorithm which fits a mixture of Gaussians on the
spike feature data consisting of the first three principal components of the spike
waveforms®0. Inspection and manual cluster cutting was carried out in Klusters
(Lynn Hazan, Buzsdki lab, Rutgers, Newark, United States)®”. This way, we sorted
and identified putative single units recorded from each of the 96 electrodes in the
array. The spiking waveforms, recorded under a given channel, which could not be
sorted to a given single unit were collected and denoted as a multi-unit. For the
analysis presented in this study (unless stated otherwise), we combined individual
single units and multi-units recorded and they are together referred to as units.
After sorting, we identified a total of 734 units from HO07 across four recording
sessions, and 253 units from A1l across two recording sessions.
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Selectivity of unit activity. Eye movements during each BR trial were visually
inspected with the aid of a custom written GUI in MATLAB (MathWorks, Natick,
United States) and the onset and end of a perceptual dominance (during the rivalry
phase) were manually marked using the onset of a change in the slow phase of the
OKN as a criterion. Two authors VK and AD marked the datasets.

Selectivity of a given unit was assessed separately for PA and BR trials by
comparing the spike counts elicited during the presentation (PA) or perception (BR)
of downward vs. upward drifting stimuli, using a Wilcoxon rank-sum test (p < 0.05).
For unit selectivity during BR trials, spiking response was aligned to the onset of two
events, invoking a perceptual change, namely the (i) onset of flash suppression phase
and (i) onset of a period of perceptual dominance during spontaneous switches in
rivalry. Unit selectivity was similarly assessed during analogous temporal phases of
PA trials. The presentation of the second stimulus during PA is temporally
corresponding with the presentation of the second stimulus during a BR trial, which
constitutes the flash suppression phase. All subsequent stimulus presentations during
a PA trial can be considered equivalent to the perceptual dominance phases during
BR. Therefore, selectivity of the spiking responses during these periods was
computed for assessing unit selectivity during PA trials. Further, we considered only
those epochs during PA and BR trials for computing selectivity, which consisted of
perceptual dominance (BFS and BR) or monocular presentation (PA) of a given
stimulus lasting at least 1000 ms. Therefore, only those epochs of flash suppression
dominance were included in the analysis, which entailed a successful suppression of
the first monocularly presented stimulus for at least 1000 ms (as determined by the
OKN). With respect to perceptual switches, we analyzed transitions, which consisted
of at least 1000 ms of clear dominance (judged by a stable OKN pattern), before and
after an OKN switch. To compare with PA as closely as possible, we analyzed those
transitions during BR, which had an interval of less than 250 ms between the end of
the preceding dominance, and the onset of the next. Data were aligned to the onset of
the forward dominance. Corresponding temporal phases of stimulus switches during
PA trials, included at least one second monocular presentation of a given stimulus
followed by the presentation of an oppositely drifting stimulus in the contralateral
eye (compared to the preceding visual presentation) for a minimum duration of
1000 ms. Selectivity was assessed both before (—1000 to 0) and after (0 to 1000) the
perceptual (BR) and stimulus switches (PA) by collecting all spikes elicited in a
1000 ms period. Any relevant figures presented in the main body of the paper were
obtained by analyzing the spiking activity elicited during PA trials which was aligned
to the TTL pulse signaling a stimulus change. In addition, we visually inspected and
marked the onset and offset of the visual stimulus during PA trials similarly to the
way these episodes were marked for BR trials, based upon the change in the OKN
direction. The selectivity analysis (Fig. 2) was repeated with PA trials aligned
according to this new criterion and we obtained very similar results (Supplementary
Fig. 4 and 5).

D-prime calculation. For every unit, we computed a preference index denoted as
d’, by quantifying the strength of its selectivity during PA trials. It was calculated as
follows:

d = (up ﬂnp)/< (M}) )

where, pp and unp is the average spiking response of a given unit during the
presentation of its preferred and nonpreferred stimulus, calculated over a duration
of 1000 ms after a physical stimulus change during PA trials. The difference
between these two quantities is normalized by the square root of the average pooled
variance (Varp and Varnp) of the response distributions. The d’ was similarly
calculated during corresponding periods of BR trials. However, the preferred and
nonpreferred stimulus conditions were designated based on PA trials. A unit with a
positive d’ during both PA and BR trials, signifies similar preference, while a
negative d’ during BR indicates that the unit had opposite or no preference during
PA (that is, it fired on average equal number of spikes for both motion conditions)
(Fig. 2a and Supplementary Fig. 4a).

