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It is well known that invisible prime stimuli may affect
responses to subsequent target stimuli (Klotz & Wolff,
1995; Neumann & Klotz, 1994; Vorberg, Mattler, Hei-
necke, Schmidt, & Schwarzbach, 2003). In the masked
priming paradigm, participants react faster and commit
fewer errors when masked prime and target are congru-
ent with respect to a common feature that specifies the
response (e.g., the direction of an arrow), as compared
with trials in which prime and target are incongruent
(e.g., prime and target point in opposite directions). The
positive response time (RT) difference between incon-
gruent and congruent trials is termed the (net) congru-
ency or priming effect.

Response Inhibition
Surprisingly, a minor procedural change in the experi-

mental procedure leads to opposite results: Inserting a
delay between mask and target may reverse the polarity
of the priming effect, so that congruent primes lead to
slower and more error-prone responses than do incongru-
ent primes. Schlaghecken and Eimer (1997), who first
discovered and described this reversal of the congruency
effect, called it the negative compatibility effect, in con-
trast with the normal priming effect (which they refer to
as the positive compatibility effect).1

Eimer and Schlaghecken (1998) explained their find-
ings as evidence for active suppression of the partial re-
sponse activation that is elicited by a masked prime and
supported their account with lateralized readiness poten-
tial (LRP) data. They observed that on congruent trials,

about 200 msec from prime onset the LRP shows a par-
tial activation of the response congruent with the prime,
but this activation is then replaced by an inhibitory phase
that leads to activation of the alternative response. Repli-
cating Schlaghecken and Eimer’s (1997) original find-
ings, Klapp and Hinkley (2002) also showed that the in-
hibitory response is strongly tied to the presence of the
mask, with positive effects of congruency only when the
mask is omitted.

In this article, we are concerned with the inhibitory
mechanism that seems to underlie the reversal from pos-
itive to negative effects of prime–mask congruency and
how this inhibition evolves over time. In particular, we
focus on whether inhibition is different for stimuli pre-
sented centrally or peripherally (see below). We feel that
it is important to distinguish the underlying inhibitory
mechanism from the empirical phenomenon; thus, we
use the term negative congruency effect (NCE) for the
observed polarity reversal of the congruency effect only,
but refer to the more general phenomenon and its under-
lying mechanism with the term response inhibition. The
reason for this distinction is that response inhibition does
not necessarily imply negative congruency effects. Ob-
viously, a polarity reversal of the congruency effect is
sufficient but not necessary for the existence of response
inhibition: Negative effects only arise if the RT costs due
to response inhibition exceed the RT benefits due to
prime congruency. Thus, an observed negative congru-
ency effect implies response inhibition, but the converse
is not true. As we shall show here, there may be evidence
other than negative congruency effects that suggest the
occurrence of response inhibition.

The Central–Peripheral Asymmetry
Surprisingly, Schlaghecken and Eimer (1997, 2000)

found negative effects for masked primes presented cen-
trally, but only positive effects for peripheral primes. To
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In two experiments, we studied the temporal dynamics of the response time effects of masked visual
prime stimuli, as a function of stimulus eccentricity and size. Experiment 1 factorially varied prime–target
congruency, eccentricity, and mask–target stimulus onset asynchrony. Early facilitative and late inhibitory
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account for this, they postulated a fundamental differ-
ence between central and peripheral visual processing,
with inhibition for central stimuli only. Subsequently
(Schlaghecken & Eimer, 2002), negative congruency ef-
fects were observed for peripheral primes also if the
delay between prime and mask was sufficiently long.
This led the authors to argue that whether inhibition is
evoked or not depends on the strength of the sensory rep-
resentation of the prime, with weaker representations in
the periphery than in the central visual field. Assuming
that “only strong partial response activations . . . are sub-
ject to active inhibition, whereas weaker activations remain
below a hypothetical inhibition threshold,” the central–
peripheral asymmetry was explained as reflecting the fact
that “motor activations triggered by foveal primes are more
likely to reach the inhibition threshold than are motor acti-
vations triggered by peripheral primes” (Schlaghecken &
Eimer, 2002). They concluded that their experiments,
which investigated how the negative congruency effect
depends on the perceptual strength of peripheral primes,
“provide strong support for the inhibition threshold ac-
count” (p. 160). This conclusion was based on the failure
to find negative congruency effects for central primes
when they were perceptually degraded.

We see the following problems with these arguments:
(1) As pointed out above, a failure to observe a polarity
reversal of the congruency effect need not imply the ab-
sence of inhibition. (2) Even if negative effects exist,
they will not be detected if searched for in the wrong
place. That is, Schlaghecken and Eimer (2002) may have
overlooked negative congruency effects that occurred at
mask–target delays not covered in their experiments. The
results reported in this article support our suspicions.

Relevance of Time Course Information
Eimer and Schlaghecken’s (1998) LRP findings show

that the temporal dynamics of response inhibition are
crucial for its effect on RT. Whether and how strongly
inhibition arises therefore depends on the temporal aspects
of the stimuli. This suggests that we study the temporal
dynamics of priming and inhibition effects parametri-
cally, by systematically varying the durations of and the
intervals between prime, mask, and target stimuli.

