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Abstract Consciousness and working memory are two wide-
ly studied cognitive phenomena. Although they have been
closely tied on a theoretical and neural level, empirical work
that investigates their relation is largely lacking. In this study,
the relationship between visual consciousness and different
working memory components is investigated by using a
dual-task paradigm.More specifically, while participants were
performing a visual detection task to measure their visual
awareness threshold, they had to concurrently perform either
an executive or visuospatial working memory task. We hy-
pothesized that visual consciousness would be hindered de-
pending on the type and the size of the load in working mem-
ory. Results showed that maintaining visuospatial content in
working memory hinders visual awareness, irrespective of the
amount of information maintained. By contrast, the detection
threshold was progressively affected under increasing execu-
tive load. Interestingly, increasing executive load had a gener-
ic effect on detection speed, calling into question whether its
obstructing effect is specific to the visual awareness threshold.
Together, these results indicate that visual consciousness de-
pends differently on executive and visuospatial working
memory.
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The role of consciousness has intrigued memory researchers
since Ebbinghaus (1885). A classical view is that working
memory (WM) processes are strictly related to conscious in-
put and operations. This view is echoed in theories of con-
sciousness that similarly propose an intricate relation between
WM and consciousness based on their remarkable resem-
blance (Baars, 1993). First, both consciousness and WM are
believed to be highly limited in capacity, temporarily accom-
modating one unitary concept in consciousness (Crick &
Koch, 1990) or maximally four items in WM (Cowan,
2001). Second, both provide a platform for integrating infor-
mation in a multimodal way (Baddeley, 2000; Zeki & Bartels,
1999). Third, consciousness and WM have both been related
to temporally maintaining information in similar reverberant
neural circuits (D’Esposito, 2007; Sergent, Baillet, &
Dehaene, 2005). This point was even made more clearly in
an fMRI meta-analysis, showing a largely overlapping
frontoparietal network for both consciousness and WM
(Naghavi & Nyberg, 2005).

Although consciousness and WM clearly share important
functional properties, how these properties are related has only
recently become a topic of investigation. In one line of research,
the influence of WM content on consciousness is investigated.
This line of research focuses on the maintenance of visuospatial
representations and typically probes consciousness by measur-
ing the threshold for visual awareness with a technique called
Bbreaking continuous flash suppression^ (b-CFS; Jiang,
Costello, & He, 2007). In b-CFS, a dynamical pattern that is
flashed to one eye suppresses the visibility of a static target
stimulus that is simultaneously presented to the other eye
(Tsuchiya & Koch, 2005). Participants are asked to respond
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as soon as the target stimulus breaks through the binocular
rivalry and they become aware of it, which typically takes a
few seconds. In one of these studies, participants remembered a
visual patch (i.e., a color) while performing a circle detection
task (Gayet, Paffen, & Van der Stigchel, 2013). Results showed
that visuospatial WM content influenced the awareness thresh-
old for the circles; it was lower when the circle’s color matched
the color maintained in WM compared with when the circle's
color differed from that inWM. Similar results were obtained in
a series of experiments by Pan, Lin, Zhao, and Soto (2014) in
which the awareness threshold in a face detection task was
lower when the target face on the screen was identical to the
face that participants stored in memory. Together, these studies
suggest that the content in visuospatial WM can influence the
threshold for visual awareness, with WM possibly biasing the
competition for conscious access.

In another line of research, consciousness has been inves-
tigated in relation to WM processes typically involving pre-
frontal functions. In one study, participants memorized a
string of letters while they were performing a masking task
in which they had to detect a target number (De Loof, Verguts,
Fias, & Van Opstal, 2013). Results showed that detection per-
formance decreased with the number of letters that needed to
be remembered, indicating that the awareness threshold in-
creases with a frontal WM load (Lavie, 2005). This effect
was recently replicated in a task where participants had to
detect a briefly presented grating while remembering and ma-
nipulating 1 or 4 letters (Maniscalco & Lau, 2015), thus show-
ing that a higher load on executive WM resulted in an in-
creased threshold for visual awareness.

These previous findings suggest that WM directly influences
consciousness. However, questions remain about the exact na-
ture of their relation. It remains, for example, unknown whether
an increase in the quantity of the remembered items in visuospa-
tial WMwill have the same effect on the awareness threshold as
loading executiveWM. Opposite effects of increasing executive
versus visuospatial WM load on visual perception have already
been demonstrated in a visual search. Konstantinou and Lavie
(2013), for example, demonstrated that detection sensitivity for a
peripheral stimulus enhanced with increasing executive WM
load while it reduced with increasing visuospatial WM load.
To investigate how executive and visuospatial WM load affect
the threshold for visual awareness, in this study we used a dual-
task approach in which one task, a detection task, was used to
measure visual consciousness and the other task to loadWM. In
the detection task, the threshold for visual awareness was mea-
sured with b-CFS. In addition, non-rivalry control trials were
added to verify whether detection times truly reflected the
awareness threshold or more general decision processes (Jiang
et al., 2007). WMwas loaded either by a secondary visuospatial
WM task or a secondary executiveWM task. To be able to study
the effect of load within each WM component, secondary tasks
were given with low and high loads.

