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At any moment in time, we have a single conscious visual experience representing a

minute part of our visual world. As such, the visual input stimulating our retinae is in

continuous competition for reaching conscious access. Many complex cognitive operations

can only be applied to consciously accessible visual information, thereby raising the

question whether humans have the ability to select which parts of their visual input rea-

ches consciousness. Top-down attention allows humans to flexibly assign more processing

resources to certain parts of our visual input, making it a likely mechanism to volitionally

bias conscious access. Here, we investigated whether directing top-down attention to a

particular location or feature accelerates conscious access of an initially suppressed visual

stimulus at the attended location, or of the attended feature.

We instructed participants to attend a spatial location (Experiment 1) or color (Experi-

ment 2) for a speeded discrimination task, using a highly predictive cue. The predictive

cues were highly effective in prompting sustained attention towards the cued location or

color, as evidenced by faster discrimination of cued relative to uncued targets. We

simultaneously measured detection times to interocularly suppressed probes that were

either of the cued (i.e., attended) color/location or not, and were visually distinct from the

targets used for the discrimination task. Despite our successful manipulation of top-down

attention, suppressed probes were not released from suppression faster when they were

presented at the attended location, or in the attended color. In contrast, when observers

were cued to attend a color for locating targets of an ill-defined shape (inciting a broader

attentional template), we did observe faster conscious access of probes in the attended

color (Experiment 3). We discuss our findings in light of the specificity of attentional

templates, and the inherent limitations that this poses for top-down attentional biases on

conscious access.
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1. Introduction

Visual consciousness can be defined as a subjective experi-

ence in the visual modality, and is arguably the ultimate stage

of visual processing. Although many differing theories of

consciousness exist (e.g., Baars, 2005; Dehaene, Kerszberg, &

Changeux, 1998; Dennett, 1991; Edelman and Tononi, 2008;

Graziano, 2013), most theories share two commonalities: (1)

consciousness is required for performing complex,

demanding, and novel behavior, and (2) only a small part of

our visual input eventually gives rise to a conscious experi-

ence (for a recent discussion on the extent to which high-level

processes can be applied to non-conscious information, see

Hassin, 2013; Hesselmann & Moors, 2015). This leads to the

inevitable question: can an observer exert influence on

selecting which part of the visual input gains access to con-

sciousness? To address this question, we turn towards a well-

known top-down selection mechanism: endogenous atten-

tion. Endogenous attention refers to an observer's ability to

favor certain parts of the visual input (e.g., a location in space,

or a particular color) at the expense of other parts (James,

1890). In other words, endogenous attention is used to dele-

gate more cognitive resources to behaviorally relevant visual

input at the expense of behaviorally irrelevant visual input

(Desimone & Duncan, 1995). Here, we investigate whether

visual input that is not accessible to consciousness, will gain

accelerated access to consciousness if it is endogenously

attended rather than unattended.

Before investigating the influence of endogenous attention

on consciousness, it is important to consider that attention

and consciousness are two highly intertwined phenomena.

The degree to which attention and consciousness are depen-

dent on each other has been a subject of much debate in the

literature (for reviews, see Dehaene, Changeux, Naccache,

Sackur, & Sergent, 2006; Koch & Tsuchiya, 2007; Lamme,

2003). Specifically, certain theorists have argued that atten-

tion (to a stimulus) is a necessary condition for consciousness

(of that stimulus) to arise (e.g., Dehaene et al., 2006; Dennett,

1991; Graziano, 2013; Posner, 1994). Others have proposed

that consciousness exists both in an attended and an unat-

tended flavor. According to this view, we consciously experi-

ence a rich visual world (all of which constitutes our

‘phenomenal consciousness’), but only the part of it that we

attend to can be reported upon (which is referred to as ‘access

consciousness’) (Block, 2011; Koch & Tsuchiya, 2007; Lamme,

2003). The relationship between consciousness and attention

might even be a more intricate one, as evidence suggests that

attention is required for conscious detection of certain types

of information (e.g., detection and discrimination of novel

stimuli) but not for others (e.g., gist perception) (Mack & Rock,

1998), and that attention selectively benefits conscious

detection of stimuli that are relevant to the behavior of the

observer (Rafal, Danziger, Grossi, Machado, & Ward, 2002).

Arguably of most relevance to the current study, it has been

proposed that non-conscious information can also be either

attended or unattended (e.g., Koch, 2004; Koch & Tsuchiya,

2007, 2012; Lamme, 2003; Watanabe et al., 2011). In other

words, the allocation of attentional resources towards stimuli

that are not accessible to consciousness could affect the
extent to which they are processed. For instance, non-

conscious stimuli require top-down attention in order to

elicit a priming or cueing effect (e.g., Gayet, Van der Stigchel,&

Paffen, 2014a; Kiefer & Brendel, 2006; Martens, Ansorge, &

Kiefer, 2011; Naccache, Blandin, & Dehaene, 2002), but not

for eliciting perceptual after-effects (Gilroy & Blake, 2005;

Hofstoetter, Koch, & Kiper, 2004; Tsuchiya & Koch, 2005).

Moreover, perceptual after-effects caused by non-conscious

stimuli increase in magnitude when they are of an attended

compared to an unattended color (Kanai, Tsuchiya, &

Verstraten, 2006; Melcher, Papathomas, & Vidny�anszky,

2005). In contrast, such enhancement is not observed for

non-conscious stimuli at a top-down attended compared to a

top-down unattended location (Hsu, George, Wyart, & Tallon-

Baudry, 2011). Taken together, it seems that despite the sim-

ilarities between consciousness and attention, even the pro-

cessing of non-conscious visual input can be modulated by

top-down allocation of attentional resources. Here we inves-

tigated whether humans can capitalize on this by exerting

volitional influence onwhat part of their visual worldwill gain

access to consciousness.

In order to measure conscious access, we measured the

time it took for initially perceptually suppressed visual input

to overcome the suppression, so that it could be reported upon

by observers. Perceptual suppression was achieved by means

of continuous flash suppression (CFS): probe stimuli pre-

sented to one eye only, are interocularly suppressed by pre-

senting a high-contrast dynamic pattern mask to the other

eye (Tsuchiya & Koch, 2005). Measuring the time it takes for

these probes to overcome suppression is referred to as the

breaking continuous flash suppression (or b-CFS) paradigm,

and allows for comparing the propensity of visual input in

gaining access to consciousness, between different experi-

mental manipulations (Jiang, Costello, & He, 2007; Stein,

Hebart, & Sterzer, 2011; for a review, see Gayet, Van der

Stigchel, & Paffen, 2014b). In the present study, we used this

paradigm to compare the propensity of attended and unat-

tended probes to overcome interocular suppression, so as to

become accessible to consciousness.

Using the b-CFS paradigm renders the time at which a

suppressed probe gains conscious access unpredictable, as

suppression durations can vary by several seconds on a trial-

to-trial basis (e.g., Stein et al., 2011). This has the advantage of

being similar to real-world visual search, in which observers

do not knowbeforehand atwhat point in time visual inputwill

reach conscious access. Because of this temporal uncertainty,

however, a manipulation of endogenous attention was

required that incited participants to sustain their allocation of

attentional resources throughout an entire trial. In this study,

we tackled this issue by embedding a b-CFS paradigm within

an endogenous cueing paradigm, creating a dual task: (1) In

order to manipulate (and measure) the sustained orienting of

endogenous attention, we required participants to perform a

speeded discrimination task on a visible target, of which the

location (Experiment 1) or color (Experiment 2) was predicted

with high validity by a central cue. Crucially, this target could

appear at any time during the 5 sec trial, inciting partici-

pants to sustain their (spatial or feature-based) attention

throughout the entire trial. (2) In order to measure the influ-

ence of sustained endogenous attention on conscious access,
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participants were simultaneously required to perform a

speeded detection task on an initially interocularly sup-

pressed probe that was presented on a minority of trials,

either at the attended location (or in the attended color) or not.

This suppressed probe was presented at the start of the trial,

but could escape from suppression (and become reportable) at

any time during the 5 sec trial. The current approach thus

maximizes the potential impact of endogenous attention on

suppressed visual input, as it allows endogenous attention to

be sustained during the entire time that the probe is sup-

pressed and thus not (yet) detected.

