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When a flashed stimulus is followed by a backward mask, subjects fail to perceive it unless the target-mask interval
exceeds a threshold duration of about 50 ms. Models of conscious access postulate that this threshold is associated
with the time needed to establish sustained activity in recurrent cortical loops, but the brain areas involved and their
timing remain debated. We used high-density recordings of event-related potentials (ERPs) and cortical source
reconstruction to assess the time course of human brain activity evoked by masked stimuli and to determine neural
events during which brain activity correlates with conscious reports. Target-mask stimulus onset asynchrony (SOA) was
varied in small steps, allowing us to ask which ERP events show the characteristic nonlinear dependence with SOA seen
in subjective and objective reports. The results separate distinct stages in mask-target interactions, indicating that a
considerable amount of subliminal processing can occur early on in the occipito-temporal pathway (<250 ms) and
pointing to a late (>270 ms) and highly distributed fronto-parieto-temporal activation as a correlate of conscious
reportability.
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Introduction

One of the most obvious and yet unexplained properties of
conscious perception is the existence of a threshold for
conscious access: when a stimulus is flashed and followed by a
backward mask, subjects do not report perceiving it until the
target-mask interval exceeds a threshold duration [1,2].
Below-threshold—or “subliminal”—stimuli receive complex
perceptual and even semantic processing [3-6], but for an
unknown reason, these processes remain inaccessible to
consciousness. Understanding the neural mechanisms that
distinguish such conscious and nonconscious processes
remains a crucial issue in cognitive neuroscience. We used
high-density recordings of event-related potentials (ERPs) to
ask several questions: (1) What sequence of activations is
evoked by subliminal masked stimuli? (2) What additional
sequence of brain events leads a stimulus to cross the
threshold for conscious reportability? (3) At what time does
this access to conscious report occur?

Existing models of conscious access differ markedly with
respect to the brain areas involved (posterior versus anterior)
and the timing of their activation (early versus late). A first
category of model views conscious visual perception as a
phenomenon localized to posterior brain areas, and whose
contents are determined by the pattern of neuronal activity
in early visual and/or occipito-temporal areas [7-13]. Accord-
ing to these proposals, the threshold for conscious perception
during masking should be determined solely within the visual
cortex, either within a single area or due to short-range
recurrent interactions among posterior occipito-temporal
regions [10]. As far as timing is concerned, some authors have
proposed that conscious perception is already detectable in
the ascending, feedforward activation evoked as early as ~100
ms after stimulus presentation [7]. For others, visual
consciousness is not associated with feedforward visual
activation, but requires a subsequent period of “localized
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recurrent processing” [10], still relatively early and confined
to posterior occipito-temporal brain systems. Electrophysio-
logical recording in macaque monkeys during masking
suggest a peak effect of recurrent interactions in area V1
around 100-140 ms after stimulus presentation [9], and
intracranial human recordings suggest that category-specific
ventral occipito-temporal cortices are already strongly
activated by 150-200 ms, although extension to more anterior
regions and reverberation effects can extend for much longer
(290-700 ms) [14]. Thus, although predictions concerning
timing are less precise, this category of models would predict
that subjective reports of conscious perception should
correlate with posterior and relatively early brain events.

At odds with this view, a second category of models views
conscious access as the formation of a late brain-scale
neuronal assembly involving recurrent long-distance inter-
actions among distributed thalamo-cortical regions, partic-
ularly the prefrontal cortex and higher cortical association
areas [15-28,66]. In a detailed neural network simulation,
those areas, when linked by reciprocal top-down and bottom-
up connections, exhibit a threshold for “global ignition”
[19,20]. When this threshold is exceeded, even a brief external
stimulation can simultaneously activate many distant areas
and yield a long-lasting pattern of reverberating activity. It is
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Author Summary

Understanding the neural mechanisms that distinguish between
conscious and nonconscious processes is a crucial issue in cognitive
neuroscience. In this study, we focused on the transition that causes
a visual stimulus to cross the threshold to consciousness, i.e.,
visibility. We used a backward masking paradigm in which the
visibility of a briefly presented stimulus (the “target”) is reduced by
a second stimulus (the “mask”) presented shortly after this first
stimulus. (Human participants report the visibility of the target.)
When the delay between target and mask stimuli exceeds a
threshold value, the masked stimulus becomes visible. Below this
threshold, it remains nonvisible. During the task, we recorded
electric brain activity from the scalp and reconstructed the cortical
sources corresponding to this activity. Conscious perception of
masked stimuli corresponded to activity in a broadly distributed
fronto-parieto-temporal network, occurring from about 300 ms after
stimulus presentation. We conclude that this late stage, which could
be clearly separated from earlier neural events associated with
subliminal processing and mask-target interactions, can be regarded
as a marker of consciousness.

claimed that such a distributed pattern corresponds to a
consciously reportable state, because its active contents are
broadcast to many specialized processors, including those for
verbal or motor report. When an incoming activation fails to
exceed the ignition threshold, it can still briefly propagate
through the processors but quickly vanishes, because it is not
supported by recurrent self-amplifying loops. This state may
correspond to a situation of subliminal processing [21].

Figure 1 illustrates the schematic predictions that may be
expected from this “global neuronal workspace” model as a
stimulus is made increasingly more visible by lowering its
masking strength (for detailed simulations, see [19-21]). First,
initial visual activation should be nearly identical for all
stimuli, even heavily masked ones, irrespective of whether
they are perceived or not. Second, as masking strength
decreases, activation should propagate to increasingly deeper
levels of processing in occipito-temporal and parietal
cortices. Third, when reaching higher cortical areas, partic-
ularly the prefrontal cortex, activation should diverge in a
nonlinear manner, either quickly building up to a high level
(supra-threshold stimulus), or decaying back to baseline
(subliminal stimulus). Fourth, the surge of activation to
supra-threshold stimuli should occur simultaneously in a
global network, including prefrontal, parietal, as well as
posterior occipito-temporal regions, thus creating a second,
late peak of activation in early visual areas.

To test these predictions, we collected high-density record-
ings of ERPs during a backward masking paradigm [2] in
which a single brief (16 ms) parafoveal target digit was
followed by a mask consisting of letters surrounding the
target location (see Figure 2). We varied quasi-continuously
the target-mask stimulus onset asynchrony (SOA) so that, with
increasing SOA, the same target stimulus crossed the thresh-
old from subliminal processing to conscious perception. We
documented this transition behaviorally using objective
(forced-choice comparison of the digit to five) and subjective
(continuous scale of visibility) measures of conscious access.
Both the proportion of “seen trials” and the objective
performance increased nonlinearly as a function of SOA,
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thus tracing a characteristic sigmoidal curve with a well-
defined threshold (Figure 2).

Recordings of ERPs evoked by these stimuli then allowed us
to examine how brain activity changed around this transition
point. By subtracting out the brain activity evoked by the
mask only, we isolated the entire sequence of target-evoked
ERPs, thus allowing us to visualize both early visual activation
and later brain events. To determine which of these
components were associated with conscious-level processing,
we used two independent criteria. First, we searched for ERPs
whose profile of amplitude as a function of SOA traced a
nonlinear curve parallel to the proportion of “seen” trials. In
other words, we used this nonlinear profile of subjective
visibility ratings as a “signature” of conscious processing in
the brain (as done in functional MRI (fMRI) by Haynes et al.
[29] for metacontrast masking). As a second criterion, we also
examined, at a fixed intermediate SOA value, the difference
between trials reported as “seen” and trials reported as “not
seen.” The central issue was whether those two criteria
(nonlinear signature and difference between seen and not-
seen reports) pointed to an early activation localized to
occipito-temporal areas or to a late global ignition in
prefrontal and parietal areas.