Method

Participants

Nineteen participants (9 males, mean age: 23.4 years) gave
informed consent and were paid €10 for participation. All
participants were naive to the purpose of the experiment.

Stimuli and material

The stimulus set consisted of twenty pictures of Caucasian faces
from the Face Database of the Park Aging Mind Laboratory (10
males, aged 19-79 years; Minear & Park, 2004). All pictures
(3.6° × 3.6° visual angle) were luminance scaled to avoid addi-
tional luminance-based variation in reaction times (RTs). Twenty
Mondrians were created (15° × 15° visual angle) consisting of
squares with a width and height ranging from 0.7° to 3.2° visual
angle in all possible RGB palette colors.

The experiment was run on a DELL Latitude E6430 laptop
running Windows 7 Professional and an external DELL
E2213 screen (1680 × 1050; 100 Hz). Stimuli were generated
using Psychtoolbox (Brainard, 1997; Pelli, 1997) in
MATLAB 2013a (Mathworks). Responses were collected
through a Cedrus RB-730 response box.

Participants were seated approximately 90 cm from the
screen and wore stereoscopic goggles to merge the visual
input from both sides of the screen into one visual percept
through binocular fusion. The screen was divided into a left
and right half (see Fig. 1 for an illustration of the screen layout
and task design). On each half of the screen the stimulus
display extended over a 15°×15° visual angle square,
surrounded by a checkerboard frame to facilitate binocular
fusion (checkers measuring 1°×1° visual angle).

In the b-CFS version of the detection task, the Mondrians
were presented to the right eye and the face pictures to the left
eye. The Mondrians changed at a rate of 10 Hz and covered
the entire right side of the stimulus display. The face picture
was presented on the top or bottom half of the left display. The
visibility of the faces gradually increased at 50 Hz from none
to full visibility over a span of 4.5 seconds to avoid an imme-
diate breakthrough (Jiang et al., 2007).

The non-rivalry control version of the detection task was
identical to the b-CFS version, but now both the Mondrians
and the face picture were presented at both sides of the display.

Procedure and design

Participants started with a practice phase of 20 b-CFS trials
(without WM load) to become accustomed to the binocular
presentation. Participants were instructed to respond as fast as
possible when a picture became visible. The left and right
index fingers were used to indicate whether the picture ap-
peared at the bottom or top position and were positioned in
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corresponding locations on the response box. The participants
were reminded that they had to press the button as soon as they
saw any (part of the) picture and were not supposed to post-
pone their answer until they were sure of the picture’s identity.

Next, participants were instructed about the WM tasks and
performed two b-CFS trials of each WM task in both the low
and high load version. If participants had no further questions
the experiment was started. The 2 (Masking: b-CFS vs. con-
trol) × 2 (WM task: visuospatial vs. executive) × 2 (Load: low
vs. high) blocked design resulted in a total of 8 blocks. Each
block consisted of 35 trials and was followed by a break. The
position of the picture on the screen (bottom versus top) was
balanced across conditions.

In the visuospatial WM task (based on that from
Sheremata, Bettencourt, & Somers, 2010), an array of 16 blue
and red rectangles was presented at the start of each trial. Each
of the rectangles had a horizontal or vertical orientation. For
half of the participants, the blue rectangles were the targets
and the red rectangles the distracters (instruction: BRemember
the position of the blue rectangles^). The reversed mapping
was applied for the other half of the participants. In the low-

load version, only one rectangle was presented in the target
color while in the high load version there were six targets
(Fig. 1). The array of rectangles remained on screen for 2 sec-
onds and participants were instructed to remember the loca-
tion and orientation of the targets. Next, participants per-
formed the detection task. At the end of the trial the array of
rectangles reappeared. In half of the trials this array was iden-
tical to the one presented at the start, whereas in the other half
one target rectangles had changed orientation. Participants
responded with their left or right index finger to indicate
whether or not they thought one of the target rectangles had
changed orientation.

