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a b s t r a c t
Dehaene, Changeux, Naccache, Sackur, and Sergent (2006) and Koch and Tsuchiya (2007)
recently proposed taxonomies that distinguish between four processing states, based on
bottom-up stimulus strength and top-down attentional ampliﬁcation. The aim of the
present study was to empirically test these processing states using the priming paradigm.
Our results showed that attention (prime attended or not) and stimulus strength (prime
presented subliminally or not) signiﬁcantly modulated priming effects: either receiving
top-down attention or possessing sufﬁcient bottom-up strength was a prerequisite for a
stimulus to elicit priming. When both top-down attention and sufﬁcient bottom-up
strength were present, the priming effect was boosted. The origins of the observed priming
effects also varied between different processing states. We can conclude that our empirical
study using the priming paradigm conﬁrmed the presence of four processing states, which
displayed a differential pattern of response priming effects and differential origins of the
response priming effects.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
One way to enhance our understanding of the mechanisms underlying consciousness is to contrast conscious and
non-conscious visual processing. Recently, theoretical taxonomies have been proposed to distinguish conscious and nonconscious processing states. Dehaene et al. (2006) for example proposed a taxonomy based on the global neuronal workspace hypothesis (Baars, 1989) that distinguishes between subliminal, preconscious and conscious processing. According
to this global neuronal workspace theory (Dehaene & Naccache, 2001), bottom-up activation based on sufﬁcient stimulus
strength is necessary, but not sufﬁcient for conscious access. More speciﬁcally, two thresholds in human information
processing are assumed: a minimal duration to reach neural activity, and the signiﬁcantly longer duration to reach the
consciousness threshold. Subliminally presented or masked stimuli, which reach the ﬁrst threshold but not the second
one, can cause a burst of weak and short-lived activity, but will not reach a conscious state. Thus, insufﬁcient bottom-up
activation will prevent conscious access, indicating that bottom-up activation of a stimulus is necessary for conscious access.
However, even when sufﬁcient bottom-up strength is present, this does not necessarily mean that the consciousness
threshold will be crossed. For example, in a study of the attentional blink, Sergent, Baillet, and Dehaene (2005) showed that
stimuli displaying a strong and continuing activation were accompanied by a complete lack of conscious report. Another
example is inattentional blindness, where a fully-visible, but unexpected object is not noticed, because attention is engaged
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on another task, event or object (e.g. Mack & Rock, 1998). Thus, bottom-up activation is not always sufﬁcient for conscious
access. What is additionally needed for conscious perception according to the global neuronal workspace theory is top-down
attentional ampliﬁcation: a stimulus must not only reach sufﬁcient bottom-up activation, this activity must also be ampliﬁed
and maintained over a minimal duration to reach the consciousness threshold. The latter is achieved by top-down attentional ampliﬁcation. This top-down ampliﬁcation causes the stimulus-evoked activation to extend to highly interconnected
associative areas, allowing information to be held on-line for a long duration and allowing information to spread rapidly to
many brain systems. Dehaene and colleagues argue that these two properties are typical of conscious perception.
Thus, according to the global neuronal workspace theory, both sufﬁcient bottom-up strength and top-down attentional
ampliﬁcation are needed for conscious perception. Based on this, Dehaene et al. (2006) proposed a taxonomy that
distinguishes three types of processing: (1) subliminal processing, where information inaccessibility is caused by insufﬁcient
bottom-up activation. When this subliminal information does not receive top-down attention, the activation will remain
very weak. However, when attentional ampliﬁcation is oriented towards it, the processing of the subliminal stimulus can
be strengthened, although conscious access will never be reached. This is in line with the ﬁnding that primes made invisible
by metacontrast masking remained unseen, even when they received attention (Kentridge, Nijboer, & Heywood, 2008); (2)
preconscious processing, where information inaccessibility is caused by a lack of top-down attentional ampliﬁcation. These
stimuli do possess sufﬁcient bottom-up strength, so they can potentially reach conscious access, but they are not consciously
accessed yet, because they have not received attention yet, which is also reﬂected in an incapability to report these stimuli;
(3) conscious processing, where the bottom-up stimulus strength is sufﬁcient and attentional ampliﬁcation is present, leading
to conscious access. The former two states are both non-conscious, whereas the latter is a conscious state.
As Dehaene et al. (2006), Koch and Tsuchiya (2007) proposed a two-by-two taxonomy and argued that top-down
attention and consciousness are two distinct phenomena that can be dissociated. More speciﬁcally, they distinguish four
states. At the one end of the spectrum, there is ‘‘attention with consciousness”, where subjects become conscious of objects
or events that they attend to. At the other end, there is ‘‘no attention no consciousness”, which comprises objects or events
that do not beneﬁt from a top-down attentional bias and therefore remain unreported. In between, the two most controversial quadrants are situated. At the one hand, ‘‘attention without consciousness” where subjects attend to a location, but still
fail to see one or more attributes of an object at that location. Masked priming can for example be situated in this quadrant:
attended masked stimuli are able to elicit priming effects. At the other hand, ‘‘consciousness in the near absence of attention”
where even though no or very little attention is dedicated to a certain object or event, subjects are still able to partially report
it. For example, it has been shown that subjects are able to distinguish between male and female faces in the (unattended)
periphery (Reddy, Reddy, & Koch, 2006). This taxonomy is in many aspects similar to the one proposed by Dehaene et al.
(2006). However, unlike Dehaene et al., who state that in the preconscious condition, conscious reportability is not possible,
these authors claim that conscious perception can occur without attention or at least in the near absence of attention.