When observers deploy endogenous attention to favor

relevant visual input over irrelevant visual input, it is assumed

that an attentional ‘template’ is kept available to the visual

system using working memory. Specifically, spatial attention

(i.e., looking for something at a particular location in space) is

assumed to require maintenance of a location in spatial

working memory (e.g., LaBar, Gitelman, Parrish, & Mesulam,

1999; for a review, see Awh & Jonides, 2001). Indeed, both

spatial attention (Buracas & Boynton, 2007; Gandhi, Heeger, &

Boynton, 1999) and spatial working memory (Merrikhi et al.,

2017) enhance the neural response to visual input presented

at that location. Similarly, feature-based attention (e.g., look-

ing for something red) is assumed to requiremaintenance of a

feature in visual working memory (Bundesen, Habekost, &

Kyllingsbæk, 2005; de Fockert, Rees, Frith, & Lavie, 2001;

Gunseli, Meeter, & Olivers, 2014; Wolfe, 1994). Accordingly,

both feature-based attentional templates (Treue & Trujillo,

1999; for a review, see Treue, 2001) and visual working mem-

ory (Gayet et al., 2017) enhance the neural response to

matching visual input. A further similarity is that both

attention (Greenberg, Esterman, Wilson, Serences, & Yantis,

2010) and working memory (Postle, Stern, Rosen, & Corkin,

2000) have modality-independent frontal control regions, in

addition to more posterior content-specific regions that are

associated with sensory processing. Taken together, it can be

inferred that instructing participants to attend to a particular

location or color, causes participants to maintain this partic-

ular location or color in working memory. Using a b-CFS

paradigm, we recently demonstrated that a color that is

actively maintained in visual working memory accelerates

conscious access of concurrently presented visual input of the

same color category (Gayet, Paffen, & Van der Stigchel, 2013;

Gayet, van Maanen, Heilbron, Paffen, & Van der Stigchel,

2016; van Moorselaar et al., 2018). Considering that feature-

based attention draws upon visual working memory, we hy-

pothesized that attending to a particular color would accel-

erate conscious access of initially suppressed visual input that

matches this color (Experiment 2). Extrapolating this predic-

tion to the spatial domain, led us to hypothesize that

attending to a particular location, which relies onmaintaining

said location in spatial working memory, would accelerate

conscious access of initially suppressed visual input at that

location (Experiment 1).

Because we were investigating whether (alternative hy-

pothesis) or not (null hypothesis) sustained endogenous

attention would impact conscious access, we used a

Bayesian approach, which allows for finding statistical

support for the alternative hypothesis, as well as for the null

hypothesis.
2. Experiment 1: methods

2.1. Participants and stopping rule

Participants (N ¼ 28) were recruited at Utrecht University, and

rewarded for participation with course credits or monetary

compensation. Eventually, 25 participants (7 males) with a

mean age of 23.6 years (SD¼ 3.3) were included in the analyses

(see Section 4.1 for further elaboration on participant exclu-

sion). All participants had (corrected to) normal vision,

including stereopsis (tested with the TNO test for stereoscopic

vision, 12th edition; Walraven, 1972) and color vision (tested

with the Ishihara color blindness test plates; Ishihara, 1960).

Participants provided written informed consent before

participation. This study was approved by our faculty's local

ethics committee as part of an overarching ethical application

covering non-invasive behavioral experiments with healthy

participants.

We set out to test aminimumof 20 participants, and collect

participants until a Bayes factor (BF) of 6 was obtained for

either the null hypothesis (BF01 � 6, supporting that attention

has no effect on response times to suppressed targets) or the

alternative hypothesis (BF10 � 6, supporting that attention

does have an effect on response times to suppressed targets;

non-directional), or until the pattern of results became robust

to the addition of new participants (in any of those two di-

rections). Eventually, a BF above 3 for either the null or the

alternative hypothesis was regarded as substantial evidence

in favor of that hypothesis (Dienes, 2011; Jeffreys, 1961; Lee &

Wagenmakers, 2014). Please note that, for the sake of con-

sistency, all BFs are reported so as to reflect evidence for the

alternative hypothesis (i.e., BFs below 1/3 for the alternative

hypothesis should be interpreted as BFs above 3 for the null

hypothesis).

2.2. Procedure and design

Participants took part in three practice sessions (24 trials each)

before participating in the actual experiment (320 trials,

separated into 8 blocks of 40 trials each). For the first practice

task, participants were instructed to fixate the central fixation

dot, and press the spacebar as fast as possible as soon as a red

circle (the probe) would become visible. This probe was pre-

sented between .5 and 1 sec (variable stimulus-onset asyn-

chrony) after onset of the CFS masks and was thus initially

interocularly suppressed. The probewas ramped up from zero

to full intensity over the course of 1 sec (in line with standard

practice in the b-CFS paradigm), minimizing stimulus-driven

reversals of ocular dominance at probe onset, and maxi-

mizing manipulation-driven reversals of ocular dominance

throughout the trial duration. After participants provided a

response, or after a 5-sec response deadline had elapsed since

probe onset, the initially suppressed probe was removed from

the screen, but the CFS sustained until 5.5 sec had elapsed. In

the second practice task participants were instructed to report

the orientation (upright or inverted) of a T-shaped target, that

could appear left or right of fixation, as fast as possible. Par-

ticipants were instructed that, preceding this T-target, an

arrow cue would help them in reporting the orientation of the

https://doi.org/10.1016/j.cortex.2018.08.027
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T-target as fast as possible, as it would correctly predict its

location (left or right hemi-field) in 87.5% of the trials (i.e., 224

valid trials). Accordingly, in the remaining 12.5% of the trials

the arrow would incorrectly predict the location of the sub-

sequent targets (i.e., 32 invalid trials). The arrow cue was

presented for 800msec, 800msec prior to CFS onset. Crucially,

the T-target could appear at any time between .5 and 4.5 sec

after CFS onset, inciting participants to maintain an active

search strategy (i.e., attending to the cued hemi-field)

throughout the entire duration of a trial. The third practice

task (which was identical to the main experiment) consisted

of a combination of the first two tasks: participants were

instructed that on each trial, they should (1) utilize the arrow

cue to help them report the orientation of a T-target as fast as

possible, and (2) press spacebar as soon as the red circular

probe would appear. The red probe appeared in 20% of the

trials (64 out of 320).

In sum, the participants were e from their point of view e

performing a double task: (1) attending to a hemi-field to

report the orientation of a T-target, and (2) reporting the

incidental appearance of a probe. From the experimenters'
point of view, however, participants were performing one of

two possible trial types, which were randomly intermixed

within experimental blocks: In the first trial type (right panel

of Fig. 1), the arrow cue was followed by a T-target during CFS
Fig. 1 e A schematic depiction of two trial types in Experiment 1

which was highly predictive of the subsequent T-target location

dichoptically presented T-target could appear at any moment w

the orientation (upright or inverted) of the T-target as fast and

instructed that in some trials a red circle could appear (left timeli

possible. The left timeline shows a trial with a red circle (the ini

an upright T-target in the uncued hemi-field. Trials including a

attention to a location affected detection of suppressed visual i

followed the red probe were omitted from further analyses. The

cued location (i.e., a trial with a valid cue). These trials were use

their responses to the T-target, by comparing trials in which th

hemi-field) with trials in which the cue was invalid (i.e., the T-
presentation, while no red probe was presented. These 256

trials were used to manipulate participants' spatial attention
towards the cued hemi-field, and (in the analysis stage) also

allowed us to establish empirically whether thismanipulation

was successful. In the second trial type (left panel of Fig. 1), the

arrow cue was followed by a red probe appearing shortly after

CFS onset. These 64 trials were used to measure the influence

of spatial attention (evoked by the arrow cue) on suppression

durations of the initially suppressed probes. This subdivision

in two trial types allowed us to investigate the participants'
responses to the two target types (i.e., suppressed probes, and

T-targets), with no interference from the other target type. In

order tomaintain the participants' impression of performing a

double task, a T-target was presented after a response had

been provided to the red probe, or after 5 sec had elapsed and

no response to the red probe had been provided. The position

of these ‘sham’ T-targets was randomized (but not counter-

balanced), and responses to these ‘sham’ T-targets were not

considered for further analyses.

All experimental factors were manipulated within partici-

pants and were equated between experimental blocks.

Considering the first trial type (256 in total), which was

designed to manipulate participants' spatial attention, the

predictive arrow cue could point either left (50%) or right (50%),

the subsequent T-target could appear either at the cued
. Each trial started with an arrow cue pointing left or right,

. Next, a dynamic pattern was presented to one eye, and a

ithin the next 5 sec. Participants were instructed to report

accurately as possible. Additionally, participants were

ne), in which case they should press the spacebar as fast as

tially suppressed probe) in the cued hemi-field, followed by

red probe were used to assess whether directing top-down

nput at that location. The response times to T-targets that

right timeline shows a trial with an inverted T-target on the

d to assess whether participants used the cue to speed up

e cue was valid (i.e., the T-target was presented to the cued

target was presented to the uncued hemi-field).
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location (87.5%, or 224 valid trials) or the uncued location

(12.5%, or 32 invalid trials) and was presented either upright

(50%) or inverted (50%). The orientation of the T-target and the

pointing direction of the arrow cue were counterbalanced

within valid trials and invalid trials. The moment in time at

which the T-target would appear was chosen from a linear

division of 32 time-points between .5 and 4.5 sec, and the

exact angular location of the T-target was chosen from a

linear division of 8 angular locations within 30� of the hori-

zontal midline. These two factors were not counterbalanced,

but the prevalence of factor-levels was equated within blocks.

