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Abstract

■ This study investigates the retention of visual information in
visual working memory (VWM) when individuals are unaware of
it, aiming to provide clear-cut evidence for an unconscious VWM
effect. To explore the underlying neural mechanisms, we moni-
tored a critical ERP component, specifically the contralateral delay
activity (CDA), which reflects VWM maintenance. Participants
performed a change detection task in which to-be-memorized
Gabor patches were presented at a visibility threshold, deter-
mined to assess subjective awareness using the Perceptual
Awareness Scale. Participants performed above chance level
in the change detection task even when the visibility of the
Gabor patches was subthreshold, indicating retention of visual

information without conscious awareness. Notably, in a subsam-
ple of participants, a reliable CDA amplitude was observed during
unaware trials, in which participants performed correctly, com-
pared to trials with incorrect responses. As a proof of concept,
this finding indexed short active maintenance of unaware visual
information in VWM, which could be used to perform VWM-based
tasks. In conclusion, the results of our study support the exis-
tence of an active retention of unaware visual information in
VWM. These findings challenge the notion of entirely activity-
silent working memory by showing that unconscious information
is maintained through active neural firing (CDA), potentially
transitioning to activity-silent mechanisms in later phases. ■

INTRODUCTION

Visual working memory (VWM) is a cornerstone of the
human cognitive architecture, responsible for the short-
term storage and manipulation of visual information,
including shapes, colors, and spatial positions (Liesefeld
& Müller, 2019; see also Mance & Vogel, 2013). VWM is
thought to play a role in a range of cognitive functions,
such as attention, decision-making, and problem solving
(Luck, 2008) and may even influence early stages of
perception. Although our understanding of VWM has
advanced significantly, ongoing debate persists regarding
the maintenance in VWM of visual information that is out-
side conscious awareness (Gambarota, Tsuchiya, Pastore,
Di Polito, & Sessa, 2022; Persuh, LaRock, & Berger, 2018;
Velichkovsky, 2017; Soto & Silvanto, 2014, 2016). The abil-
ity of VWM to store unaware information holds profound
theoretical and practical implications, as it challenges
some of the major traditional cognitive models that con-
sider awareness as a prerequisite for VWM retention
(Mashour, Roelfsema, Changeux, & Dehaene, 2020;
Dehaene & Changeux, 2011; Baars & Franklin, 2003;
Dehaene & Naccache, 2001; Baars, 1988).

The present study builds on pivotal findings, particularly
the influential behavioral work by Soto, Mäntylä, and
Silvanto (2011), which suggests that subliminal stimuli
can be stored in working memory (WM). Soto and col-
leagues restricted their behavioral analysis to trials with
an awareness score of 1 on a subjective scale of 1–4, where
1 indicated no awareness of the stimulus. Despite this lack
of conscious awareness, participants’ performance on the
WM task was significantly better than chance, suggesting
that WM can retain information even when it is not con-
sciously perceived. Subsequent research and a compre-
hensive meta-analysis (see Gambarota et al., 2022) have
further validated the concept of unconscious WM mainte-
nance, prompting adaptations in cognitive models to
account for this unconscious dimension (Velichkovsky,
2017; Persuh et al., 2018; Soto & Silvanto, 2014, 2016;
Jacobs & Silvanto, 2015).

At present, it remains unclear whether the phenome-
non of WM maintenance of unconscious visual informa-
tion is reflected in neural markers resulting from neurons’
active firing specifically tied to visual information reten-
tion. This study seeks to fill that gap by examining a key
neural response, specifically indexing VWM maintenance,
providing compelling evidence that visual information is
actively retained in VWM, even when it is outside con-
scious awareness.
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To this end, we adopted a modified version of the
change detection task (Rouder, Morey, Morey, & Cowan,
2011; Rensink, 2002; Pashler, 1988) in which we varied the
contrast of Gabor stimuli so that, in some trials, the stimuli
remained below the threshold of conscious awareness.
Following Soto and colleagues, we used the Perceptual
Awareness Scale (PAS; Sandberg & Overgaard, 2015) to
assess participants’ awareness of the visual stimuli. Criti-
cally, we investigated the maintenance of unaware Gabor
stimuli in VWM using an ERP component commonly
regarded as an index of VWM maintenance, namely, the
contralateral delay activity (CDA; Luria, Balaban, Awh, &
Vogel, 2016; Vogel & Machizawa, 2004).

The change detection task is a well-known tool for
assessing VWM (Vogel, Woodman, & Luck, 2006; Vogel,
McCollough, & Machizawa, 2005; Luck & Vogel, 1997).
The task requires participants to discern a change between
two sequential stimulus arrays, such as colors, oriented
lines, shapes, or faces. In our study, participants had to
retain Gabor patches in VWM, which were individually cal-
ibrated to a 75% visibility threshold. This threshold was
selected based on our pilot studies and guided by the “win-
dow of subliminal perception” hypothesis (Sandberg, Del
Pin, Overgaard, & Bibby, 2022). This approach ensured a
balance where participants often did not consciously rec-
ognize the stimulus but still performed above the chance
level in the VWM task, demonstrating the unconscious
VWMeffect at the behavioral level of analysis. After the pre-
sentation of the Gabor stimulus to be memorized, partic-
ipants were shown a test Gabor stimulus. They were then
asked to compare the orientation of the test Gabor stimu-
lus with their memory of the original Gabor stimulus and
indicated whether the orientation was the same or differ-
ent (50% of the trials each). After responding to the VWM
task, participants also provided their subjective evalua-
tions of the visibility of the target Gabor using the PAS
(Overgaard & Sandberg, 2021; Sandberg & Overgaard,
2015), a tool designed to capture the nuanced levels of
conscious awareness of a stimulus. The PAS is specifically
tailored to measure the spectrum of conscious percep-
tion, ranging from no awareness to full awareness on a
4-point scale. A strength of the PAS lies in its ability to
differentiate between instances of minimal perception
and those of no subjective awareness. This distinction is
important because brief glimpses or fleeting moments of
perception may be categorized by participants as minimal
perception, reducing the risk of confounding them with
truly unaware trials.1

To investigate the neural mechanisms underlying the
maintenance of unaware visual information in VWM, we
recorded participants’ EEG to extract and analyze the
CDA, that is, the most investigated neural marker of infor-
mation maintenance in VWM (McCollough, Machizawa, &
Vogel, 2007; Vogel & Machizawa, 2004). This neural activ-
ity is characterized by sustained negativity posteriorly over
the hemisphere contralateral to the to-be-memorized
items, and it is computed by taking the difference in

amplitude between the activity recorded at the contralat-
eral electrodes and the activity recorded at the ipsilateral
electrodes. The rationale behind this calculation is that the
amplitude on the ipsilateral side primarily reflects low-
level processing of the to-be-ignored items. In contrast,
the amplitude on the contralateral side represents both
low-level processing of the to-be-remembered items and
activity related to VWM. By subtracting the ipsilateral activ-
ity from the contralateral activity, researchers aim to iso-
late the CDA as a more specific measure of VWM-related
activity, thereby removing the influence of low-level pro-
cessing. The amplitude of this differential waveform
increases with the number of objects’ visual representa-
tions held in VWM, exhibiting a plateau effect at around
three or four simple visual items, which is the average indi-
vidual VWM capacity (Cowan, 2010; Vogel & Machizawa,
2004). Notably, the CDA has emerged as a robust neural
correlate of VWM in many studies conducted in the last
20 years (Roy & Faubert, 2023; Chen et al., 2022; Luria
et al., 2016).
Further corroborating the involvement of high-order

visual processing brain areas, complementary research
on the CDA’s magnetic counterpart has pinpointed its ori-
gins in the superior intraparietal sulcus (IPS), together
with the posterior parietal and ventral extrastriate cortices.
These magnetic sources undergo temporal shifts, begin-
ning with a bilateral parietal response tied to VWM consol-
idation before transitioning to a sustained contralateral
response from the posterior IPS (Duma et al., 2019;
Mitchell & Cusack, 2011; Robitaille et al., 2010; Robitaille,
Grimault, & Jolicoeur, 2009).
Previous research has shown that CDA amplitude is

higher for correct responses compared to incorrect ones
in “conscious” change detection tasks (McCollough et al.,
2007). In this study, we extend this finding by investigating
whether a similar pattern occurs for stimuli that partici-
pants report being unaware of. If the same relationship
between CDA amplitude and task performance holds, this
would suggest that unconscious stimuli near the threshold
of awareness are still actively encoded and maintained in
VWM through sustained neural activity. We hypothesize
that correct responses, even for stimuli that are inaccessi-
ble to conscious awareness, are driven by visual represen-
tations maintained in VWM. Accordingly, we expect the
CDA amplitude to be higher for correct than incorrect
responses, indicating the active retention of these
unaware visual representations in VWM. Alternatively,
unconscious information could be maintained through
activity-silent neural mechanisms (Oberauer & Awh,
2022; Stokes, 2015; Mongillo, Barak, & Tsodyks, 2008). If
this were the case, we should not observe differences in
CDA amplitude between correct and incorrect responses
for unaware stimuli, as such representations would not
rely on sustained neural activity. To test our hypothesis,
we restricted our analysis of the CDA to trials in which par-
ticipants were unaware of the target Gabor stimuli (i.e.,
PAS 1 trials). We then compared the CDA for trials in which
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participants correctly performed the change detection
task (i.e., correctly reported whether the orientations of
the two Gabor stimuli were the same or different) with
the CDA for trials in which participants provided incorrect
responses. The findings from these tests would directly
inform whether the online retention of unaware stimuli
exists in VWM and whether these representations can be
unconsciously accessed and utilized in VWM tasks that
require the comparison of stimuli (i.e., the memorized
target stimulus with the test stimulus).