Conventional population PSTHs and ensemble PSTHs. Population PSTHs
(Fig. 2b) were computed by averaging the mean neural activity of selective units in
response to their preferred and nonpreferred stimuli. The activity of each unit was
calculated as the mean response of the unit during specific temporal phases (flash
suppression, perceptual dominance and switches) in 50 ms bins during PA or BR
trials. For the flash suppression and perceptual dominance phases, we identified all
units, which displayed significant modulation during either PA or BR trials. With
respect to switches, all units which displayed significant modulation (and main-
tained stimulus preference) before and after a switch during both trial types were
identified. In all three cases, the population PSTH was computed by averaging the
activity of all units, which displayed preference to the same motion direction across
PA and BR. In addition, population PSTHs with units significantly selective in the
PA or BR trials (Supplementary Fig. 3 and 5) were also computed. Population
activity computed for the switches included units, which were significantly
modulated both before and after the switch for the same motion direction in PA or
BR (Supplementary Fig. 3 and 5).

Additionally, we generated average ensemble population PSTHs. Here we refer
to a population of units displaying preference for the same stimulus as a neuronal

ensemble. Unit populations, which contributed to ensemble PSTHs, were identified
similarly to conventional population PSTHs. Therefore, the population of units
contributing to Fig. 2b (switches) and Fig. 3a is identical. However, PSTHs were
computed differently. First, the activity elicited by all units preferring the
downward and upward motion directions were separately averaged for each
transition in 50 ms bins, providing a population vector of each neural ensemble for
every switch. Next, each of these traces was normalized by subtracting the
minimum and dividing it by the maximum activity. Finally, traces were collected
across all transitions across datasets and were averaged to generate the average
ensemble population PSTHs, presented in Fig. 3a. Such an ensemble population
PSTH complements the decoding approach, which utilizes the population response
on single trials aimed at ascertaining the ongoing sensory input (PA) or perceptual
experience (BR). Ensemble population PSTHs for the control paradigms presented
in Fig. 7a, Supplementary Fig. 8a, d and 9a were generated similarly as described
above, but without the normalization step. Further, the response of the two
ensembles has been pooled together in this case. For the ensemble activity related
to presentation of the preferred stimulus, all trials where the preferred stimulus of
the units comprising the two different ensembles (upward and downward motion)
were presented were pooled together and an average was computed. Similarly, all
trials, where ensemble’s nonpreferred stimulus was presented, were pooled together
and averaged for ensemble activity pertaining to the nonpreferred stimulus.

Decoding Analysis. Multivariate pattern analysis was utilized to assess, if the
spiking activity of neuronal ensembles in the PFC contained information about the
contents of perception on a single transition basis. In this regard, we used a
maximum correlation coefficient classifier implemented as a part of the neural
decoding toolbox®3. All the recorded units (n = 987) across the two monkeys were
pooled as a pseudopopulation for the decoding analysis pertaining to the BR
paradigm (Fig. 3). This is similar to previous studies**%%, where units recorded
during independent sessions were compiled together as a pseudopopulation. For
testing generalization across sessions (Fig. 5), each of the 96 individual electrodes of
the array was considered a unit to maintain correspondence across sessions. The
valid spiking activity recorded from this electrode was used for training and testing
the classifier across the recording sessions. In either case (independent of how the
units were defined), responses of each of these units during randomly selected
stimulus (PA trials) and perceptual switches (BR trials) were utilized. A z-score
normalization (subtracting the mean activity and dividing by the standard devia-
tion) of each unit’s response was done before it participated in the classification
procedure in order to assure that units with high spike rates do not influence the
decoding procedure disproportionately. We used 15 cross-validation splits,
implying that for 14 switches used for training the pattern classifier, one was left
out and put in the test. For decoding during flash suppression dominance (pre-
sented in Fig. 4 and Fig. 5), the number of cross-validation splits were 13. This
procedure was repeated 50 times (resample runs) to estimate the classification
accuracy with a different randomly chosen cross-validation split during each run.
All decoding accuracy estimates are zero-one-loss results. Each pixel in cross-
temporal generalization plots (Figs. 3b, 7b and Supplementary Fig. 6b, e, 7b, e, 8b,
e, 9b) depicts the classification accuracy computed with firing rates in 150 ms bins,
sampled every 50 ms. This bin duration was chosen, because it has been previously
used successfully for decoding visual input from neural activity recorded in the
frontal and temporal cortex#9-8,

