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Subliminal primes are assumed to produce weaker and short-lived effects on subsequent
behavior compared to clearly visible primes. However, this difference in priming effect
may be due to differences in signal strength, rather than level of awareness. In the present
study we manipulated prime discriminability by using metacontrast masks and pseudo-
masks, while keeping the prime strength equal. This manipulation resulted in large differ-
ences in discriminability of the primes. However, both immediate response priming and
long-term response priming (measured with conflict adaptation) was equal for the poorly
discriminable and well discriminable primes, and equal for groups that differed markedly
in terms of how well they could discriminate the primes. Our findings imply that discrim-
inability of information is independent of both the immediate and long-term effects that
information can have on behavior.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Many studies have shown how a masked (subliminal) visual stimulus can nevertheless influence processing of a subse-
quent stimulus, putatively by activating visual, semantic and/or response attributes related to the stimulus (Dehaene et al.,
1998; Greenwald, Draine, & Abrams, 1996; Naccache & Dehaene, 2001). While subliminal primes can elicit reliable priming
effects, the size of the priming effect is almost always markedly smaller than for supraliminal (perceived) primes (Greenwald
et al., 1996; Kouider, Dehaene, Jobert, & Le Bihan, 2007; Merikle & Joordens, 1997; van Gaal, Lamme, & Ridderinkhof, 2010).
Also, longer-lasting priming effects like conflict adaptation are typically abolished (Ansorge, Fuchs, Khalid, & Kunde, 2010;
Frings & Wentura, 2008; Greenwald et al., 1996; Kunde, 2003) or greatly reduced (Bodner & Mulji, 2010; van Gaal et al.,
2010).

Why do subliminal primes have weaker and only short-lived effects on behavior, compared to supraliminal primes? One
common explanation is that the reduced priming effect is a direct result of the reduced (or abolished) perceptual awareness
of subliminal primes. Neurophysiological (Lamme & Roelfsema, 2000) and neuroimaging (Dehaene et al., 2001; Haynes, Dri-
ver, & Rees, 2005) studies have showed that subliminal primes are associated with a lack of neural amplification (possibly
resulting in weaker priming) and lack of neural reverberation (possibly resulting in more short-lived priming) (Dehaene,
Changeux, Naccache, Sackur, & Sergent, 2006).
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However, subliminal primes usually differ not only in terms of perceptual visibility but also in terms of ‘signal strength’
(Lau & Passingham, 2006). Namely, in order to render primes invisible, subliminal primes are typically displayed for a shorter
duration or followed after a shorter delay by the mask than supraliminal primes, reducing the time that the prime can have
an impact on processing (Ansorge et al., 2010; Kunde, 2003; van Gaal et al., 2010; Vorberg, Mattler, Heinecke, Schmidt, &
Schwarzbach, 2003). Therefore, the weaker and fleeting nature of invisible primes could be simply due to differences in
prime strength (see also Schlaghecken, Blagrove, & Maylor, 2008). In line with this ‘signal strength’ interpretation, Vorberg
et al. (2003) observed an increase in response priming as a function of prime-mask interval for primes that were all equally
invisible, suggesting a dissociation between priming and awareness (see Mattler (2003) for similar results). In a similar vein,
differences in prime strength may also underlie the attenuation or absence of long-term priming effects such as conflict
adaptation (Egner, 2007; Kunde, 2003; van Gaal et al., 2010).

In this study, we compared immediate and long-term priming effects of well discriminable and poorly discriminable
primes, while keeping prime duration, mask duration and prime-mask interval equal. In line with a ‘signal-strength’ account
of priming, we observed identical priming of well and poorly discriminable primes, despite large differences in discrimina-
bility between them. These results imply that the discriminability of information is independent from the effects the infor-
mation can have on behavior, at both short and longer time scales.

2. Method

2.1. Participants

Fourteen volunteers (8 females; age range: 22–33 years; 13 right handed) with normal or corrected-to-normal vision par-
ticipated in a prime recognition and a response priming paradigm, measured on separate days. All subjects started with the
response priming paradigm. The study was approved by the regional ethics committee, and a written informed consent was
obtained from the subjects according to the Declaration of Helsinki.