METHODS

Participants

We recruited 24 volunteer participants from the University
of Padova, comprising 22 women (mean age = 23.6 years,
SD = 1.71) and two men (mean age = 25.5 years, SD =
3.54). All participants had normal or corrected vision and
were in good health. Before the study, each participant
provided written informed consent following the ethical
guidelines of the University of Padova.

Stimuli and Procedure

The experiment was conducted in a dimly lit room where
participants were seated 67 cm away from a 24-in. Asus
ROG PG248Q LCD monitor with a refresh rate of
144 Hz. To manipulate stimulus visibility, we employed
the change detection task combined with a backward
masking paradigm (Breitmeyer & Ogmen, 2000). The trial
structure is depicted in Figure 1.
Each trial started with a central fixation cross (0.8°) pre-

sented for 500msec. Subsequently, a left- or right-oriented
arrow indicated the task-relevant side of the screen for
500 msec. The memory array consisted of two lateralized
Gabor patches (5° horizontal offset and 2° vertical offset
from the center) measuring 3.4° each. These patches
could be oriented in six different ways (15°, 45°, 75°,
105°, 135°, or 165°), with the uncued Gabor having a ran-
dom orientation. The Gabors were presented briefly for
33 msec and were immediately followed by masks created
using random visual noise, which was displayed for
350 msec. After a 900-msec blank retention interval,
another Gabor was presented at the cued location (test
array). The cued test Gabor had the same orientation as

the memory array in 50% of the trials, whereas it had a dif-
ferent orientation in the remaining 50%. The test Gabor
could be tilted clockwise or counterclockwise in trials
with different orientations.

Participants were instructed to compare the orientation
of the memory and test Gabors using the keyboard and
report whether they were the same or different. In cases
where the to-be-memorized Gabor was not consciously
perceived, participants were asked to make their best
guess. We instructed participants to remain engaged, even
in trials where stimuli were not consciously perceived. Pre-
vious research has indeed highlighted the importance of
explicit involvement in tasks involving unconscious stimuli
(Pan, Lin, Zhao, & Soto, 2014; Soto & Silvanto, 2014).

After the change detection task response, we employed
the PAS to classify each trial based on participants’ subjec-
tive experiences. The PAS was formulated differently from
the original version (Sandberg & Overgaard, 2015; Soto
et al., 2011) to suit our purposes. To address the criterion
content problem (Michel, 2023), we asked participants to
evaluate the experience according to the task-relevant fea-
ture, that is, the orientation (see Güldener, Jüllig, Soto, &
Pollmann, 2021, for a similar implementation). The PAS
levels, translated from Italian, were as follows: 1 = I did
not see the orientation, 2 = I saw a brief glimpse of the
orientation, 3 = I almost saw the orientation, and 4 = I
clearly saw the orientation.

To ensure clarity in PAS usage, participants received
specific verbal instructions during setup. They were
reminded that PAS ratings should reflect their subjective
experience of seeing the orientation specifically, not just
detecting any visual change. We emphasized that PAS 1
should be used when they had no conscious experience
of the stimulus orientation, even if they might have
detected some visual event. The exact Italian wording
was “1 = Non ho visto l’orientamento, 2 = Ho avuto
una vaga impressione di vedere l’orientamento, 3 = Sono
abbastanza sicuro di aver visto l’orientamento, and 4=Ho
visto chiaramente l’orientamento.”

The trial ended with a black screen lasting 1500 msec to
avoid visual aftereffects.

The stimulus presentation time was fixed, and the visi-
bility was modulated by changing the to-be-remembered
(i.e., “memory”) Gabor contrast using a psychophysical
QUEST adaptive procedure (Watson & Pelli, 1983). The
distractor Gabor stimulus, presented on the opposite side,

Figure 1. The trial structure.
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was subjected to the same adaptation procedure. The
QUEST is a widely used Bayesian adaptive procedure that
controls a specific stimulus feature (e.g., contrast) trial by
trial, based on previous trials and participants’ responses.
The QUEST is a parametric procedure because it assumes
a Weibull distribution as the underlying relationship
between the stimulus feature and the detection perfor-
mance. We used standard values implemented in Watson
and Pelli (1983) and Psychopy (Peirce et al., 2019). The
starting contrast value for each staircase was set to 0.5
(ranging from 0 to 1), and the standard deviation was set
to 0.2. The slope was fixed to 3.5, and the lower (i.e., false
alarm rate) and upper (i.e., lapse rate) asymptotes, respec-
tively, were set to 0 and 0.01, as common for yes/no
detection tasks (Watson & Pelli, 1983). We used a target
threshold of 75%, based on the “window of subliminal per-
ception” hypothesis (see the window of subliminal per-
ception hypothesis; Sandberg et al., 2022), to ensure an
adequate number of PAS 1 trials while maintaining
above-chance performance. This threshold was deter-
mined through pilot testing and was specifically chosen
to create the critical experimental conditions needed to
test unconscious VWM. During the experiment, the con-
trast level was modulated to achieve a 75% subjective
report of seen (i.e., PAS > 1) responses, regardless of
the accuracy in objective orientation discrimination
performance.

The experiment consisted of 432 trials and 90 catch tri-
als, totaling 522 trials. During catch trials, no Gabors were
presented. The QUEST respectively reduced and incre-
mented the contrast after PAS 2–4 and PAS 1 responses.
We did not apply different contrast reduction depending
on the PAS being 2, 3, or 4. The QUEST was not updated
during catch trials. We added feedback after catch trials
according to the PAS response to control the false alarm
rate. PAS 1 responses (i.e., “correct rejections”) were
followed by positive feedback, whereas PAS 2–4 (i.e., “false
alarms”) were followed by a warning. The experiment
lasted, on average, 60 min, with an additional 40 min for
the EEG setup.

Before the main experiment, participants completed
practice trials to familiarize themselves with both the
change detection task and the PAS ratings. During these
practice trials, participants received feedback on their per-
formance and had the opportunity to ask clarification
questions about the PAS to ensure proper understanding
of the rating system.

Assuming an effect size in terms of accuracy of 0.58 (sim-
ilar to Soto et al., 2011) for PAS 1 trials (i.e., unseen trials),
75 trials per participants (lower than the expected 25% of
PAS 1 valid trials from a 75% QUEST staircase for a more
conservative approach) and a by-participant standard devi-
ation of 0.5 (in logit scale); the required sample size to
obtain 80% power is approximately 18. The sample size
has been estimated using a meta-analytical-based method
(see Valentine, Pigott, & Rothstein, 2010), taking into
account the number of trials, the number of participants,

and the by-participant random effect, comparing the
expected proportion (i.e., 0.8) to the chance level (i.e.,
0.5). All calculations are performed on the logit scale
(Agresti, 2003, p. 74), combining within- and between-
participant variability. Refer to the online Open Science
Framework repository for more information about the
approach.

EEG Recording and Preprocessing

The EEG was recorded during the task by means of 64
active electrodes distributed on the scalp according to
the extended 10/20 system, positioning an elastic ActiCAP
with reference to the left ear lobe. The high gel viscosity
has allowed the impedance to be kept at < 10 KΩ. Signal
preprocessing and ERP analysis have been conducted
using BrainVision Analyzer 2.1 software (Version 2.1; Brain
Products GmbH).
The EEG was rereferenced offline to the mean activity

recorded at the left and right ear lobes. The EEG has been
segmented into epochs lasting 1400 msec (−200/1200).
After the baseline correction, trials contaminated by ocular
artifacts (i.e., those in which the participants blinked or
moved their eyes, eliciting activity higher than ±50 or
±80 μV, respectively) or from other types of artifacts
(greater than ±80 μV) were removed.
Finally, the contralateral waveforms were computed by

averaging the activity recorded by the electrodes of the
right hemisphere when the participants were required to
encode and memorize the Gabor stimulus presented on
the left side of the memory array (pooling of the elec-
trodes O2, PO8, and P8) with the activity recorded by
the electrodes positioned on the left when the participants
were required to encode and memorize the Gabor
stimulus presented on the right side of the memory array
(pooling of electrodes O1, PO7, and P7). The CDA was
quantified as the difference in mean amplitude between
the contralateral and ipsilateral waveforms in a time win-
dow of 300–1200 msec time-locked to the presentation
of the memory array for the PAS 1 trials associated with
correct and incorrect responses separately.