Similar steps as described above were used for decoding analysis pertaining to
the control paradigms (Fig. 7 and Supplementary Fig. 8 and 9), except the following.
Units which were significantly selective (Wilcoxon rank-sum test, p < 0.05) in either
of the two paradigms and preferred the same stimulus, that is stronger response to
the same motion direction during both paradigms (Final selection of units used: n =
103 (HO7: n = 66, Al1: n = 37) for Fig. 7 and n = 100 (HO7: n = 65, Al1l: n = 35)
for Supplementary Fig. 9) participated in the decoding procedure. Further, we
employed eight cross-validation splits for the decoding analysis pertaining to trials
with reduced eye movement variance (Supplementary Fig. 9).

Additionally, we wanted to assess the robustness of the cross-paradigm
generalization across the control paradigms to the above mentioned unit selection
procedure. To this end, we ran the decoding procedure ten times, and during each
run, the units participating in the analysis were selected in the following manner.
Similar to as described above, the units were chosen based on their selectivity
(Wilcoxon rank-sum test, p <0.05) in either of the two paradigms and similar
preference (upward or downward) across them. However, this was computed
differently: using all of the trials of one paradigm, which was used for subsequent
training of the classifier, and only half of the trials of the second paradigm, which
were randomly selected during each run. The generalization accuracy of the
classifier was subsequently tested by training the classifier (on the activity of the set
of units passing the aforementioned criterion) on the first paradigm and testing it
on the remaining half of the trials from the second paradigm, which did not
participate in the aforementioned unit selection procedure. The number of cross-
validation splits employed for this analysis was seven. The rest of the decoding
parameters were similar to as described above. We repeated this procedure 10
times, for both comparisons, that is, training the classifier on trials from Fixation
Off and testing it on Fixation On, and vice versa (Supplementary Fig. 10). The
resulting classification accuracies were strongly significant (p < 0.002), based on the
permutation test.
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Selection of trials with reduced eye position variance and decoding. To create
a robust dataset for decoding the visual stimulus during passive observation of
monocularly presented stimuli, we only picked those trials of the Fixation On
paradigm, wherein the eye movements during passive fixation were relatively
minimal, that is, there were no strong drifts in eye position. The trial selection was
carried out by utilizing the following procedure. Firstly, the Y coordinate of the eye
movement signal was detrended. It was then filtered below 20 Hz to remove high-
frequency noise. Next, a double differential of this signal was computed and
compared to a flat line (i.e. with a slope of 0 and an intercept corresponding to the
baseline of the OKN signal) using a least-squared-error minimization method. The
sum of the squared error for each trial was computed giving us a distribution of
errors. All trials within a condition, whose sum of least-squared error was less than
the median of the distribution of these errors obtained from all trials in that
condition, were selected for further analysis. This method resulted in a selection of
trials with significantly (Wilcoxon rank-sum test, p < 0.001) reduced variance of
the eye movements signal (Fig. 6d).

Statistical information. Significant selectivity of units was analyzed with a Wil-
coxon rank-sum test during both PA and BR trials. We compared the spike
responses elicited during specific temporal phases, namely the physical alternation,
physical dominance, perceptual dominance during BES or BR, as well as stimulus
and perceptual switches as described above in the selectivity of unit activity section.
The alpha value was 0.05.

Statistical significance of the classification accuracy was assessed using a
permutation test, which involved running the decoding analysis on the data with
labels shuffled*®:88, This procedure was repeated 500 times with parameters
related to binning, cross-validation splits as well as resample runs identical to
those used for standard decoding of correctly labeled data. The resulting
classification accuracies obtained served as a null distribution. If the decoding
results obtained without shuffling the labels were greater than all values within the
null distribution, they were considered as significant (p <1/500 = 0.002, or an
estimated p-value: p = 0.00199). Significance of decoding accuracy was computed
using this procedure for the results presented in Figs. 3 and 7 (also see
Supplementary Fig. 6, 7, 8, 9 and 10).

With respect to the box plots presented in Figs. 3¢, 6d, 7c and Supplementary
Fig. 6,7, 8,9 and 10, the box denotes the 25th (Q1) and 75th percentiles (Q3) of the
data, while the red (Fig. 6d) or black central line (other figures) denotes the median.
All adjacent values within Q3 4 1.5x(Q3—Q1) and Q1—1.5x(Q3—Q1) are
contained within the upper and lower whisker lengths, respectively. Outliers are
not displayed. In Fig. 6d, the 95% confidence interval around the median is
approximated by the notches, whose edges are calculated as
median * 1.57x(Q3—Q1)/(square root of number of samples).