2.2. Stimuli

Stimuli were presented using a PC running Presentation software (Neurobehavioral systems, Albany, USA) on a 60-Hz
Samsung SyncMaster 940BF monitor placed at a viewing distance of 75 cm. We used a chin and forehead rest to restrain
head and eye position. Stimuli were presented in black (<1 cd/m2) on a light-gray background (59 cd/m2). Primes con-
sisted of a left or right pointing arrow (width 1.36�, height 0.59�). The mask stimuli (width 2.72�, height 0.86�) were
constructed such that the outer contours of the primes either touched the inner contours of the mask stimuli (metacon-
trast mask) or were rectangularly shaped (pseudomask), leading to poorly discriminable and well discriminable primes
respectively. Metacontrast masks and pseudomasks were equal in terms of overall luminance. The shape of the mask
could be a left/right pointing arrow. In the prime recognition task, we additionally used square-shaped masks (see
Fig. 1).

2.3. Prime recognition task

During the prime recognition task, subjects had to decide on the identity of the prime stimuli. Each trial started with a
central fixation cross (duration between 1250 and 1750 ms). Then, a prime was briefly flashed (duration 17 ms), followed
by a blank interval (duration 33 ms), after which a mask was presented (duration 150 ms). Participants decided on the
orientation of the prime by pressing a left or right button with their right hand, while ignoring the masks. To prevent di-
rect priming effects on recognition, subjects were cued to respond at least �600 ms after the mask, when the fixation
cross reappeared (Vorberg et al., 2003). After the response, subjects received feedback (indicated by a green or a red fix-
ation cross for correct and incorrect responses, respectively) which was displayed for 500 ms. In addition to arrow-shaped
masks, we used rectangular masks to assess the effects of mask identity on prime recognition. The prime recognition task
consisted of twenty blocks of 60 trials (leading to a total of 1200 trials). Trials were presented in a random order each
block. Before the experiment, participants practiced 24 trials. Summary feedback was given after each block (number
of correct and incorrect trials).

2.4. Response priming task

During the response priming task, subjects had to decide on the identity of the mask stimuli. Each trial started with a
central fixation cross (duration between 1250 and 1750 ms). Then, a prime was briefly flashed (17 ms), followed by a blank
interval (duration 33 ms), after which a mask was presented (duration 150 ms). Participants decided as quickly and accu-
rately as possible on the orientation of the mask by pressing a left or right button with their right hand, while ignoring
the primes. After they responded, the fixation cross was presented for 500 ms. The task consisted of twenty blocks, each con-
taining 80 trials (leading to a total of 1600 trials). Trials were presented in a random order each block. Before the experiment,
participants practiced 24 trials. Performance feedback was given after each block (in terms of average response time and
number of correct/incorrect trials).
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Fig. 1. Experimental design. (A) Prime recognition task. A left/right pointing arrow is masked by a pseudomask (example shown in A) or a metacontrast mask
(example shown in B), depending on the inner contours of the mask. The outer contours of the mask form a left/right arrow. For the recognition task, also
square-shaped masks were used. Approximately 600 ms after the offset of the mask, subjects decided on the orientation of the prime, while ignoring the
mask. Subjects were given trial-by-trial feedback. (B) Response priming task. The response priming task was very similar to the prime recognition task.
Here, subjects decided on the orientation of the arrow mask, while ignoring the primes. No square masks were used, and subjects were prompted to
respond as quickly as possible when the mask appeared.
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2.5. Data analysis

Prime discriminability was quantified by computing the signal-detection-theoretic (SDT) measure d0 (Macmillan and Cre-
elman, 2005). d0 is a measure of a subject’s stimulus discriminability that is independent of eventual biases induced by the
mask orientation. Immediate response priming was quantified by calculating the difference in reaction time (RT) and error
rate (ER) between trials in which the prime and mask were congruent and those in which they were incongruent. Long-term
response priming (conflict adaptation) was quantified by comparing response priming depending on prime-mask congru-
ency in the preceding trial (Gratton, Coles, & Donchin, 1992) and collapsed across conditions on the current trial. For the
prime recognition data, trials with RTs smaller than 500 ms were excluded from the analyses (in total 0.25%). For the re-
sponse priming data, trials following errors, trials that were the first trial of a block, and trials with RTs smaller than
100 ms or larger than 500 ms were excluded from the analyses (in total 1.9%). We tested for differences in prime discrim-
inability, immediate response priming and long-term response priming between metacontrast masked and pseudo-masked
stimuli using paired-samples T-tests. Additionally, we split the participants in two groups using a median-split procedure, on
the basis of their difference in discriminability performance between metacontrast masked and pseudo-masked primes. This
allowed us to test whether individual differences in prime discriminability bore any relationship to response priming differ-
ences. In particular, one may expect that subjects who are better at perceiving the primes also demonstrate, on average, lar-
ger immediate and long-term priming effects. Note that equivalent results were obtained when splitting the group into three
subgroups in order to increase the difference between prime discriminability between good and poor perceivers even more.