The ﬁrst aim of the present study was to empirically test these taxonomies and the distinct processing states using the
priming paradigm. In the priming paradigm, the processing of a target stimulus is enhanced when it is preceded by a related
prime stimulus, compared to when it is preceded by an unrelated prime stimulus. The priming effect is expressed by a faster
and/or more accurate response to related prime–target pairs compared to unrelated pairs. In the present study, we will
speciﬁcally examine response priming. For example, when subjects are asked to categorize target numbers between 1 and
9 as smaller or larger than 5 by pressing a left-hand button when the target is smaller than 5 and a right-hand button when
it is larger than 5, they will respond faster to congruent trials (e.g. 1–4), where prime and target belong to the same semantic
category and require the same response, compared to incongruent trials (e.g. 1–7), where prime and target belong to
different semantic categories and require different responses (i.e. response congruency effect or RCE, e.g. Dehaene et al.,
1998). We note that this kind of response priming has to be distinguished from true semantic priming, where priming effects
are not confounded by response effects and stem solely from the semantic relatedness between prime and target. Using this
paradigm and presenting primes and targets at two different places on the screen, we were able to manipulate both the
bottom-up strength and the top-down attentional ampliﬁcation of the prime stimuli. In line with the suggestions of Dehaene
et al. (2006), the stimulus strength was manipulated by presenting the primes either subliminally (i.e. for a very short
duration and masked) indicating that these primes had weak stimulus strength, or clearly visible (i.e. for a longer duration
and unmasked) indicating that these primes had enough stimulus strength to reach the consciousness threshold. The topdown attentional ampliﬁcation was manipulated by directing the subjects’ attention either towards the primes or away from
the primes. In our design, a cue was presented that always validly indicated at which of the two places the target would
appear on each trial. Thus, attention was always drawn to the place where the target would appear. The primes could either
be presented at the same location as the target, indicating that they also received top-down attention, or at a different
location, indicating they did not receive attention. We note that manipulating spatial attention and using an exogenous
cue is only one possible way to manipulate attention, and different approaches (e.g. an endogenous and/or a temporal
manipulation) can be used. Using these two manipulations, we empirically recreated the four processing states mentioned
in the taxonomies of Dehaene et al. (2006) and Koch and Tsuchiya (2007), and we can hypothesize in which conditions priming effects should be observed: (1) for subliminal primes that do not receive attention (i.e. weak bottom-up activation and no
top-down attentional ampliﬁcation), no or only a very small amount of priming is expected; (2) for subliminal primes that do
receive attention (i.e. weak bottom-up activation but top-down attentional ampliﬁcation), we also expect, in line with
previous demonstrations (e.g. Fabre, Lemaire, & Grainger, 2007; Lachter, Forster, & Ruthruff, 2004; Van den Bussche &
Reynvoet, 2007), to observe limited but signiﬁcant priming effects; (3) for clearly visible primes that do not receive attention
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(i.e. strong bottom-up activation but no top-down attentional ampliﬁcation), we also expect to observe limited priming effects;
(4) for clearly visible primes that also receive attention (i.e. strong bottom-up activation and top-down attentional ampliﬁcation), we should obtain very strong priming effects. Thus, we hypothesize that attention will modulate the observed priming
effects (receiving top-down attentional ampliﬁcation will boost the observed priming effects), and stimulus strength will
modulate the observed priming effects (possessing sufﬁcient bottom-up strength will boost the observed priming effects).
The second aim of the present study was to ascertain how priming effects are caused in the four different conditions mentioned. It has, for example, been shown that when primes are made invisible by reducing their stimulus strength (e.g. by
masking them), priming effects decayed when the prime–target SOA exceeded 200 ms (Kiefer & Spitzer, 2000), whereas
these effects persisted with SOAs above 500 ms when the primes were made invisible by directing attention away from them
(e.g. by using an attentional blink paradigm) (Rolke, Heil, Streb, & Henninghausen, 2001). Thus, these ﬁndings already
indicate that the processing of the primes seems to differ in a condition where subliminal primes receive attention and in
a condition where clearly visible primes do not receive attention. Finding qualitative differences between the mechanisms
of the priming effects in the four conditions would provide further support for a distinction between the different processing
states. More speciﬁcally, we will assess whether the observed priming effects are due to the fact that congruent trials are
responded to faster (facilitative effect) or to the fact that incongruent trials are responded to slower (interference effect)
or both and whether the cause of the priming effect differs between the different conditions.
2. Method
2.1. Participants
Fifty-two students participated in both parts of the experiment as partial fulﬁllment of a course requirement (45 females;
mean age = 18).
2.2. Procedure
As a ﬁrst part of the experiment, all participants received the subliminal condition, where the prime had weak stimulus
strength. Fig. 1 shows the sequence of a subliminal trial. First, a 480 ms mask existing of two hash marks (##) was shown at
both locations. Then, the cue (++) was presented for 120 ms at one location followed by a 27 ms mask (##). Next, a prime
appeared at one of the two locations for 27 ms, while at the other location a meaningless ﬁller symbol (§) was shown. They
were replaced by an 80 ms mask (##). Finally, the target was presented at the cued location until the participant responded.
The inter-trial interval was 1000 ms. All presentations were synchronized with the refresh cycle of the screen (13.3 ms). The
cue always validly indicated the target location, but it validly indicated the prime on only half of the trials (i.e. attended).
Immediately after completing the ﬁrst part, the same 52 students also took part in the condition where primes were
presented clearly visible and therefore possessed strong stimulus strength. Fig. 1 shows the sequence of a trial in this visible
condition. First, a 480 ms mask (##) was shown at both locations. Then, the cue (++) was presented for 120 ms at one