Unit related statistics. The average spike density functions of two simultaneously
recorded units, 33 (preferring downward motion) and 167 (preferring upward
motion), which displayed robust modulation during both PA and BR trials are
presented in Fig. le. These were plotted with the path function (which utilized a
gaussian kernel with a standard deviation of 50 ms) from the Chronux data analysis
toolbox (http://chronux.org/)®. The spiking activity of the units reliably switched
for both externally induced and internally driven perceptual switches as assessed
with a Wilcoxon rank-sum test. With respect to unit 33, the statistics of significant
modulation were as follows: during physical alternation phase of PA trials, (tem-
porally analogous to flash suppression dominance during BR), ppa_33 = 2.82%¥10714
and for binocular flash suppression phase during BR trials, pgps.33 = 2.39%107.
Additionally, it was also significantly modulated during the physical dominance
(PD) phase of PA trials and its temporally equivalent rivalry dominance (RD)
phase during BR trials. The statistical value was ppp.33 = 8.72*10~1° for physical
dominance and prp.33 = 7.18%1078 for rivalry dominance. For unit 167, the
corresponding values were: ppa_167 = 1.13%10717, ppps.167 = 1.20¥1072, ppp_167 =
1.49%10~% and pgp.16; = 7.8%¥1073.

During the eye movement control experiments, a majority of units displaying
significant stimulus selectivity (Wilcoxon rank sum test, p < 0.05) within a given
paradigm retained their stimulus preference across the two control paradigms (fix
On—69.56 %, 48/69 (HO7: 70.83%, 34/48; All: 66.67%, 14/21); fix Off—55.56 %,
80/144 (HO7: 51.55%, 50/97; A11: 63.83%, 30/47)) while a small percentage of units
(fix On—14.49 %, 10/69 (HO7: 16.67%, 8/48; A1l: 9.52%, 2/21); fix Off—6.94 %,
10/144 (HO7: 8.25%, 8/97; Al1: 4.26%, 2/47); Wilcoxon rank sum test, p < 0.05)
exhibited a significant preference to stimuli with opposing motion content across
the two paradigms (see Fig. 6 for tuning curves of example units).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Data with spiking activity, that support the
findings of this study are available from the corresponding author upon reasonable
request. Source data are provided with this paper.

Code availability
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various decoding analysis reported within the paper. The toolbox (including the
associated codes) is available for download at http://www.readout.info/downloads/. The
utility of this toolbox has been previously described®”. Other code is available from the
corresponding author upon reasonable request.

Received: 21 October 2020; Accepted: 17 February 2022;
Published online: 22 March 2022

References

1.  Koch, C. What Is Consciousness? Nature 557, S8-S12 (2018).

2. Crick, F. & Koch, C. Towards a neurobiological theory of consciousness.
Seminars Neurosci. 2, 263-275 (1990).

3. Crick, F. & Koch, C. Consciousness and neuroscience. Cereb. Cortex 8, 97-107
(1998).

4. Baars, B. J. Global workspace theory of consciousness: toward a cognitive
neuroscience of human experience. Prog. Brain Res. 150, 45-53 (2005).

5. Lau, H. & Rosenthal, D. Empirical support for higher-order theories of
conscious awareness. Trends Cogn. Sci. (Regul. Ed.) 15, 365-373 (2011).

6. Dehaene, S. & Changeux, J.-P. Experimental and theoretical approaches to
conscious processing. Neuron 70, 200-227 (2011).

7.  Rees, G, Kreiman, G. & Koch, C. Neural correlates of consciousness in
humans. Nat. Rev. Neurosci. 3, 261-270 (2002).

8. Brascamp, J., Sterzer, P., Blake, R. & Knapen, T. Multistable perception and
the role of the frontoparietal cortex in perceptual inference. Annu. Rev.
Psychol. 69, 77-103 (2018).

9. Vignal, J. P, Chauvel, P. & Halgren, E. Localised face processing by the human
prefrontal cortex: stimulation-evoked hallucinations of faces. Cogn.
Neuropsychol. 17, 281-291 (2000).

10. Blanke, O., Landis, T. & Seeck, M. Electrical cortical stimulation of the human
prefrontal cortex evokes complex visual hallucinations. Epilepsy Behav. 1,
356-361 (2000).