Considering the second trial type (64 in total), which was

designed to measure the influence of spatial attention on

suppression durations, the arrow cue could point either left

(50%) or right (50%), the initially suppressed probe could

appear either at the cued location (50%, or 32 attended trials)

or the uncued location (50%, or 32 unattended trials) and was

either presented to the left eye (50%) or the right eye (50%) of

the participant. The prevalence of these factor-levels was fully

counterbalanced, and the arrow was therefore not predictive

of the subsequent location of the probe. The exact moment in

time at which the initially suppressed probe appeared was

randomly chosen from a linear division of 8 time-points be-

tween .5 and 1.0 sec, and the exact angular location of the

suppressed probe was chosen from a linear division of 8

angular locations within 30� of the horizontal midline. These

two factors were not counterbalanced, but the prevalence of

factor-levels was equated within blocks. The experiment was

subdivided into eight blocks (separated bymandatory breaks),

each comprising 32 trials of the first type and 8 trials of the

second type (in random order), with all factors counter-

balanced within block as described above. As a final note, it

follows from the prevalence of the two trial types that after a

certain cue (say, a leftwards pointing arrow) there was a

combined 80% chance that any of the to-be-reported stimuli

(i.e., suppressed probe or T-target) would be presented at the

cued location.

2.3. Stimuli and apparatus

Participants viewed a linearized CRT monitor (2200 LaCie Elec-

tron Blue IV, 1024 � 768 pixels) through a mirror stereoscope,

which ensured separate stimulation of the two eyes. A

chinrest was used to maintain the effective viewing distance

at 57 cm. Responses were collected using an Apple keyboard,

and the temporal resolution of response time registration was

limited by the refresh rate of the monitor (100 Hz). MATLAB

(Release R2007b; The Mathworks, Natick, MA, USA) and Psy-

chophysics Toolbox (Brainard, 1997; Pelli, 1997) were used for

stimulus presentation. In order to promote binocular fusion of

the complementary images, identical Brownian noise frames

(width of 3.7 degrees of visual angle e dva) were presented to

both eyes, delimiting the gray (16 cd/m2) presentation area on

which all stimuli were presented. The presentation area

consisted of a rectangular region with sides of 10 dva. At all

times, a black (<.1 cd/m2; .04 dva) and white (32 cd/m2; .2 dva)

fixation bullseye was presented at the center of the presen-

tation areas.

The arrow cue was a gray (24 cd/m2, 50%Weber luminance

contrast with the background) isosceles triangle pointing left
or right, with a height of 1.25 dva, and a width of 3.13 dva. The

triangle's center of mass was centered on fixation.

The masks used for eliciting CFS were composed of over-

lapping white, gray and black circles of different sizes (di-

ameters ranging between .8 and 1.7 dva) and were chosen

such as to maximally suppress the circular probe. These

maskswere similar to those used in earlier studies (e.g., Gayet,

Paffen, Belopolsky, Theeuwes, & Van der Stigchel, 2016; Stein

et al., 2011). On each block, 20 new masks were generated.

During a trial, these masks were presented for 100 msec each

(10 Hz) in random order, with the restriction that the same

mask was never presented twice in succession. The masks

were divided in two separate maskeable hemi-fields by a

vertical saving of 2 dva. Because reversals of ocular domi-

nance tend to follow object continuations (Kaufman, 1963),

this saving increased the independency of suppression be-

tween hemi-fields (Maruya & Blake, 2009; for a similar

approach, see Gayet, van Maanen, et al., 2016).

The suppressed probe consisted of a red circle with a

diameter of 1.25 dva, and a Weber luminance contrast of 84%

with the background (CIE values, as measured with a Photo

Research Inc. PR-650 SpectraScan colorimeter/tele-

photometer: x ¼ .635, y ¼ .343, z ¼ 2.61 cd/m2). The probe was

presented monocularly, contra-ocular to the masks. The T-

Target's consisted of a black outer-T with a length and width

of 1.35 dva, and an edgewidth of .13 dva encapsulating awhite

inner-T. Using a black and white T-target was necessary to

ensure its visibility irrespective of whether it happened to

appear on top of a white or a black part of the masks. The T-

Target was presented binocularly. The probes and T-targets

were presented at an eccentricity of 3.5 dva from fixation, and

could appear left or right of fixation, within 30 angular degrees

from the horizontal midline.
3. Experiment 1: results

3.1. Participant exclusion and data preparation

Three participants failed to report the presence of a sup-

pressed probewithin the 5 sec trial duration onmore than 50%

of the trials, in one or more conditions (total hit-rates of 36%,

25%, and 39%). Because missing more than 50% of response

time data within a condition precludes computation of a

median response time for that condition, these participants

were excluded from further analyses (for a similar approach,

see Gayet, Paffen, et al., 2016). The remaining 25 participants

had an average hit-rate of 83% (SD ¼ 15) for detecting the

suppressed probe. Trials in which the suppressed probe was

not detected were regarded as yielding infinitely long

response times (RTs) and were included in the computation of

the median RT (thereby retaining the counterbalancing of all

experimental conditions). For the sake of consistency, median

response times were also used to summarize participants'
response times to T-targets.

The computation of the median response time to probes in

the attended condition was based on 32.0 trials (SD ¼ .2), of

which 26.8 (SD¼ 4.5) were hits and therefore yielded an actual

RT value. In the unattended condition, the computation of the

median response times to probes was based on 32.0 trials

https://doi.org/10.1016/j.cortex.2018.08.027
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(SD ¼ .0), of which 26.4 (SD ¼ 5.0) were hits and therefore

yielded an actual RT value. A total of 1 trial (over all partici-

pants) was excluded from these analyses because it was

responded to within 250 msec after probe onset, which is too

fast to reflect a genuine response to the probe.

KolmogoroveSmirnov tests indicated that the response

time data violated the assumption of normality in all condi-

tions (all p's < .05). Because latency-normalized response time

differences (see Gayet & Stein, 2017) still violated the

assumption of normality in one condition, we chose to apply a

loge-transformation to all raw response times (i.e., before

computing the median response time), after which none of

the conditions violated the assumption of normality (all

p's > .2) (Bush, Hess, & Wolford, 1993). This allowed us to

conduct Bayesian t-tests that assume normally distributed

data. The loge-transformed data is only used for statistical

testing; to facilitate interpretation, however, all response

times depicted in graphs and reported in text reflect the raw

response times (in seconds or milliseconds).

For the analyses of response times to the T-targets, only

correct responses were included. Participants were 96.4%

(SD¼ 2.0) correct on valid trials, and 97.3% (SD¼ 3.2) correct on

invalid trials. According to a Bayesian t-test, the observed data

it is about twice as likely to reflect similar than it is to reflect

dissimilar accuracy scores between conditions, but this is

inconclusive evidence, BF10 ¼ .48.

3.2. Manipulation of attention

First, we aimed to assess whether the predictive cues were

successful in directing participants' attention to the cued

hemi-field (Fig. 2A). Participants were 23 msec (SD ¼ 22) faster

at reporting the orientation of a T-target following a valid cue

(M ¼ 522 msec, SD ¼ 38) than following an invalid cue

(M ¼ 546msec, SD¼ 42). Numerically, 22 out of 25 participants

showed faster response times after valid trials than after

invalid trials (the solid lines in the left panel of Fig. 2A). A

Bayesian paired-samples t-test confirmed that this difference

was extremely reliable, BF10 ¼ 1747, and robust to the width of

the prior and the addition of participants (Fig. 2A, right panel).

Fig. 5A illustrates the stability of the cueing effect

throughout the 5 sec trial. Although the cueing effect was

numerically larger when the T-target appeared on the first half

of the 5 sec trial (M ¼ 30 msec, SD¼ 27) than in the second half

(M¼ 20msec, SD¼ 28), the evidence supporting this difference

is inconclusive, and is more than twice as likely to reflect

similar than it is to reflect dissimilar cueing effects between

the first and second half of a trial, BF10 ¼ .61. Similarly, Fig. 5B

illustrates the stability of the cueing effect over the course of

the experiment. While the cueing effect was numerically

larger in the second half of the experiment (M ¼ 32 msec,

SD ¼ 29) than in the first half (M ¼ 26 msec, SD ¼ 24), the ev-

idence supporting this difference is inconclusive, and is almost

twice as likely to reflect similar than it is to reflect dissimilar

cueing effects between experimental halves, BF10 ¼ .61.