Results

Behavioral Results

We first evaluated the subjects’ objective and subjective
perception of masked digits (Figure 2B-2E). Figure 2E
illustrates how subjective visibility ratings neatly clustered
into two well-defined “seen” and “not-seen” states. When the
target was absent, subjects hardly ever gave subjective ratings
exceeding 25% of the scale (0.3% of trials). Conversely, at the
longest SOA where the target was highly visible, the ratings
almost always exceeded 25% of the scale (97.4% of trials). At
intermediate SOAs, the distribution of cursor positions
reached a minimum around 25%, separating the data into
two sets, one peaking at visibility zero (“not-seen” trials), and
the other at maximal visibility (“seen” trials), replicating our
earlier observations [2,30,31]. Thus, the value of 25% visibility
was used as a cut-off between seen and not-seen trials.

We then calculated for each SOA and each subject the
percentage of seen trials (Figure 2C). The percentage of seen
trials increased significantly as a function of SOA (F(5,55) =
154.17, p < 0.001). The increase was nonlinear and showed a
quick transition between 33 and 66 ms from mostly not-seen
to mostly seen responses. Indeed, there was a significant
difference (p < 0.01) between the rate of increase of
subjective visibility ratings in the SOA interval from 33 to
66 ms and that in the 16-33 ms and 66-83 ms intervals,
indicating a significant nonlinearity. For each subject, the
curve relating the percentage of seen trials to SOA was well
fitted by a sigmoid. The subjective visibility threshold was
defined as the SOA where the sigmoid reached its inflexion
point (for mathematical details, see Materials and Methods
and [2]). The mean subjective threshold was 43.9 ms (standard
deviation [SD}= 10.5 ms).

Similarly, in the objective task, performance in comparing
the target with the numeral 5 increased with SOA (F(5,50) =
82.02, p < 0.001; see Figure 2B). This performance was at
chance level only for the shortest SOA of 16 ms. Again, the
rate of increase was larger in the SOA interval from 33 to 66
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Figure 1. Schematic Predictions Concerning the Brain Activation to Subliminal and Supraliminal Masked Stimuli, as Derived from a Global Neuronal

Workspace Model of Consciousness

Top, depth of cortical processing: subliminal stimuli (left panel) should evoke a strong activation in extrastriate visual cortex, but their intensity should
quickly decrease in higher visual areas; only conscious stimuli (right panel) should trigger a late surge of activation in a global prefronto-parietal
network. Bottom, schematic time course of activation as a function of masking strength. Masking is expected to have little effect on early visual
activation but to modulate the strength of activation in higher visual areas. Furthermore, there should be a nonlinear effect of masking strength in
prefrontal cortex, with a similar late top-down activation peak occurring simultaneously in visual areas [19-21].

doi:10.1371/journal.pbio.0050260.g001

ms than in the 16-33 ms and 66-83 ms intervals (p < 0.05). A
sigmoid provided a good fit and allowed us to define an
objective visibility threshold for each subject (mean = 40.8 ms;
SD =. 12.4 ms).

As in our previous work [2], a strong linear correlation was
found between objective and subjective thresholds (> = 0.747,
slope = 1.03), once a single outlier subject was excluded. This
indicated that subjective and objective measures followed a
similar nonlinear transition with a single threshold parame-
ter which varied across subjects. To further study the relation
between subjective and objective measures of conscious
access, we subdivided the subjective visibility scale into four
bins according to the position of the cursor (Ist, 2nd, 3rd, and
4th quarters of the scale, with the Ist quarter corresponding
to the above “not-seen” category). We then computed the
objective performance for the different SOA within each of
these four subjective bins (Figure 2D). There was a good cross-
validation of the objective and subjective measures inasmuch
as objective performance was always way above chance at all
SOAs whenever trials were classified as “seen” (bins 2, 3, and
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4). Conversely, in bin 1 corresponding to not-seen trials,
objective performance was at chance level for SOAs 16 and 33
ms (p=0.11 and p = 0.059, respectively), but above chance for
longer SOAs 50 and 66 ms (p < 0.001). Those results indicated
that on some trials, subjects could compare accurately the
target to the numeral 5 even if they reported that they could
not see it. Such above-chance performance in the absence of
conscious reportability is reminiscent of “blindsight” and is
indicative of subliminal processing, as previously reported in
subliminal priming tasks [5,32,33].

In summary, both objective and subjective data followed a
sigmoidal curve as a function of SOA, with a similar
nonlinear threshold (defined as the inflection point of the
sigmoid). We take this parallelism between objective and
subjective measures of conscious access as an indication that
a major transition in processing occurs around SOA = 50 ms,
and this transition affects a broad range of cognitive
processes, including those leading to introspective reports
as well as those leading to simple numerical decisions. We are
mostly concerned with the neural correlates of this major
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Figure 2. Experimental Protocol and Behavioral Results Collected during ERP Recording

(A) On each trial, a target numeral (16 ms) was presented at one of four possible location, and followed by a letter mask (250 ms). Gray dots and
numerals are shown for spatial reference only, and were not actually presented. Six conditions of target-mask SOA=16, 33, 50, 66, 83, or 100 ms and one
mask-only condition (without target) were randomly intermixed across trials. Following each such stimulus, subjects performed two consecutive tasks:
(1) forced-choice comparison of the target numeral with the numeral 5 and (2) evaluation of subjective target visibility using a continuous scale labelled
“not seen” at left and “maximal visibility” at right.

(B and C) Objective and subjective measures of conscious perception. (B) Percentage of correct responses in numerical comparison as a function of SOA.
(C) Proportion of trials subjectively rated as “seen” as a function of SOA. In both graphs, the sigmoid curve fitting the data is represented as a
continuous line. Error bars represent the standard error.

(D) Objective performance at different levels of subjective visibility and SOA; only cells with at least five measures per subject are included.

(E) Distribution of subjective visibility ratings yielding the mean data shown in (C).

doi:10.1371/journal.pbio.0050260.g002
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The mask subtraction method is illustrated here for ERP activity recorded in parieto-temporal electrodes controlateral to the hemifield of stimulus
presentation (averaged across right and left stimulus presentation). To separate activity evoked by target from activity evoked by the mask, the
following procedure was used: (A) Alignment of ERPs on mask onset; (C) Subtraction of ERPs evoked by the mask-only condition from each of the others
six target + mask conditions; (D) Realignment of these subtracted ERPs on target onset. For comparison, (B) shows the nonsubtracted ERPs aligned on
target onset. The subtraction procedure allowed to recover two target-evoked components (P1a and N1) and one later mask-evoked component (P2).

doi:10.1371/journal.pbio.0050260.g003

transition, which is captured by both objective and subjective
measures. Note that our definition of the conscious threshold
departs from the classical psychological definition, which is
based on the SOA at which objective performance first
departs from chance. Indeed, a partial dissociation was found
at short SOAs, where we observed a proportion of sub-
jectively not-seen trials accompanied by above-chance objec-
tive performance. This dissociation is compatible with the

«

notion of a distinct “objective threshold” within the zone
associated with an absence of subjective perception [34].
Unfortunately, however, there were too few trials in this “gray
zone” between objective and subjective definitions of con-
scious perception to address the issue of its underlying brain
mechanisms. We focused our analysis on the correlates of the
subjective threshold and, more precisely, on the issue of
which ERP components exhibited a nonlinear curve parallel
to the subjective reports. As noted above, behavioral visibility
ratings increased suddenly from SOA = 33 ms to SOA = 66
ms, whereas they varied little either from 16-33 ms or from
66-83 ms. This specific shape was used as a litmus test to
identify which ERP components correlated with conscious
access. As a second criterion, we also examined which ERP
components distinguished seen and not-seen subjective
reports at the threshold SOA of 50 ms.