11. Odegaard, B., Knight, R. T. & Lau, H. Should a few null findings falsify
prefrontal theories of conscious perception? J. Neurosci. 37, 9593-9602 (2017).

12. Del Cul, A,, Dehaene, S., Reyes, P., Bravo, E. & Slachevsky, A. Causal role of
prefrontal cortex in the threshold for access to consciousness. Brain 132,
2531-2540 (2009).

13. Szczepanski, S. M. & Knight, R. T. Insights into human behavior from lesions
to the prefrontal cortex. Neuron 83, 1002-1018 (2014).

14. Nakamura, R. K. & Mishkin, M. Chronic “blindness” following lesions of
nonvisual cortex in the monkey. Exp. Brain Res. 63, 173-184 (1986).

15. Colas, L et al. Conscious perception in patients with prefrontal damage.
Neuropsychologia 129, 284-293 (2019).

16. van Vugt, B. et al. The threshold for conscious report: Signal loss and response
bias in visual and frontal cortex. Science 360, 537-542 (2018).

17. Panagiotaropoulos, T. I, Deco, G., Kapoor, V. & Logothetis, N. K. Neuronal
discharges and gamma oscillations explicitly reflect visual consciousness in the
lateral prefrontal cortex. Neuron 74, 924-935 (2012).

18. Libedinsky, C. & Livingstone, M. Role of prefrontal cortex in conscious visual
perception. J. Neurosci. 31, 64-69 (2011).

19. Gelbard-Sagiv, H., Mudrik, L., Hill, M. R,, Koch, C. & Fried, I. Human single
neuron activity precedes emergence of conscious perception. Nat. Commun. 9,
2057 (2018).

20. Thompson, K. G. & Schall, J. D. The detection of visual signals by macaque
frontal eye field during masking. Nat. Neurosci. 2, 283-288 (1999).

21. Tononi, G., Boly, M., Massimini, M. & Koch, C. Integrated information
theory: from consciousness to its physical substrate. Nat. Rev. Neurosci. 17,
450-461 (2016).

22. Lamme, V. A. F. Challenges for theories of consciousness: seeing or knowing,
the missing ingredient and how to deal with panpsychism. Philos. Trans. R.
Soc. Lond. B, Biol. Sci. 373, 20170344 (2018).

23. Frissle, S., Sommer, J., Jansen, A., Naber, M. & Einhiduser, W. Binocular
rivalry: frontal activity relates to introspection and action but not to
perception. J. Neurosci. 34, 1738-1747 (2014).

24. Knapen, T., Brascamp, J., Pearson, J., van Ee, R. & Blake, R. The role of frontal
and parietal brain areas in bistable perception. J. Neurosci. 31, 10293-10301
(2011).

25. Koch, C., Massimini, M., Boly, M. & Tononi, G. Neural correlates of
consciousness: progress and problems. Nat. Rev. Neurosci. 17, 307-321 (2016).

26. Brascamp, J., Blake, R. & Knapen, T. Negligible fronto-parietal BOLD activity
accompanying unreportable switches in bistable perception. Nat. Neurosci. 18,
1672-1678 (2015).

14 | (2022)13:1535 | https://doi.org/10.1038/s41467-022-28897-2 | www.nature.com/naturecommunications


http://chronux.org/
http://www.readout.info/downloads/
www.nature.com/naturecommunications

ARTICLE

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Boly, M. et al. Are the neural correlates of consciousness in the front or in the
back of the cerebral cortex? clinical and neuroimaging evidence. J. Neurosci.
37, 9603-9613 (2017).

Safavi, S., Kapoor, V., Logothetis, N. K. & Panagiotaropoulos, T. L. Is the
frontal lobe involved in conscious perception? Front. Psychol. 5, 1063 (2014).
Logothetis, N. K. What we can do and what we cannot do with fMRI. Nature
453, 869-878 (2008).

Blake, R. & Logothetis, N. K. Visual competition. Nat. Rev. Neurosci. 3, 13-21
(2002).

Wheatstone, C. Contributions to the physiology of vision. part the first. on
some remarkable, and hitherto unobserved, phenomena of binocular vision.
Philos. Trans. R. Soc. Lond. 128, 371-394 (1838).

Tsuchiya, N., Wilke, M., Frissle, S. & Lamme, V. A. F. No-Report Paradigms:
Extracting the True Neural Correlates of Consciousness. Trends Cogn. Sci.
(Regul. Ed.) 19, 757-770 (2015).