Behavioral Analysis

The VWM accuracy was assessed using a mixed-effects
logistic regression model with the PAS as a predictor,
and forward difference contrasts coding was used to test
the change detection task accuracy on PAS 1 trials (i.e.,
the model intercept) and the performance increase as a
function of the PAS rating. We used the R software (R Core
Team, 2023) with the lme4 package (Bates et al., 2015).
Given the repeated-measures design, we inserted partici-
pants as a random effect (random intercepts). For the
signal detection theory (SDT) analysis, we used a mixed-
effects probit regression. The probit regression can be
used to estimate SDT parameters within a general linear
model framework (DeCarlo, 1998, 2010). Each model
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parameter is tested using a Wald z test with an alpha level
of .05.

ERP Analysis

To ensure reliable CDA computation, we required a mini-
mum of 10 artifact-free trials per condition (PAS 1 correct
and PAS 1 incorrect) before the contra-minus-ipsilateral
subtraction (based on ERP guidelines; Luck, 2014). This
resulted in 14 participants meeting the inclusion criteria
for the CDA analysis, whereas 10 participants had insuffi-
cient trials in at least one presubtraction condition. For
ERP data, we computed the average amplitude of the
300- to 1200-msec time window (i.e., “retention interval”).
We evaluated the difference between the CDA amplitudes
elicited in the PAS 1 trials when responses at the test were
correct and when responses were incorrect using a paired-
sample t test (i.e., one-tailed t test). As additional analyses,
we compared the CDA amplitude between PAS 1 and PAS
2 (considering only correct responses) and between PAS 1
valid trials (including the stimulus) and PAS 1 catch trials
(including only the mask stimulus).
For the t tests, we also reported the Bayes factor (Morey

& Rouder, 2011; Rouder, Speckman, Sun, Morey, &
Iverson, 2009) using the BayesFactor package with the
default prior width (scale parameter of the Cauchy distri-
bution as 0.707) on the alternative hypothesis. As the
effect size index, we reported Cohen’s dz (i.e., standard-
ized using the standard deviation of differences; Lakens,
2013). The ERP data, ERP analysis pipeline, and statistical
analysis scripts are available at the Open Science Frame-
work (https://osf.io/gkmsy/).

RESULTS

Behavioral

Figure 2 depicts the overall PAS distribution according to
the trial type (valid and catch) across participants, and
Table 1 reports the percentage of PAS responses for valid
and catch trials.
We transformed the PAS into a binary visibility scale to

compute the overall change detection task parameters,

where PAS 1 and PAS 2–4 are unseen and seen trials,
respectively. The overall d0 is 1.106 (SE = 0.158, z =
7.006, p < .001), and the overall criterion is liberal (ten-
dency to say PAS 2–4) but not significantly different from
zero (β = −0.126, SE = 0.073, z = −1.736, p = .083).

In addition, we analyzed how the participants used the
PAS during the experiment.We divided the experiment for
each participant into three blocks of 174 trials and fitted a
mixed-effects probit regression with an interaction
between block and type of trial (valid vs. catch). For the
random part, we included a random intercept for partici-
pants and random slopes for the interaction.

In the first block, the criterion was liberal and signifi-
cantly different from zero (c1 = −0.136, SE = 0.063, z =
−2.138, p= .033). Then, we contrasted the second block
with the first block and the third block with the second
block. We found no difference neither in the former
(c2–1 = 0.030, SE = 0.067, z = 0.447, p = .655) nor the
latter (c3–2 = −0.004, SE = 0.053, z = −0.082, p = .935)
contrast. Figure 3 shows the PAS distribution for catch and
valid trials as a function of the experiment block. Figure 4
shows the criterion values for each participant as a func-
tion of the block as estimated by the model.

In the SDT analysis of the entire experiment, the num-
ber of valid trials substantially exceeds the number of catch

Figure 2. Boxplots for the
number of trials across
participants for each PAS
response and trial type. PAS 1
trials are considered unseen,
whereas PAS 2–4 trials are
considered seen.

Table 1. Percentage of Trials for Each PAS Response Separately
for Catch and Valid Trials

Trial Type PAS %

Catch 1 63.100

2 29.600

3 6.430

4 0.870

Valid 1 25.710

2 44.410

3 22.990

4 6.900
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trials (432 vs. 90; a 4.8:1 ratio). This imbalance persists
when dividing the data into blocks, maintaining a ratio that
is far from optimal for reliable SDT estimates. Therefore,
both the overall and block-based SDT analyses should be
interpreted as exploratory.

Figure 5 illustrates the accuracy of the change detection
task according to PAS ratings, whereas Table 2 presents
the results of the mixed-effects model. Performance is
above chance for PAS 1 trials, and change detection task
accuracy significantly increases from PAS 1 to PAS 2, from
PAS 2 to PAS 3, and from PAS 3 to PAS 4.

EEG Results

Given the nature of the comparison (meanCDA amplitude
at PAS 1 for correct responses to the test array vs. mean
CDA amplitude at PAS 1 for incorrect responses to the
test array), it was necessary to have a minimum and

comparable number of trials per participant in each condi-
tion (i.e., 10). The final number of trials depended on the
distribution of responses across PAS levels and the num-
ber of trials rejected because of artifact rejection in the
EEG analysis. Consequently, this resulted in substantially
reducing the initial sample, leaving 14 participants (out
of 24) for the statistical comparison between the two rel-
evant experimental conditions. The remaining 10 partici-
pants, not included in the CDA analysis, had fewer than
10 trials available for at least one of the conditions. This
exclusion criterion was essential to ensure the reliability
of the statistical analysis. While excluding 10 participants
is significant, it was necessary to maintain the integrity of
the data. The excluded participants had an insufficient
number of trials per condition, often fewer than five,
which would have compromised the robustness of the
findings. We aimed to apply a reasonable and consistent
criterion without being overly strict, ensuring that the

Figure 3. Distribution of PAS
responses as a function of trial
type and the experimental block
for each participant. The y axis
is the number of trials for each
participant. Blue and red
boxplots are respectively
considered as unaware and
aware trials.

Figure 4. Estimated criterion for each participant with the multilevel
probit model. Negative values mean that the criterion is liberal, whereas
positive values mean that the criterion is conservative. The red line is
the unbiased criterion.

Figure 5. Results from the mixed-effects logistic regression on change
detection task accuracy as a function of the PAS. The colored dots
represent the average accuracy for each participant. Dots and bars
represent the mixed-effects logistic regression estimates and 95%
confidence intervals. Two participants had very low accuracy on PAS
3–4 trials; thus, the points were removed from the plot for better
visualization.
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results are both reliable and interpretable. The final sam-
ple of 14 participants (58.3% of the original 24) reflects the
inherent challenges of combining unconscious perception
paradigms with ERP methodology, where trial distribu-
tions across consciousness levels and accuracy conditions
cannot be precisely controlled, and the number of artifact-
free trials per condition is unpredictable.
Table 3 depicts the results from the multilevel logistic

regression for the change detection task accuracy as a
function of the PAS for the 14 participants included in
the EEG/ERP analysis. The overall pattern is similar to
the model, including all participants, but the accuracy of
PAS 1 trials is not above chance. However, the absence
of a behavioral effect in this subsample of 14 participants
does not undermine the rationale for comparing the CDA
amplitude at PAS 1 for correct and incorrect responses.
Figure 6 depicts the ERP waveforms for the PAS 1 for

correct and incorrect responses to the test array for the
subsample of 14 participants. The mean amplitude of
the CDA at PAS 1 for correct responses was μV =
−0.801 (SD = 1.029) and was significantly more negative
than the baseline, t(13) =−2.915, p= .006, dz =−0.779,
BF10 = 9.650. Themean amplitude of the CDA at PAS 1 for
incorrect responses was μV = 0.158 (SD= 0.859). The dif-
ference between the two CDA amplitudes was statistically
significant (hypothesis-driven one-tailed test: t(13) =
−3.087, SE = 0.311, p = .004, dz = −0.825, BF10 =
12.698).