For the executive WM task, participants were instructed at
the start of each trial to either count back in steps of one (low
load) or in steps of three (high load). Next, a random number
between 70 and 100 appeared and the participant started
counting back out loud. After 2 seconds, the number disap-
peared from the screen and the presentation of the Mondrians
and face picture started. When the face picture had been de-
tected and a response was given, the participant could stop
counting backwards. The end of the trial was announced and

Fig. 1 The screen layout and task
design are illustrated for both
types of WM tasks (a:
visuospatial and executiveWM in
the low and high load version)
and detection tasks (b: b-CFS
trials; c: control trials). The
visuospatial WM task starts with
the presentation of the 16
rectangles with one (low load) or
six (high load) rectangles in the
target color for 2 seconds. The
executive WM task starts with the
instruction to count back in steps
of one (low load) or three (high
load) followed by a digit number
for 2 seconds. In the b-CFS
version of the detection task (b),
the Mondrians are presented to
the right eye and the face to the
left eye. In the control version of
the detection task (c), the face is
blended into the Mondrians and
presented to both eyes
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participants could start the following trial by pushing a button.
Although performance was not being recorded, participants
were told that an audio recording was made for scoring
afterwards.

Results

All participants performed well throughout the entire task,
amounting to an average of 97 % correctly located pictures
(accuracy range: 92.7 % to 99.6 %). All further analyses are
therefore performed on the data of all 19 subjects, excluding
the 20 practice trials for the detection task and the 8 practice
trials for the WM tasks. Together with error trials (i.e., trials
where the picture was not located correctly; 2.5 % of the data),
trials with RTs below 350 ms were labeled as invalid (0.44 %
of the data) and excluded from further analysis.

WM task performance showed a clear difference in the
error rate between the low and high load version of the visuo-
spatial WM task. In the low-load version, the error rate ranged
from 1.47 % to 40.6 % (mean: 15.39 %), whereas in the high-
load version the error rate ranged from 28.8 % to 49.3 %
(mean: 41.6 %). All participants made more errors in the high
compared with the low-load version. Furthermore, RTs were
significantly higher in the high-load (1858 ms) compared with
the low-load condition (983 ms), χ2(1, N = 19) = 1044, p <
0.001, indicating that participants continued to perform the
task despite the high error rate in the high-load condition.
No performance was recorded during the executive task.

To investigate the influence of the WM task manipulations
on the detection task, the RTs on the detection task were en-
tered in a linear mixed model with a random intercept per
participant, a random intercept per target picture and the

interaction between Masking (b-CFS vs. control), WM task
(visuospatial vs. executive) and Load (low vs. high) as fixed
effect predictors. There was a significant main effect of
Masking, χ2(1, N = 19) = 1123, p < 0.001, with a higher
detection threshold on b-CFS trials compared with control
trials. There was no main effect of WM task, χ2(1, N = 19)
= 2.11, p = 0.15, but there was a very strong and significant
interaction between Masking and WM task, χ2(1, N = 19) =
26.2, p < 0.001. As Fig. 2a indicates, RTs in the control ver-
sion of the detection task were higher under executive load
compared with visuospatial load, but this pattern reversed in
the b-CFS version where RTs were higher under visuospatial
load compared to executive load.

Second, there was a main effect of Load, χ2(1, N = 19) =
25.8, p < 0.001, with the high-load version of the tasks
resulting in higher detection thresholds. However, this main
effect of Load needs to be interpreted in the light of a signif-
icant interaction between Load and WM task, χ2(1, N = 19) =
22.6, p < 0.001. As illustrated in Fig. 2b, follow-up tests re-
vealed that high load trials resulted in higher detection thresh-
old in the executive WM task, χ2(1, N = 19) = 60, p < 0.001,
but not in the visuospatialWM task, χ2(1,N = 19) = 0.070, p =
0.79. There was no significant interaction between Masking
and Load, χ2(1, N = 19) = 2.27, p = 0.13, and no significant
three-way interaction, χ2(1, N = 19) = 1.49, p = 0.22.

Discussion

The results of this study revealed two main findings. First, the
visuospatial WM task delayed detection more in the b-CFS
trials compared with the non-rivalry control trials. Second, an
increase in executive WM load resulted in slower detection

Fig. 2 The analysis of the detection task RTs revealed a significant
interaction between WM task and Masking (a: b-CFS and control trials
on the horizontal axis) and a significant interaction betweenWM task and
Load (b: low and high load on the horizontal axis). The average RTs and
their 95 % confidence intervals (vertical axis, in seconds) are presented
for the executive (blue) and visuospatial WM task (red). (a) There is a
main effect of Masking (p < 0.001) with faster detection in control trials
compared with b-CFS trials. However, a significant interaction between

WM task and Masking reveals that the difference in RTs between b-CFS
trials and control trials is larger in the visuospatial WM task compared to
the executive WM task. (b) Follow-up analysis on the significant
interaction between WM task and Load (p < 0.001) show that RTs
during the executive WM task are higher under high load compared
with low load (p < 0.001), but there is no effect of Load during the
visuospatial WM task (p = 0.81)
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times while an increase in visuospatial WM did not. Taken
together, these results give us an unprecedented overview of
how different aspects of WM interact with visual awareness,
as we will discuss below.