Pitts, M. A,, Metzler, S. & Hillyard, S. A. Isolating neural correlates of
conscious perception from neural correlates of reporting one’s perception.
Front. Psychol. 5, 1078 (2014).

Aru, J., Bachmann, T., Singer, W. & Melloni, L. Distilling the neural correlates
of consciousness. Neurosci. Biobehav. Rev. 36, 737-746 (2012).

Fox, R, Todd, S. & Bettinger, L. A. Optokinetic nystagmus as an objective
indicator of binocular rivalry. Vis. Res. 15, 849-853 (1975).

Logothetis, N. K. & Schall, J. D. Binocular motion rivalry in macaque
monkeys: eye dominance and tracking eye movements. Vis. Res. 30,
1409-1419 (1990).

Wolfe, J. M. Reversing ocular dominance and suppression in a single flash.
Vis. Res. 24, 471-478 (1984).

Lansing, R. W. Electroencephalographic correlates of binocular rivalry in man.
Science 146, 1325-1327 (1964).

Levelt, W. J. Note on the distribution of dominance times in binocular rivalry.
Br. J. Psychol. 58, 143-145 (1967).

Logothetis, N. K. Single units and conscious vision. Philos. Trans. R. Soc. Lond.
B, Biol. Sci. 353, 1801-1818 (1998).

Pigarev, I. N,, Rizzolatti, G. & Scandolara, C. Neurons responding to visual
stimuli in the frontal lobe of macaque monkeys. Neurosci. Lett. 12, 207-212
(1979).

Wilson, F. A., Scalaidhe, S. P. & Goldman-Rakic, P. S. Dissociation of object
and spatial processing domains in primate prefrontal cortex. Science 260,
1955-1958 (1993).

Zaksas, D. & Pasternak, T. Directional signals in the prefrontal cortex and in
area MT during a working memory for visual motion task. J. Neurosci. 26,
11726-11742 (2006).

Nigam, S., Pojoga, S. & Dragoi, V. A distinct population of heterogeneously
color-tuned neurons in macaque visual cortex. Sci. Adv. 7, eabc5837 (2021).
Ni, A. M,, Ruff, D. A, Alberts, J. J., Symmonds, J. & Cohen, M. R. Learning
and attention reveal a general relationship between population activity and
behavior. Science 359, 463-465 (2018).

Milton, R., Shahidi, N. & Dragoi, V. Dynamic states of population activity in
prefrontal cortical networks of freely-moving macaque. Nat. Commun. 11,
1948 (2020).

Sheinberg, D. L. & Logothetis, N. K. The role of temporal cortical areas in
perceptual organization. Proc. Natl Acad. Sci. USA 94, 3408-3413 (1997).
Meyers, E. & Kreiman, G. in Visual Population Codes (eds. Kriegeskorte, N. &
Kreiman, G.) 517-538 (2011).

Meyers, E. M., Freedman, D. J., Kreiman, G., Miller, E. K. & Poggio, T.
Dynamic population coding of category information in inferior temporal and
prefrontal cortex. J. Neurophysiol. 100, 1407-1419 (2008).

Gallego, J. A., Perich, M. G., Chowdhury, R. H,, Solla, S. A. & Miller, L. E.
Long-term stability of cortical population dynamics underlying consistent
behavior. Nat. Neurosci. 23, 260-270 (2020).

Dieterich, M., Bucher, S. F., Seelos, K. C. & Brandt, T. Horizontal or vertical
optokinetic stimulation activates visual motion-sensitive, ocular motor and
vestibular cortex areas with right hemispheric dominance. An fMRI study.
Brain 121, 1479-1495 (1998). Pt 8.

Kim, J. N. & Shadlen, M. N. Neural correlates of a decision in the dorsolateral
prefrontal cortex of the macaque. Nat. Neurosci. 2, 176-185 (1999).
Mashour, G. A. The controversial correlates of consciousness. Science 360,
493-494 (2018).

Michel, M. & Morales, J. Minority reports: Consciousness and the prefrontal
cortex. Mind Language 35, 493-513 (2019).

Melloni, L., Mudrik, L., Pitts, M. & Koch, C. Making the hard problem of
consciousness easier. Science 372, 911-912 (2021).

Block, N. What Is Wrong with the No-Report Paradigm and How to Fix It.
Trends Cogn. Sci. (Regul. Ed.) 23, 1003-1013 (2019).