The advantages of such an approach are illustrated by
the findings of Vorberg et al. (2003), who studied the tem-
poral dynamics of masked priming in a metacontrast
masking paradigm in which the same stimulus served both
as mask and as target. Contrasting the time course of prim-
ing with that of perceptual masking, they demonstrated
that response priming is dissociated from conscious
awareness of the prime stimuli: Net priming was found to
increase with stimulus onset asynchrony (SOA) between
prime and mask, with identical slopes under conditions
when prime recognition performance was either at chance
level or was better than chance but followed a U-shaped
time course within the SOA range tested.

Under similar conditions but with separate mask and
target stimuli, Vorberg (1998) studied the time course of
response inhibition. Whereas prime–mask SOA played a

role at small mask–target SOAs only, varying mask–target
SOA revealed dramatic inhibitory effects. The initially
positive RT difference turned negative for mask–target
SOAs between 100 and 150 msec, with a second sign re-
versal toward positive congruency effects at still larger
SOAs. Remarkably, in the SOA range in which responses
were still faster on congruent than on incongruent trials,
mean congruent RT increased with mask–target SOA,
whereas mean incongruent RT actually decreased with
SOA in the same window. This picture mirrors Eimer
and Schlaghecken’s (1998) LRP findings obtained with
pattern masking and suggests that the particular type of
backward masking (pattern vs. metacontrast) is not es-
sential for response inhibition to arise.

Given this dependence of the response inhibition ef-
fect on the temporal stimulus conditions, it is obvious
that experiments with mask–target SOA fixed at some
arbitrarily chosen value risk pitfalls. This idea crucially
applies when response inhibition effects of peripheral
and central primes are compared. (1) Can we guarantee
that no response inhibition would have shown up at some
other SOA? (2) What is the single appropriate SOA value,
when the time course of response inhibition is subject to
substantial variability between participants, both quanti-
tatively and qualitatively (Vorberg, 1998)?

Aims and Overview of the Present Study
Time course information may help overcome the prob-

lem that response inhibition is not necessarily accompa-
nied by a polarity reversal of the congruency effect. In
the experiments reported here, we assessed the temporal
dynamics of response inhibition for stimuli at increasing
distances from the visual center, thus testing the hypoth-
esis that peripheral stimuli do elicit inhibition, but with
different temporal dynamics. We show that problems of
interindividual variability in temporal dynamics are re-
duced if one follows the well-established psychophysical
tradition of presenting and analyzing individual perfor-
mance in addition to average results.

With Schlaghecken and Eimer (2002), we assume that
the strength of the sensory representation of stimuli dif-
fers with eccentricity, with weaker representations for
primes in the periphery as compared with the central vi-
sual field. The strength of the representation should af-
fect the dynamics of response inhibition. We expected to
find evidence of response inhibition for peripheral stim-
uli also, but with a different time course from that for
central stimuli.

Why and how should the temporal dynamics of inhi-
bition change with eccentricity? A plausible hypothesis
is based on cortical magnification. Representations of
peripheral stimuli are almost certainly weaker because
the amount of neuronal space dedicated to central stim-
uli increases as one moves up the visual pathway from
the retina to the lateral geniculate nucleus and the visual
cortex (DeValois & DeValois, 1988; Sereno et al., 1995).
As a consequence, peripheral visual stimuli lead to smaller
cortical representations and are thus likely to generate
less neuronal activity than stimuli presented centrally.
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Because it has less neuronal machinery available, periph-
eral stimulus processing might take longer and follow
time courses that are either shifted (i.e., with onset de-
layed) or stretched, with maximum positive and response
inhibition effects shifted toward larger mask–target SOAs.
At small SOAs, this would imply an NCE for central but
not necessarily for peripheral primes.

Experiment 1 was designed to test these predictions
under conditions that allowed assessing time courses for
individual participants. The purpose of Experiment 2 was
to test predictions that follow from the cortical magnifi-
cation account. If the strength of the sensory representa-
tion of a stimulus, and thus its time course of inhibition,
changes with visual eccentricity due to differential cor-
tical magnification, eccentricity effects must be cancel-
able by adjusting stimulus size appropriately. This idea
leads to two related predictions: (1) Varying stimulus size
while keeping eccentricity f ixed should produce re-
sponse inhibition effects analogous to those from vary-
ing eccentricity of constant-sized stimuli. (2) Stimuli
equated for cortical magnification should produce iden-
tical response inhibition time courses.

EXPERIMENT 1

In this experiment, we studied the time course of re-
sponse priming and inhibition for stimuli presented at
vertical eccentricities at or beyond the 2.2º boundary
that limits the range of response inhibition effects ac-
cording to Schlaghecken and Eimer (2000). We pre-

dicted that in the visual periphery, positive priming and
response inhibition build up more slowly and occur at
larger SOAs. As in our earlier studies (Vorberg, 1998,
2000; Vorberg et al., 2003; Vorberg, Mattler, Heinecke,
Schmidt, & Schwarzbach, 2004), we masked the prime
stimuli by metacontrast rather than by pattern masking.