Congruent trial
##
1
##
##

80ms or none
2
§

27 or 106ms
##
##

27ms
##
++

120ms
480ms

##
##

Smaller than 5

Larger than 5

Fig. 1. Example of a congruent trial where the prime was unattended. In the subliminal condition, the prime was presented for 27 ms and the backward
mask for 80 ms. In the visible condition, the prime was presented for 106 ms, and the backward mask was omitted.

E. V. d. Bussche et al. / Consciousness and Cognition 19 (2010) 86–97

89

location followed by a 27 ms mask (##). Next, a prime appeared at one of the two locations for 106 ms, while at the other
location the ﬁller symbol (§) was shown. Finally, the target was presented at the cued location until the participant
responded.
2.3. Stimuli
In both parts of the experiment, participants had to classify numbers as smaller or larger than 5. Numbers 1, 4, 6 and 9
were used as targets and primes. Numbers 2, 3, 7 and 8 were only presented as primes. In addition, the lowercase symbol ‘‘”
was used as a neutral prime. This led to 36 prime–target combinations (9 primes  4 targets). Stimuli were presented as
white digits on a black background, ranged from 0.4 cm to 0.5 cm in width and were 0.7 cm high. Response assignment
was varied across participants: half of them had to press ‘a’ when the target was smaller than 5, and ‘p’ when it was larger
than 5; the other half received the reversed response assignment. Participants were instructed to respond as quickly and
accurately as possible. The stimulus locations were positioned 0.7 cm below and above the centre of the screen. Both prime
and target could appear in one of these places, leading to four possible place combinations: two where the prime was
attended (i.e. prime and target appeared at the same location) and two unattended (i.e. they appeared at different locations).
In total, 144 combinations could be formed (36 prime–target combinations  4 place combinations). Sixty-four of these trials
contained primes that were not presented as targets (i.e. novel primes), 64 contained primes that were also presented as
targets (i.e. repeated primes), and 16 contained a neutral prime. Sixty-four trials were congruent, 64 were incongruent,
and 16 were neutral. In each part of the experiment (subliminal and visible condition), the participants started with a 16trial training block presenting each target twice at each location, without a prime. The two experimental sessions contained
two 144-trial blocks each.
2.4. Post-tests
After completing each part of the experiment, prime visibility was assessed using objective visibility tests. Participants
were informed about the presence of the primes and were asked to participate in a post-test immediately after the
subliminal condition and after the visible condition. In these 128-trial post-tests (excluding the neutral prime trials), using
the same procedure as before, participants had to perform the same task but now on the prime instead of the target. If they
were unable to categorize the prime, they had to guess. This post-test was used to calculate the prime visibility index for
each condition.
3. Results
Wrong responses (on average 4.9%) were discarded for RT analyses. We ﬁrst report the results for the novel prime trials,
since it has been argued that the inﬂuence of automatic stimulus–response (S–R) effects is reduced when using novel primes,
and observed priming effects are therefore more likely to stem from semantic analysis of the primes (e.g. Damian, 2001).
However, to ensure that the results for the repeated prime trials are nevertheless similar, we also report them in the second
part. Third, all subjects received the same order of conditions (subliminal condition ﬁrst, followed by the clearly visible condition). To ensure that training effects did not cause the observed pattern of results, we ran 18 additional subjects with the
reversed order of conditions, and the results for this group are reported in the third part. Finally, the visibility analyses for the
novel prime trials for the subjects who received the original order of conditions are reported in the fourth part in this section.
3.1. Novel prime trials
3.1.1. Response priming
To examine whether the RCEs were modulated by attention and stimulus strength, median RTs and mean error rates for
novel prime trials were submitted to a repeated measures analysis with stimulus strength (weak or strong), cue validity
(primes attended or not) and congruency (congruent or incongruent) as within-subject factors. Mean RTs and error rates
as a function of these factors are listed in Table 1.
The repeated measures analysis performed on the RT data revealed the following results pattern. The main effect of
congruency was signiﬁcant (F(1, 51) = 107.36, p < .001) with congruent trials on average responded to 18 ms faster than
incongruent trials. The main effect of stimulus strength was also signiﬁcant (F(1, 51) = 29.70, p < .001) with trials with weak
stimulus strength on average responded to 24 ms faster than trials with strong stimulus strength. However, these two
factors signiﬁcantly interacted with each other (F(1, 51) = 35.28, p < .001): the observed RCE was signiﬁcantly larger in the
strong stimulus strength condition (31 ms) than in the weak stimulus strength condition (6 ms), indicating that whether
the primes possessed sufﬁcient bottom-up stimulus strength or not signiﬁcantly moderated response priming effects. The
interaction between cue validity and congruency also reached signiﬁcance (F(1, 51) = 28.07, p < .001): the observed RCE
was signiﬁcantly larger for the attended primes (30 ms) than for the unattended primes (7 ms), indicating that whether
the primes were attended or not signiﬁcantly moderated response priming effects. Finally, the three-way interaction
between stimulus strength, cue validity and congruency was signiﬁcant (F(1, 51) = 15.54, p < .001), indicating a differential
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Table 1
Mean (SD) of the median RTs (in ms) and mean error rates (in %) for the neutral, congruent and incongruent trials and the amount of RCE (incongruent–
congruent), facilitation (neutral–congruent) and interference (incongruent–neutral) for the novel prime trials as a function of stimulus strength and cue
validity.