Panagiotaropoulos, T. I, Dwarakanath, A. & Kapoor, V. Prefrontal cortex and
consciousness: beware of the signals. Trends Cogn. Sci. (Regul. Ed.) 24,
343-344 (2020).

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Bartels, A. Consciousness: What is the role of prefrontal cortex? Curr. Biol. 31,
R853-R856 (2021).

Schmid, M. C. & Maier, A. To see or not to see—thalamo-cortical networks
during blindsight and perceptual suppression. Prog. Neurobiol. 126, 36-48
(2015).

Panagiotaropoulos, T. I., Kapoor, V. & Logothetis, N. K. Subjective visual
perception: from local processing to emergent phenomena of brain activity.
Philos. Trans. R. Soc. Lond. B, Biol. Sci. 369, 20130534 (2014).

Webster, M. J., Bachevalier, J. & Ungerleider, L. G. Connections of inferior
temporal areas TEO and TE with parietal and frontal cortex in macaque
monkeys. Cereb. Cortex 4, 470-483 (1994).

Miller, E. K. & Cohen, J. D. An integrative theory of prefrontal cortex
function. Annu. Rev. Neurosci. 24, 167-202 (2001).

Fuster, J. M. The Prefrontal Cortex—An Update. Neuron 30, 319-333 (2001).
Yeterian, E. H,, Pandya, D. N., Tomaiuolo, F. & Petrides, M. The cortical
connectivity of the prefrontal cortex in the monkey brain. Cortex 48, 58-81 (2012).
Gilbert, C. D. & Li, W. Top-down influences on visual processing. Nat. Rev.
Neurosci. 14, 350-363 (2013).

Kapoor, V., Besserve, M., Logothetis, N. K. & Panagiotaropoulos, T. I. Parallel
and functionally segregated processing of task phase and conscious content in
the prefrontal cortex. Commun. Biol. 1, 215 (2018).

Haynes, J.-D. Decoding visual consciousness from human brain signals.
Trends Cogn. Sci. (Regul. Ed.) 13, 194-202 (2009).

Sandberg, K., Andersen, L. M. & Overgaard, M. Using multivariate decoding
to go beyond contrastive analyses in consciousness research. Front. Psychol. 5,
1250 (2014).

Haynes, J.-D. & Rees, G. Decoding mental states from brain activity in
humans. Nat. Rev. Neurosci. 7, 523-534 (2006).

King, J. R. & Dehaene, S. Characterizing the dynamics of mental
representations: the temporal generalization method. Trends Cogn. Sci. (Regul.
Ed.) 18, 203-210 (2014).

Waurtz, R. H. Corollary discharge contributions to perceptual continuity across
saccades. Annu. Rev. Vis. Sci. 4, 215-237 (2018).

Hesse, J. K. & Tsao, D. Y. A new no-report paradigm reveals that face cells
encode both consciously perceived and suppressed stimuli. Elife 9, (2020).
Rigotti, M. et al. The importance of mixed selectivity in complex cognitive
tasks. Nature 497, 585-590 (2013).

Mante, V., Sussillo, D., Shenoy, K. V. & Newsome, W. T. Context-dependent
computation by recurrent dynamics in prefrontal cortex. Nature 503, 78-84
(2013).

Brown, R, Lau, H. & LeDoux, J. E. Understanding the Higher-Order Approach
to Consciousness. Trends Cogn. Sci. (Regul. Ed.) 23, 754-768 (2019).
Marshel, J. H. et al. Cortical layer-specific critical dynamics triggering
perception. Science 365, eaaw5202 (2019).

Goldberg, I. I, Harel, M. & Malach, R. When the brain loses its self: prefrontal
inactivation during sensorimotor processing. Neuron 50, 329-339 (2006).
Watanabe, M. et al. Attention but not awareness modulates the BOLD signal
in the human V1 during binocular suppression. Science 334, 829-831 (2011).
Shadlen, M. N. & Kiani, R. in Characterizing Consciousness: From Cognition to
the Clinic? (eds. Dehaene, S. & Christen, Y.) 27-46 (Springer Berlin
Heidelberg, 2011).

Kang, Y. H. R, Petzschner, F. H,, Wolpert, D. M. & Shadlen, M. N. Piercing of
Consciousness as a Threshold-Crossing Operation. Curr. Biol. 27,
2285-2295.e6 (2017).

Block, N. in The Future of the Brain (eds. MARCUS, G. & FREEMAN, J.) 161
(Princeton University Press, 2015).