@ PLoS Biology | www.plosbiology.org 2412

ERPs

Separation of activation evoked by the mask and by the
target. One difficulty with the present paradigm is that both
the target and the mask evoke ERPs of their own, which
become superimposed at different times as a function of SOA
(Figure 3). To subtract out the activity evoked by the mask, we
first aligned the ERPs on the mask onset; then we subtracted
the ERP evoked by the mask alone from each of the other
target + mask conditions; and finally, we realigned those
subtracted data on target onset. Figure 3 illustrates how this
procedure recovers the N1 component evoked by the target.
After mask subtraction and realignment on target onset, the
N1 becomes clearly visible, properly aligned for all SOAs, and
with a similar latency relative to target onset. Time-locking to
the target was assessed statistically by a linear regression,
which examined whether the peak latency varied with SOA
when measured either relative to target onset or to mask
onset. When measured relative to target onset, the N1 latency
did not vary with SOA, whereas when measured relative to
mask onset, it varied linearly in inverse relation with SOA (see
statistics in Table 1), thus indicating time-locking with the
target.

Application of this procedure led to the identification of
five main ERPs evoked by the target (Figure 4). The scalp
topography of the first four (Pla, P1b, Nl,and N2) varied
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Table 1. Summary of the Results of Statistical Tests Performed for Peak Amplitude and Latency of the Different Target-Evoked and

Mask-Evoked Waveforms.

ERP Laterality Peak Latency
Component

Peak Amplitude

Variation Relative Variation Relative Mean Main
to Mask Onset:
Slope (p-Value)

to Target Onset:
Slope (p-Value)

Linear Sigmoidal Correlation
Trend Increase with Behavior:
with SOA of Amplitude r? (p-Value)

Latency Effect
of SOA

Target-evoked Pla contra 0.09 (n.s.) —0.91 (p < 0.001)
components
P1b ipsi 0.11 (n.s.) —0.89 (p < 0.001)
N1 contra 0.17 (n.s.) —0.83 (p = 0.001)
N2 ipsi 0.41 (p = 0.003) —0.59 (p < 0.001)
P3 central 0.06 (n.s.) —0.94 (p = 0.002)
Mask-evoked ~ mask N1 contra 0.93 (p < 0.001) —0.08 (n.s.)
components
mask N2 ipsi 0.86 (p < 0.001) —0.14 (n.s.)

108 ms n.s. p=0514 ns. 0.021 (n.s.)

138ms p <0001 p<0.001 ns 0.451 (p < 0.001)
169 ms p =0.058 p=0062 ns. —0.001 (n.s.)

212 ms p < 0.001 p < 0.01 n.s. 0.199 (p < 0.001)
378 ms  p <0.001 p<0.001 p=0.024 0.41 (p < 0.001)
186 ms p <0.001 p <0001 ns. 0.472 (p < 0.001)
202 ms p < 0.001 p <0.001 ns. 0.358 (p < 0.001)

n.s., not significant.
doi:10.1371/journal.pbio.0050260.t001

according to the stimulated hemifield, whereas the latest (P3)
did not. Regressions on peak latencies (Table 1) confirmed
that most of these components (Pla, P1b, N1, and P3) were
solely time-locked to target presentation. The N2, however,
had singular properties, because its peak latency varied with
SOA both relative to mask onset and to target onset. The time
course of this waveform (Figure 5) suggested that, across the
different SOAs, its onset was time-locked to the target,
whereas its peak and offset were approximately time-locked
to the mask. This was confirmed by linear regressions. The N2
onset was invariant relative to target onset (regression with
SOA, slope = 0.08, not significant), but varied with SOA
relative to mask onset (slope =—0.92, p = 0.001). Conversely,
the N2 offset increased relative to target onset (slope =0.55, p
=0.006), although it also shifted slightly relative to mask onset
(slope = —0.45, p = 0.012). Thus, this N2 appears to index a
visual process that starts at a fixed interval after the target
onset, and the N2 is interrupted at a fixed interval after the
mask onset.

Surprisingly, even after subtraction of the mask-only ERP,
two other ERP components remained time-locked to the mask
onset (Figure 4). A simple explanation is that these compo-
nents were evoked by the mask but their amplitude varied
with the target-mask SOA, hence preventing their removal by
simple subtraction of a fixed ERP evoked on mask-only trials.
Indeed, the latency and topography of these components
suggest that, before subtraction of the mask-only ERP, they
corresponded to the N1 and N2 evoked by the mask (here
after called m-N1 and m-N2). Both components were of high
amplitude in the mask-only condition and at short SOAs in
the target +mask conditions, but progressively vanished as the
SOA increased (Figure 3AA). As a consequence, the sub-
traction procedure (computing the target + mask ERP minus
the mask-only ERP) created artificial positive peaks whose
amplitude seemed to increase with SOA (Figure 3C and 3D).
By their latency and amplitude variations, however, we could
clearly assign these components to mask-evoked processes
that progressively lost the competition with the target and
therefore diminished in amplitude as the SOA increased.

iE). PLos Biology | www.plosbiology.org

In summary, two types of ERP components were identified
by our mask subtraction procedure. Five components (Pla,
P1b, N1, N2, and P3) appeared to be preferentially evoked by
the target and to increase in amplitude when SOA increases.
Two other components seemed to correspond to an
activation evoked by the mask (mask-evoked N1 and N2)
and to decrease in amplitude when SOA increases.

Correlation of ERP components with subjective reports.
We examined each of these components to see whether their
amplitude varied with SOA with a profile similar to subjective
visibility reports (Table 1). Two target-evoked components,
the Pla and the NI, showed no significant amplitude
variations. These components are essentially unaffected by
masking (although a nonsignificant trend toward reduced
amplitude at SOA = 16 ms can be seen), confirming earlier
reports of preservation of these components independently
of the subject’s conscious report [30,35-37]. The other
components (Plb, N2, m-N1, m-N2, and P3) increased
significantly in amplitude with SOA. As a consequence, they
all correlated partially with subjective reports, which also
increased with SOA. Nevertheless, finer analysis showed that
only the P3 component exhibited the characteristic nonlinear
signature seen in subjective reports (Table 1). Other
components showed a fast increase in amplitude as SOA
increased from 16 to 50 ms followed by a shallower
asymptote. These observations were confirmed statistically
by testing whether the amplitude increased in a sigmoidal
fashion, i.e., whether the increase in amplitude between SOAs
of 33 and 66 ms (surrounding the subjective consciousness
threshold) was greater than the combined increases between
16 and 33 ms and between 66 and 83 ms, as previously found
with subjective and objective behavioral measures. This
nonlinear sigmoidal contrast was only significant for the P3,
not for any of the earlier components (see Table 1). To
explicitly test the hypothesis that the nonlinearity emerged
suddenly around the time of the P3, and was therefore
stronger for the P3 than for the preceding N2, we computed a
t-test across subjects on the difference between the non-
linear sigmoidal contrasts for P3 and for N2 (after flipping
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Table 1. Extended.

Activation on Subliminal
Trials; pV (p-Value)

Difference Between Seen and Not
Seen at SOA = 50 ms; pV (p-Value)

0.178 (n.s.) 0.741 (p = 0.046)
—0.311 (n.s) 0.676 (p = 0.008)

0.243 (n.s.) —1.291 (p = 0.038)
—0.811 (n.s.) —0.891 (p = 0.101)

0.668 (p = 0.049) 0.700 (p = 0.003)
—0.446 (n.s.) —1.789 (p = 0.015)
—0.559 (n.s.) 1.1 (p = 0.115)

the sign of the N2 voltages, because the N2 and P3 are of
opposite polarities). A significant difference was observed
(¢(11 degrees of freedom [df]) =2.70, p=0.021). The difference
remained significant even after the contrasts were normalized
to compensate for the fact that the P3 was, on average,
slightly larger than the N2 (1.67 versus 1.30 pV; ¢(11 df) = 2.34,
p = 0.039). Thus, this analysis confirmed that a significant
change occurred between the N2 and the P3 time windows,
with a pronounced linearity present in the latter but not the
former. Although there was a clear impact of SOA on prior
brain activation, with a progressive increase in most target-
evoked components (except for Pla and N1) and a corre-
sponding decrease in mask-evoked components as SOA
increased, it was not until the P3 that a clear sigmoidal curve
characteristic of subjective report was seen.