Method
Participants. Six female psychology students between 19 and

28 years of age participated in the experiment, either as a course re-
quirement or for a payment of €5 per session. All participants had
normal or corrected-to-normal vision; 5 of them were right-handed,
and 1 was left-handed.

Stimuli. Each trial began with the presentation of a fixation cross
at the center of the screen, which remained visible until the target
stimulus disappeared. On each trial, a sequence consisting of a
prime stimulus (14-msec duration), a mask stimulus (112-msec du-
ration), and a target stimulus (112-msec duration) was presented ei-
ther above or below fixation, with position randomly selected. To
prevent eye movements before the target stimulus appeared, each
prime was accompanied by a neutral prime with rectangular shape
at the complementary position, which was also followed by its mask
(see Figure 1).

The prime was a small left- or right-pointing arrow, fitting into
the inner cutout of the mask (see Figures 2A and 2B). Neutral prime
stimuli were constructed by superimposing left- and right-oriented
primes. The outer shape of the mask was rectangular. The target
was a large left- or right-pointing arrow, with a cutout large enough
for the mask to fit in without touching the inner contours of the tar-
get. On congruent trials, prime and target pointed in the same di-
rection, on incongruent trials in opposite directions.

Stimuli were presented in black on a white background (see Fig-
ure 2 for details). They appeared at eccentricities of 1.48º (“near”),

Figure 1. Temporal sequence of prime, mask, and target stimuli on a typical experimental
trial. Congruent or incongruent primes were always accompanied by a neutral prime at the
complementary location.
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2.96º (“medium”), or 4.43º (“far”) from the center of the screen.
Prime–mask SOA was constant at 70 msec, and mask–target SOA
varied between 0 and 294 msec in steps of 42 msec. Trial events
were timed so that the target stimulus always appeared 700 msec
after the fixation cross.

The extent to which primes remained outside awareness was not
of theoretical concern here. Therefore, we did not assess prime vis-
ibility in psychophysical detection or recognition tasks. However,
under spatial and temporal conditions similar to the “near” condi-
tion, Vorberg et al. (2003) found that participants could not report
the identity of the primes at prime–mask SOAs from 14 to 70 msec,
even after extended practice of more than 3,000 trials. This finding
agrees with the fact that none of the participants of the present ex-
periments mentioned having noticed the masked prime arrows.

Design. Prime–target congruency (congruent or incongruent),
stimulus eccentricity (near, medium, or far), and mask–target SOA
(0, 42, 84, 126, 168, 210, 252, or 294 msec) were combined facto-
rially, varying randomly from trial to trial. As participants typically

prepare for an average SOA, such a broad SOA range could be prob-
lematic. Therefore, SOA was blocked in small SOA (0, 42, 84, or
126 msec) and large SOA (168, 210, 252, or 294 msec) blocks,
which alternated regularly.

Procedure. The task was to respond to the direction of the target
arrow by pressing the corresponding response button with the left
or right index finger. The participants were instructed to respond as
quickly as possible while keeping their overall error rate below 5%.
Visual feedback was given on error trials. The participants were not
informed of the existence of the masked primes.

Experimental blocks consisted of 48 trials preceded by 3 warm-
up trials (excluded from data analysis). The participants started trial
blocks at their discretion. Information about mean RT and error per-
centage was given after each block. Prior to the main experiment,
the participants performed two practice sets of 20 trials each.

The participants performed seven sessions each, distributed over
2 successive weeks. A session consisted of 16 blocks, with a 5-min
break after the eighth block. There were 112 replications per con-
dition and participant.

Data analysis. RTs on correct trials were summarized by trimmed
means per participant and condition, trimming 10% each from
above and below (Wilcox, 1997). Repeated measures 2 � 3 � 8
analyses of variance (ANOVAs) were computed separately for the
trimmed RT means and the arcsine-transformed error rates, with
congruency, eccentricity, and SOA as orthogonal factors. Degrees
of freedom were adjusted by the Huynh–Feldt procedure when
Mauchly’s tests indicated violation of the sphericity assumption (as-
sociated p values denoted as pHF).

Results
Figure 3 shows mean RTs and error rates on congru-

ent and incongruent trials, as functions of SOA and ec-
centricity. As can be clearly seen, positive congruency
as well as response inhibition effects were found at all
three eccentricities.