Beyond our primary analysis comparing CDA amplitude
between PAS 1 correct and incorrect trials, we conducted
two exploratory analyses to further characterize uncon-
scious VWM maintenance. These secondary analyses,
although informative, are necessarily limited by the con-
straints of our experimental design and should be inter-
preted as supplementary to our main findings. First, we
compared CDA amplitude between PAS 1 correct trials
and PAS 1 catch trials. Because catch trials contain only
masks without target Gabors, this comparison reveals
whether the CDA in unconscious trials reflects target-
specific maintenance or visual information retention in
VWM useful for the task at hand. Second, we compared
CDA amplitude between PAS 1 correct trials and PAS 2 cor-
rect trials to investigate whether CDA amplitude reflects
objective accuracy rather than subjective visibility.

It is essential to note that our trial-by-trial visibility stair-
case paradigm, although novel and effective for addressing
our primary research question,may inevitably result in var-
iable and unpredictable trial distributions across condi-
tions after artifact rejection. This makes the theory-driven
contrast reported in our main analysis—PAS 1 correct ver-
sus PAS 1 incorrect—the most powerful and diagnostic
test of unconscious VWM.

For the catch trial comparison, we computedmean CDA
amplitudes (300–1200 msec) from the pooled lateral–
posterior electrode pairs (P8/P7, O2/O1, PO8/PO7). PAS
1 catch trials elicited a significant negative CDA (M =

Table 2. Mixed-Effects Logistic Regression of the Change Detection Task Performance as a Function of the PAS Results

Parameter exp(β) SE 95% CI z p

PAS 1 vs. 50% 1.294 ( p̂correct = .564) 0.149 [1.032, 1.622] 2.233 p = .026

PAS 2 vs. PAS 1 1.755 0.092 [1.584, 1.945] 10.736 p < .001

PAS 3 vs. PAS 2 2.072 0.142 [1.812, 2.37] 10.635 p < .001

PAS 4 vs. PAS 3 2.233 0.325 [1.678, 2.971] 5.514 p < .001

σid 0.528

We reported the estimated value, standard error, 95% confidence interval, and Wald-type z test for each parameter. We also reported the estimated
accuracy for PAS 1 compared to 50% (i.e., chance-level accuracy).

Table 3. Mixed-Effects Logistic Regression of the Change Detection Task Performance as a Function of the PAS Results for the
14 Participants Included in the EEG/ERP Analysis

Parameter exp(β) SE 95% CI z p

PAS 1 vs. 50% 1.184 ( p̂correct = .542) 0.182 [0.875, 1.601] 1.094 p = .274

PAS 2 vs. PAS 1 2.123 0.143 [1.86, 2.423] 11.177 p < .001

PAS 3 vs. PAS 2 2.267 0.216 [1.88, 2.733] 8.567 p < .001

PAS 4 vs. PAS 3 1.556 0.299 [1.067, 2.268] 2.299 p = .022

σid 0.541

All other details are the same as in Table 2.
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−0.542 μV, SD = 0.845), t(13) = −2.400, p = .016, dz =
−0.641, BF10= 4.348. PAS 1 correct trials involving Gabors
showed a similar effect, t(13) = −2.915, p = .006, dz =
−0.779, BF10 = 9.650. CDA amplitude did not differ
between PAS 1 correct and PAS 1 catch trials, t(13) =
−1.208, p = .248, Cohen’s d = −0.323, BF10 = 2.010
(see Figure 7).

For the comparison between unconscious and
conscious correct trials, insufficient participants had
analyzable data for PAS 3 (9/14) and PAS 4 (4/14) levels.
Therefore, we restricted this comparison to PAS 1 versus
PAS 2 correct trials. PAS 1 and PAS 2 correct (M=−0.668
μV, SD = 0.422) trials showed no significant differences
between CDA amplitudes, t(13) = −0.884, SE = 0.260,
p= .393, dz =−0.236, BF10 = 2.650, providing some evi-
dence that CDA amplitude follows objective accuracy

rather than subjective visibility when performance is
matched (see Figure 8).
Although the inherent constraints of our paradigm limit

these exploratory analyses, they provide converging evi-
dence that supports—but does not replace—our primary
finding. The CDA observed in catch trials, along with the
equivalent amplitudes between PAS 1 and PAS 2 correct
trials, suggests that CDA indexes goal-directed VWM pro-
cesses rather than conscious accessibility, reinforcing the
theoretical significance of our main result.

DISCUSSION

Although growing evidence supports unconscious pro-
cessing in WM, to the best of our knowledge, no previous
study has focused explicitly on neural markers uniquely
associated with VWM. At the neurophysiological level,
CDA is a well-established marker of visual information
retention, reflecting sustained neural activity at posterior
electrode sites. The present study sought to fill this gap
by investigating whether unconscious VWM can be main-
tained through active neural firing, as indicated by the
CDA.
Here, we used a modified version of the change detec-

tion task to accomplish this, a widely accepted method for
assessing conscious VWM capacity and performance. In
our adapted task, we presented target Gabor patches with
a carefully determined visibility threshold of 75%. We
employed a fixed stimulus presentation time while modu-
lating visibility through manipulations of contrast. To
precisely control contrast levels, we implemented a psy-
chophysical QUEST adaptive procedure (Watson & Pelli,
1983). Our QUEST procedure ensured 25% of the trials
with PAS = 1, corresponding to the phenomenological
report of “I did not see the orientation.” Within these
“unseen” trials, participants demonstrated above-chance

Figure 6. CDA waveforms (pooled from electrodes O1/O2, PO7/PO8,
and P7/P8 and filtered at 5 Hz for a graphical representation) for correct
responses (red) and incorrect responses (blue) at PAS 1 for the
subsample of 14 participants.

Figure 7. CDA waveforms (pooled from electrodes O1/O2, PO7/PO8,
and P7/P8 and filtered at 5 Hz for a graphical representation) for correct
responses to the Gabor patches (black) and correct responses to catch
trials (red) at PAS 1 for the subsample of 14 participants.

Figure 8. CDA waveforms (pooled from electrodes O1/O2, PO7/PO8,
and P7/P8 and filtered at 5 Hz for a graphical representation) for correct
responses at PAS 1 (red) and correct responses at PAS 2 (blue) for the
subsample of 14 participants.
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performance in the change detection task of the orienta-
tion of the Gabor.
To uncover the neural mechanisms underlying the

retention of visual information in VWM, we recorded par-
ticipants’ EEG signals and an ERP component, namely, the
CDA, as an index of VWM. Of note, in the subsample of
participants included in the ERP analysis, we also observed
a reliable CDA in those trials where participants performed
above chance level in PAS 1 trials, tracking the retention of
visual information despite being unaware of it. More spe-
cifically, the results showed a significant difference
between PAS 1 correct and incorrect responses (dz =
−0.825), indicating that correct responses, even when
participants were unaware, were associated with a reliable
CDA amplitude. This supports the idea that correct
responses without awareness of these stimuli are driven
by the retention of visual information in VWM. This finding
supports the notion that unconscious maintenance of
visual information may occur in VWM through the same
neural mechanism that characterizes conscious visual
information.
Exercising caution, we can confidently rule out the

possibility that the neural effects we observed, particularly
the noticeable divergence of the CDA from the baseline in
the correct trials at PAS 1, are attributable to the VWM
maintenance of mere guesses rather than genuine VWM
retention of visual information. This is supported by the
fact that the CDA reliably indexes the maintenance of
visual information in a retinotopic fashion, not guesses
(Mössing, Schroeder, Biel, & Busch, 2024).
The results of this study may also contribute to an

important discussion in the field regarding the nature
of the mechanisms underlying the maintenance of
unconscious information in VWM. Specifically, we
sought to determine whether this maintenance relies
on active neural firing, similar to conscious information,
or on activity-silent neural mechanisms. Recent evidence
indicates that neural activity during the maintenance
phase can be disrupted or even absent when individuals
are unaware or inattentive to the information being held
(Trübutschek et al., 2017; Wolff, Jochim, Akyürek, &
Stokes, 2017; Rose et al., 2016; Wolff, Ding, Myers, &
Stokes, 2015). Theoretical frameworks and simulations
suggest that activity-silent maintenance, characterized
by the absence of accompanying neural firing, may
occur through temporary alterations in synaptic connec-
tions among neural populations responsible for encod-
ing stored items (Oberauer & Awh, 2022; Stokes, 2015;
Mongillo et al., 2008). This view is supported by findings
that nonspecific stimulation of these neurons can
reinstate the original firing pattern, indicating that
short-term synaptic changes enable inactive networks
to support the retrieval of information effectively (Rose
et al., 2016). Nonetheless, we admit that the observation
that the maintenance of unconscious information can
be supported by active neural firing (i.e., CDA) does
not contradict the idea that an activity-silent mechanism

may also exist. In fact, prior research provided some evi-
dence of two distinct successive phases in the mainte-
nance of aware and unaware information, with the initial
common stage between the two types of information
involving a transient period of approximately 1 sec, dur-
ing which the representations are encoded through
active firing that gradually diminishes. This is followed
by an activity-silent maintenance phase, where neural
activity intermittently resurfaces for aware stimuli or
remains absent for unaware stimuli (Trübutschek, Marti,
Ueberschär, & Dehaene, 2019; Trübutschek et al., 2017;
King, Pescetelli, & Dehaene, 2016; Salti et al., 2015). In
our experiment, visual information was maintained for
approximately 1300 msec, which included a 33-msec
presentation of the target Gabor stimulus, a 350-msec
mask, and a 900-msec retention blank interval. This time
frame aligns with the initial active firing phase observed
in those previous studies for both aware and unaware
information. Within this interval, we observed a reliable
CDA for unaware visual information, providing compel-
ling evidence that at least the initial maintenance phase
relies on active neural firing. Possibly in line with this
interpretation, our previous research on conscious
information maintenance (Duma et al., 2019) showed
that the early active firing phase reflected by CDA orig-
inating from the inferior IPS is supported by ACC activ-
ity during later stages, suggesting a distinct role of the
IPS in early encoding and storage as well as ACC that
could contribute to cognitive control and the safeguard-
ing of information at later stages, possibly indicating a
role that requires conscious awareness.