To clarify further the exact onset of this sigmoidal effect,
Figure 6 shows the evolution of ERPs on both central and
fronto-polar electrodes. Although voltage departed from zero
as early as about 150 ms following target onset, a sharp
divergence between the SOA conditions, with a sigmoid
shape, was only seen at about 270-300 ms after target onset.

Effect of subjective visibility at threshold. As a second
independent criterion for a cerebral correlate of conscious
access, we asked which ERP components varied with
subjective reports when the visual stimulus was fixed. To this
aim, we examined the trials with an SOA of 50 ms, close to the
conscious threshold, and sorted them as a function of
whether the subject reported seeing the target or not (three
subjects had to be excluded from this analysis because they
did not have enough observations in one of these two
categories). The only significant difference between seen and
not-seen trials was again found on the target-evoked P3
component (Table 1). As shown in Figure 7, on central
electrodes, seen and not-seen trials initially generated
identical activity, but a divergence was seen starting around
300 ms, with seen trials generating an increased positivity.
This difference was quite similar to the nonlinear divergence
observed on the same electrodes as a function of SOA
(compare Figures 6 and 7). Thus, both criteria clearly point to
the P3 as an important correlate of conscious perception.

Importantly, at SOA= 50 ms we also observed that ERPs
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were larger on not-seen trials compared to mask-only trials,
even in the late part of the epoch (see Figure 7). To quantify
this subliminal activation effect, we used a ¢-test to compare,
for each ERP component, the amplitudes of the ERPs evoked
on target-present not-seen trials at SOA = 50 ms and on
mask-only trials. As shown in Table 1, almost all components
showed a significant subliminal target-presence effect, the
sole exception being the N2 (p = 0.10). Thus, not-seen targets
at SOA = 50 ms elicited an entire sequence of ERP
component including a partial P3-like activity. The effect of
conscious visibility merely manifested itself as a sudden
amplification of the late part of this activation stream.

Source analysis of cortical dynamics. To shed some light on
the cerebral generators of this scalp-recorded activity, we
modeled the scalp-evoked ERPs using a large number of
distributed dipoles spread throughout the cortical surface.
Although the spatial precision of this method is limited, it can
reconstruct the approximate distribution of activity on the
inflated cortical surface and estimate the temporal profile of
activation in various regions of interest. Figure 8 shows these
average profiles as a function of SOA for right and left
hemispheres. Figure S1 shows activation separately for
controlateral and ipsilateral stimulation in a larger number
of regions.

A precise sequence of cortical events was observed.
Activation began around 85 ms in the occipital cortex
controlateral to the stimulus, corresponding to the Pla. It
was present at all SOAs (Figure S1A1). Starting around 115
ms, activation spread to the ipsilateral occipital cortex and
bilaterally to the posterior parietal cortex (Figure S1A2-
S1B2). This activation, corresponding to the scalp P1b, was
seen only for SOA > 33 ms. After 150 ms, activation
corresponding to the scalp N1 was seen as an increase in
contralateral occipital and parietal activity, with an addi-
tional anterior progression within contralateral ventral
temporal cortex (Figure S1A1, S1B1, S1CI, and S1D1).
Around 180 ms, activation spread to homolog ipsilateral
regions and became bilateral (corresponding to the scalp N2;
Figure S1A-S1D). Furthermore, activation now extended
anteriorily toward the bilateral temporal, parietal and frontal
poles (Figure S1B, S1E, S1F, and S1G). In most regions, these
activations increased monotonically with SOA. A notable
exception was the contralateral mid-ventral temporal cortex,
where initial activation intensity was the same for all SOAs >
16 ms (corresponding to the scalp N1; Figure S1D1). This
region thus activated quite strongly to subliminal symbolic
stimuli, as previously reported with fMRI [18].

A cortical correlate of the interruption of target-induced
activity by the mask (corresponding to the scalp N2) was seen
in the posterior ventral temporal cortex. Here the initial wave
of activity was brutally interrupted about 180 ms after the
mask appeared. Thus, its duration appeared to be propor-
tional to SOA (Figure S1C; compare with the scalp N2 shown
in Figure 5). Interestingly, in more anterior ventral temporal
regions, activity did not show a similar collapse but tended to
show only a small temporary dip or to remain sustained and
unaffected, particularly for long SOAs (Figure S1D and S1E).
More generally, as one progressed forward in the occipito-
temporal pathway, the amplitude of target-induced activation
became increasingly differentiated as a function of SOA, with
an ordering increasingly similar to subjective reports.

From 200 to 300 ms, we also observed activations linked to
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Figure 4. Sequence of ERP Components Evoked by the Target and Mask

Five ERP components were found to be elicited by the target, and two other components were found to be evoked by the mask. These two last
components appeared as positive waveforms since they result from the subtraction of mask-only activity from the mask-evoked N1 and N2 activity for
the different target + mask conditions. In the mask-subtracted data, these components appear to increase with SOA, which in reality means that the
mask-induced activation (mask-evoked N1 and N2) decreases with SOA.

For each component, its peak latency (in milliseconds) is represented as a function of SOA measured relative to target (continuous line) or to mask
onset (dashed line). The histograms at right show peak amplitude (in microvolts).

Their topography in response to left and right hemifield stimulation is illustrated by voltage maps of the scalp surface, for the target + mask after mask
subtraction, SOA=100 ms (first five target-evoked components) and for the mask-only condition (for mask-evoked N1 and N2 components).
doi:10.1371/journal.pbio.0050260.g004
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Figure 5. Interruption of Target-Evoked Activity by Mask Presentation

Mask-subtracted ERPs from occipito-temporal electrodes, averaged across right and left hemifields of stimulus presentation, are represented aligned
respectively on target onset (left panel) and mask onset (right panel). The N2 component shows a common onset for all SOA conditions when ERPs are
aligned on target onset, and a common offset when ERPs are aligned on mask onset. Thus, the N2 may reflect a process that starts with target onset

and is interrupted by the mask.
doi:10.1371/journal.pbio.0050260.g005

the mask, first in controlateral occipital, posterior ventral
temporal, and parietal cortices (corresponding to the scalp
m-N1; Figure S1A1, S1B1, and SI1C1), then ipsilateral to
stimulus presentation in occipital and ventral temporal
cortex (corresponding to the scalp m-N2; Figure S1A2). This
activation propagated anteriorily in bilateral ventral tempo-
ral cortices (Figure S1D and S1E).

Finally, starting around 300 ms, target-evoked activation
associated with the scalp P3 quickly expanded to a broad
fronto-parieto-temporal network. Crucially, its activation
occurred only for SOAs associated with conscious reports
(Figures 8 and S1). Ventral frontal regions showed a
particularly sudden burst of activation whose intensity traced
a sigmoidal curve comparable to subjective reports. However,
this effect was not restricted to the ventral frontal cortex, but
it was very global and seen with a smaller amplitude in most
frontal, parietal, and temporal regions of interest. It was
broadly distributed to bilateral cortical areas, regardless of
the hemifield of stimulus presentation, in agreement with the
hypothesis that a global cortical “broadcasting” underlies

Central electrodes 370ms

conscious reportability [15-17,19,20]. In posterior regions,
this late sigmoidal peak of activation was well differentiated
from the initial stimulus-induced peak (see Figure 8), thus
resulting in a bimodal activation profile. This profile fits with
previous empirical observations and theoretical expectations
that two distinct feedforward and feedback stages should
successively occur in visual areas, only the second of which
correlates with subjective reports [8,9,19,20].