On congruent trials, RT and error rate varied nonmono-
tonically with SOA. Responding was fastest at small
SOAs (0– 42 msec), slowed down at medium SOAs
(84–168 msec), and leveled off at large SOAs (210–
294 msec). This RT increase was accompanied by an
error rate increase. The reverse picture was found on in-
congruent trials, with fastest responses and fewest errors at
medium SOAs, but slower responses and more errors at
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Figure 2. (A, C) Stimuli used as primes, masks, and targets.
(B, D) Spatial relations between stimuli, demonstrated by super-
imposing them, with primes fitting exactly into mask cutouts.
Small stimuli were used only in Experiment 1.
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Figure 3. Results from Experiment 1. Mean response times (RTs, top panels) and error rates (bottom panels) for congruent
(A) and incongruent (B) trials. Panel C shows the net priming effect (RTincongruent � RTcongruent) and the error rate differences
(percentage errorincongruent � percentage errorcongruent). Broken lines indicate that data were collected in separate SOA blocks.
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small and large SOAs. The dynamics of priming and inhi-
bition are seen best in the net RT difference (RTincongruent �
RTcongruent) and the corresponding error rate difference
(Figure 3C). The typical U-shaped time course was found
at all three eccentricities, both for response speed and for
accuracy. Most importantly, time courses were modu-
lated by eccentricity. Onset, peak, and trough were more
widely separated in time as the stimulus position became
more eccentric. This can be seen, for example, by compar-
ing the zero crossings of the RT differences (Figure 3C).

These observations were supported by statistical analy-
ses. Of primary concern is the congruency � eccentric-
ity � SOA interaction, which was highly reliable for RT
as a dependent variable [F(14,70) � 12.30, p � .0001]
but not for error rate [F(14,70) � 1.12, p � .355]. As ex-
pected, the interactions of congruency with SOA and ec-
centricity were reliable as well for both RT [congruency �
SOA, F(7,35) � 26.56, p � .0005; congruency � eccen-
tricity, F(2,10) � 8.53, p � .007] and error rate [con-
gruency � SOA, F(7,35) � 5.35, p � .0001; congru-
ency � eccentricity, F(2,10) � 8.53, p � .206]. The
overall effect of eccentricity on RT was small (near,
345 msec; medium, 346 msec; far, 351 msec) but statis-
tically reliable [F(2,10) � 19.00, pHF � .001]; the corre-
sponding effect on error rate was not significant [F(2,10) �
3.87, pHF � .641].

The crucial question is whether any response inhibition
was elicited by primes at the far eccentricity. Obviously,
the NCE observed for near primes is mostly due to the fast
RT increase with SOA on congruent trials, and less so to
its reduction on incongruent trials. Focusing on this para-
doxical slowing on congruent trials, we checked with
post hoc tests whether far primes did elicit corresponding
changes. The results fully confirm the visual impressions:
Orthogonal contrasts revealed significant response slow-
ing due to congruent primes at the far eccentricity both at
the 126-msec and 168-msec SOAs, in comparison with the
average RT at the preceding SOAs [F(1,107) � 6.91, p �
.01; F(1,107) � 5.54, p � .05; dfs estimated by Welch–
Satterthwaite approximation—see Howell, 2002, p. 492].
Moreover, RT on these trials changed nonmonotonically
with SOA, as revealed by trend analysis (Howell, 2002,
p. 408), which yielded highly reliable third- and fourth-
order orthogonal contrasts [F(1,107) � 12.40, p � .0001;
F(1,107) � 24.48, p � .0001] for far congruent primes,
similar to the effects at medium and near distances.

Figure 4 shows the time course data for individual
participants—that is, mean RT on congruent trials (left
panel) and incongruent trials (middle) and the RT dif-
ference (right). For descriptive purposes, cubic splines
(computed with MATLAB 6.0) have been fitted to the
data. In spite of considerable interindividual differences,
there is remarkable qualitative consistency across par-
ticipants. Importantly, the U-shaped profile typical of
the response inhibition effect (Figure 4, right) was ob-
served for each participant at either eccentricity, as was
the RT increase on congruent trials within the SOA range
from 42 to 126 msec, which is in stark contrast to the RT
decrease on incongruent trials within this range.

Systematic variability between participants with re-
spect to the onset and offset of the time course under a
given experimental condition is bound to distort the tem-
poral dynamics that result when averaging across partic-
ipants at a given SOA (as in the statistical analyses re-
ported above). To assess whether the onset of response
inhibition and its temporal extent change with prime ec-
centricity, we therefore determined the SOA location of
the RT minimum and maximum on each curve; their av-
erages across participants are indicated by the small ar-
rows in Figure 4. There was no significant change in the
inhibition onset with eccentricity, nor in the location of
the initial RT minimum on congruent trials or of the max-
imum on incongruent trials. However, the absolute aver-
age slope of the time courses between these extremes de-
creased with eccentricity [congruent trials, 4.47 vs. 3.57
vs. 2.15, χ2

2 (Friedman rank ANOVA) � 4.33, p � .10;
incongruent trials, 3.35 vs. 2.08 vs. 1.87, χ2

2 � 7.58, p �
.025], suggesting that the inhibition time course indeed ex-
pands with prime eccentricity. This is also seen in the lo-
cation of the minimum RT difference, which occurs later
with the more peripheral primes (126 msec vs. 147 msec
vs. 175 msec, χ2

2 � 6.08, p � .05; see Figure 4C).