Keliris, G. A., Logothetis, N. K. & Tolias, A. S. The role of the primary visual
cortex in perceptual suppression of salient visual stimuli. J. Neurosci. 30,
12353-12365 (2010).

Logothetis, N., Merkle, H., Augath, M., Trinath, T. & Ugurbil, K. Ultra high-
resolution fMRI in monkeys with implanted RF coils. Neuron 35, 227-242
(2002).

Maynard, E. M., Nordhausen, C. T. & Normann, R. A. The Utah intracortical
Electrode Array: a recording structure for potential brain-computer interfaces.
Electroencephalogr. Clin. Neurophysiol. 102, 228-239 (1997).

Quiroga, R. Q., Nadasdy, Z. & Ben-Shaul, Y. Unsupervised spike detection and
sorting with wavelets and superparamagnetic clustering. Neural Comput. 16,
1661-1687 (2004).

Kadir, S. N., Goodman, D. F. M. & Harris, K. D. High-dimensional cluster
analysis with the masked EM algorithm. Neural Comput. 26, 2379-2394 (2014).
Hazan, L., Zugaro, M. & Buzséki, G. Klusters, NeuroScope, NDManager: A
free software suite for neurophysiological data processing and visualization. J
Neurosci Methods. 155, 207-216 (2006).

Meyers, E. M. The neural decoding toolbox. Front Neuroinformatics 7, 8
(2013).

Zhang, Y. et al. Object decoding with attention in inferior temporal cortex.
Proc. Natl Acad. Sci. USA 108, 8850-8855 (2011).

| (2022)13:1535 | https://doi.org/10.1038/s41467-022-28897-2 | www.nature.com/naturecommunications 15


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

90. Mitra, P. & Bokil, H. Observed Brain Dynamics. (Oxford University Press,
2007). https://doi.org/10.1093/acprof:0s0/9780195178081.001.0001

Acknowledgements

We would like to thank Prof. Nicho Hatsopoulos and Dr. Yusuke Murayama for help
with animal surgery and Axel Oeltermann for his excellent technical help. This study was
supported by the Max Planck Society. M.B. was partly supported by German Federal
Ministry of Education and Research (BMBF): Tiibingen AI Center, FKZ: 011S18039B;
and by the Machine Learning Cluster of Excellence, EXC number 2064/1 - Project
number 390727645.

Author contributions

VK., AD,, and T.I.P. designed the study. V.K., A.D., and S.S. trained animals. V.K. and
A.D. performed experiments and collected data, with occasional help from S.S. V.K. and
A.D. analyzed the data with input from T.LP. S.S. contributed to spike sorting and
selectivity analysis of control experiments. M.B. contributed to the decoding analysis.
VK. prepared and arranged the figures in the final format. S.S. provided the MATLAB
generated version of the figures displayed in Figs. 6d-f, 7a, Supplementary Fig. 9a, 8a, d,
11. T.LP. and N.K.L. supervised the study. N.K.L., T.LP., and J.W. contributed unpub-
lished reagents/analytical tools. N.K.L. provided support to the group. V.K. and T.LP.
wrote the original manuscript draft. All authors participated in the discussion and
interpretation of the results and editing the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-28897-2.

Correspondence and requests for materials should be addressed to Vishal Kapoor or
Theofanis I. Panagiotaropoulos.

Peer review information Nature Communications thanks Chris Klink and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

16 | (2022)13:1535 | https://doi.org/10.1038/s41467-022-28897-2 | www.nature.com/naturecommunications


https://doi.org/10.1093/acprof:oso/9780195178081.001.0001
https://doi.org/10.1038/s41467-022-28897-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Decoding internally generated transitions of conscious contents in the prefrontal cortex without�subjective reports
	Results
	No-report BR paradigm and the temporal dynamics of perception
	Feature selective PFC activity during changes in conscious perception
	Strength of unit selectivity and population responses
	Decoding the contents of consciousness from prefrontal ensembles
	Decoding motion content in the presence and during the suppression of eye movements

	Discussion
	Methods
	Binocular rivalry, control paradigms, and stimulus presentation
	Surgical procedures
	Electrophysiology data acquisition
	Selectivity of unit activity
	D-nobreakprime calculation
	Conventional population PSTHs and ensemble PSTHs
	Decoding Analysis
	Selection of trials with reduced eye position variance and decoding
	Statistical information
	Unit related statistics

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