Taken together, these data show that the predictive cues

were successful in manipulating participants' attention, and
consistently directed their spatial attention to the cued hemi-

field, throughout the entire trial and over the course of the

entire experiment.
3.3. Influence of attention on suppression durations

Now that the manipulation of attention through predictive

central cueing is established to be successful and robust

across time, we can distinguish between suppressed probes

that were presented to either the attended (i.e., cued) or the

unattended (uncued) hemi-field (Fig. 2B). Unlike the response

times to the dichoptically presented T-targets, however,

detection times to suppressed probes did not reliably differ

depending on whether they were presented to the attended

(M ¼ 1890 msec, SD ¼ 778), or the unattended hemi-field

(M ¼ 1911 msec, SD ¼ 888). A Bayesian t-test confirmed that

the observed data were about 4.5 times as likely to support the

null hypothesis (no difference between conditions) than it was

to support the alternative hypothesis (a difference between

conditions), BF10¼ .23. The evolution of the BF after addition of

each participant (Fig. 2B, right panel) shows that this null ef-

fect is robust to the addition of further participants and is even

more pronounced when a less informative prior is chosen.

Possibly, not all participants were equally susceptible to

the attention manipulation (see the slopes in Fig. 2A, left

panel). As such, we hypothesized that if the attention

manipulation had any effect on the detection of suppressed

probes, it should be most pronounced for participants that

exhibited the strongest effect of the cue on response times to

the T-target. To investigate this possibility, we performed a

Bayesian pairwise correlation analyses between the response

time difference on T-targets (valid vs invalid, reflecting the

success of the attention manipulation) and the response time

difference to the suppressed probes (attended vs unattended;

Fig. 2C). This analysis revealed that the success of the atten-

tion manipulation was not related to the influence of spatial

attention on the detection of suppressed probes; the observed

data were about 4 times more likely to support the null hy-

pothesis (no correlation) than to support the existence of this

correlation, R ¼ .04, BF10 ¼ .25.

Finally, the hit-rates for attended (M ¼ 83.8%, SD ¼ 14.3)

and unattended probes (M ¼ 82.5%, SD ¼ 15.6) did not differ

(BF10 ¼ .28, or 3.6 timesmore evidence for the null than for the

alternative hypothesis), showing that sustained attention did

not impact the hit-rate to suppressed probes. Taken together,

these data demonstrate that orienting attention to a location

in space is not sufficient for enhancing conscious access of

suppressed visual input at that location.
4. Experiment 2: methods

4.1. Rationale

The goal of Experiment 2 was to investigate whether sus-

tained endogenous attention to a feature (i.e., color) acceler-

ates conscious access of (initially) suppressed visual input of

the attended color, compared to visual input of the unat-

tended color. Kanai et al. (2006) showed that interocularly

suppressed gratings elicited more pronounced after-effects

when they were composed of an attended feature compared

to an unattended feature, whereas spatial attention elicited no

such differential effect. Here, we address the question

whether such attentional enhancement of interocularly
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Fig. 2 e Results of Experiment 1: no influence of spatial attention on conscious access. Panel A relates to the speeded

discrimination (upright or inverted) of a dichoptically presented T-target, depending on whether it was presented at the

cued hemi-field (i.e., valid) or not (i.e., invalid). The left part shows response times in milliseconds, with individual

participants in gray, and the group average in black. The right part shows the evolution of the BF for the difference in

response times between trials in which the cue was valid versus invalid (i.e., the cueing effect). Panel B, is coded similarly

to Panel A, but relates to the detection times of initially interocularly suppressed probes (in seconds), which were either

presented at the attended (i.e., cued) or the unattended (i.e., uncued) hemi-field. Panel C shows the relation (or the absence

thereof) between the influence of the cue on T-target discrimination (x-axis), and on detection of the initially interocularly

suppressed probe (y-axis). Error bars in the response time graphs depict 95% confidence intervals after removal of the

between-subject variance (Cousineau, 2005; using the correction proposed by Morey, 2008). Shaded areas in the sequential

analysis graphs correspond to BFs that convey insufficient evidence to support either the null or the alternative hypothesis

(Dienes, 2011; Jeffreys, 1961; Lee & Wagenmakers, 2014). Statistical analyses were conducted on loge-transformed

response times (Bush et al., 1993; Gayet & Stein, 2017). Sequential analysis plots were adapted from JASP 0.8.2.0 output

(JASP Team, 2017).
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suppressed visual input can accelerate conscious access to the

suppressed visual input. If this is the case, we should observe

faster response times to initially interocularly suppressed

probes when they are of the attended compared to the unat-

tended color. In order to promote comparisons with Experi-

ment 1, which measured the influence of spatial attention on

conscious access, we kept the experimental paradigm as

similar as possible to that of Experiment 1. Below, we describe

only the modifications that were made for Experiment 2.

4.2. Participants

Thirty new participants were recruited at Utrecht University,

and rewarded for participation with course credits or mone-

tary compensation. Eventually, 27 participants (six males)

with a mean age of 23.5 years (SD ¼ 2.8) were included in the

analyses (see Section 5.1 for further elaboration on participant

exclusion). All participants had (corrected to) normal vision,

including stereopsis (tested with the TNO test for stereoscopic

vision, 12th edition; Walraven, 1972) and color vision (tested

with the Ishihara color blindness test plates; Ishihara, 1960).
4.3. Additional methods, stimuli, and procedure

The first trial type (256 trials) was designed tomanipulate (and

assess) participants' feature-based attention towards either

the color red or the color blue (Fig. 3, right panel). Participants

were instructed to report the location (left or right hemi-field)

of an inverted T-target as fast as possible, while a distractor

(an upright T-target) was presented to the opposite hemi-field.

The 87.5% valid cue that preceded the T-target consisted of a

verbal label (i.e., the word “red” or “blue”), that predicted the

color of the inverted T-target. The additional distractor was

added to increase competition in the visual field, such as to

increase the usefulness of deploying feature-based attention

to perform the speeded task. Taken together, the predictive

cue could be either “red” (50%) or “blue” (50%), the subsequent

inverted T-target was either of the cued color (87.5%, or 224

valid trials) or the uncued color (12.5%, or 32 invalid trials) and

was presented either to the left (50%) or the right hemi-field

(50%). The color and location of the inverted T-target were

counterbalanced within valid trials and invalid trials. The

color of the distractor (upright T-target) was always of a
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Fig. 3 e A schematic depiction of two trial types in Experiment 2. Each trial started with the word “red” or “blue”, which was

highly predictive of the subsequent T-target color. Next, a dynamic pattern was presented to one eye, and two dichoptically

presented T-targets could appear at anymoment within the next 5 sec. Crucially, the T-targets appearing left and right were

always of a different color (red or blue) and orientation (upright or inverted). Participants were instructed to report the

location (left or right hemi-field) of the inverted T-target as fast and accurately as possible. Additionally, participants were

instructed that in some trials a colored circle could appear (left timeline), in which case they should press spacebar as fast as

possible. The left timeline shows a trial with a colored circle (the initially suppressed probe) presented in the uncued color,

followed by an inverted T-target of the uncued color as well. Trials including a suppressed probe were used to assess

whether directing top-down attention to a color affected detection of suppressed visual input of that color. The response

times to T-targets that followed the suppressed probe were omitted from further analyses. The right timeline shows a trial

with an inverted T-target presented in the cued color (i.e., a trial with a valid cue). These trials were used to assess whether

participants were using the cue to speed up their response to the inverted T-target, by comparing trials in which the cue

was valid (i.e., the inverted T-target was presented in the cued color) with trials in which the cue was invalid (i.e., the

T-target was presented in the uncued color).
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different color than the inverted T-target. The exact angular

location of the distractor was chosen from a linear division of

8 angular locations within 30� of the horizontal midline.

The second trial type (64 trials) was designed to measure

the influence of feature-based attention on suppression du-

rations (Fig. 3, left panel). As in Experiment 1, participants

were required to provide a speeded response upon probe

detection, but now the probes could be either of the cued (i.e.,

attended) color, or of the uncued (i.e., unattended) color.

Probes of the attended or unattended color were presented

with equal prevalence (50%, or 32 trials each).

The colors of the red-colored targets (x ¼ .635, y ¼ .343,

z ¼ 2.61 cd/m2, 84% Michelson contrast with the back-

ground), and the blue-colored targets (x ¼ .147, y ¼ .068,

z ¼ 2.64 cd/m2, 84% Michelson contrast with the back-

ground), were chosen such as to be perceptually equilu-

minant based on the group data of one of our recent previous

studies (Gayet, Paffen, et al., 2016).
5. Experiment 2: results

5.1. Participants and data exclusion

Two participants were excluded from further analyses

because they failed to report the presence of a suppressed

probe within the 5 sec trial duration on more than 50% of the

trials, in one or more conditions (total hit-rates of 39% and

31%). The remaining 27 participants had an average hit-rate of

77% (SD ¼ 15) for detecting the suppressed probe. One addi-

tional participant was excluded from further analyses

because his/her false alarm rate for reporting the suppressed

probe (16 times when there was none) was more than 4

standard deviations above the group mean.