The commonly used frequentist statistics provide a measure of confidence in rejecting the null hypothesis, but not a mea-
sure of confidence in the null hypothesis itself. In order to quantify the confidence in the null hypothesis, we calculated Bayes
Factors (BF) for each of the statistical tests. Bayes Factors express evidence ratios between hypotheses, and therefore provide
direct information about the relative likelihood of the alternative vs. the null hypothesis. A BF of �1 indicates no preference
for either the null or the alternative hypothesis, and in large samples BF will converge to either 0 or infinity when the null or
alternative hypothesis is true respectively (Rouder, Speckman, Sun, Morey, & Iverson, 2009). By convention a BF likelihood
ratio of >3/1 provides moderate evidence for the alternative hypothesis, >10/1 provides strong evidence for the alternative
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hypothesis, and >30/1 provides very strong evidence for the alternative hypothesis (Jeffreys, 1961). Equivalently, BF of <1/3
provides moderate support for the null hypothesis, <1/10 provides strong support for the null hypothesis and <1/30 provides
very strong support for the null hypothesis. BF ratios between 1/3 and 3/1 provide no evidence for either the null or the alter-
native hypothesis.

3. Results

3.1. Prime discriminability

Prime discriminability was markedly lower when primes were masked with a metacontrast mask (d0 = 0.89) than when
masked with a pseudomask (d0 = 1.68; t(13)=3.07, p = 0.004; Fig. 2A). Thus, we obtained poorly discriminable and well dis-
criminable primes by using these two different types of masks. However, there was large inter-subject variability in the
prime discriminability differences between the two mask types. Therefore, we additionally split our subjects into two sub-
groups, in order to assess whether differences in prime discriminability affects priming magnitude. The group with large dis-
criminability differences (Fig. 2B, left) showed better discriminability performance for pseudo-masked primes for all mask
types (left mask: d0 difference = 0.97, t(6) = 2.04, p = 0.044; right mask: d0 difference = 0.76, t(6) = 2.08, p = 0.041; square
mask: d’ difference = 2.17, t(6) = 3.48, p = 0.007). The group with small discriminability differences (Fig. 2B, right) showed
no differences in discriminability performance between pseudo-masked and metacontrast masked primes for the left and
right mask, and a smaller but significant difference for the square mask (left mask: difference = �0.03, t(6) = 0.30,
p = 0.61; right mask: difference = -0.20, t(6) = �2.0, p = 0.95; square mask: difference = 1.06, t(6) = 3.60, p = 0.006). For both
groups, discriminability was markedly better when square masks were used than when arrow masks were used (both
p < 0.001), suggesting that the difficulty to report the orientation of the prime may not only be caused by visual masking,
but also be partly caused by interference from the mask arrow with the memory trace of the prime arrow.

3.2. Immediate response priming: correspondence effect

Error rates (ERs) were smaller when masks were preceded by congruent primes (ER = 0.4%) than incongruent primes
(ER = 11%; Fig. 3A). This ER correspondence effect (ER incongruent trials – ER congruent trials) was observed both when
the prime was masked by a metacontrast mask (ER correspondence effect = 11%; t(13) = 11.2, p < 0.001) and when the prime
was masked by a pseudomask (ER correspondence effect = 11%; t(13) = 9.6, p < 0.001). Similarly, response times (RTs) were
shorter when masks were preceded by congruent primes (RT = 293 ms) than incongruent primes (RT = 361 ms; Fig. 3C).
Again, this RT correspondence effect (RT incongruent trials – RT congruent trials) was equally large when the prime was
masked by a metacontrast mask (RT correspondence effect = 67 ms; t(13) = 21.4, p < 0.001) and when the prime was masked
by a pseudomask (RT correspondence effect = 67 ms; t(13) = 23.7, p < 0.001). A direct comparison confirmed that there was
no difference in the amount of response priming between metacontrast and pseudo-masked stimuli (RT: t(13) = 0.22,
p = 0.83; ER: t(13) = 0.33, p = 0.74). Moreover, when we compared response priming effect for the two groups, with large
and small discriminability differences respectively, both groups showed strong but equal ER (Fig. 3B) and RT (Fig. 3D) cor-
respondence effects for the two mask types (ER correspondence: p < 0.001 for each group, p = 0.25 for the group difference;
RT correspondence: p < 0.001 for each group, p = 0.13 for the group difference).