Discussion
Experiment 1 showed clear response inhibition effects

evolving with mask–target delay. At the smallest mask–
target SOA, RT benefits were observed on congruent tri-
als, which turned into RT costs when the target was de-
layed by 70 to 100 msec from the mask. After even larger
SOAs, inhibition gave way to positive congruency ef-
fects again. Analogous patterns were seen in the error
rates. As predicted, time courses were modulated by ec-
centricity. Most importantly, however, response inhibi-
tion effects did not vanish even for prime stimuli at the
4.4º eccentricity, which has been claimed to be immune
to response inhibition (Schlaghecken & Eimer, 2000).
There was consistent evidence for an inhibitory response
at all eccentricities, which can be seen most conspicu-
ously in the paradoxical slowing of responses and in-
crease of error rate on congruent trials at medium SOAs.
Even though the sign of the congruency effect did not re-
verse for the far primes, inhibition could be safely in-
ferred from the fact that on congruent trials, RT and
error rate increased with SOA, whereas on incongruent
trials RT and error rate decreased within the same SOA
range. Obviously, using a fixed-SOA experimental de-
sign would have led to the misleading conclusion that re-
sponse activation was too weak to trigger inhibition at
this eccentricity.

Our data suggest that, at least at eccentricities up to
4.4º, an inhibitory response always follows the initially
positive effect elicited by a masked prime; however, for
more eccentric stimulus locations, the inhibitory re-
sponse follows a more extended time course with re-
duced amplitude.

These time course data seem to support the idea that
response inhibition effects depend on the strength of the
sensory representation of the prime, as suggested by
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Schlaghecken and Eimer (2002). As a consequence of
cortical magnification, peripheral visual stimuli lead to
representations that occupy less neural space and gener-
ate less neural activity. Accordingly, peripheral stimuli
take longer to build up a sufficiently strong representa-
tion. If decreases in processing efficiency are accompa-
nied by more variable processing times, as is ubiquitous
in neural systems (Dayan & Abbott, 2001), time courses
should be both flattened and stretched for peripheral
primes, which is what we observed.

If the cortical magnification account is correct, vary-
ing stimulus size while holding eccentricity constant
should yield results analogous to those from varying ec-
centricity for constant-sized stimuli. As a consequence,
response inhibition should follow identical time courses
for stimuli equated for cortical size. Experiment 2 was
designed to test these predictions.

EXPERIMENT 2

How can we test whether the central–peripheral asym-
metry of the response inhibition effect reported by Schlag-
hecken and Eimer (1997, 2000) follows from differential
cortical magnification? The straightforward way would

be to cancel magnification effects by adjusting the size
of the stimuli so that their cortical representations cover
same-sized areas in visual cortex, irrespective of eccen-
tricity (Carrasco & Frieder, 1997). This should eliminate
any central–peripheral asymmetry and render the respec-
tive time courses identical if the hypothesis is correct.

However, there are technical problems with this ap-
proach. Effective metacontrast masking strongly depends
on the geometry of the stimuli, which is constrained by
the discrete pixel grid of the display and precludes per-
fect cancellation of cortical magnification differences.
Therefore, we used a slightly different approach based
on the idea that the crucial variable that determines re-
sponse inhibition and its time course is neither the size
nor the eccentricity of the prime stimulus, but rather the
spatial extent of its cortical representation. If this is so,
varying eccentricity while keeping prime size f ixed
should produce effects analogous to those for varying the
size of primes presented at a fixed eccentricity. Stated
differently, if the central–peripheral asymmetry is a con-
sequence of differential magnification, there should
exist an analogous large–small asymmetry in the re-
sponse inhibition effect, even for primes presented near
the fovea.

Figure 4. Time courses of individual participants in Experiment 1, with cubic splines fitted to the data. The left and middle
columns indicate mean response times (RTs) on congruent and incongruent trials, respectively. The right column shows the net
priming effect (RTincongruent � RTcongruent). Rows indicate prime eccentricity: (top) near � 1.48º; (middle) medium � 2.96º; (bot-
tom) far � 4.43º. Arrows indicate average RT minima and maxima across all participants.
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We factorially varied prime size and eccentricity and
compared the response inhibition effects from small and
large primes presented near to or far from the screen cen-
ter. Sizes were chosen so that the predicted cortical ex-
tent was approximately the same for the small–near and
the large–far primes. This manipulation should abolish
the central–peripheral asymmetry. As before, time courses
were assessed by varying mask–target SOA.

Method
Details were as in Experiment 1, except with the following changes.
Participants. Six new female psychology students, between 20

and 30 years of age, all with normal or corrected-to-normal vision,
took part in this experiment. One participant was left-handed, the
other 5 were right-handed.

Stimuli and Design. Prime–target congruency (congruent, in-
congruent), stimulus size (small, large), and eccentricity (near, far)
were combined factorially. Small primes, masks, and targets were
identical to those of Experiment 1; large stimuli subtended visual
angles of 2.84º � 1.18º (prime), 3.18º � 1.66º (mask), and 5.31º �
1.95º (target) (see Figures 2C and 2D). The vertical extents of the
small and large primes were in a ratio of 1:2, slightly less than the
ratio of 1:2.57 predicted for these eccentricities using inverse mag-
nification (see the Appendix for details). To prevent spatial com-
patibility effects, horizontal extent was not increased to scale. The
two eccentricities were 1.48º (near) and 4.43º (far). Mask–target
SOA varied between 28 and 196 msec in steps of 56 msec. All vari-
ables varied randomly within blocks.