The computation of the median response time to probes

in the attended condition was based on 32.0 trials (SD ¼ .0),

of which 24.2 (SD ¼ 5.5) were hits and therefore yielded an

https://doi.org/10.1016/j.cortex.2018.08.027
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actual RT value. In the unattended condition, the compu-

tation of the median response times to probes was based on

31.8 trials (SD ¼ .5), of which 24.0 (SD ¼ 6.1) were hits and

therefore yielded an actual RT value. A total of six trials

(over all participants) were excluded from these analyses

because they were responded to within 250 msec after

probe onset, which is too fast to reflect a genuine response

to the probe.

As in Experiment 1, KolmogoroveSmirnov tests indicated

that the response time data violated the assumption of

normality in all conditions (all p's < .05). After loge-trans-

formation of raw response times the assumption of normality

was no longer violated (all p's > .1). Again, the loge-trans-

formed data is only used for statistical testing; to facilitate

interpretation, all response times depicted in graphs and re-

ported in text reflect the raw response times (in seconds or

milliseconds).

For the analyses of response times to the T-targets, only

correct responses were included. Participants were 96.0%

(SD ¼ 2.9) correct on valid trials, and were reliably less accu-

rate on invalid trials 83.3% (SD ¼ 14.2), BF10 ¼ 857.
Fig. 4 e Results of Experiment 2: no influence of feature-based at

discrimination (i.e., presented to the left or right hemi-field) of

whether it was of the cued color (i.e., valid) or not (i.e., invalid).

individual participants in gray, and the group average in black.

difference in response times between trials in which the cue w

coded similarly to Panel A, but relates to the detection times of i

were either of the attended (i.e., cued) or the unattended (i.e., u

thereof) between the influence of the cue on T-target discrimin

suppressed probe. Error bars in the response time graphs depic

subject variance (Cousineau, 2005; using the correction propose

graphs correspond to BFs that convey insufficient evidence to su

2011; Jeffreys, 1961; Lee & Wagenmakers, 2014). Statistical ana

(Bush et al., 1993; Gayet & Stein, 2017). Sequential analysis plot
5.2. Manipulation of attention

First, we aimed to assess whether the predictive cues were

successful in directing participants' attention to the cued

hemi-field (Fig. 4A). Participants were 65 msec (SD ¼ 52) faster

at reporting the location of the inverted T-target following a

valid cue (M¼ 613msec, SD¼ 62) than following an invalid cue

(M¼ 679msec, SD¼ 73). Numerically, 25 out of 27 participants

showed faster response times in valid trials than in invalid

trials (the solid lines in the left panel of Fig. 4A). A Bayesian

paired-samples t-test confirmed that this difference was

extremely reliable, BF10¼ 44301, and robust to thewidth of the

prior and the addition of participants (Fig. 4A, right panel).

Fig. 5C illustrates the stability of the cueing effect

throughout the 5 sec trial. The cueing effect was numerically

larger when the T-targets appeared in the second half of the

trial (M ¼ 78 msec, SD ¼ 77) than in the first half (M ¼ 63 msec,

SD ¼ 604), but this difference was not reliable, as a Bayesian t-

test providesmore than 3 timesmore evidence for a null effect

than for a difference in cueing effect between experimental

halves, BF10 ¼ .30. Fig. 5D illustrates the stability of the cueing
tention on conscious access. Panel A relates to the speeded

a dichoptically presented inverted T-target, depending on

The left part shows response times in milliseconds, with

The right part shows the evolution of the BF for the

as valid versus invalid (i.e., the cueing effect). Panel B, is

nitially interocularly suppressed probes (in seconds), which

ncued) color. Panel C shows the relation (or the absence

ation, and on detection of the initially interocularly

t 95% confidence intervals after removal of the between-

d by Morey, 2008). Shaded areas in the sequential analysis

pport either the null or the alternative hypothesis (Dienes,

lyses were conducted on loge-transformed response times

s were adapted from JASP 0.8.2.0 output (JASP Team, 2017).
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Fig. 5 e Cueing effect (response time to invalidly cued minus validly cued T-targets) over time, providing insights into the

robustness of our manipulation of endogenous attention. Panels A and C depict the magnitude of the cueing effect over the

course of the 5 sec trial duration for Experiments 1 and 2, respectively. T-targets could be presented between 500 msec and

4500msec after mask onset. The black line is the average cueing effect within a 500msec sliding window, and the gray area

depicts the 95% confidence interval. Panels B and D depict the magnitude of the cueing effect across each of the 8

experimental blocks for Experiments 1 and 2, respectively. Each block comprised 24 validly cued and 8 invalidly cued T-

targets. The black line is the average cueing effect within each block, and the gray area depicts the 95% confidence interval.
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effect over the course of the experiment. The cueing effect

was numerically larger in the first half of the experiment

(M ¼ 73 msec, SD ¼ 84) than in the second half (M ¼ 67 msec,

SD ¼ 60), but this difference was not reliable, as a Bayesian t-

test provides 5 timesmore evidence for a null effect than for a

difference in cueing effect between experimental halves,

BF10 ¼ .20.

Taken together, these data show that the predictive cues

were successful in manipulating participants' attention, and
consistently enabled participants to attend the cued color,

throughout the entire trial and over the course of the entire

experiment.

5.3. The influence of attention on suppression durations

Now that the manipulation of attention through predictive

central cueing is established to be successful and robust

across time, we can distinguish between suppressed probes

that were either of the attended (i.e., cued) color or of the

unattended (uncued) color (Fig. 4B). Contrary to our expecta-

tions, but similarly to Experiment 1, detection times to sup-

pressed probes did not reliably differ depending on whether

they were of the attended color (M ¼ 2172 msec, SD ¼ 958), or

the unattended color (M ¼ 2191 msec, SD ¼ 954). A Bayesian t-

test confirmed that the observed data was about 5 times as

likely to support the null hypothesis (no difference between

conditions) than it was to support the alternative hypothesis
(a difference between conditions), BF10 ¼ .21. The evolution of

the BF after addition of each participant (Fig. 4B, right panel)

again shows that this null effect is robust to the addition of

further participants and is evenmore pronouncedwhen a less

informative prior is chosen.

In order to assess whether the effect of feature-based

attention on probe detection depended on individual partici-

pants' tendency to utilize the central cue, we performed a

Bayesian pairwise correlation analyses between the response

time difference on T-targets (valid vs invalid, reflecting the

success of the attention manipulation) and the response time

difference to the suppressed probes (attended vs unattended;

Fig. 4C). This analysis revealed that the success of the atten-

tion manipulation was not related to the influence of feature-

based attention on the detection of suppressed probes; the

observed data were about 3 times more likely to support the

null hypothesis (no correlation) than to support the existence

of this correlation, R ¼ .15, BF10 ¼ .31.

Finally, the hit-rates for attended (M ¼ 76.7%, SD ¼ 17.4)

and unattended probes (M ¼ 76.2%, SD ¼ 18.0) did not differ

(BF10 ¼ .2, or 4.5 times more evidence for the null than for the

alternative hypothesis), showing that sustained attention did

not impact the hit-rate to suppressed probes. In addition, the

very low rate of false alarms (.8%, SD ¼ .9) showed that ob-

servers did not randomly report probes when there were

none, but actually reported the appearance of a probe when it

was there. Taken together, we conclude that the observed null

https://doi.org/10.1016/j.cortex.2018.08.027
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effect in the response time data was (1) not undermined by an

advantage for attended probes hidden in the response choice

data, (2) not caused by ceiling performance in detecting the

probes, as participants failed to detect about 20% of the probes

on average, and (3) not caused by an overly liberal response

tendency to report probe visibility. Taken together, these data

demonstrate that attending to a particular color is not suffi-

cient for enhancing conscious access of (interocularly) sup-

pressed visual input of that color.