In summary, two phases of cortical activation could be
distinguished. In a first phase, before about 300 ms, activation
progressed from the occipital pole toward both parietal and
ventral temporal sites, with a shift from initial contralater-
ality to late bilaterality, and with a progressive attenuation as
the target-mask SOA was shorter. In a second phase, only seen
for SOAs associated with conscious reportability, there was a
sudden onset of high-amplitude activity in the ventral
prefrontal cortex, with a concomitant reactivation of all
previous posterior sites. Some areas only showed the second
phase of activation (e.g., bilateral inferior prefrontal regions),
others showed sustained activity bridging across the two
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Figure 6. Sudden Onset of a Nonlinear Variation of Evoked Activity with SOA

The figure shows the mean amplitude of nonsubtracted ERPs aligned on target onset, measured on central (left panel) and fronto-polar electrodes
(right panel). The voltage map shows the topography at the peak of the P3 waveform (latency 370 ms), in the SOA =100 ms condition. In both graphs,
ERPs show a nonlinear increase in amplitude with SOA, with a sudden onset around 270-300 ms.

doi:10.1371/journal.pbio.0050260.g006
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Figure 7. Difference in Activity Evoked by Conscious and Nonconscious
Masked Stimuli

Left panel, mean amplitude of mask-subtracted ERPs measured on
central electrodes is represented respectively for seen and not-seen trials,
for SOA =50 ms, for a subset of nine subjects who had enough measures
in both conditions. Identical activity is initially observed in both
conditions, but a divergence is seen starting around 270 ms, with seen
trials generating an increased positivity. This difference is similar to the
nonlinear divergence as a function of SOA observed on the same
electrodes (see Figure 5). Note that not-seen trials evoked greater activity
than mask-only trials, indicating that late subliminal activity was induced
by the unseen targets. The right panel shows the topography of the
difference between seen and not-seen trials at SOA = 50 ms.
doi:10.1371/journal.pbio.0050260.g007

phases (e.g., bilateral parietal regions), and yet others a
bimodal pattern with a clear gap between the two phases (e.g.,
inferior occipito-temporal) (Figure 8).

We also examined the distributed cortical sources corre-
sponding to our second criterion for a correlate of conscious
access, namely the difference between seen and not-seen trials
at SOA = 50 ms. As shown in Figure S2, at the peak of this
effect, 340 ms after stimulus presentation, a global fronto-
parieto-temporal network was again observed. However,
compared with the above network isolated by its sigmoidal
response profile, the seen versus not-seen network also
included a broad activation increase along the ventral
occipito-temporal pathway. The time course of activation in
these regions again showed a first wave (<270 ms) identical for
seen and not-seen trials, followed by a surge of activation solely
in the seen condition. The latter effect started about 270 ms
after stimulus onset and lasted until about 400 ms, thus
precisely coinciding with the time window where the nonlinear
SOA effect was found (Figures 6 and 8; see also Figure S2).

Discussion

Summary of Main Results

Our procedure isolated the brain activity evoked by a
masked visual stimulus and examined how it was affected by
backward masking at variable target-mask SOAs. Although
several ERP components were affected by backward masking,
two criteria suggested that the P3 component was most tightly
associated with subjective perception: (1) its amplitude as a
function of SOA exhibited the same sigmoidal shape as the
fraction of seen trials; and (2) it showed a significant
difference between seen and not-seen trials at a fixed SOA.
Source analysis suggested that the underlying cerebral
mechanism was a sudden activation of a distributed bilateral
fronto-parieto-temporal network starting about 270 ms after
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stimulus onset. In the preceding period (140-270 ms), the
results revealed the progressive build-up, in posterior
occipito-temporal and parietal areas, of a nonlinear diver-
gence of activation as a function of SOA, which points to a
dynamic nonlinear amplification as the neural correlate of
the masking threshold.

Brain Activity below the Conscious Access Threshold

A first important outcome of our experiment is to
characterize further the fate of subliminal masked stimuli.
Our results confirm that nonreportable visual stimuli can
propagate through a series of cortical processing stages [1,3-
6]. As suggested by several previous behavioral experiments
[38,39], they indicate that the depth of processing depends on
the target-mask interval (SOA). At the shortest SOA (16 ms),
there was a strong reduction in all ERP components (though
not reaching significance for the Pla). This observation
suggests that masking at such short target-mask interval may
already partially occur at a peripheral or subcortical level,
thus leaving little target-induced activation except in early
occipital cortex. As soon as SOA reached 33 ms or more,
however, we observed strong subliminal activation in the
contralateral occipito-temporal pathway (particularly the
mid-ventral temporal cortex, where the activation corre-
sponding to scalp N1 had the same intensity for all SOAs > 16
ms), with a small spread to ipsilateral temporal and bilateral
parietal cortices.

It could be argued that at SOA = 33 ms, the averaged ERPs
were contaminated by a non-negligible proportion of seen
trials, because the sigmoidal curves for objective and
subjective reports had already taken off at this SOA value.
Additional analyses, which are presented in Figure S3,
however, demonstrated that the results were essentially
unchanged when excluding the minority of seen trials and
restricting the analysis to not-seen trials at SOA = 33 ms.
Thus, early visual processing indexed by the Pla and NI is
essentially unaffected even on trials subjectively rated as
invisible.

This conclusion is compatible with previous single-cell
recordings during backward masking paradigms, which
revealed preserved selective firing in occipital [9,40,41] and
inferior temporal cortices in response to heavily masked
stimuli [42,43]. They also corroborate previous human ERP
data, demonstrating preservation of P1 and N1 waveforms
during backward masking and attentional blink paradigms
[30,35-37], Similarly, recent fMRI studies of backward
masking paradigm have shown that early visual activity need
not be reduced under conditions of stimulus invisibility
[29,44]. Even under conditions of strong metacontrast
masking, visual activation is maintained in areas V1 and V2
[12] and contains sufficient information to allow partial
stimulus decoding [6].

By sorting trials using subjective reports of “seen” versus
“not seen,” we also examined the cerebral processing of
stimuli presented for an even longer target-mask interval (50
ms) and yet still reported as being invisible. Those result
(Figure 7) indicated that at these lags, an even longer-lasting
subliminal activation, extending beyond early visual process-
ing, can be induced. Indeed, all ERP components, including
the P3, showed a significant subliminal activation relative to
target-absent trials. Nevertheless, although activation ampli-
tudes were initially identical between seen and not seen

October 2007 | Volume 5 | Issue 10 | €260



Brain Dynamics of Access to Consciousness

0.5

100 ms
83 ms
66 ms
50 ms
33 ms
16 ms

0 100 200 300 400 500 0 100 200 300 400 500

Figure 8. Sequence of Cortical Activity Evoked by the Masked Targets
Left and right views of the partially inflated hemispheres show the reco

nstructed cortical sources at the peak of the P3 (370 ms) in the condition of

maximal visibility (SOA =100 ms). Colors indicate the activation of reconstructed cortical sources, expressed in current density units (A.m), thresholded
at 50% of the maximum (yellow = 10— A.m). Insets show the profiles of mask-subtracted activity (average of absolute current density) in six bilateral

regions of interest (right and left posterior parietal, posterior ventral tem
phases of cortical activation can be distinguished. In a first phase, prior

poral, and inferior frontal areas), separately for the six conditions of SOA. Two
to about 300 ms, activation progresses from the occipital pole toward both

parietal and ventral temporal sites, and its amplitude increases roughly linearly with target-mask SOA. In a second phase, after 300 ms, there is a sudden
onset of high-amplitude activity, with a sigmoidal profile, particularly in ventral prefrontal cortex, accompanied by a concomitant reactivation of all

previous posterior sites.
doi:10.1371/journal.pbio.0050260.g008

stimuli before 270 ms, this activation then decreased in
amplitude relative to seen trials (Figure 7), and cortical
source models indicated that it dropped toward zero within
about 500 ms (Figure S2, green curve, lower panel).