Procedure. Experimental blocks consisted of 48 trials preceded
by 3 warm-up trials (excluded from data analysis). Each participant
performed four sessions with 804 trials each, resulting in 96 repli-
cations per condition and participant.

Results
Figure 5 shows mean RTs (top) and error rates (bottom)

on congruent (A) and incongruent (B) trials, as well as
the corresponding RT and error rate differences (C), as
functions of mask–target SOA, stimulus size, and ec-
centricity. Overall RT effects of stimulus size (small,
347 msec; large, 341 msec) and eccentricity (near,
342 msec; far, 346 msec) were small but statistically reli-

able [size, F(1,5) � 25.59, p � .004; eccentricity, F(1,5) �
71.19, p � .0001]. The effect of size was also seen in the
error rates [small, 2.6%; large, 3.4%; F(1,5) � 13.72,
p � .014], whereas the effect of eccentricity on error rate
was not reliable [F(1,5) � 0.68, p � .446]. There was no
overall effect of congruency for RT [congruent, 344 msec;
incongruent, 343 msec; F(1,5) � 0.019, p � .895] or for
error rate [congruent, 3.7%; incongruent, 2.1%; F(1,5) �
5.28, p � .07].

Of more importance is the RT difference between in-
congruent and congruent trials, which varied from 30 msec
to �20 msec or �14 msec as SOA increased from 28 to
196 msec. This is the typical evolution of the response
inhibition effect with increasing mask–target delay, which
was statistically reliable for RT [congruency � SOA,
F(3,15) � 24.72, p � .0001] but not for error rate
[F(3,15) � 1.86, p � .18]. As expected, the time course
was modulated both by size and eccentricity. The corti-
cal magnification account predicts that size effects on re-
sponse inhibition are analogous to eccentricity effects,
and this was observed. Averaged across eccentricity,
there was a large–small asymmetry—that is, large primes
resulted in stronger response inhibition effects than did
small ones. This asymmetry was even stronger than the
corresponding near–far asymmetry obtained by averaging
across size. ANOVAs on RT corroborated these observa-
tions through the reliable interaction size � congruency �
SOA [F(3,15) � 11.97, p � .0001] and the nonsignificant
interaction eccentricity � congruency � SOA [F(3,15) �
1.86, p � .180]. The corresponding interactions for error
rate were not significant [size � congruency � SOA,
F(3,15) � 1.56, p � .241; eccentricity � congruency �
SOA, F(3,15) � 0.54, pHF � .663].

Clearly, the response inhibition effect jointly depended
on prime size and eccentricity. Effects were strongest for
large central stimuli, weakest for small peripheral stim-
uli, and intermediate for the remaining size–eccentricity
combinations (Figure 5C). This is reflected in the reli-
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able four-factor interaction size � eccentricity � con-
gruency � SOA for RT [F(3,15) � 4.19, p � .024]. This
interaction was not significant for error rate [F(3,15) �
4.48, pHF � .073]. This ordering of effects is to be ex-
pected if the cortical magnification hypothesis holds—
that is, if response inhibition depends on prime size and
eccentricity only via the extent of its cortical representa-
tion. Moreover, assuming that the cortical sizes of the
stimuli were approximately matched at either eccentric-
ity, the response inhibition time course should be the
same for small central as for large peripheral primes.
Figure 5 shows that both RTs and error rates indeed fol-
low quite similar time courses, both on congruent and
incongruent trials. These impressions are supported by
the following additional statistical analyses.

Restricting the 2 � 2 size–eccentricity combinations
to the small–near and large–far conditions eliminated all
effects of eccentricity [eccentricity, F(1,5) � 4.30, p �
.093; eccentricity � congruency, F(1,5) � 0.80, p �
.414; eccentricity � SOA, F(1,5) � 1.14, p � .364; ec-
centricity � congruency � SOA, F(3,15) � 1.15, p �
.333]. These results are not just a consequence of re-
duced statistical power, as is evidenced by the fact that
the response inhibition effect was still statistically reliable
in the reduced ANOVA [congruency � SOA, F(3,15) �
22.99, p � .0005].

Likewise, computing the relevant contrasts (Howell,
2002) within the original ANOVA gave essentially the same
results [eccentricity on congruent trials, t(15) � 0.497,
p � .627; eccentricity on incongruent trials, t(15) �
0.186, p � .855; eccentricity � congruency, t(15) �
�0.843, p � .412; eccentricity � congruency � SOA,
t(45) � 0.258, p � .797]. It seems safe to conclude that
the response inhibition effects for large peripheral and
small central primes follow the same time course.