5.4. Comparing the influence of feature-based and
spatial attention

Finally, we compared the data obtained in Experiments 1 and

2, using Bayesian independent-samples t-tests. The manipu-

lation of feature-based attention (Experiment 2) elicited a

stronger validity effect on the T-target than the manipulation

of spatial attention (Experiment 1), BF10 ¼ 20. In addition,

participants' accuracy on the T-target discrimination task was

more influenced by cue validity in Experiment 2 (manipulating

feature-based attention) than in Experiment 1 (manipulating

spatial attention), BF10¼ 2743. From this, it seems that (at least

within the current experimental paradigm) endogenous cues

are more potent in modulating feature-based attention than

spatial attention. Nonetheless, the influence of the cue on the

detection of interocularly suppressed probes did not differ

between Experiments, as the data were almost 4 times as

likely to support a null effect than it was to support a differ-

ence between experiments, BF10 ¼ .28.
6. Experiment 3: methods

6.1. Rationale

Experiment 2 demonstrated that even when feature-based

attention is demonstrably sustained over a prolonged

period, this does not necessarily cause accelerated conscious

access of concurrent visual input comprising the attended

feature. Based on this finding we hypothesized that ob-

servers might have used a more specific search template (a

red/blue inverted T-shape), rather than two generic ones

(red/blue, and inverted T-shape), such that the attentional

template created for the T-target discrimination task did not

impact visual processing of the initially suppressed circular

probe, even when it happened to be of the cued color. If this

hypothesis was true, a more generic template (say, the color

red) should have biased conscious access of template-

matching visual input.

Experiment 3 was designed to test exactly that: does

endogenous attention bias conscious access when observers

use a more generic attentional template, which encompasses

the suppressed visual input? To address this questionwe used

the exact same stimulation as in Experiment 2, but changed

the instructions: instead of reporting the location of the

inverted T-target (which was likely to be of the cued color), we

now required participants to report the location of the cued

(i.e., red or blue) T-target, irrespective of its specific shape

(upright or inverted T-target). As such, participants were now

looking for an ill-defined shape of a particular (i.e., cued) color,
thus broadening the attentional template. As in Experiments 1

and 2, participants were also required to report the appear-

ance of a colored disc (the probe).

If participants in Experiment 1 (and 2) indeed used a spe-

cific search template (i.e., a red/blue inverted T-shape), which

failed to encompass the visual characteristics of the sup-

pressed (circular) probe, we expected that the central cues

would affect conscious access to the probes now that partic-

ipants were instructed to search for a red/blue target, rather

than for an inverted T-shaped target that was likely to be red/

blue. In contrast, if our paradigm did not allow for feature-

based attention to transfer from task-relevant T-shaped tar-

gets to task-irrelevant suppressed probes, we expected not to

find an influence of the central cues on the suppressed probes

in Experiment 3 either.

6.2. Participants

We gathered 20 participants following the same procedure as

in Experiments 1 and 2, but now from the Radboud University

subject pool. Participant collection was stopped after the

planned minimum of 20 participants, because the optional

stopping condition (BF > 6) had been met. The eventual group

of participants comprised 7 males with a mean age of 22.7

years (SD ¼ 3.1). All participants had (corrected to) normal

vision, including stereopsis (tested with the TNO test for ste-

reoscopic vision, 12th edition; Walraven, 1972) and color

vision (tested with the Ishihara color blindness test plates;

Ishihara, 1960).

6.3. Additional methods, stimuli, and procedure

The first trial type (256 trials) was designed to manipulate

participants' feature-based attention towards either the color

red or the color blue (Fig. 3, right panel). Visual stimulation

was identical to that of Experiment 2 (Fig. 3). In this case,

however, there were no invalid trials, as observers were

instructed to report the location (left or right hemi-field) of the

cued (i.e., red or blue) T-target as fast as possible, irrespective

of its shape (i.e., upright or inverted T-shape).

The second trial type (64 trials) was designed to measure

the influence of feature-based attention on suppression du-

rations (Fig. 3, left panel). As in Experiment 2, participants

were required to provide a speeded response upon probe

detection (spacebar), and probes of the attended and unat-

tended color were presentedwith equal prevalence (50%, or 32

trials each).

Stimulus presentation and data collection were performed

on a PCwith an Intel Xeon CPU E5-1620 3.7 GHz processor, 8 Gb

of RAMmemory, runningWindows 7 (64-bit). Responses were

registered via aWindows keyboard (Corsair), and stimuli were

presented on a 2400 BenQ XL 2420Z LED monitor with a 144 Hz

refresh rate, at the native resolution of 1920 � 1080 pixels. A

chinrest ensured a fixed viewing distance to the screen of

95 cm. Luminance output of all stimuli was equated as much

as possible with that of Experiment 2 (but was on average

about 15% brighter, due to differences in the brightness

scaling of the monitors). The retinal size of all stimuli, the

timing of stimulus presentation, and the experimental pro-

cedure were identical to that of Experiment 2.
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7. Experiment 3: results

7.1. Participants and data exclusion

One participant was excluded from further analyses because

she failed to report the presence of a suppressed probe within

the 5 sec trial duration on more than 50% of the trials (hit-rate

of 14%). The remaining 19 participants had an average hit-rate

of 98.1% (SD ¼ 2.7) for detecting the suppressed probe.

Occasionally, observers erroneously pressed the arrow

keys (used for the T-target discrimination task) when the

suppressed probe was presented. RTs to the suppressed

probes in those trials were excluded from further analysis, as

these responses reflect a violation of the task instructions. As

a result of this, the computation of the median response time

to probes in the attended condition was based on 25.9 trials

(SD ¼ 3.9), of which 25.4 (SD ¼ 3.6) were hits and therefore

yielded an actual RT value. In the unattended condition, the

computation of the median response times to probes was

based on 30.4 trials (SD ¼ 1.8), of which 29.7 (SD ¼ 2.1) were

hits and therefore yielded an actual RT value. No responses

were provided within 250 msec after probe onset, and there-

fore no RTs were excluded on the basis of this exclusion rule.

As in Experiments 1 and 2, KolmogoroveSmirnov tests

indicated that the response time data violated the assumption

of normality in all conditions (all p's < .05). In contrast to Ex-

periments 1 and 2, however, the assumption of normality was

still violated after loge-transformation of raw response times,

K ¼ .48, p < .05. Because the RT distribution looked roughly

normal (symmetry around the peak value), and to promote

comparison with the findings of Experiments 1 and 2, we

conducted Bayesian t-tests despite violation of the assump-

tion of normality (but non-parametric frequentist analyses

yield the same pattern of findings). Again, all response times

depicted in graphs and reported in text reflect the raw

response times (in seconds and milliseconds) to facilitate

interpretation.

Participants were 92.3% (SD ¼ 5.9) accurate in locating the

T-target of the cued color, with an average response time of

440 msec (SD ¼ 66).

7.2. The influence of attention on suppression durations

In contrast with the results of Experiments 1 and 2, detection

times to suppressed probes were reliably faster when they

were of the attended color (M ¼ 1132 msec, SD ¼ 288)

compared to the unattended color (M ¼ 1204 msec, SD ¼ 277),

and this was numerically observed for all but 3 participants

(Fig. 6, left panel). A Bayesian t-test confirmed that the

observed data were about 24 times more likely to support the

alternative hypothesis (a difference between conditions) than

it was to support the null hypothesis (no difference between

conditions), BF10 ¼ 23.7. The evolution of the BF after addition

of each participant (Fig. 6, right panel) shows that this effect

was reliable from the 9th participants onwards, and is robust

to the choice of prior width.

Finally, the hit-rates for attended (M ¼ 98.7%, SD ¼ 2.6) and

unattended probes (M ¼ 97.5%, SD ¼ 3.5) did not reliably differ

(BF10 ¼ .8). This could reflect a ceiling effect, considering the
overall high hit-rate and fast response times (perhaps caused

by the higher luminance emitted by the stimuli in Experiment

3 compared to Experiments 1 and 2). As in Experiments 1 and

2, the very low rate of false alarms (.7%, SD¼ .7) suggested that

observers did not randomly report probes when there were

none, but actually reported the appearance of a probe when it

was there.

Taken together, we conclude that participants were faster

at reporting the presence of initially suppressed probes when

they were of the attended (i.e., cued) color. Although we

cannot assert whether this reflects faster detection of, or a

more liberal decision threshold for, probes of an attended

color, these data at least show that central cues (which are

only informative for the T-target discrimination task) can

affect response times to unrelated probe stimuli within our

experimental set-up. As such the null effect observed in

Experiment 2 did not reflect a general insensitivity of our

experimental paradigm, but genuinely demonstrated that

attending to a particular color is not a sufficient condition for

accelerating conscious access of suppressed visual input of

that color.

8. General discussion

Humans are dynamic agents that heavily rely on visual in-

formation to navigate through their environment. Consid-

ering that only part of the visual input gives rise to a conscious

experience, a mechanism is needed to favor relevant over

irrelevant visual input. Here we investigated whether endog-

enous attention accelerates conscious access of non-

conscious visual input. The current dual-task paradigm

allowed us to ensure that participants sustained spatial

(Experiment 1) and feature-based (Experiment 2) attention

throughout the entire period of a trial. Although the deploy-

ment of both feature-based and spatial attention reliably

improved performance on the speeded discrimination of

consciously accessible visual input (throughout the entire

trial, and over the course of the entire experiment), neither

impacted the time at which initially suppressed visual input

reached conscious access. The Bayesian approach allowed us

to establish that this finding reflects a genuine null effect,

rather than experimental insensitivity. This shows that

directing endogenous attention (to a location or color) is not

sufficient for accelerating conscious access of visual input at

that location, or constituted of that color.