Weak

Strong

*
**
***

Neutral

Congruent

Incongruent

RCE

Facilitation

Interference

Unattended

495 (47.0)
4.0 (5.1)

493 (46.0)
3.5 (3.5)

495 (47.6)
4.0 (4.4)

2
0.5

2
0.5

0.0
0.0

Attended

498 (53.1)
3.1 (5.0)

490 (49.5)
3.4 (4.2)

500 (44.3)
4.1 (4.2)

10*
0.7

8*
0.3

2
1.0

Unattended

500 (42.9)
4.7 (7.1)

512 (44.2)
5.0 (5.3)

523 (41.7)
5.0 (5.1)

11**
0.0

12*
0.3

23***
0.3

Attended

517 (48.6)
3.2 (4.2)

495 (48.4)
4.3 (5.1)

545 (37.5)
10.0 (8.5)

50***
5.7***

22***
1.1

28***
6.8***

p < .05.
p < .01.
p < .001.

pattern of observed RCEs based on the stimulus strength and on the cue validity. Post hoc t-tests against the null mean indicated that the RCEs for weak attended primes (10 ms, t(51) = 2.59, p = .01), for strong unattended primes (11 ms, t(51) = 2.99,
p = .004) and for strong attended primes (50 ms, t(51) = 10.16, p < .001) were signiﬁcant. The RCE for the weak unattended
primes was not signiﬁcant (2 ms, t(51) = 0.68, p = .50).
The same repeated measures analysis performed on the error data revealed signiﬁcant main effects of congruency
(F(1, 51) = 18.99, p < .001), stimulus strength (F(1, 51) = 25.89, p < .001) and cue validity (F(1, 51) = 6.87, p = .012). However,
these factors all signiﬁcantly interacted with each other. The interaction between stimulus strength and congruency
(F(1, 51) = 8.09, p = .006) indicated that the observed RCE was signiﬁcantly larger in the strong stimulus strength condition
(2.8%) than in the weak stimulus strength condition (0.6%). The interaction between cue validity and congruency also
reached signiﬁcance (F(1, 51) = 12.58, p = .001): the observed RCE was signiﬁcantly larger for the attended primes (3.2%) than
for the unattended primes (0.2%). The interaction between stimulus strength and cue validity was also signiﬁcant
(F(1, 51) = 5.89, p = .019): subjects made more errors on the strong conditions (5.0% for unattended and 7.1% for attended
primes) than on the weak conditions (3.7% for both unattended and attended primes). Finally, the signiﬁcant three-way
interaction was again signiﬁcant (F(1, 51) = 17.75, p < .001). Post hoc t-tests against the null mean indicated that only the
RCE for strong attended primes reached signiﬁcance (5.7%, t(51) = 5.18, p < .001).
3.1.2. Interference versus facilitation
By including a neutral prime () in the design, we were able to examine whether the RTs on congruent trials are being
facilitated or whether the RTs on incongruent trials are being interfered. By subtracting the mean RT on the congruent trials
from the mean RT on the neutral trials for each subject (RTneutral  RTcongruent), we can deduct how much the RTs are being
facilitated relative to a neutral prime in each condition. By subtracting the mean RT on the neutral trials from the mean RT on
the incongruent trials for each subject (RTincongruent  RTneutral), we can deduct how much the RTs are being interfered
relative to a neutral prime in each condition. Doing this, we can check how the RCEs we observed (see above) originated:
either from a facilitative effect of the congruent trials, from an interference effect of the incongruent trials or a combination
of both. Table 1 shows the amount of facilitation and interference of RTs as a function of stimulus strength and cue validity.
We observed the following pattern. First, for weak unattended primes neither facilitation (t(51) = 0.70, p = .49) nor interference
(t(51) = 0.15, p = .88) of RTs emerges. Second, for weak attended primes only facilitation emerges (t(51) = 2.01, p = .049) and
no interference (t(51) = 0.46, p = .65), indicating that the signiﬁcant RCE we found in this condition was caused by a
facilitative effect of the congruent trials. Third, for strong unattended primes we only observe interference (t(51) = 5.06,
p < .001) and a reversed facilitation (t(51) = 2.15, p = .036), which implies that the signiﬁcant RCE we observed for this
condition was caused by an interference effect of the congruent and incongruent trials. Fourth, for strong attended primes
both facilitation (t(51) = 4.56, p < .001) and interference (t(51) = 5.46, p < .001) emerge, indicating that the signiﬁcant RCE we
found in this condition was caused by a combination of a facilitative effect of the congruent trials and an interference effect
of the incongruent trials, which explains the magnitude of this observed RCE.
Analyses of variance also indicated that these observed facilitation and interference effects differed signiﬁcantly between
the four conditions (weak unattended, weak attended, strong unattended and strong attended) (F(3, 204) = 9.29, p < .001 and