As before, we checked whether these findings also hold
at the level of the individual participant. Figure 6 shows the
corresponding data, with cubic-spline interpolations added
for clarity. The data are not as clear-cut as in Experiment 1,
which may be because of the smaller SOA range and the
different SOA spacing. Nevertheless, there was remarkable
qualitative similarity between participants, in spite of
quantitative shifts of the time course peaks and troughs.
This is most noteworthy in the effects on incongruent tri-
als, which show RT decreases with increasing SOA for all
participants and all size–eccentricity conditions. In con-
trast, response slowing on congruent trials seems to arise
with peaks at idiosyncratic SOA locations. As a conse-
quence, little modulation is discernible in the average time
course for small congruent primes at the far location (cf.
Figure 5A), although post hoc trend tests revealed a sig-
nificant cubic modulation with SOA [F(1,62) � 8.72, p �
.01]. In fact, all but one participant showed RT increases at
some SOAs on congruent trials: Eight out of 18 possible
comparisons revealed response slowing, in contrast to 0
out of 18 for incongruent trials [χ1

2 � 7.88, p � .01]. We
can thus safely infer that even small congruent primes pre-
sented at the far eccentricity elicited response inhibition.

Discussion
Experiment 2 revealed reliable response inhibition ef-

fects at near and far eccentricities. First of all, in a repli-
cation of Experiment 1, there was evidence for response
inhibition elicited by primes at a vertical eccentricity far
beyond the value of 2.2º deemed critical by Schlaghecken
and Eimer (2000). The crucial new findings can be sum-
marized as follows:

1. The time course of response inhibition is modulated
both by prime eccentricity and prime size. As predicted,
there is a large–small asymmetry in response inhibition
that mirrors the central–peripheral asymmetry.

2. No reliable central–peripheral asymmetry remains
if peripheral and central primes are matched with respect
to cortical size.

These findings hold for the complete time courses,
and not just at some particular SOA. Taken together, they
provide strong evidence for the assumption that the size
of a cortical representation determines the temporal dy-
namics of response inhibition. Thus, although response
inhibition clearly depends on the specific combination
of eccentricity and stimulus size, our data suggest that
this dependence arises because the variables jointly de-
termine the extent of the cortical representation. This is
illustrated in Figure 7, which compares eccentricity ef-
fects for large and small stimuli (left) with size effects
for stimuli at near and far locations (right). Obviously,
reducing or increasing the size of the presumed cortical
stimulus representation leads to almost identical effects
on the response inhibition time course, whether the change
in cortical size is achieved by changing stimulus eccen-
tricity or stimulus size.

GENERAL DISCUSSION

The results of our experiments can be summarized as
follows:

1. Peripheral and central visual stimuli produce effects
of response inhibition on RT, with time courses modu-
lated by both eccentricity and stimulus size.

2. Analysis of the individual time course data reveals
that the timescale of inhibition changes with the strength
of the cortical representation of the prime stimulus.

3. No central–peripheral asymmetry of the effect re-
mains when cortical magnification is controlled for.

Let us briefly comment on the implications of these
findings. Reducing the size of the prime stimulus while
keeping eccentricity fixed produced shifts in the time
course analogous to those from presenting the stimulus
more peripherally while keeping size constant. Such a
tradeoff between the effects of eccentricity and size is
suggestive of continuous mechanisms; it does not suggest
the type of inhibition threshold proposed by Schlaghecken
and Eimer (2002), which would imply a flat time course
for primes at larger eccentricities unless substantial thresh-
old variability is assumed. However, the time courses we
observed in Experiment 1 were not only reduced in am-
plitude but also expanded toward larger mask–target de-
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lays as the prime appeared more peripherally. This change
in the inhibition time course with stimulus eccentricity
presents a challenge for threshold models.

Comparing the time courses for small–near and large–
far primes provided support for the cortical magnifica-
tion account, which assumes that the central–peripheral
asymmetry reported by Schlaghecken and Eimer (1997)
is merely a consequence of the fact that peripheral stim-
uli have smaller cortical representations than do central
ones. If so, the activation and inhibition dynamics of

stimuli across the visual field depend on eccentricity and
physical size via cortical size only. In strong support of
this view, almost identical time courses resulted when
stimuli were adjusted for cortical magnification. This
explains the empirical asymmetries without a threshold
assumption.

We should note that although our results do not sug-
gest the existence of a threshold, they also do not provide
strong evidence against it. However, we do not believe
that further studies of the central–peripheral asymmetry

Figure 6. Time courses of individual participants in Experiment 2, with cubic splines fitted to the
data. The left and middle columns show mean response times (RTs) on congruent and incongruent
trials, respectively. The right column shows the net priming effect (RTincongruent � RTcongruent). Rows
indicate size � eccentricity combinations of primes.
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are likely to reveal specific information on the underlying
inhibitory mechanisms, given that the asymmetry is but
one example of many that follow from cortical magnifi-
cation within the visual system (Strasburger, Rentschler,
& Harvey, 1994; but see Carrasco, McElree, Denisova,
& Giordano, 2003).

In fact, on the basis of the present results, not much
can be inferred about where and how response inhibition
arises. Therefore, we conclude this discussion with spec-
ulations on possible mechanisms underlying response
inhibition, with remarks on research directions that seem
promising for elucidating the response inhibition phe-
nomenon in masked priming.