Our exploratory analyses revealed another theoretically
important finding: CDA amplitude did not differ between
PAS 1 correct and PAS 2 correct trials, despite participants
reporting subjective unawareness in the former and
awareness in the latter. This equivalence suggests that
CDA reflects the objective maintenance of task-relevant
information rather than subjective conscious access.
These findings collectively suggest that the neural mecha-
nisms supporting VWM maintenance operate indepen-
dently of conscious awareness, at least during the initial
active retention phase captured by the CDA.

We acknowledge that our study provides initial
evidence for CDA differences in unconscious VWM,
requiring replication. The limited sample size for the
ERP analysis (n = 14) reflects the methodological
demands of obtaining sufficient artifact-free trials across
specific experimental conditions. Future studies should
anticipate large exclusion rates when combining con-
sciousness manipulations with ERP recordings and plan
recruitment accordingly. Replication with larger initial
samples will be important to confirm the robustness of
these findings.

In conclusion, this study provides novel insights into the
mechanisms underlying unconscious VWM by demon-
strating that the CDA can reliably index the retention of
visual information, even in the absence of conscious
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awareness. Our findings provide a proof of concept for
unconscious VWM operating through the same neural
processes as conscious VWM, specifically active neural fir-
ing during the initial retention phase. The significant pres-
ence of CDA in the correct responses during PAS 1 trials
strongly supports the idea that unconscious visual infor-
mation is actively maintained in VWM. Ultimately, this
study bridges a critical gap in the understanding of uncon-
scious VWMby integrating neuralmarkers such as the CDA
with broader theories of memory maintenance. Future
research should continue to explore the interaction
between active and activity-silent mechanisms, as well as
the contributions of different brain regions in maintaining
both conscious and unconscious visual information.

Corresponding author: Paola Sessa, Department of Develop-
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Note
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defined (e.g., d0 = 0 in a two-alternative forced-choice task).

REFERENCES

Agresti, A. (2003). Categorical data analysis, second edition
(2nd ed.). Wiley. https://doi.org/10.1002/0471249688

Baars, B. J. (1988). A cognitive theory of consciousness.
Cambridge University Press.

Baars, B. J., & Franklin, S. (2003). How conscious experience
and working memory interact. Trends in Cognitive Sciences,
7, 166–172. https://doi.org/10.1016/s1364-6613(03)00056-1,
PubMed: 12691765

Breitmeyer, B. G., & Ogmen, H. (2000). Recent models and
findings in visual backward masking: A comparison, review,
and update. Perception & Psychophysics, 62, 1572–1595.
https://doi.org/10.3758/bf03212157, PubMed: 11140180

Chen, Y., Brigadoi, S., Schiano Lomoriello, A., Jolicœur, P.,
Simal, A., Fu, S., et al. (2022). A bilateral SPCN is elicited by
to-be-memorized visual stimuli displayed along the vertical
midline. Psychophysiology, 59, e14045. https://doi.org/10
.1111/psyp.14045, PubMed: 35315938

Cowan, N. (2010). The magical mystery four: How is working
memory capacity limited, and why? Current Directions in
Psychological Science, 19, 51–57. https://doi.org/10.1177
/0963721409359277, PubMed: 20445769

DeCarlo, L. T. (1998). Signal detection theory and generalized
linear models. Psychological Methods, 3, 186–205. https://doi
.org/10.1037/1082-989X.3.2.186

DeCarlo, L. T. (2010). On the statistical and theoretical basis of
signal detection theory and extensions: Unequal variance,
random coefficient, and mixture models. Journal of
Mathematical Psychology, 54, 304–313. https://doi.org/10
.1016/j.jmp.2010.01.001

Dehaene, S., & Changeux, J.-P. (2011). Experimental and
theoretical approaches to conscious processing. Neuron,
70, 200–227. https://doi.org/10.1016/j.neuron.2011.03.018,
PubMed: 21521609

Dehaene, S., & Naccache, L. (2001). Towards a cognitive
neuroscience of consciousness: Basic evidence and a
workspace framework. Cognition, 79, 1–37. https://doi.org/10
.1016/s0010-0277(00)00123-2, PubMed: 11164022

Duma, G. M., Mento, G., Cutini, S., Sessa, P., Baillet, S.,
Brigadoi, S., et al. (2019). Functional dissociation of anterior
cingulate cortex and intraparietal sulcus in visual working
memory. Cortex, 121, 277–291. https://doi.org/10.1016/j
.cortex.2019.09.009, PubMed: 31669977

Gambarota, F., Tsuchiya, N., Pastore, M., Di Polito, N., & Sessa,
P. (2022). Unconscious visual working memory: A critical
review and Bayesian meta-analysis. Neuroscience &
Biobehavioral Reviews, 136, 104618. https://doi.org/10.1016/j
.neubiorev.2022.104618, PubMed: 35289273

Güldener, L., Jüllig, A., Soto, D., & Pollmann, S. (2021). Feature-
based attentional weighting and re-weighting in the absence
of visual awareness. Frontiers in Human Neuroscience,
15, 610347. https://doi.org/10.3389/fnhum.2021.610347,
PubMed: 33584229

Jacobs, C., & Silvanto, J. (2015). How is working memory
content consciously experienced? The “conscious copy”
model of WM introspection. Neuroscience & Biobehavioral
Reviews, 55, 510–519. https://doi.org/10.1016/j.neubiorev
.2015.06.003, PubMed: 26054793

King, J.-R., Pescetelli, N., & Dehaene, S. (2016). Brain
mechanisms underlying the brief maintenance of seen
and unseen sensory information. Neuron, 92, 1122–1134.
https://doi.org/10.1016/j.neuron.2016.10.051, PubMed:
27930903

Lakens, D. (2013). Calculating and reporting effect sizes to
facilitate cumulative science: A practical primer for t-tests and
ANOVAs. Frontiers in Psychology, 4, 863. https://doi.org/10
.3389/fpsyg.2013.00863, PubMed: 24324449