Because this finding was relatively unexpected, we ques-

tioned whether some aspect of our design intrinsically pro-

hibited the allocation of attention devoted to perform the T-

target discrimination task, to transfer to the suppressed

probes. If this was the case, top-down attention never got a

fair chance tomodulate conscious access in our Experiments 1

and 2. For instance, it could be an issue that (A) the cues were

not informative of the suppressed probes per se, (B) that the

suppressed probes were presented only rarely, (C) that the

suppressed probes were ramped up in intensity rather than

presented with abrupt onset, or (D) that the visual character-

istics of the probes were too different from those of the tar-

gets. As such, Experiment 3 was set out to test whether our

stimuli in principle allowed for the influence of central cues

https://doi.org/10.1016/j.cortex.2018.08.027
https://doi.org/10.1016/j.cortex.2018.08.027


Fig. 6 e Results of Experiment 3: accelerated conscious access for probes of the attended color. This figure relates to the

detection times of initially interocularly suppressed probes (in seconds), which were either of the attended (i.e., cued) or the

unattended (i.e., uncued) color. The left part shows response times in seconds, with individual participants in gray, and the

group average in black. The right part shows the evolution of the BF for the difference in response times between trials in

which the suppressed probe was of the unattended color and trials in which the suppressed probe was of the attended

color. Error bars in the response time graph depict 95% confidence intervals after removal of the between-subject variance

(Cousineau, 2005; using the correction proposed by Morey, 2008). Shaded areas in the sequential analysis graph correspond

to BFs that convey insufficient evidence to support either the null or the alternative hypothesis (Dienes, 2011; Jeffreys, 1961;

Lee & Wagenmakers, 2014). Statistical analyses were conducted on loge-transformed response times (Bush et al., 1993;

Gayet & Stein, 2017). Sequential analysis plots were adapted from JASP 0.8.2.0 output (JASP Team, 2017).

c o r t e x 1 2 2 ( 2 0 2 0 ) 2 3 5e2 5 2 247
on the T-target discrimination task to affect detection times

on the suppressed probes. Experiment 3 used the exact same

visual stimulation as Experiment 2, but the task instructions

were modified such as to maximize the chance that the cues

would affect response times to the probes: here, the cue

instructed participants to search for the red or blue red target,

irrespective of its exact shape (upright or inverted), while a

(red or blue) probe could be presented occasionally. In this

experiment, suppressed probes were detected faster when

they were of the attended color compared to when they were

not. Thus, Experiment 3 showed that nothing in the visual

stimulation of Experiment 2 prohibited our manipulation of

top-down attention to transfer to the probe detection task.

Given that (A) the visual stimulation of Experiment 2 allowed

for the manipulation of attention to transfer to the probe

detection task, and that (B) the manipulation of attention in

Experiment 2 was successful, but yet (C) did not affect probe

detection, we conclude that directing top-down attention to a

color is not a sufficient condition to accelerate conscious ac-

cess visual input.

Directing attention to a particular location in space is

synonymous to enhancing visual perception at that location.

In the case of Experiment 1, this might entail that attending to

the left hemi-field did, in fact, enhance visual processing of

the suppressed probes, but that the potency of the masks to

suppress the probes at that location was simultaneously

enhanced. The net result, following this hypothesis, is that

spatial attention had no influence on the time it took to detect

a suppressed probe, because processing of both the mask and

the probe was enhanced.We argue, however, that even in this

scenario probes should be detected faster at the attended

compared to the unattended location. This follows from
Levelt's fourth proposition, which states that increasing the

(in this case: effective) strength of the stimuli presented to

both eyes will increase the propensity of switches in domi-

nance between the two eyes' input (Levelt, 1965). Thus, even if

it were true that the cue enhanced both the mask and the

probe in our experiment, directing attention to a location

should reduce interocular suppression durations for probes

presented at that location. In line with this, exogenous cueing

to a location in space prompts a reversal in ocular dominance

at the cued location in a binocular rivalry paradigm (Paffen &

Van der Stigchel, 2010). Perhaps, the greater suppression

depth elicited by CFS compared to binocular rivalry suppres-

sion (Tsuchiya, Koch, Gillroy, & Blake, 2006) attenuates the

attentional modulation of the suppressed probes or, along

similar lines, the high-contrast CFS masks are only minimally

prone to attentional (up)modulation. Alternatively, the mod-

ulation of physical stimulus strength (as in Levelt, 1965) is

more similar to the modulation of effective stimulus strength

through exogenous attention (as in Paffen & Van der Stigchel,

2010) than to modulation of effective stimulus strength

through endogenous attention (as in our study). That is,

exogenous spatial attention is known to affect both contrast

and response gain, whereas endogenous spatial attention

only affects response gain (Ling & Carrasco, 2006). Thus, it is

not clear whether Levelt's fourth proposition applies to

changes in effective stimulus strength induced by endoge-

nous spatial attention. Irrespective of the underlying reason,

spatial cueing had no influence on the detection of initially

interocularly suppressed probes in our study. Hence, the

deployment of sustained spatial attention was not a sufficient

condition for accelerating conscious access of suppressed vi-

sual input at that location. This shows that changes in

https://doi.org/10.1016/j.cortex.2018.08.027
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location-specific attentional states are not necessarily

accompanied by changes in conscious states.

In Experiment 2, observers attended a color. Considering

that the mask was achromatic, attending (say) the color red

should selectively impact processing of red probes, but not of

themasks presented at the same retinal location as the probes

(i.e., contra-ocularly). Nonetheless, and similar to spatial

attention, attending a particular color did not accelerate

conscious access of initially suppressed probes of that color.

This finding is especially remarkable, considering the general

consensus that feature-based attention relies upon visual

working memory to keep the template available during visual

search (Bundesen et al., 2005; de Fockert et al., 2001; Gunseli,

Olivers, & Meeter, 2014; Wolfe, 1994), and that maintaining a

color in visual working memory consistently reduces sup-

pression times of matching probes in a b-CFS paradigm

(Gayet, Paffen, et al., 2016, 2013; van Moorselaar et al., 2018).

How is it possible then, that maintaining (say) the color red in

visual working memory accelerates conscious access of con-

current visual input that happens to be red (e.g., Gayet, Paffen,

et al., 2016, 2013; van Moorselaar et al., 2018), whereas an

attentional template of the color red did not? This is especially

remarkable considering that Experiment 2 comprised more

participants and more trials per condition than the afore-

mentioned studies using memory templates (i.e., between 1.5

and five times more trials in total), and should thus have a

higher power to detect influences of attentional templates on

conscious access. We consider three possibilities that could

explain the different findings obtained with the present

approach, and with direct manipulations of visual working

memory content.

One possibility is that, in the current study, observers were

not maintaining their attentional template in visual working

memory. One notable difference between the current

approach and studies that aim at manipulating the content of

visual working memory is that these latter studies include

many different template variations (e.g., multiple spatial lo-

cations, or color variations). As a consequence, observers in

these studies need to rely on effortful working memory

maintenance, as opposed to less resource-costly storage

mechanisms that can be applied to overlearned stimuli

(Shiffrin & Schneider, 1977; Woodman, Carlisle, & Reinhart,

2013). Indeed, when the same memory item is repeatedly

memorized, its influence on concurrent attentional capture

(van Moorselaar, Theeuwes, & Olivers, 2016), visual search

(Gunseli, Olivers, & Meeter, 2016), and b-CFS (Gayet, van

Moorselaar, Paffen, Olivers, & Van der Stigchel, submitted

for publication) is abolished after a handful of repetitions.

Also, when the different memoranda are dissociable at a

categorical rather than within-category level (e.g., red vs blue,

rather than two variations of blue) attentional capture by

memory-matching stimuli is abolished as well (Experiment 2

of Olivers, Meijer, & Theeuwes, 2006). In both cases (categor-

ical and repeated memoranda) one could hypothesize that

observers no longer have to rely on visual working memory

but could rely on (verbal-labels in) more long-term (and less

visual) memory, which has a lesser impact on concurrent

processing of visual input. In the current study, however,

despite using only two colors and two locations, the atten-

tional template did reliably affect the response speed to
consciously accessible (i.e., to-be-searched-for) targets. As

such, these issues cannot be responsible for the absence of an

influence of sustained attention on suppression times in.