We thus conclude that a brief subliminal stimulus can
produce a transient activation in many areas, even those
associated with the scalp P3 waveform, but that this activation
is small and brief. This conclusion fits with several previous
observations of anterior brain activation under subliminal
conditions, including frontal eye field activation by masked
stimuli in monkeys [45], anterior negativity evoked by
undetected errors [46], and frontal and cingulate P300
responses evoked by subthreshold visual oddballs [47,48]. In
these reports as in the present data, the subliminal activation
was always strongly reduced compared to the supraliminal
case. As discussed further below, a minimal threshold level of
activation seems to be needed to cause a global and sustained
ignition associated with conscious perception.

Target-Mask Interactions
A second contribution of the present results is to visualize
some of the cortical interactions by which a retrograde mask
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can interfere with a preceding visual target and prevent its
conscious perception. Masking must be caused by an
interference of the mask on the brain activity induced by
the target, but its locus remains debated [1,9,42,43,49]. Our
source localization data provide a fine characterization of the
interactions between target and mask. We first identified an
early local competition reflected in the target- and mask-
evoked N1 components: as SOA increases, the target N1
increases in amplitude whereas the mask N1 decreases.
Source analysis indicates that this antagonistic relation
occurs in contralateral occipital, posterior parietal, and
posterior ventral temporal cortices. This result is compatible
with the hypothesis of a competition between the early visual
events evoked respectively by the target and mask, as
postulated in many models of masking [1,49].

At a later stage, a similar antagonistic relation occurs at the
level of the N2 waveforms evoked by the target and the mask,
and this is associated with a distributed bilateral activation of
ventral occipito-temporal and posterior parietal cortex. We
found that the target-evoked N2 starts at a fixed latency
relative to target presentation and continues until it is
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interrupted by mask-induced activity. Interestingly, neuro-
physiological recordings in macaque inferior temporal cortex
(IT) during a picture masking paradigm have identified single
neurons with a similar response profile [42]. Exactly as in the
present N2 component, these neurons start firing selectively
at a fixed latency after picture onset, but they suddenly cease
firing at a fixed latency after mask onset. The N2 might thus
represent an ERP signature of this neuronal activation of IT
cortex.

Both findings indicate that in spite of their brief initial
presentation (16 ms), visual stimuli can evoke durable
activation in a posterior network of areas. The mask
presentation has the effect of terminating this activation.
This effect of the mask is compatible with interruption
models of masking, according to which the presentation of
the mask erases the cortical representation of the target by
suddenly interrupting target-induced ongoing activity in a
visual buffer [1,49,50].

The N2 may thus index a stage of cortical processing at
which the representation of a brief visual target progressively
gains in strength within a distributed set of posterior
occipital, temporal, and parietal areas as masking strength
decreases. Yet the N2 still fails to meet our two criteria for a
genuine correlate of conscious access: (1) its activation
increases linearly rather than sigmoidally with SOA, and (2)
at at fixed SOA of 50 ms, it does not differ for seen versus not-
seen trials. Thus, we conclude that this waveform does not yet
constitute a correlate of conscious access stricto sensu. The
fact that it shows a relatively high level of activation at short
SOAs of 33 and 50 ms (Figure 4) indicates that its activation
strength is not always predictive of conscious access.

Cerebral Correlates of Conscious Access

Our two criteria for conscious access were only met at a
later time period, ranging from 270 ms to about 400 ms, and
were associated with a broad fronto-parieto-temporal net-
work. During this late time period, which coincides with the
scalp-evoked P3 waveform, (1) the neural activity evoked by
masked stimuli varies nonlinearly with SOA in parallel to the
sigmoidal behavioral curve and (2) its amplitude differs
between seen and not-seen trials.

This conclusion is nicely corroborated by a recent study of
metacontrast masking using magnetoencephalography [51].
Van Aalderen et al. compared two masking procedures, one
of which lead to an absence of subjective conscious
perception (effective mask) whereas the other did not
(pseudomask). In both cases, the target-mask SOA was varied
in small steps, as in the present study. While several MEG
components varied with SOA, it was not until a late time
window (290-390 ms) that a significant correlate of conscious
access was observed, in the form of a U-shaped activation
curve only found in the effective mask condition and tightly
paralleling subjective reports.

The hypothesis of a late correlate of conscious access also
meshes well with a previous experiment from our laboratory
using a different paradigm for rendering stimuli invisible, the
attentional blink [30]. In this study, Sergent et al. contrasted
the neural activity evoked by words which were either
consciously perceived or attentionally “blinked” by a
concurrent task. When comparing seen and not-seen trials,
a critical transition in neural activity was also found from 270
ms after stimulus presentation. As in the present study, the
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transition was also preceded by an intermediate period of
divergence between 170 and 300 ms, and was followed by an
all-or-none spreading of activity to a distributed fronto-
parieto-temporal network similar to the present one.

Sergent et al. only contrasted ERPs in two quite distinct
states: during the attentional blink (T1-T2 lag = 258 ms), or
outside of it (T1-T2 lag = 688 ms). By contrast, the present
masking experiment varied the proportion of seen trials
quasi-continuously by manipulating the target-mask interval,
thus allowing us to probe the transition to conscious access in
a parametric manner. This design revealed that several ERP
components such as P1b and N2, occurring before the late
global P3, are already partially correlated with subjective
reports, although their shape does not exactly match the
nonlinearity of conscious access. Those observations suggest
that the processing leading to conscious access for masked
stimuli is not instantaneous, but follows a progressive
dynamics of target-mask competition extending over a large
duration (about 140-270 ms post-stimulus) and ultimately
resulting in the P3.

One interpretation of these data could be that all
components prior to the P3 reflect a progressive process of
conscious access, whereas the P3 characterizes the final
dichotomous result of this process (“seen” or “not seen”).
This hypothesis, while clearly speculative, may reconcile the
apparent all-or-none character of conscious reports [31] with
the continuous and cumulative character of brain dynamics.
As demonstrated in computer simulations of a global
neuronal workspace [19,20], highly interconnected thalamo-
cortical networks, although evolving continuously over time,
may present a dynamical phase transition leading them, over
a brief divergence period, into one of two radically distinct
states (either global ignited or quickly decaying). Although
the transition seems abrupt and its end result is sharply
defined (essentially all or none), studies at a high temporal
resolution, as performed here, reveal that the transition is
characterized by a quick succession of transient intermediate
states.

The localizations that we obtained from ERP source
reconstructions suggest that the P3 relates to the activation
of a highly distributed network with key nodes in inferior
frontal, posterior parietal, and anterior temporal regions, as
well as a joint amplification of activation in posterior
occipito-temporal regions. Importantly, this late global
activation occurs simultaneously in both hemispheres, re-
gardless of the initial hemifield of target presentation. This
observation fits with the hypothesis that conscious access is
associated with a breakdown of local “modular” processing
and the broadcasting of accessed information to many
bilateral cortical regions through long-distance cortico-
cortical connections including those of the corpus callosum
[17].

The inferred localizations must be taken cautiously,
because they represent an indirect inference based on the
choice of one out of many possible cortical activity patterns
compatible with scalp recordings. Thus, it will be important
to cross-validate the present findings with anatomically more
accurate methods. In that respect, it is noteworthy that our
cortical source modeling solutions are highly compatible with
intracranial recordings which indicate a distributed pattern
of sources of the scalp P3 and, crucially, its bilateral origin
irrespective of the stimulated hemifield [52]. With fMRI,
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Haynes, Driver, and Rees [29] used a parametric method
similar to ours in order to search for brain activity patterns
that covaried with stimulus visibility (which, in their case,
traced a U-shaped curve). They found a correlation of
conscious reports with activity in extrastriate visual cortex
and in distant fronto-parietal regions. A similar fronto-
parietal engagement during conscious access to visual stimuli
has been described in several other fMRI studies [18,27,53-
55]. At the single-cell level, neurophysiological recordings in
the macaque monkey during a threshold tactile detection task
have also reported a progressive increase in the correlation of
neural activity with perceptual judgments [56] and a tight
correlation of trial-by-trial subjective reports with late frontal
activity [57].