10 Journal of Cognitive Neuroscience Volume X, Number Y

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/doi/10.1162/JO
C

N
.a.100/2554707/jocn.a.100.pdf by Tel Aviv U

niversity user on 02 D
ecem

ber 2025

mailto:paola.sessa@unipd.it
mailto:paola.sessa@unipd.it
mailto:paola.sessa@unipd.it
https://osf.io/gkmsy/
https://osf.io/gkmsy/
https://osf.io/gkmsy/
https://osf.io/gkmsy/
https://osf.io/gkmsy/
https://osf.io/gkmsy/
https://doi.org/10.1002/0471249688
https://doi.org/10.1002/0471249688
https://doi.org/10.1002/0471249688
https://doi.org/10.1002/0471249688
https://doi.org/10.1002/0471249688
https://doi.org/10.1002/0471249688
https://doi.org/10.1002/0471249688
https://doi.org/10.1016/s1364-6613(03)00056-1
https://doi.org/10.1016/s1364-6613(03)00056-1
https://doi.org/10.1016/s1364-6613(03)00056-1
https://doi.org/10.1016/s1364-6613(03)00056-1
https://doi.org/10.1016/s1364-6613(03)00056-1
https://doi.org/10.1016/s1364-6613(03)00056-1
https://doi.org/10.1016/s1364-6613(03)00056-1
https://doi.org/10.1016/s1364-6613(03)00056-1
https://doi.org/10.1016/s1364-6613(03)00056-1
https://pubmed.ncbi.nlm.nih.gov/12691765
https://doi.org/10.3758/bf03212157
https://doi.org/10.3758/bf03212157
https://doi.org/10.3758/bf03212157
https://doi.org/10.3758/bf03212157
https://doi.org/10.3758/bf03212157
https://doi.org/10.3758/bf03212157
https://doi.org/10.3758/bf03212157
https://doi.org/10.3758/bf03212157
https://pubmed.ncbi.nlm.nih.gov/11140180
https://doi.org/10.1111/psyp.14045
https://doi.org/10.1111/psyp.14045
https://doi.org/10.1111/psyp.14045
https://doi.org/10.1111/psyp.14045
https://doi.org/10.1111/psyp.14045
https://doi.org/10.1111/psyp.14045
https://doi.org/10.1111/psyp.14045
https://doi.org/10.1111/psyp.14045
https://pubmed.ncbi.nlm.nih.gov/35315938
https://doi.org/10.1177/0963721409359277
https://doi.org/10.1177/0963721409359277
https://doi.org/10.1177/0963721409359277
https://doi.org/10.1177/0963721409359277
https://doi.org/10.1177/0963721409359277
https://doi.org/10.1177/0963721409359277
https://doi.org/10.1177/0963721409359277
https://pubmed.ncbi.nlm.nih.gov/20445769
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1037/1082-989X.3.2.186
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.jmp.2010.01.001
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://pubmed.ncbi.nlm.nih.gov/21521609
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1016/s0010-0277(00)00123-2
https://pubmed.ncbi.nlm.nih.gov/11164022
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://doi.org/10.1016/j.cortex.2019.09.009
https://pubmed.ncbi.nlm.nih.gov/31669977
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://doi.org/10.1016/j.neubiorev.2022.104618
https://pubmed.ncbi.nlm.nih.gov/35289273
https://doi.org/10.3389/fnhum.2021.610347
https://doi.org/10.3389/fnhum.2021.610347
https://doi.org/10.3389/fnhum.2021.610347
https://doi.org/10.3389/fnhum.2021.610347
https://doi.org/10.3389/fnhum.2021.610347
https://doi.org/10.3389/fnhum.2021.610347
https://doi.org/10.3389/fnhum.2021.610347
https://doi.org/10.3389/fnhum.2021.610347
https://doi.org/10.3389/fnhum.2021.610347
https://pubmed.ncbi.nlm.nih.gov/33584229
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://doi.org/10.1016/j.neubiorev.2015.06.003
https://pubmed.ncbi.nlm.nih.gov/26054793
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://doi.org/10.1016/j.neuron.2016.10.051
https://pubmed.ncbi.nlm.nih.gov/27930903
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://pubmed.ncbi.nlm.nih.gov/24324449


Liesefeld, H. R., & Müller, H. J. (2019). Current directions in
visual working memory research: An introduction and
emerging insights. British Journal of Psychology, 110,
193–206. https://doi.org/10.1111/bjop.12377, PubMed:
30737770

Luck, S. J. (2008). Visual short-term memory. In S. J. Luck & A.
Hollingworth (Eds.), Visual memory (pp. 43–85). Oxford
University Press. https://doi.org/10.1093/acprof:oso
/9780195305487.003.0003

Luck, S. J. (2014). An introduction to the event-related
potential technique, second edition. Cambridge, MA: MIT
Press.

Luck, S. J., & Vogel, E. K. (1997). The capacity of visual working
memory for features and conjunctions. Nature, 390,
279–281. https://doi.org/10.1038/36846, PubMed: 9384378

Luria, R., Balaban, H., Awh, E., & Vogel, E. K. (2016). The
contralateral delay activity as a neural measure of visual
working memory. Neuroscience & Biobehavioral Reviews,
62, 100–108. https://doi.org/10.1016/j.neubiorev.2016.01.003,
PubMed: 26802451

Mance, I., & Vogel, E. K. (2013). Visual working memory. Wiley
Interdisciplinary Reviews: Cognitive Science, 4, 179–190.
https://doi.org/10.1002/wcs.1219, PubMed: 26304194

Mashour, G. A., Roelfsema, P., Changeux, J.-P., & Dehaene, S.
(2020). Conscious processing and the global neuronal
workspace hypothesis. Neuron, 105, 776–798. https://doi.org
/10.1016/j.neuron.2020.01.026, PubMed: 32135090

McCollough, A. W., Machizawa, M. G., & Vogel, E. K. (2007).
Electrophysiological measures of maintaining representations
in visual working memory. Cortex, 43, 77–94. https://doi.org
/10.1016/S0010-9452(08)70447-7, PubMed: 17334209

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

Mitchell, D. J., & Cusack, R. (2011). The temporal evolution
of electromagnetic markers sensitive to the capacity limits
of visual short-term memory. Frontiers in Human
Neuroscience, 5, 18. https://doi.org/10.3389/fnhum.2011
.00018, PubMed: 21415910

Mongillo, G., Barak, O., & Tsodyks, M. (2008). Synaptic theory
of working memory. Science, 319, 1543–1546. https://doi.org
/10.1126/science.1150769, PubMed: 18339943

Morey, R. D., & Rouder, J. N. (2011). Bayes factor approaches
for testing interval null hypotheses. Psychological Methods,
16, 406–419. https://doi.org/10.1037/a0024377, PubMed:
21787084

Mössing, W. A., Schroeder, S. C. Y., Biel, A. L., & Busch, N. A.
(2024). Contralateral delay activity and alpha lateralization
reflect retinotopic and screen-centered reference frames in
visual memory. Progress in Neurobiology, 234, 102576.
https://doi.org/10.1016/j.pneurobio.2024.102576, PubMed:
38309459

Oberauer, K., & Awh, E. (2022). Is there an activity-silent
working memory? Journal of Cognitive Neuroscience, 34,
2360–2374. https://doi.org/10.1162/jocn_a_01917, PubMed:
36122353

Overgaard, M., & Sandberg, K. (2021). The Perceptual
Awareness Scale—Recent controversies and debates.
Neuroscience of Consciousness, 2021, niab044. https://doi
.org/10.1093/nc/niab044/41765024/niab044, PubMed:
34925909

Pan, Y., Lin, B., Zhao, Y., & Soto, D. (2014). Working memory
biasing of visual perception without awareness. Attention,
Perception, & Psychophysics, 76, 2051–2062. https://doi.org
/10.3758/s13414-013-0566-2, PubMed: 24142774

Pashler, H. (1988). Familiarity and visual change detection.
Perception & Psychophysics, 44, 369–378. https://doi.org/10
.3758/bf03210419, PubMed: 3226885

Peirce, J., Gray, J. R., Simpson, S., MacAskill, M., Höchenberger,
R., Sogo, H., et al. (2019). PsychoPy2: Experiments in
behavior made easy. Behavior Research Methods, 51,
195–203. https://doi.org/10.3758/s13428-018-01193-y,
PubMed: 30734206

Persuh, M., LaRock, E., & Berger, J. (2018). Working memory
and consciousness: The current state of play. Frontiers in
Human Neuroscience, 12, 78. https://doi.org/10.3389/fnhum
.2018.00078, PubMed: 29551967

R Core Team. (2023). R: A language and environment for
statistical computing. R Foundation for Statistical Computing
https://www.R-project.org/.

Rensink, R. A. (2002). Change detection. Annual Review of
Psychology, 53, 245–277. https://doi.org/10.1146/annurev
.psych.53.100901.135125, PubMed: 11752486

Robitaille, N., Grimault, S., & Jolicoeur, P. (2009). Bilateral
parietal and contralateral responses during maintenance of
unilaterally encoded objects in visual short-term memory:
Evidence from magnetoencephalography. Psychophysiology,
46, 1090–1099. https://doi.org/10.1111/j.1469-8986.2009
.00837.x, PubMed: 19497007

Robitaille, N., Marois, R., Todd, J., Grimault, S., Cheyne, D., &
Jolicœur, P. (2010). Distinguishing between lateralized and
nonlateralized brain activity associated with visual short-term
memory: fMRI, MEG, and EEG evidence from the same
observers. Neuroimage, 53, 1334–1345. https://doi.org/10
.1016/j.neuroimage.2010.07.027, PubMed: 20643214

Rose, N. S., LaRocque, J. J., Riggall, A. C., Gosseries, O., Starrett,
M. J., Meyering, E. E., et al. (2016). Reactivation of latent
working memories with transcranial magnetic stimulation.
Science, 354, 1136–1139. https://doi.org/10.1126/science
.aah7011, PubMed: 27934762

Rouder, J. N., Morey, R. D., Morey, C. C., & Cowan, N. (2011).
How to measure working memory capacity in the change
detection paradigm. Psychonomic Bulletin & Review, 18,
324–330. https://doi.org/10.3758/s13423-011-0055-3, PubMed:
21331668

Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D., & Iverson,
G. (2009). Bayesian t tests for accepting and rejecting the
null hypothesis. Psychonomic Bulletin & Review, 16,
225–237. https://doi.org/10.3758/PBR.16.2.225, PubMed:
19293088