Using Bayesian statistics (see Methods for details), we observed very strong evidence (BF > 30/1) for immediate response
priming effects for both meta- and pseudo-masked primes, both in terms of RT and ER. When directly comparing immediate
response priming between meta- and pseudo-masked primes, the BF for immediate priming differences was BF = 1/4.9 for RT
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and BF = 1/4.7 for ER, indicating moderate evidence for the null hypothesis that there are no differences in priming between
pseudo- and metacontrast masked primes. Therefore, these results suggest that immediate response priming was indepen-
dent of prime discriminability.

3.3. Long-term response priming: conflict adaptation

When prime and mask were incongruent on the previous trial, the ER correspondence effect on the current trial was
attenuated (from 13.0% to 8.9%; Fig. 3E). This ER conflict adaptation was observed both when the prime was masked by a
metacontrast mask (ER conflict adaptation = 4.3%; t(13) = 3.90, p = 0.0018) and when the prime was masked by a pseudo-
mask (ER conflict adaptation = 3.9%; t(13) = 5.04, p < 0.001). Although ER conflict adaptation was numerically larger for
metacontrast masked primes, the ER correspondence effect was not significantly different between mask types
(t(13) = �0.26, p = 0.80), nor was there a difference in ER conflict adaptation between the low-discriminability and
high-discriminability groups (p = 0.25, Fig. 3F). In terms of reaction times, prime-mask incongruence on the previous trial
led to a very small reduction of the RT correspondence effect (from 69 ms to 65 ms; Fig. 3G). However, although small, this
was significant when the previous trial was masked by a pseudomask (RT conflict adaptation = 7.3 ms; t(13) = 3.30,
p = 0.006), but not visible when the previous trial was masked by a metacontrast mask (RT conflict adaptation = 1.0 ms;
t(13) = 0.67, p = 0.52), leading to a significant difference between mask types (t(13) = 2.42, p = 0.031). However, the RT con-
flict adaptation was relatively small (representing an 11% change in RT correspondence effect), compared to the ER cor-
respondence effect (39% change), and there were no differences in RT conflict adaptation between the poor
discriminability and high-discriminability groups (p = 0.38, Fig. 3H), suggesting that conflict adaptation is not related to
individual differences in prime discrimination ability.

This conclusion was further supported by Bayesian statistics. Bayesian statistics revealed strong evidence (BF > 10/1) for
long-term priming effects in terms of ER for both meta- and pseudo-masked primes, and moderate evidence for the null
hypothesis that there is no difference between these long-term priming effects between meta- and pseudo-masked primes
(BF = 1/4.5). For long-term priming effects on RT, we found moderate evidence (BF = 8.6/1) for long-term priming for pseudo-
masked primes, and we found moderate evidence (BF = 1/4.0) for the null hypothesis for metacontrast masked primes. Cru-
cially however, there was no evidence for either null or alternative hypothesis when directly comparing long-term RT prim-
ing effects between conditions (BF = 2.0/1), precluding a straightforward interpretation of the long-term priming effects on
RT.

4. Discussion

This study shows a clear dissociation between the discriminability of a stimulus and its direct and longer-lasting effects
on behavior. By manipulating prime discriminability using metacontrast masks and pseudomasks instead of varying the
strength of the prime signal, we establish that the amount of immediate and long-term response priming is equal for well
discriminable and poorly discriminable primes. Converging evidence was obtained by the median-split analysis: response
priming was equally strong for both mask types in the group that had large discriminability differences and the group that
had small discriminability differences. Moreover, using Bayesian statistical analyses, we could garner statistical support in
favor of the null hypothesis, beyond the inability to refute it. Together, this extends earlier behavioral observations of a dis-
sociation between direct response priming and discriminability (Mattler, 2003; Schlaghecken et al., 2008; Vorberg et al.,
2003). Furthermore, these findings nicely fit with recent results on the role of prime awareness in the negative compatibility
effect (NCE) (Schlaghecken et al., 2008). In the NCE, responses are faster when prime and target are incongruent, compared to
congruent. This effect is observed when the interval between the prime and target is increased to approximately 150 ms.
Schlaghecken et al. used a learning experiment to show that increases in prime discriminability (as a result of learning) left
the NCE unaffected, suggesting that prime awareness may not directly relate to the NCE, even though typically no NCE is
observed for primes that are well discriminable.