This leads to the second possibility: attention does not

operate on non-conscious (or more specifically: interocularly

suppressed) information. Studies using binocular rivalry have

shown that sustained endogenous attention can modulate

interocular suppression (Chong, Tadin,& Blake, 2005;Mitchell,

Stoner, & Reynolds, 2004; Ooi & He, 1999; Zhang, Jiang, & He,

2012; for reviews on attentional modulation of binocular ri-

valry see, Paffen & Alais, 2011; Dieter & Tadin, 2011). In those

studies, however, endogenous attention affected suppression

durations by prolonging perception of the dominant (i.e.,

consciously accessible) image, rather than shortening

perception of the non-dominant (i.e., non-conscious) image.

As such, it remains unclear whether or not endogenous

attention impacts conscious access of initially non-conscious

visual input. Using CFS improves the experimenter's control

over which of two images is suppressed, so that the influence

of sustained attention on non-conscious visual input can be

isolated from that on conscious visual input. Using CFS, Kanai

et al. (2006) showed that feature-based attention enhanced

visual processing of suppressed gratings, causing them to

elicit a more pronounced after-effect (also, see Melcher et al.,

2005). This is in contrast with our current findings. One could

argue that feature-based attention suffices for enhancing the

processing of non-conscious visual input, but does not suffice

for rendering non-conscious visual input consciously acces-

sible. This interpretation seems unlikely, however, as an

enhancement of non-consciously accessible visual input

should by definition lower its effective threshold for reaching

conscious access (Gayet, Paffen, et al., 2016).

A third possibility then pertains to a critical difference

between our study and that of Kanai et al. (2006): The CFS

suppressed stimuli in the study of Kanai and colleagues were

identical to the visible (i.e., to-be-attended) targets, whereas

this was not the case in the present study. Rather, participants

in our studies were deploying attentional resources to detect a

specifically shaped stimulus (i.e., an inverted T-shape), while

the suppressed probe was of a different shape (circular). As

such, it is possible that participants' attentional bias towards

(e.g., red) inverted T-shaped targets did not generalize to

differently shaped targets, such as our suppressed circle-

shaped probe. This explanation is particularly compelling,

considering that we did observe an effect of feature-based

attention on the suppressed probes when participants were

cued to search for a red/blue target of an ill-defined shape (i.e.,

an upright or inverted T-shape), inciting them to instate a

broader attentional template (Experiment 3). From this, we

tentatively conclude that observers can deploy attentional

resources to act upon a specific contingency of features (e.g.,

location or color and shape), such that conscious access is

only favored for visual input that matches this specific con-

tingency of features.

How does this putative specificity of attentional templates

relate to what is known about memory templates? Earlier

studies have shown that maintaining a color in working

memory enhances conscious access to all visual input

comprising that color, irrespective of its shape (e.g., Experi-

ments 1 & 5 of Gayet et al., 2013), whereas directing top-down
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attention to a color does not enhance conscious access to all

visual input comprising that color (current Experiment 2). This

is unexpected, considering that the sustained deployment of

top-down attention (e.g., to a location or color) requires the

recruitment of (spatial/visual) working memory for keeping

the attended location or color available. Recent evidence

suggests that the representation maintained in working

memory (i.e., the template) can differ depending on the in-

struction to either search for a particular feature (and thereby

to memorize it), or to explicitly memorize a feature (Gunselli,

Meeter, et al., 2014), with the former comprising a stronger

top-down component (van Driel, Gunselli, Meeter, & Olivers,

2017). As such, a difference in task instruction could deter-

mine the specific content that is loaded into workingmemory:

when instructed to memorize the color red (memorization in-

struction), participants will memorize the color red, which

will affect the processing of all subsequent red visual input. In

contrast, when instructed to search for a particular red target

(search instruction), participantsmightmemorize the color red

in conjunction with the shape of the to-be-searched-for

target. According to this view, observers in our Experiment 2

(using a search instruction) created an attentional template

representing a red inverted T-shaped target, thereby favoring

subsequent red inverted T-shaped targets, but not necessarily

other red (non-target) objects. Indeed, in the case of explicit

memorization instructions, only the to-be-remembered feature

dimension of a memorized object elicits a sustained content-

specific neural trace in visual processing areas (Serences,

Ester, Vogel, & Awh, 2009). Consequently, only the to-be-

remembered feature dimension of a memorized object en-

hances conscious access of matching visual input (Experi-

ment 5 of Gayet et al., 2013; Experiment 3 of Gayet, Brascamp,

Van der Stigchel, & Paffen, 2015), and attentional capture by

matching visual input (e.g., Experiment 4 of Olivers et al.,

2006). In contrast, when observers are instructed to search

for a particular target shape (independent of its color), as cued

by a colored shape, search times are reduced when the

eventual (shape-matching) target also matches the incidental

color of the cued shape (Foerster & Schneider, 2018). This re-

veals that, unlike the case of a memorization instruction, in

case of a search instruction, the attentional template can

encompass more feature dimensions than only the feature

dimension that is explicitly cued. Considering that maintain-

ing two features of an object in visual working memory does

not drain substantially more resources than maintaining a

single feature in visual working memory (Luck & Vogel, 1997),

it is resource-efficient to utilize an attentional template

comprised of a conjunction of two features if this potentially

benefits task performance.

Let us consider the hypothesized situation that participants

in our Experiment 2 (search instruction) did indeed load a

conjunction of a red T-shaped target into visual working

memory; theirmnemonic template should still have enhanced

any visual input that is red, albeit to a lesser extent than visual

input that is red aswell as T-shaped (e.g., Foerster& Schneider,

2018). In fact, attendinga feature canevenenhanceconsciously

accessible visual input that shares very little perceptual simi-

larity with the attentional template, aside from the attended

feature (and even when presented at an irrelevant spatial

location; White & Carrasco, 2011), and our Experiment 3
showed that attending a feature can also accelerate detection

of initially non-conscious visual input (using the exact same

visual stimulation as in Experiment 2). So why would an

attentional template composed of a conjunction of multiple

features (e.g., a red inverted T-shape) not accelerate conscious

access of visual input that comprises any of those features (e.g.,

a red circle)? Thediscrepancybetweenour current findings and

the traditional view that attention indiscriminately biases vi-

sual selection in favor of the attended feature is reminiscent of

the view proposed by Rafal et al. (2002). It has indeed been

shown often that attention to simple features (e.g., color,

shape, etc.) can bias visual selection by instating a bias towards

the attended feature in early cortical areas representing that

feature (e.g., Desimone & Duncan, 1995). In case the observer's
action depends on a more complex conjunction of features

(higher-level analysis of words in the case of Rafal et al., or

color-shape conjunctions in the present case), however,

attention can gate visual selection at a higher level of repre-

sentation, which is used for action selection. Following Rafal

et al.'s view, this suggests that while observers in Experiment 2

were attending red/blue (as part of a red/blue inverted T-sha-

ped target), the shape of the attentional template was relevant

for the response (as observers were instructed to report the

location of the inverted T-shape), whereas its color was not (as

the target could also be of the other color). The findings of

Experiment 3 offer support to this view. Here, the instructions

were tweaked such that the action-relevant part of the atten-

tional templatewas the color rather than the shape; in this case

we did observe faster detection of suppressed probes when

they were of the cued (i.e., attended) color.
9. Conclusion

Further research is needed to map out exactly what boundary

conditions have to be met for attention to accelerate

conscious access of suppressed visual input. At present, we

conclude that deploying attentional resources to facilitate

detection of stimuli of a particular color (at the expense of

differently colored stimuli) is not a sufficient condition for

accelerating conscious access of suppressed visual input that

is incidentally constituted of the same color. Similarly,

deploying attentional resources to facilitate detection of a

stimulus at a specific location is not a sufficient condition for

accelerating conscious access of suppressed visual input that

is incidentally positioned at that same location. In light of the

relation between consciousness and attention, the current

datae at leaste oppose theories of consciousness that equate

consciousness with attention: attention to a color or location

wasmeasurablymodulated, but this did not necessarily affect

the content of consciousness. It is unclear from our data,

however, whether attention is necessary for consciousness to

emerge, or whether attentional orienting is dependent on

consciousness. That is, endogenous attention might have

impacted the processing of non-conscious visual input,

without affecting conscious access to this visual input. At the

same time, we showed that endogenous attention can affect

conscious access, under certain specific constrains. Possibly,

when attentional templates comprisemultiple features (e.g., a

color and a shape) only that feature which is required for the
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observer to respondwill affect conscious access. This is in line

with the view of Rafal et al. (2002), who showed that attention

selectively gates conscious access when it is of benefit to the

behavior of the observer in neglect patients. This was not the

case in our study (Experiments 1 and 2), as the color or loca-

tion of the suppressed probes were irrelevant to the observers'
task at hand (i.e., pertaining to the location or orientation of

the target).What the present findings do show is that directing

endogenous attention is not a sufficient condition for con-

sciousness to emerge.
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