Roy, Y., & Faubert, J. (2023). Is the contralateral delay activity
(CDA) a robust neural correlate for visual working memory
(VWM) tasks? A reproducibility study. Psychophysiology,
60, e14180. https://doi.org/10.1111/psyp.14180, PubMed:
36124370

Salti, M., Monto, S., Charles, L., King, J.-R., Parkkonen, L., &
Dehaene, S. (2015). Distinct cortical codes and temporal
dynamics for conscious and unconscious percepts. eLife,
4, e05652. https://doi.org/10.7554/eLife.05652, PubMed:
25997100

Sandberg, K., Del Pin, S. H., Overgaard, M., & Bibby, B. M.
(2022). A window of subliminal perception. Behavioural
Brain Research, 426, 113842. https://doi.org/10.1016/j.bbr
.2022.113842, PubMed: 35301023

Sandberg, K., & Overgaard, M. (2015). Using the Perceptual
Awareness Scale (PAS). In M. Overgaard (Ed.), Behavioral
methods in consciousness research (pp. 181–195). Oxford
University Press. https://doi.org/10.1093/acprof:oso
/9780199688890.003.0011

Soto, D., Mäntylä, T., & Silvanto, J. (2011). Working memory
without consciousness. Current Biology, 21, R912–R913.
https://doi.org/10.1016/j.cub.2011.09.049, PubMed: 22115455

Soto, D., & Silvanto, J. (2014). Reappraising the relationship
between working memory and conscious awareness. Trends
in Cognitive Sciences, 18, 520–525. https://doi.org/10.1016/j
.tics.2014.06.005, PubMed: 25070269

Gambarota et al. 11

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/doi/10.1162/JO
C

N
.a.100/2554707/jocn.a.100.pdf by Tel Aviv U

niversity user on 02 D
ecem

ber 2025

https://doi.org/10.1111/bjop.12377
https://doi.org/10.1111/bjop.12377
https://doi.org/10.1111/bjop.12377
https://doi.org/10.1111/bjop.12377
https://doi.org/10.1111/bjop.12377
https://doi.org/10.1111/bjop.12377
https://doi.org/10.1111/bjop.12377
https://doi.org/10.1111/bjop.12377
https://doi.org/10.1111/bjop.12377
https://pubmed.ncbi.nlm.nih.gov/30737770
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1093/acprof:oso/9780195305487.003.0003
https://doi.org/10.1038/36846
https://doi.org/10.1038/36846
https://doi.org/10.1038/36846
https://doi.org/10.1038/36846
https://doi.org/10.1038/36846
https://doi.org/10.1038/36846
https://doi.org/10.1038/36846
https://pubmed.ncbi.nlm.nih.gov/9384378
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://pubmed.ncbi.nlm.nih.gov/26802451
https://doi.org/10.1002/wcs.1219
https://doi.org/10.1002/wcs.1219
https://doi.org/10.1002/wcs.1219
https://doi.org/10.1002/wcs.1219
https://doi.org/10.1002/wcs.1219
https://doi.org/10.1002/wcs.1219
https://doi.org/10.1002/wcs.1219
https://doi.org/10.1002/wcs.1219
https://pubmed.ncbi.nlm.nih.gov/26304194
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://doi.org/10.1016/j.neuron.2020.01.026
https://pubmed.ncbi.nlm.nih.gov/32135090
https://doi.org/10.1016/S0010-9452(08)70447-7
https://doi.org/10.1016/S0010-9452(08)70447-7
https://doi.org/10.1016/S0010-9452(08)70447-7
https://doi.org/10.1016/S0010-9452(08)70447-7
https://doi.org/10.1016/S0010-9452(08)70447-7
https://doi.org/10.1016/S0010-9452(08)70447-7
https://doi.org/10.1016/S0010-9452(08)70447-7
https://doi.org/10.1016/S0010-9452(08)70447-7
https://doi.org/10.1016/S0010-9452(08)70447-7
https://pubmed.ncbi.nlm.nih.gov/17334209
https://doi.org/10.1111/mila.12406
https://doi.org/10.1111/mila.12406
https://doi.org/10.1111/mila.12406
https://doi.org/10.1111/mila.12406
https://doi.org/10.1111/mila.12406
https://doi.org/10.1111/mila.12406
https://doi.org/10.1111/mila.12406
https://doi.org/10.1111/mila.12406
https://doi.org/10.3389/fnhum.2011.00018
https://doi.org/10.3389/fnhum.2011.00018
https://doi.org/10.3389/fnhum.2011.00018
https://doi.org/10.3389/fnhum.2011.00018
https://doi.org/10.3389/fnhum.2011.00018
https://doi.org/10.3389/fnhum.2011.00018
https://doi.org/10.3389/fnhum.2011.00018
https://doi.org/10.3389/fnhum.2011.00018
https://doi.org/10.3389/fnhum.2011.00018
https://pubmed.ncbi.nlm.nih.gov/21415910
https://doi.org/10.1126/science.1150769
https://doi.org/10.1126/science.1150769
https://doi.org/10.1126/science.1150769
https://doi.org/10.1126/science.1150769
https://doi.org/10.1126/science.1150769
https://doi.org/10.1126/science.1150769
https://doi.org/10.1126/science.1150769
https://doi.org/10.1126/science.1150769
https://pubmed.ncbi.nlm.nih.gov/18339943
https://doi.org/10.1037/a0024377
https://doi.org/10.1037/a0024377
https://doi.org/10.1037/a0024377
https://doi.org/10.1037/a0024377
https://doi.org/10.1037/a0024377
https://doi.org/10.1037/a0024377
https://doi.org/10.1037/a0024377
https://pubmed.ncbi.nlm.nih.gov/21787084
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://doi.org/10.1016/j.pneurobio.2024.102576
https://pubmed.ncbi.nlm.nih.gov/38309459
https://doi.org/10.1162/jocn_a_01917
https://doi.org/10.1162/jocn_a_01917
https://doi.org/10.1162/jocn_a_01917
https://doi.org/10.1162/jocn_a_01917
https://doi.org/10.1162/jocn_a_01917
https://doi.org/10.1162/jocn_a_01917
https://doi.org/10.1162/jocn_a_01917
https://doi.org/10.1162/jocn_a_01917
https://doi.org/10.1162/jocn_a_01917
https://pubmed.ncbi.nlm.nih.gov/36122353
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://doi.org/10.1093/nc/niab044/41765024/niab044
https://pubmed.ncbi.nlm.nih.gov/34925909
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://doi.org/10.3758/s13414-013-0566-2
https://pubmed.ncbi.nlm.nih.gov/24142774
https://doi.org/10.3758/bf03210419
https://doi.org/10.3758/bf03210419
https://doi.org/10.3758/bf03210419
https://doi.org/10.3758/bf03210419
https://doi.org/10.3758/bf03210419
https://doi.org/10.3758/bf03210419
https://doi.org/10.3758/bf03210419
https://doi.org/10.3758/bf03210419
https://pubmed.ncbi.nlm.nih.gov/3226885
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
https://pubmed.ncbi.nlm.nih.gov/30734206
https://doi.org/10.3389/fnhum.2018.00078
https://doi.org/10.3389/fnhum.2018.00078
https://doi.org/10.3389/fnhum.2018.00078
https://doi.org/10.3389/fnhum.2018.00078
https://doi.org/10.3389/fnhum.2018.00078
https://doi.org/10.3389/fnhum.2018.00078
https://doi.org/10.3389/fnhum.2018.00078
https://doi.org/10.3389/fnhum.2018.00078
https://doi.org/10.3389/fnhum.2018.00078
https://pubmed.ncbi.nlm.nih.gov/29551967
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://doi.org/10.1146/annurev.psych.53.100901.135125
https://pubmed.ncbi.nlm.nih.gov/11752486
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://doi.org/10.1111/j.1469-8986.2009.00837.x
https://pubmed.ncbi.nlm.nih.gov/19497007
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://doi.org/10.1016/j.neuroimage.2010.07.027
https://pubmed.ncbi.nlm.nih.gov/20643214
https://doi.org/10.1126/science.aah7011
https://doi.org/10.1126/science.aah7011
https://doi.org/10.1126/science.aah7011
https://doi.org/10.1126/science.aah7011
https://doi.org/10.1126/science.aah7011
https://doi.org/10.1126/science.aah7011
https://doi.org/10.1126/science.aah7011
https://doi.org/10.1126/science.aah7011
https://pubmed.ncbi.nlm.nih.gov/27934762
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://doi.org/10.3758/s13423-011-0055-3
https://pubmed.ncbi.nlm.nih.gov/21331668
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://pubmed.ncbi.nlm.nih.gov/19293088
https://doi.org/10.1111/psyp.14180
https://doi.org/10.1111/psyp.14180
https://doi.org/10.1111/psyp.14180
https://doi.org/10.1111/psyp.14180
https://doi.org/10.1111/psyp.14180
https://doi.org/10.1111/psyp.14180
https://doi.org/10.1111/psyp.14180
https://doi.org/10.1111/psyp.14180
https://pubmed.ncbi.nlm.nih.gov/36124370
https://doi.org/10.7554/eLife.05652
https://doi.org/10.7554/eLife.05652
https://doi.org/10.7554/eLife.05652
https://doi.org/10.7554/eLife.05652
https://doi.org/10.7554/eLife.05652
https://doi.org/10.7554/eLife.05652
https://doi.org/10.7554/eLife.05652
https://doi.org/10.7554/eLife.05652
https://pubmed.ncbi.nlm.nih.gov/25997100
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://doi.org/10.1016/j.bbr.2022.113842
https://pubmed.ncbi.nlm.nih.gov/35301023
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1093/acprof:oso/9780199688890.003.0011
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://doi.org/10.1016/j.cub.2011.09.049
https://pubmed.ncbi.nlm.nih.gov/22115455
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://doi.org/10.1016/j.tics.2014.06.005
https://pubmed.ncbi.nlm.nih.gov/25070269