F(3, 204) = 10.64, p < .001 respectively).
The same analyses performed on the error data only revealed an interference effect for the strong attended primes
(t(51) = 5.34, p < .001). None of the other facilitation and interference effects for the error rates were signiﬁcant (see also
Table 1).
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3.2. Repeated prime trials
The pattern of the results for the repeated primes was highly similar.
3.2.1. Response priming
Mean RTs and error rates for repeated prime trials as a function of stimulus strength, cue validity and congruency are
listed in Table 2. The repeated measures analysis performed on the RT data revealed a main effect of congruency
(F(1, 51) = 100.82, p < .001) with congruent trials on average responded to 24.5 ms faster than incongruent trials. The main
effect of stimulus strength was also signiﬁcant (F(1, 51) = 18.28, p < .001) with trials with weak stimulus strength on average
responded to 17.5 ms faster than trials with strong stimulus strength. However, these two factors signiﬁcantly interacted
with each other (F(1, 51) = 56.23, p < .001): the observed RCE was signiﬁcantly larger in the strong stimulus strength
condition (41 ms) than in the weak stimulus strength condition (8 ms), indicating that whether the primes possessed
sufﬁcient bottom-up stimulus strength or not signiﬁcantly moderated response priming effects. The interaction between
cue validity and congruency also reached signiﬁcance (F(1, 51) = 16.20, p < .001): the observed RCE was signiﬁcantly larger
for the attended primes (36 ms) than for the unattended primes (13 ms), indicating that whether the primes were attended
or not signiﬁcantly moderated response priming effects. Furthermore, the interaction between cue validity and stimulus
strength also reached signiﬁcance (F(1, 51) = 23.48, p < .001): in the weak stimulus strength condition subjects responded
faster to unattended primes (6 ms), whereas in the strong stimulus strength condition they responded faster to attended
primes (11 ms). Finally, the three-way interaction between stimulus strength, cue validity and congruency was signiﬁcant
(F(1, 51) = 8.59, p = .005), indicating a differential pattern of observed RCEs based on the stimulus strength and on the cue
validity. Post hoc t-tests against the null mean indicated that the RCEs for weak attended primes (13 ms, t(51) = 2.78,
p = .008), for strong unattended primes (23 ms, t(51) = 4.81, p < .001) and for strong attended primes (59 ms, t(51) = 9.46,
p < .001) were signiﬁcant. The RCE for the weak unattended primes was not signiﬁcant (3 ms, t(51) = 0.82, p = .41).
The same repeated measures analysis performed on the error data revealed a main effect of congruency (F(1, 51) = 17.23,
p < .001) with less errors being made on congruent compared to incongruent trials (3.9% versus 6.1%). The main effect of
stimulus strength was also signiﬁcant (F(1, 51) = 25.47, p < .001) with less errors being made on trials with weak stimulus
strength compared to trials with strong stimulus strength (4.0% versus 6.1%). The interaction between cue validity and congruency also reached signiﬁcance (F(1, 51) = 6.48, p = .014): the observed RCE was signiﬁcantly larger for the attended
primes (3.2%) than for the unattended primes (1.2%). None of the other interactions were signiﬁcant.
3.2.2. Interference versus facilitation
Table 2 shows the amount of facilitation and interference of RTs as a function of stimulus strength and cue validity. We
observed the following pattern. First, for weak unattended primes neither facilitation (t(51) = 1.42, p = .16) nor interference
(t(51) = 0.88, p = .38) of RTs emerges. Second, for weak attended primes only facilitation emerges (t(51) = 2.24, p = .029) and
no interference (t(51) = 1.04, p = .30), indicating that the signiﬁcant RCE we found in this condition was caused by a
facilitative effect of the congruent trials. Third, for strong unattended primes we only observe interference (t(51) = 5.04,
p < .001) but no facilitation (t(51) = 1.11, p = .27), which implies that the signiﬁcant RCE we observed for this condition
was caused by an interference effect of the incongruent trials. Fourth, for strong attended primes both facilitation
(t(51) = 6.24, p < .001) and interference (t(51) = 3.30, p = .002) emerge, indicating that the signiﬁcant RCE we found in this
condition was caused by a combination of a facilitative effect of the congruent trials and an interference effect of the
incongruent trials.