First, maintenance of visuospatial information in WM hin-
ders the breakthrough from rivalry in the b-CFS trials more
than it hinders the detection process in the control trials. Cru-
cially, the continuous rivalry process underlying CFS is
thought to tax visual processing much heavier compared to
the decision process of the control trials (Clark, 2013; Yuval-
Greenberg & Heeger, 2013). Because the sheer maintenance
of visual information—irrespective of the load—involves
similar visual processing areas (Ruchkin, Grafman, Cameron,
& Berndt, 2003), it likely interfered with b-CFS more than
with the control trials. To our knowledge, no other studies
have compared the effects of visuospatial WM maintenance
on different detection paradigms and further investigation is
needed to verify this claim.

Second, in line with early theories and previous empirical
work it was expected that visual awareness is directly related
to executive functions. Indeed, an increase in prefrontal exec-
utive load increased the awareness threshold in a masking
study (De Loof et al., 2013), and in visual detection
(Maniscalco & Lau, 2015). In the current study, these results
are replicated with a different detection task (b-CFS), and with
a secondary task that is better suited to load executive func-
tions as the backward counting task crucially involves manip-
ulation ofWMcontent and not onlymaintenance (D’Esposito,
Postle, Ballard, & Lease, 1999). Interestingly, our results re-
veal that detection was not only progressively hindered by
increasing executive WM load in the b-CFS trials but also in
the non-rivalry control trials. This calls into question whether
executive WM load specifically influences the threshold for
visual awareness or rather affects more general decision pro-
cesses. Indeed, the same prefrontal areas assumed to play a
pivotal role in consciousness (Dehaene & Naccache, 2001)
are also critically involved in manipulating information in
WM (Cohen et al., 1997) and in decisional processes
(Philiastides, Auksztulewicz, Heekeren, & Blankenburg,
2011). In their detection study, Maniscalco & Lau (2015)
measured the metacognitive certainty participants had about
their detection responses. Trials that strongly involved manip-
ulation of WM content were characterized by a decrease in
metacognition. Not surprisingly, metacognition also is associ-
ated with activation in prefrontal areas (Fleming, Huijgen, &
Dolan, 2012). Taken together, it cannot be determined wheth-
er increased demands on executive WM truly affect the
threshold for visual awareness or merely influence subsequent
stages such as deciding on a response or assessing the
metacognitive quality of the visual awareness. Ultimately,
the answer will remain uncertain until a control experiment
can be developed that only differs from the masking technique
in its relation to conscious awareness and not to any other

decisional process (Sterzer, Stein, Ludwig, Rothkirch, &
Hesselmann, 2014).

Third, an increase in visuospatial WM load did not influ-
ence detection times in the b-CFS trials or the control trials.
Analysis of the performance on the secondary visuospatial
WM task (higher error rates and RTs in the high load condi-
tion) indicate that the absence of an effect on detection times is
not caused by a failure of the visuospatial load manipulation
or a floor effect of the difficulty in thisWM task. Interestingly,
this difference between visuospatial load and executive load
on detection time is reminiscent to that found in visual search.
When comparing a single task and a dual task that loaded
WM, applying an executive WM task severely impairs visual
search performance (Han & Kim, 2004). By contrast, while
visual search efficiency was hindered when loading the spatial
subsystem of visuospatial WM, it remained nearly identical
when loading the object subsystem of visuospatial WM
(Woodman & Luck, 2004; Woodman, Vogel, & Luck,
2001). These results may mirror the current findings as our
visuospatial WM test mainly queried the orientation of the
target rectangles (object subsystem) and not their location,
causing the spatial subsystem to be only minimally involved.

The lack of interference between visual awareness and in-
creasing visuospatialWM load could appear to be inconsistent
with the observation that visual awareness and maintaining
content in visuospatial WM both involve a reverberant loop
in a frontoparietal network (D’Esposito, 2007; Dehaene et al.,
2006; Naghavi & Nyberg, 2005). A possible answer may
come from a study by Rissman, Gazzaley, and D’Esposito
(2008) in which the communication between the prefrontal
cortex and posterior visual association areas was probed under
changing visual WM load. While low load conditions mainly
tapped into a frontoparietal network, high load conditions re-
ceived support from the hippocampus during the retention
period. Accordingly, high demands on the maintenance of
visuospatial information might strategically call on hippocam-
pal areas and free up resources for other tasks involving
frontoparietal communication. It remains to be investigated
whether a similar process is at play here.
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