Theoretical Implications

In the present backward masking paradigm, conscious
access was associated with the late activation of a broadly
distributed cortical network, starting at a latency of ~270 ms.
Those findings are incompatible with models postulating that
local amplitude modulations—confined to early striate,
extrastriate, or occipito-temporal cortices—constitute the
necessary and sufficient conditions for consciousness
[7,11,12]. We do not dispute the fact that early extrastriate
differences between masked and unmasked stimuli can be
found, both in event-related potentials [7,17,58,59] and in
fMRI [7,12,13,17,60,61]. Indeed, the present results confirm
that early posterior components such as P1b and N2 are
modulated by masking. However, by measuring visibility on a
trial-by-trial basis over an entire range of SOAs, we found
that these early ERPs (1) can occur without conscious
perception, (2) do not exhibit the signature sigmoidal shape
of subjective reports, and (3) do not differ for seen and not-
seen targets. Note that these conclusions might have been
missed, and we might have concluded erroneously that these
early components correlate with conscious perception, if we
had only compared two extreme states (heavily masked versus
lightly masked), as was done in many studies. We therefore
suggest that in brain-imaging studies of masking and
conscious access, it is essential to manipulate masking
strength quasi-continuously and to base inferences on the
entire activation profile [29,51].

Lamme and colleagues [8-10] have proposed that conscious
perception is not associated with the first feedforward pass of
activation in visual cortex, but with a later feedback
reverberation. They hypothesize that “localized recurrent
processing” [10] associated with short-range interactions
among posterior occipito-temporal brain systems is the
primary mechanism of perceptual awareness. Our results
are only partially compatible with this notion. We did observe
a progressive build-up of activation in posterior areas as the
strength of masking decreased, as indexed by the P1b and N2.
Our source reconstructions suggest that the ipsilateral P1b,
which correlated with subjective report, reflects a reverber-
ation of visual activity in bilateral extrastriate cortices, while
the later N2 component may be associated with recurrent
processing in a broader though nonglobal occipito-temporo-
parietal network. These results are therefore compatible with
a reverberation of activation within an increasingly global
network that starts within posterior visual areas [8,10],
However, our results also indicate that, while those early
components may contribute to the subsequent transition
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toward conscious access or to its failure, they do not yet
correspond to a full-blown conscious state.

Our observations are most consistent with the theory of a
global workspace formed by multiple distant associative areas
including prefrontal, parietal, and temporal cortices
[16,19,20]. In Figure 1, we outlined the predictions derived
from this model concerning the effect of decreasing masking
strength. Those main predictions were: (1) initial visual
activation unaffected by masking; (2) progressive increase in
activation depth as masking strength decreases; (3) non-linear
divergence at a late stage; and (4) global reverberation
simultaneously engaging a distributed set of prefrontal,
parietal, and posterior occipito-temporal regions. All of
these predictions were supported by the data. Most impor-
tantly, cortical source modeling clearly indicated a strong
contribution of inferior frontal and posterior parietal
cortices to the observed correlate of conscious access. This
is the single observation that most clearly supports the
proposed global workspace model relative to Lamme et al.’s
proposal of “localized recurrent processing.”

We conclude with a brief consideration of the limits of the
present work. First, our conclusion rests on the absence of
early differences in brain activity correlating with subjective
reports. We therefore cannot exclude that a more sensitive
method such as single-cell recording or phase synchrony
analysis would reveal consciousness-related events prior to
the present suggested onset time of 270 ms [58]. Second, we
used multiple statistical comparisons to compare various ERP
components and isolate the P3 as the sole correlate of
subjective reports. Since the corresponding statistics were
weakly significant (see Table 1), our conclusions may be
affected by a type I error (i.e., the P3 effect may be a false
positive). However, the P3 effect was found statistically
significant by two independent analyses (difference between
seen and not-seen trials at SOA = 50 ms and sigmoidal shape
as a function of SOA). Furthermore, the effect was predicted
by our model as well as by several previous studies [30,51]. For
these reasons, a type I error seems unlikely, though not fully
ruled out.

A third limitation is that we cannot yet ascertain whether
the late ERP events that we have identified are all necessary
for conscious perception—it remains possible that another
paradigm, perhaps side-stepping the need for overt report, or
using only an objective criterion for perceptual awareness,
would reveal that conscious perception can occur without
such global activity or with only a subset of the distributed
cortical regions observed here [10,62]. Fourth, correlation is
not causation. We only report a correlation between
subjective perception and late ERPs, but another method
capable of interfering with brain activity patterns, such as
transcranial magnetic stimulation [63], would be needed to
establish whether these late events play a causal role in the
conscious state. Finally, the global neuronal workspace
model, while providing a good fit to the observed dynamics
of conscious access, remains underspecified at both anatom-
ical and functional levels. In the future, it will be essential to
provide a more precise specification of the brain areas
associated with conscious-level processing and their respec-
tive computational roles. The present research only begins to
narrow down the search for the mechanisms of conscious
access.
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Materials and Methods

Participants. Twelve right-handed native French speakers took
part in the experiment (7 women and 5 men; mean age: 23 y, ranging
from 21 to 29 y). All had normal or corrected-to-normal vision. Due
to a hardware problem, the objective performance data from one
subject were lost.

Design and procedure. The stimuli (the numerals 1, 4, 6, or 9) were
presented on a black background at the center of the computer
screen using E-Prime software. Presentation times of the stimuli were
synchronized with the vertical refreshing rate of the screen (60 Hz)
and were systematically verified. The trial began when four
peripheral moving dots converged to a central cross that the subject
had to fixate constantly. Then, the target stimulus was presented for
16 ms at a random position among the four dots, forming a virtual
square around the fixation cross (1.4 degrees above or below and 1.4
degrees right or left of the fixation cross). After a variable delay (SOA)
between the onset of the prime and the onset of the target, a mask
appeared at the target location (mask duration 250 ms). The mask was
composed of four letters (two horizontally aligned M’s and two
vertically aligned E’s) surrounding the target stimulus without
superimposing or touching it. Six conditions of SOAs were randomly
intermixed across trials (16, 33, 50, 66, 83, and 100 ms). In the mask-
only condition, the target number was replaced by a blank screen
with the same duration of 16 ms. After a subsequent delay of 800 ms
(during which ERPs could be recorded without interference), the
subject performed a forced-choice task of comparing the target
numeral to the numeral 5, thus providing an objective measure of
stimulus perception. Then, the subject evaluated the subjective
visibility of the target on a continuous scale, in a similar way to the
Sergent and Dehaene study of attentional blink [30]. The scale was
materialized by a horizontal bar (26° X 2°), presented at the center of
the screen, labeled “not seen” at left and “maximal visibility” at right,
which participants were instructed to use in order to rate the
visibility of the prime as finely and coherently as possible, without
time pressure. Subjects moved a cursor on the scale by pressing two
designated keys on the answer box, and then validated their choice by
pressing a third key. The cursor, a vertical rectangle (1.2° X 2°), could
take 21 contiguous positions on the scale, thus defining quasi-
continuous steps of subjective visibility which were linearly converted
into the range 0-100 (0 = not seen, 100 = full visibility). The initial
cursor position was random. Previous results have established the
reliability of this procedure to measure small changes in subjective
perception. [2,30,31].

The experiment began with an explanation of the task and a
visualization of the displays sequence. After a short training, the
subject performed 592 randomly presented trials belonging to six
different SOA conditions (64 trials for 16, 33, 83, and 100 ms; 128 for
intermediate SOAs 50 and 66 ms, where pilot work led us to
anticipate mixed seen and not-seen responses), and one “mask only”
condition with no target (80 trials).