Table 2
Mean (SD) of the median RTs (in ms) and mean error rates (in %) for the neutral, congruent and incongruent trials and the amount of RCE (incongruent–
congruent), facilitation (neutral–congruent) and interference (incongruent–neutral) for the repeated prime trials as a function of stimulus strength and cue
validity.

Weak

Strong

*
**
***

p < .05.
p < .01.
p < .001.

Neutral

Congruent

Incongruent

RCE

Facilitation

Interference

Unattended

495 (47.0)
4.0 (5.1)

489 (49.9)
3.7 (4.2)

492 (49.3)
4.4 (5.6)

3
0.7

6
0.3

3
0.4

Attended

498 (53.1)
3.1 (5.0)

490 (55.4)
2.6 (3.9)

503 (42.7)
5.2 (6.2)

13**
2.6**

8*
0.5

5
2.1*

Unattended

500 (42.9)
4.7 (7.1)

505 (45.8)
4.7 (5.2)

528 (47.6)
6.3 (6.6)

23***
1.6

5
0.0

28***
1.6*

Attended

517 (48.6)
3.2 (4.2)

476 (57.5)
4.8 (4.9)

535 (44.4)
8.6 (7.4)

59***
3.8***

41***
1.6*

18**
5.4***
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Analyses of variance also indicated that these observed facilitation and interference effects differed signiﬁcantly between
the four conditions (weak unattended, weak attended, strong unattended and strong attended) (F(3, 204) = 16.04, p < .001
and F(3, 204) = 8.16, p < .001 respectively).
The same analyses were performed on the error data (see also Table 2). We observed the following pattern. First, for weak
unattended primes neither facilitation (t(51) = 0.41, p = .68) nor interference (t(51) = 0.76, p = .45) of RTs emerges. Second,
for weak attended primes only interference emerges (t(51) = 2.60, p = .012) but no facilitation (t(51) = 0.70, p = .48),
indicating that the signiﬁcant RCE we found in this condition was caused by an interference effect of the incongruent trials.
Third, for strong unattended primes we only observe a signiﬁcant interference (t(51) = 2.05, p = .045) but no facilitation
(t(51) = 0.07, p = .95). Fourth, for strong attended primes interference (t(51) = 4.87, p < .001) and a reversed facilitation
(t(51) = 2.18, p = .03) emerge, indicating that the signiﬁcant RCE we found in this condition was caused by an interference
effect of the incongruent trials.
3.3. Reversed order group
All subjects received the same order of conditions: ﬁrst the subliminal condition and then the clearly visible condition.
The reason for this is that it is crucial that the subjects are unaware of the purpose of the study in the subliminal condition
to enhance the subliminal nature of the primes. Furthermore, when novel primes are ﬁrst shown clearly visible, we can
question whether they can still be considered as ‘‘novel” in the subsequent subliminal condition. If not, then the observed
priming effects are more likely to be due to S–R effects (see Damian, 2001) instead of semantic processing of the primes.
Thus, the priming effects observed with the reversed order of conditions (clearly visible – subliminal) might have different
underlying causes than the priming effects observed with the original order (subliminal – clearly visible). However, to ensure
that training effects did not cause the observed pattern of results, we ran 18 additional subjects with the reversed order of
conditions. A highly similar pattern of results was observed.
3.3.1. Response priming
Mean RTs and error rates for novel prime trials as a function of stimulus strength, cue validity and congruency are listed in
Table 3. The repeated measures analysis performed on the RT data revealed a signiﬁcant main effect of congruency
(F(1, 17) = 13.88, p = .002) with congruent trials on average responded to 17.5 ms faster than incongruent trials. The main
effect of stimulus strength was also signiﬁcant (F(1, 17) = 72.38, p < .001) with trials with weak stimulus strength on average
responded to 72 ms faster than trials with strong stimulus strength. However, these two factors signiﬁcantly interacted with
each other (F(1, 17) = 8.75, p = .009): the observed RCE was signiﬁcantly larger in the strong stimulus strength condition
(29.5 ms) than in the weak stimulus strength condition (5.5 ms), indicating that whether the primes possessed sufﬁcient
bottom-up stimulus strength or not signiﬁcantly moderated response priming effects. The interaction between cue validity
and congruency also reached signiﬁcance (F(1, 17) = 4.70, p = .04): the observed RCE was signiﬁcantly larger for the attended
primes (25 ms) than for the unattended primes (10 ms), indicating that whether the primes were attended or not
signiﬁcantly moderated response priming effects. Furthermore, the interaction between cue validity and stimulus strength
also reached signiﬁcance (F(1, 17) = 18.72, p < .001): in the weak stimulus strength condition subjects responded faster to
unattended primes (6.5 ms), whereas in the strong stimulus strength condition they responded faster to attended primes
(21.5 ms). Finally, the three-way interaction between stimulus strength, cue validity and congruency was not signiﬁcant
(F < 1).
The same repeated measures analysis performed on the error data did not revealed any signiﬁcant effects.

Table 3
Mean (SD) of the median RTs (in ms) and mean error rates (in %) for the neutral, congruent and incongruent trials and the amount of RCE (incongruent–
congruent), facilitation (neutral–congruent) and interference (incongruent–neutral) for the novel prime trials as a function of stimulus strength and cue validity
for the subjects who received the reversed order of conditions (clearly visible – subliminal).

Weak

Strong

*
**
***

p < .05.
p < .01.
p < .001.

Neutral

Congruent

Incongruent

RCE

Facilitation

Interference

Unattended

496 (59.3)
2.4 (3.1)

493 (35.3)
2.6 (1.9)

491 (29.4)
3.5 (4.8)

2
0.9

3
0.2

5
1.1

Attended

510 (53.8)
3.1 (4.9)

492 (33.5)
1.6 (1.6)

505 (36.2)
2.8 (2.6)

13*
1.2

18*
1.5

5
0.3

Unattended

549 (40.5)
2.8 (4.4)

567 (51.6)
2.3 (2.6)

589 (51.2)
4.0 (3.8)

22*
1.7

18*
0.5

40**
1.2

Attended

550 (46.5)
3.8 (3.8)

538 (47.3)
1.9 (2.2)

575 (39.0)
2.1 (2.4)