In addition, and perhaps more surprisingly, we show that long-term priming effects (conflict adaptation) appear also
independent of prime discriminability. We observed strong ER conflict adaptation effects for both metacontrast masked
(4.9% reduction) and pseudo-masked primes (3.9% reduction). In terms of RTs, conflict adaptation was small but significant
for pseudo-masked primes (7.3 ms reduction), but not for metacontrast masked primes (1.0 ms reduction). Since ER conflict
adaptation was numerically larger (although not significantly) for metacontrast masked primes, the difference in RT conflict
adaptation between conditions might be due to a speed/accuracy trade-off, leading to stronger ER conflict adaption but
weaker RT conflict adaptation for metacontrast masked primes than for pseudo-masked primes. It should be noted that
RT conflict adaptation effects were small in general for both conditions, since previous studies observed conflict adaptation
effects of approximately 50 ms in similar masked priming paradigms, though with longer prime durations (Ansorge et al.,
2010; Kunde, 2003; van Gaal et al., 2010). Bayesian analyses provided moderate support for the null hypothesis of no conflict
adaptation differences between pseudo- and metacontast masked primes, while there was neither support for the null nor
the alternative hypothesis of conflict adaptation differences in terms of RT. Median-split analyses showed that ER and RT
conflict adaptation was equally strong in the group that had large discriminability differences and the group that had small
discriminability differences, further suggesting that conflict adaptation and prime awareness are likely to be independent.
While we have manipulated discriminability, while keeping prime strength equal, follow-up studies could further dissociate
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these concepts by using different prime-target SOAs potentially resulting in different prime strength but equal prime dis-
criminability. This may further strengthen the dissociation between discriminability and immediate and long-term priming.

It should be noted that the difference in discriminability between poorly discriminable and well discriminable primes was
quantitative, rather than qualitative. Therefore, we do not compare fully conscious with fully unconscious primes. This how-
ever does not confute our conclusion that quantitative differences in prime discriminability bear no relationship to priming
strength. While this independence of priming on discriminability suggests that similar effects could be observed under fully
subliminal conditions, this remains to be tested. It should also be noted that our measure of awareness relates to discrim-
inability, rather than detection performance. Detection and discrimination likely relate to different levels of depth of aware-
ness: while partial awareness of a stimulus (Kouider, de Gardelle, Sackur, & Dupoux, 2010) may result in successful detection
of a stimulus, full awareness of the stimulus appears necessary in order to successfully discriminate it from a perceptually
similar but different stimulus.

It may be rather surprising that prime discriminability bears no relationship to the amount of influence the prime had on
subsequent behavior. After all, awareness of information leads to prolonged and sustained processing of the stimulus (Gail-
lard et al., 2009), which should enhance the influence of the stimulus on subsequent behavior. What could explain the dis-
sociation between discriminability and priming? One possible explanation is that discriminability changes the availability of
the information to other neural systems, without fundamentally altering its initial quantitative properties and neural trajec-
tory (also referred to as the fast feedforward sweep (Lamme & Roelfsema, 2000)). Indeed, a recent study showed that uncon-
scious conflict-eliciting stimuli still trigger activity in the human medial frontal cortex (Ursu, Clark, Aizenstein, Stenger, &
Carter, 2009) but see (Dehaene et al., 2003), which is known for its involvement in the monitoring of conflict and the occur-
rence of errors (Botvinick, Braver, Barch, Carter, & Cohen, 2001; Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004). One
study even observed stronger prefrontal activity for subliminal stimuli than for supraliminal stimuli. In this case the authors
cleverly used a U-shaped masking design in which the signal strength of the subliminal stimulus was stronger than that of
the supraliminal stimulus (Lau & Passingham, 2007). Since the strength of the prime is equated in our study (leading to equal
immediate priming effects, and thus equal response conflict), long-term conflict adaptation effects that depend on the
strength of response conflict (evaluated by the medial frontal cortex) may be directly modulated by the conflict signal itself,
rather than the visual awareness of such conflict. The present results suggest that ‘broadcasting’ of conflict signals to other
systems is not necessary for conflict adaptation to occur, but however might be necessary for other subsidiary cognitive pro-
cesses (e.g. working memory).

In sum, our findings show that immediate and long-term response control, as measured with the correspondence effect
and conflict adaptation, can operate independently from discriminability of information. Future neuroimaging investigations
may shed light on the neural mechanisms underlying the (potentially complex) role of visual awareness in immediate and
long-term response priming.
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