Behavioral data analysis. For the objective measure, we calculated
for each SOA and for each participant the performance in
comparing the target with the numeral 5. For the subjective measure,
we categorized the visibility ratings from the six conditions of SOA
and the mask-only condition. When the target was absent, subjects
hardly ever gave subjective ratings exceeding 25% of the scale (0.3%
of trials). Conversely, at the longest SOA where the target was most
visible, the ratings almost always exceeded 25% of the scale (97.4% of
trials). At intermediate SOAs, the distribution of cursor positions
reached a minimum around 25%, separating the data into two sets,
one peaking at visibility zero (not-seen trials), and the other at
maximal visibility (seen trials), replicating our earlier observations
[2,30,31]. Thus, the value of 25% visibility was used as a cut-off
between seen and not-seen trials. We then calculated for each SOA
and each subject the percentage of seen trials (Figure 2C).

We used nonlinear regression to fit the curves obtained by a sigmoid

defined as f(x) = o + %, where the o; are free parameters. The
threshold was defined as the SOA for which the sigmoid curve reached
its inflexion point, i.e., parameter oy. We studied the correlation of
both measures of the conscious access threshold by performing linear
regression across subjects between subjective and objective oy
parameters.

To measure if objective performance was better than chance or
not, we performed for each SOA a i-test across subjects in
comparison with chance level (performance equal to 50%). A single
outlier subject was excluded. This subject showed a normal subjective
threshold (52 ms), but high performance in the objective task with
short SOAs (e.g., 82.8% correct at SOA = 33 ms), resulting in a low

iE). PLoS Biology | www.plosbiology.org
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objective threshold (15 ms). Finally, two main analyses of variance
(ANOVA) were performed respectively on the rate of “seen trials”
and on the objective performance, with a single factor of SOA.

ERP methods. ERPs were sampled at 250 Hz with a 128-electrode
geodesic sensor net referenced to the vertex. We rejected voltage
exceeding *200 pV, transients exceeding *100 pV, or electro-
oculogram activity exceeding *70 pV. The remaining trials were
averaged in synchrony with mask onset, digitally transformed to an
average reference, band-pass filtered (0.5-20 Hz), and corrected for
baseline over a 250 ms window during fixation at the beginning of the
trial.

ERP analysis. Separation of activation evoked by the mask and by the
target: Three consecutive stages were followed. (1) Alignment of all
ERPs on mask onset. (2) Subtraction of ERP evoked by the mask alone
from each of the other target + mask conditions. (3) Realignment of
those subtracted data on target onset. This procedure is illustrated in
Figure 3.

Different ERP waveforms were identified according to the positive
or negative sign of the electric wave, its scalp topography, and the
latency of its maximal peak according to stimulus onset. An
additional criterion differentiated contralateral and ipsilateral wave-
forms according to the hemifield of stimulus presentation (right or
left).

For each component and for each hemifield of stimulus presenta-
tion, we calculated its maximal (for positive waveforms) or minimal
(for negative waveforms) amplitude and the corresponding latency
within a predefined time window. Mean amplitude was computed
over groups of electrodes representative of the topography of each
scalp component: a group of parieto-temporal electrodes for Pla ,
P1b N1, and mask-evoked N1 (left electrodes: 52, 53, 59, 60, 61, 66,
and 67; right electrodes: 78, 79, 85, 86, 87, 92, and 93), a group of
occipito-temporal electrodes for N2 (left electrodes: 57, 58, 63, 64, 65,
69, and 70; right electrodes: 90, 91, 95, 96, 97, 100, and 101), and a
group of central electrodes for P3 (7, 32, 55, 81, 107, and 129). The
peak latency was calculated either relative to target onset or to mask
onset, and the significance of a linear regression of these onsets with
SOA was used to separate mask-evoked and target evoked compo-
nents.

For the N2 wavefom, we also calculated onset and offset times. The
onset time was defined as the latency at which the amplitude reached
a threshold amplitude defined as half of the minimal waveform
amplitude observed for SOA = 16 ms, and the offset time as the
latency for which the amplitude fell back down to this threshold level.
Again, these latencies were calculated either relative to target onset
or to mask onset and we computed a linear regression with SOA of
these latencies, in order to measure if the onset and the offset of these
component were related to mask or target onset.

Correlation of ERP components with subjective reports: On mask-
subtracted data and for the different conditions of SOA, a mean
amplitude was calculated for each waveform component on a time
window and for a group of electrodes precisely defined for each
waveform. We thus obtained for each subject and for the different
waveforms identified a vector of amplitude as a function of SOA. We
performed an ANOVA on these amplitudes with factors of SOA and
side of stimulus presentation (left or right), and also Students ¢-tests
with the appropriated contrasts in order to test respectively the
linear trend and the nonlinear sigmoidal increase of amplitude with
SOA (see Results). Finally, we studied the correlation of these
amplitudes with the subjective report of each subject using linear
regression.

Difference between seen and not-seen trials: We subdivided the trials at
SOA 50 ms between seen and not-seen trials according to the
previous cut off defined as 25% of the subjective scale. Three subjects
had to be excluded from this analysis because they did not have
enough observations in one of the two categories. For the remaining
nine subjects, a ¢-test comparing those two trial types was performed
separately for each of the previously identified ERP components, and
also a ¢-test contrasting target-present, not-seen trials with mask-only
trials.

Source modeling: Cortical current density mapping was obtained
using a distributed model consisting of 10,000 current dipoles. Dipole
locations and orientations were constrained to the cortical mantle of
a generic brain model built from the standard brain of the Montreal
Neurological Institute, and warped to the standard geometry of the
electroencephalogram (EEG) sensor net using the BrainSuite software
package (http://brainsuite.usc.edu/). The warping procedure and all
subsequent source analysis and surface visualization were processed
with the BrainStorm software package (http://neuroimage.usc.edu/
brainstorm). EEG forward modeling was computed with an extension
of the overlapping-spheres analytical model [64]. Cortical current
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maps were computed from the EEG time series using a linear inverse
estimator (weighted minimum-norm current estimate; see [65] for a
review).

Supporting Information

Figure S1. Reconstructed Cortical Activity in Different Regions of
Interests in Response to Controlateral and Ipsilateral Targets

The temporal evolution of cortical activity corresponding to mask-
subtracted ERPs is shown separately for controlateral and ipsilateral
targets and for the six conditions of SOA, in eight regions of interest.
Activations are expressed in current density units (A.m). For
reference, vertical lines show the peak latency of the observed
target-evoked ERP components (Pla, P1b, N1, N2, and P3), and
oblique lines show the latency range expected for mask-evoked
components (mN1 and mN2). A precise sequence of cortical events is
associated with the components observed on the scalp surface. (A-E)
The fast temporal progression of activation across both occipito-
parietal and occipito-temporal pathways within the first 250 ms. (D1
and D2) The asymmetry of this early activation, particularly for short
SOAs (green curve, SOA = 33 ms) where activation remains largely
contralateral to stimulus presentation is shown. (F-H) The late (>270
ms) sudden divergence of activation as a function of SOA, which
occurs simultaneously in multiple bilateral areas of the frontal lobe.
(A-E) The concomitant reactivation of bilateral parietal, temporal
and. to a lesser extent. occipital cortices. The absent or much reduced
difference between controlateral and ipsilateral sites in this late time
period suggests a global broadcasting of conscious information.

Found at doi:10.1371/journal.pbio.0050260.sg001 (176 KB PPT).

Figure S2. Converging Evidence for a Late Fronto-Temporo-Parietal
Correlate of Conscious Reportability

The top panel shows the reconstructed cortical sources of the
difference in evoked activity between a long SOA (100 ms), for which
most targets were consciously seen, and a short SOA (33 ms), for
which most targets were not seen. Similarly, the bottom panel shows
the cortical sources of the difference between seen and not-seen trials
at SOA 50 ms. In both cases, left, ventral, and right views are shown at
t= 341 ms after target onset. Insets further show the average absolute
current density in four bilateral frontopolar and anterior temporal
regions of interest, as a function of time.

These two independent criteria for a neural correlate of conscious
perception both point to the late activation of a distributed network
including frontal, temporal and parietal areas. In particular, the
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