37***
0.2

12
1.9

25**
1.7
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3.3.2. Interference versus facilitation
Table 3 shows the amount of facilitation and interference of RTs as a function of stimulus strength and cue validity. We
observed the following pattern. First, for weak unattended primes neither facilitation (t(17) = 0.22, p = .83) nor interference
(t(17) = 0.38, p = .70) of RTs emerges. Second, for weak attended primes only facilitation emerges (t(17) = 2.09, p = .05) and
no interference (t(17) = 0.63, p = .54), indicating that the signiﬁcant RCE we found in this condition was caused by a
facilitative effect of the congruent trials. Third, for strong unattended primes we observe interference (t(17) = 4.13,
p = .001) and a reversed facilitation (t(17) = 2.65, p = .02), which implies that the signiﬁcant RCE we observed for this
condition was caused by an interference effect of the congruent and incongruent trials. Fourth, for strong attended primes
interference (t(17) = 3.35, p = .004) emerges, but although the facilitation was in the expected direction, it did not reach
signiﬁcance (t(17) = 1.32, p = .20), indicating that the signiﬁcant RCE we found in this condition was caused mostly by an
interference effect of the incongruent trials.
Analyses of variance also indicated that these observed facilitation and interference effects differed (marginally) signiﬁcantly between the four conditions (weak unattended, weak attended, strong unattended and strong attended)
(F(3, 68) = 2.51, p = .066 and F(3, 68) = 5.43, p = .002 respectively).
Since no signiﬁcant response priming effects were found in the error data, it was not useful to examine the facilitation and
interference effects here (see also Table 3).
3.4. Prime visibility
The prime visibility analyses were conducted on the subjects who received the original order and only on the novel prime
trials, for reasons explained above. For the weak stimulus strength condition, participants could only correctly classify 53% of
the unattended primes and 53% of the attended primes, even though they were fully informed about the presence of the
primes in the post-tests. A direct measure of prime visibility was calculated for each subject in the form of standard d0
measures. The measures are obtained by treating one level of the response category (i.e. smaller than 5) as signal and the
other level (i.e. larger than 5) as noise. We obtained mean d0 values of 0.17 for the unattended and 0.17 for the attended
primes. Prime awareness did not signiﬁcantly differ for the attended and the unattended primes (t(51) = 0.03, p = .97). t-tests
against the null mean indicated the mean observed d0 values were signiﬁcantly different from 0 (respectively t(51) = 2.56,
p = .01; t(51) = 2.93, p = .005). This indicates that primes could be classiﬁed slightly above chance. To further evaluate
whether this above chance amount of prime visibility could account for the observed priming effect, Greenwald’s analysis
(e.g. Greenwald, Draine, & Abrams, 1996) was performed. Using linear regression, non-signiﬁcant correlations were found
between the d0 measures and the respective amounts of priming (r = .05, F(1, 50) = 0.15, p = .70 for the unattended primes
and r = .11, F(1, 50) = 0.59, p = .44 for the attended primes). Crucially, the regression analysis showed that the priming index
at the d0 = 0 intercept was signiﬁcant for the attended primes (intercept = 9 ms; t(51) = 2.09, p = .04), but not for the
unattended primes (intercept = 2 ms; t(51) = 0.50, p = .62), demonstrating signiﬁcant priming in the absence of prime
perceptibility in the attended condition.
For the strong stimulus strength condition, subjects could classify on average 65% of the unattended primes and 82% of the
attended primes. We obtained mean d0 values of 0.78 for the unattended and 1.93 for the attended primes. As expected,
prime awareness was signiﬁcantly higher in the attended compared to the unattended condition (t(51) = 9.36, p < .001).
Prime awareness was signiﬁcantly above chance level for both the unattended and the attended primes (respectively
t(51) = 8.02, p < .001; t(51) = 16.79, p < .001).
To illustrate these prime visibility analyses, we plotted the observed response congruency effects (Figs. 2 and 3) against
the corresponding d0 values for each subject for the weak (Fig. 2) and strong (Fig. 3) stimulus strength conditions separately.
Then, regression lines were ﬁtted on these scatter clouds for the attended and unattended primes separately.
Finally, to ensure that the results did not originate from the subjects with higher d0 values for the weak stimulus
conditions, all analyses were conducted only on the 26 subjects with the lowest average d0 values for the weak stimulus
conditions (mean d0 = 0.02, range 0.43 to 0.16). The pattern of results was almost identical. Most importantly, the
interaction between cue validity and congruency (F(1, 25) = 11.41, p = .002) and the interaction between stimulus strength
and congruency (F(1, 25) = 11.47, p = .002) were also signiﬁcant for the low d0 group.
4. Discussion
The aim of the present study was twofold. First, we wanted to empirically test the distinct processing states as deﬁned
theoretically in the taxonomies proposed for example by Dehaene et al. (2006) and Koch and Tsuchiya (2007) using the
priming paradigm. By manipulating bottom-up stimulus strength and top-down attention, we reconstructed the different
processing states and we were able to examine in which conditions priming effects would emerge. Second, our study wanted
to unravel the cause of the observed priming effects by investigating whether they were due to facilitation, interference or
both, and whether the origin of the priming effects differed between the different processing conditions.
Our results showed that no signiﬁcant priming was obtained for stimuli with insufﬁcient bottom-up strength that did not
receive top-down attentional ampliﬁcation (weak unattended condition). We did obtain signiﬁcant priming for stimuli with
insufﬁcient bottom-up strength that did receive top-down attentional ampliﬁcation (weak attended condition) and for
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Fig. 2. The observed RCEs for the weak attended and unattended primes were plotted against the corresponding d0 values for each subject. Regression lines
were ﬁtted for the attended and unattended primes separately.

stimuli with sufﬁcient bottom-up strength that did not receive top-down attentional ampliﬁcation (strong unattended
condition). Logically, the strongest priming effects were obtained for stimuli with sufﬁcient bottom-up strength that also
received top-down attentional ampliﬁcation (strong attended condition). Attention (whether the prime was attended or
not) and stimulus strength (whether the prime was presented subliminally or clearly visible) both signiﬁcantly modulated
the observed priming effects: receiving top-down attention or possessing sufﬁcient bottom-up strength boosted the
observed priming effects. Furthermore, either receiving top-down attention or possessing sufﬁcient bottom-up strength
was sufﬁcient to elicit signiﬁcant priming, but when both were present, priming massively increased. These ﬁndings are
completely in line with the processing states based on the theoretical taxonomies.
However, a few discrepancies between our empirical data and the theoretical predictions from the taxonomies should be
mentioned. First, the key idea in the taxonomy of Dehaene et al. (2006) is that within the non-conscious states, it makes a
major difference whether stimulus imperceptibility is achieved by a limitation in bottom-up strength (subliminal
processing) or a lack of top-down attention (preconscious processing). Our results showed that in the situation where the
stimulus has insufﬁcient strength but receives attention (weak attended condition) the observed priming effect is caused
by a facilitative effect of the congruent trials. Contrarily, when the stimulus has sufﬁcient strength but does not receive
attention (strong unattended condition), the observed priming effect is caused by an interference effect of the congruent
and incongruent trials. This observation seems to imply that even though the amount of priming observed for weak attended
primes and for strong unattended primes proved to be very similar, differential mechanisms lie at the basis of the priming
observed for these two processing states, which would not only justify but indicate the necessity of distinguishing subliminal
and preconscious processing, as Dehaene et al. (2006) did in their taxonomy. However, in the taxonomy of Dehaene et al., no
reportability is assumed in the preconscious state, whereas we observed that the strong unattended primes in the response
priming analysis were identiﬁed by the subjects above chance level. A possible reason for this might be that the way we
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Fig. 3. The observed RCEs for the strong attended and unattended primes were plotted against the corresponding d0 values for each subject. Regression lines
were ﬁtted for the attended and unattended primes separately.