Soto, D., & Silvanto, J. (2016). Is conscious awareness needed
for all working memory processes? Neuroscience of
Consciousness, 2016, niw009. https://doi.org/10.1093/nc
/niw009, PubMed: 30109128

Stokes, M. G. (2015). “Activity-silent” working memory in
prefrontal cortex: A dynamic coding framework. Trends in
Cognitive Sciences, 19, 394–405. https://doi.org/10.1016/j.tics
.2015.05.004, PubMed: 26051384

Trübutschek, D., Marti, S., Ojeda, A., King, J.-R., Mi, Y., Tsodyks,
M., et al. (2017). A theory of working memory without
consciousness or sustained activity. eLife, 6, e23871. https://
doi.org/10.7554/eLife.23871, PubMed: 28718763

Trübutschek, D., Marti, S., Ueberschär, H., & Dehaene, S.
(2019). Probing the limits of activity-silent non-conscious
working memory. Proceedings of the National Academy of
Sciences, U.S.A., 116, 14358–14367. https://doi.org/10.1073
/pnas.1820730116, PubMed: 31243145

Valentine, J. C., Pigott, T. D., & Rothstein, H. R. (2010). How
many studies do you need?: A primer on statistical power for
meta-analysis. Journal of Educational and Behavioral
Statistics, 35, 215–247. https://doi.org/10.3102
/1076998609346961

Velichkovsky, B. B. (2017). Consciousness and working memory:
Current trends and research perspectives. Consciousness
and Cognition, 55, 35–45. https://doi.org/10.1016/j.concog
.2017.07.005, PubMed: 28756199

Vogel, E. K., & Machizawa, M. G. (2004). Neural activity predicts
individual differences in visual working memory capacity.
Nature, 428, 748–751. https://doi.org/10.1038/nature02447,
PubMed: 15085132

Vogel, E. K., McCollough, A. W., & Machizawa, M. G. (2005).
Neural measures reveal individual differences in controlling
access to working memory. Nature, 438, 500–503. https://doi
.org/10.1038/nature04171, PubMed: 16306992

Vogel, E. K., Woodman, G. F., & Luck, S. J. (2006). The time
course of consolidation in visual working memory. Journal of
Experimental Psychology: Human Perception and
Performance, 32, 1436–1451. https://doi.org/10.1037/0096
-1523.32.6.1436, PubMed: 17154783

Watson, A. B., & Pelli, D. G. (1983). Quest: A Bayesian adaptive
psychometric method. Perception & Psychophysics, 33,
113–120. https://doi.org/10.3758/BF03202828, PubMed:
6844102

Wolff, M. J., Ding, J., Myers, N. E., & Stokes, M. G. (2015).
Revealing hidden states in visual working memory using
electroencephalography. Frontiers in Systems Neuroscience,
9, 123. https://doi.org/10.3389/fnsys.2015.00123, PubMed:
26388748

Wolff, M. J., Jochim, J., Akyürek, E. G., & Stokes, M. G. (2017).
Dynamic hidden states underlying working-memory-guided
behavior. Nature Neuroscience, 20, 864–871. https://doi.org
/10.1038/nn.4546, PubMed: 28414333

12 Journal of Cognitive Neuroscience Volume X, Number Y

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/doi/10.1162/JO
C

N
.a.100/2554707/jocn.a.100.pdf by Tel Aviv U

niversity user on 02 D
ecem

ber 2025

https://doi.org/10.1093/nc/niw009
https://doi.org/10.1093/nc/niw009
https://doi.org/10.1093/nc/niw009
https://doi.org/10.1093/nc/niw009
https://doi.org/10.1093/nc/niw009
https://doi.org/10.1093/nc/niw009
https://doi.org/10.1093/nc/niw009
https://doi.org/10.1093/nc/niw009
https://pubmed.ncbi.nlm.nih.gov/30109128
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://doi.org/10.1016/j.tics.2015.05.004
https://pubmed.ncbi.nlm.nih.gov/26051384
https://doi.org/10.7554/eLife.23871
https://doi.org/10.7554/eLife.23871
https://doi.org/10.7554/eLife.23871
https://doi.org/10.7554/eLife.23871
https://doi.org/10.7554/eLife.23871
https://doi.org/10.7554/eLife.23871
https://doi.org/10.7554/eLife.23871
https://doi.org/10.7554/eLife.23871
https://doi.org/10.7554/eLife.23871
https://pubmed.ncbi.nlm.nih.gov/28718763
https://doi.org/10.1073/pnas.1820730116
https://doi.org/10.1073/pnas.1820730116
https://doi.org/10.1073/pnas.1820730116
https://doi.org/10.1073/pnas.1820730116
https://doi.org/10.1073/pnas.1820730116
https://doi.org/10.1073/pnas.1820730116
https://doi.org/10.1073/pnas.1820730116
https://doi.org/10.1073/pnas.1820730116
https://pubmed.ncbi.nlm.nih.gov/31243145
https://doi.org/10.3102/1076998609346961
https://doi.org/10.3102/1076998609346961
https://doi.org/10.3102/1076998609346961
https://doi.org/10.3102/1076998609346961
https://doi.org/10.3102/1076998609346961
https://doi.org/10.3102/1076998609346961
https://doi.org/10.3102/1076998609346961
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://doi.org/10.1016/j.concog.2017.07.005
https://pubmed.ncbi.nlm.nih.gov/28756199
https://doi.org/10.1038/nature02447
https://doi.org/10.1038/nature02447
https://doi.org/10.1038/nature02447
https://doi.org/10.1038/nature02447
https://doi.org/10.1038/nature02447
https://doi.org/10.1038/nature02447
https://doi.org/10.1038/nature02447
https://pubmed.ncbi.nlm.nih.gov/15085132
https://doi.org/10.1038/nature04171
https://doi.org/10.1038/nature04171
https://doi.org/10.1038/nature04171
https://doi.org/10.1038/nature04171
https://doi.org/10.1038/nature04171
https://doi.org/10.1038/nature04171
https://doi.org/10.1038/nature04171
https://pubmed.ncbi.nlm.nih.gov/16306992
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://doi.org/10.1037/0096-1523.32.6.1436
https://pubmed.ncbi.nlm.nih.gov/17154783
https://doi.org/10.3758/BF03202828
https://doi.org/10.3758/BF03202828
https://doi.org/10.3758/BF03202828
https://doi.org/10.3758/BF03202828
https://doi.org/10.3758/BF03202828
https://doi.org/10.3758/BF03202828
https://doi.org/10.3758/BF03202828
https://doi.org/10.3758/BF03202828
https://pubmed.ncbi.nlm.nih.gov/6844102
https://doi.org/10.3389/fnsys.2015.00123
https://doi.org/10.3389/fnsys.2015.00123
https://doi.org/10.3389/fnsys.2015.00123
https://doi.org/10.3389/fnsys.2015.00123
https://doi.org/10.3389/fnsys.2015.00123
https://doi.org/10.3389/fnsys.2015.00123
https://doi.org/10.3389/fnsys.2015.00123
https://doi.org/10.3389/fnsys.2015.00123
https://doi.org/10.3389/fnsys.2015.00123
https://pubmed.ncbi.nlm.nih.gov/26388748
https://doi.org/10.1038/nn.4546
https://doi.org/10.1038/nn.4546
https://doi.org/10.1038/nn.4546
https://doi.org/10.1038/nn.4546
https://doi.org/10.1038/nn.4546
https://doi.org/10.1038/nn.4546
https://doi.org/10.1038/nn.4546
https://doi.org/10.1038/nn.4546
https://pubmed.ncbi.nlm.nih.gov/28414333