assessed prime visibility was distinctively different from the paradigms, such as the attentional blink paradigm, used by
Dehaene et al. to describe preconscious processing. Kouider, Dehaene, Jobert, and Le Bihan (2006) used a similar paradigm
as ours and reported a similar observation in their preconscious condition: ‘‘. . . during debrieﬁng, most participants claimed
that they were aware that some ﬂashed letters preceded the target stimuli, but they also claimed that they could hardly
identify the primes or its relation to the target because they were busy performing the semantic decision task on the target
stimuli. It is only during the subsequent forced-choice prime identiﬁcation task, which required focused attention on the
prime, that they could identify the prime stimuli” (p. 2027). Indeed, in our post-test subjects were also asked to attend to
the primes and ignore the targets. Thus, it seems reasonable to suspect that the above chance visibility for strong unattended
primes in the post-test was at least partially caused by attentional ampliﬁcation towards the prime which was not present in
the actual priming task. Dehaene (2008) recently argued that priority should be given to single-trial subjective reports in
deﬁning what constitutes a ‘‘conscious” trial (see also Lau, in press). According to him, unconscious processing can be
inferred when objective performance is dissociated from subjective reports. Thus, in future studies, we should focus on
designing an experiment where subjects have to perform a task on the target and rate their awareness of the prime on each
single trial. Furthermore, the results of our visibility test clearly indicate that performance on the primes (as indicated by the
post-tests) was signiﬁcantly reduced in the strong unattended condition compared to the strong attended condition,
indicating that attention was successfully manipulated in our design to some extent. Nevertheless, based on the
above chance reportability in our strong unattended condition, we should be careful to label this condition as a good
operationalization of Dehaene et al.’s (2006) preconscious condition. Rather, we should step away from their original
taxonomy and label our strong unattended condition as a strong ‘‘less attended” condition. This is in line with the taxonomy
of Koch and Tsuchiya (2007) where, instead of a preconscious processing state where no reportability is possible, a state of
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‘‘consciousness in the near absence of attention” is deﬁned. In this state, conscious perception can occur without attention
according to Koch and Tsuchiya (2007). They base this claim on dual-task experiments where subjects are able to conﬁdently
perform certain discriminations on a peripheral (and thus unattended or less attended) target (e.g. Braun & Julesz, 1998;
Reddy et al., 2006). Although the authors mention that these studies do not rule out that some top-down attention is still
being directed to the peripheral stimuli, they claim that their data indicate that conscious perception and reportability is
possible in the ‘‘near absence of attention”. Thus, based on this account, the above chance visibility for strong unattended
primes we observed might have been caused by the fact that subjects are able to (to some extent) consciously report/
discriminate unattended stimuli.
Second, an unexpected observation arose in the strong unattended condition: both congruent and incongruent trials were
responded to slower than neutral prime trials, although this interference was more prominent for the incongruent trials.
This unexpected observation is similar to what has been observed in some Stroop and ﬂanker tasks, where clearly visible
distracters are shown and attention needs to be diverted from the distracter, because it is not required for the response,
leading to similar conditions as in our strong unattended condition. For instance, Fias, Reynvoet, and Brysbaert (2001) found
in this context that neutral trials were responded to faster than congruent and incongruent trials. Apparently, the presence of
a task-relevant prime at an unattended location always leads to interference. An explanation for this observation could be
that subjects were distracted by the task-relevant primes, which causes the target to be processed slower in the incongruent
and congruent conditions than in the neutral prime condition. If this is indeed the case, one could argue that the unattended
primes were not truly unattended. This would again lead us to labeling the strong unattended condition as a strong ‘‘less
attended” condition, since our pattern of results clearly indicates that even though the strong unattended primes might have
attracted some attention, it was still less than in the attended conditions. Regardless, results regarding facilitation and
interference need to be interpreted with caution because the facilitative and interference effects are critically dependent
on the neutral prime () that we used. Finding the right neutral prime is difﬁcult, and several authors already pointed
out that the amount of facilitation and interference in Stroop and priming tasks might be determined by the choice of the
control condition (Macleod, 1991; Neely, 1991).
Third, we should note that our results should be viewed in light of the speciﬁc task we used and the speciﬁc attentional
mechanism we studied. Fabre et al. (2007) addressed this as a possible explanation for the fact that they did not observe
attentional modulation of repetition priming, while others did (e.g. Besner, Risko, & Sklair, 2005; Lachter et al., 2004;
Marzouki, Grainger, & Theeuwes, 2007): most of these studies used an exogenous manipulation of attention and examined
spatial attention, whereas Fabre et al. used an endogenous manipulation of attention and examined temporal attention.
Based on this, it could well be that if we, for example, studied temporal instead of spatial and endogenous instead of
exogenous attention, our pattern of results would have been different, and so would have been the theoretical implications.
Thus, when and how attention modulates subliminal priming might depend on the attentional mechanism under investigation
and on the task and stimulus material being used, which clearly warrants more attention in future research.
We can conclude that our empirical study using the priming paradigm conﬁrmed the presence of four processing states
(subliminal unattended processing, subliminal attended processing, ‘‘less attended” processing and conscious processing),
which displayed a differential pattern of response priming effects and differential origins of the response priming effects.
Attention and stimulus strength modulated response priming: either receiving top-down attention or possessing sufﬁcient
bottom-up strength was necessary for a stimulus to elicit priming.
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