Possible Mechanisms Underlying Inhibition
As pointed out by Eimer and Schlaghecken (1998), re-

sponse inhibition is likely to occur whenever perceptual
information that initially gave rise to the activation of a
particular motor response is no longer available. The
question is when such a loss of perceptual information is
detected. Recent studies stress the importance of feed-
back connections from extrastriate areas such as infero-
temporal cortex and parietal cortex to early visual areas
(Lamme & Roelfsema, 2000; Van Essen & DeYoe, 1995).
According to Lamme and Roelfsema, after the appear-
ance of a visual stimulus, several feed-forward process-
ing sweeps start operating in parallel but at different
speeds. A quick-and-dirty sweep performs the coarse

analysis of visual features, and a slow sweep operates at
much higher resolution. As a result, higher visual areas
will already have received preliminary data about the
stimulus when the next, more detailed sweep arrives.
Both Lamme and Roelfsema (2000) and Di Lollo, Enns,
and Rensink (2000) propose that activitation at higher
visual areas is matched against that at earlier visual areas
in order to relate it to the corresponding locations in visual
space. Therefore, the detection of a mismatch in the infor-
mation at earlier and later cortical sites might underlie
the phenomenon of visual masking.

Let us assume that whenever such a mismatch is de-
tected, any task-related neural activity that was elicited by
a masked (and nonperceived) stimulus must be inhibited.
This could be achieved either by a general reset signal or,
more specifically, by inhibiting the respective response
units in inverse proportion to their current activation.
The latter possibility seems more economical and could
easily account for the observed response slowing after
congruent primes and the speed-up after incongruent
primes if the response units are assumed to inhibit each
other reciprocally. Spreading of inhibition takes time, as
can be seen from the performance benefits on congruent
trials observed at 0 SOA (i.e., when mask and target are
identical). Only after about 50 msec does the benefit
from congruent primes begin to turn into a disadvantage
and the RT cost from incongruent primes turn into an ad-
vantage. How strongly a motor response is activated by
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the time a mismatch is detected will critically depend on
the representational strength of the prime stimulus, with
stronger representations leading to larger activations.
Therefore, weakly represented stimuli will lead to smaller
performance benefits at any given SOA and will require
more time for response inhibition to build up than will
stimuli with stronger representations.

These assumptions are speculative and require further
investigation. Note, however, that the predictions that
follow from them are in agreement both with the RT and
error rate time courses found here and the LRP time
course data reported by Eimer and Schlaghecken (1998).
Nevertheless, we think that a more thorough understanding
of the mechanisms underlying response inhibition requires
considering the following issues:

1. According to the theories of Lamme and Roelfsema
(2000) and Di Lollo, Enns, and Rensink (2000), response
inhibition critically depends on both prime–mask and
mask–target SOAs. Whereas the delay between prime
and mask determines the amount of motor activation by
the time the mask arrives, the delay between mask and
target determines the time available for inhibition to de-
velop. Therefore, studying the joint effects of these two
temporal variables seems indispensable for understand-
ing the basic mechanisms of response inhibition. As was
shown in our experiments, even if the strength of the in-
hibitory signal is insufficient for producing an NCE,
contrasting the time courses for congruent and incon-
gruent trials may reveal traces of response inhibition that
are missed in experiments with SOA fixed. Obviously,
examining time course data helps avoid the fallacy of
taking the absence of an NCE for proof of the lack of re-
sponse inhibition. Moreover, parametric studies of the
temporal stimulus factors are likely to provide data that
are crucial for deciding between alternative quantitative
models of inhibition.

2. If response inhibition is triggered by a mismatch de-
tection mechanism, the mask should play a substantial
role. At present, there seems to be consensus that re-
sponse inhibition occurs only if the prime is made invis-
ible by the mask (Klapp & Hinkley, 2002). However, in
contrast to the effects that have been found for primes
followed by either a strong or an inefficient metacontrast
mask, we have found clear evidence for response inhibi-
tion elicited by primes that are fully visible (Vorberg,
1998, 2000). Two factors seem to contribute to this ap-
parent disagreement: First, the typical approach to ma-
nipulating prime visibility is to replace the mask with a
blank interval (Klapp & Hinkley, 2002). Such a compar-
ison is problematic, however, if the onset of the mask is
crucial for the occurrence of response inhibition. In our
previous experiments, we therefore used a pseudomask—
that is, a nonmasking stimulus that does not obliterate
the prime stimulus (e.g., an open rectangle). Second, when
assessing the full time courses, we observed that fully
visible primes did elicit NCEs, but with onset delayed in
comparison with the NCE from invisible primes. If we
had kept SOA constant (Klapp & Hinkley, 2002), we
would have come to the conclusion that no response in-

hibition derived from consciously perceived stimuli.
This difference in results again demonstrates the impor-
tance of considering full time course information rather
than focusing on an arbitrarily selected time point.

3. A current debate concerns whether the observed
NCE does in fact reflect active inhibition of the response
facilitated by the prime, or rather an activation of the op-
posite response. The latter possibility has some plausi-
bility, because the pattern mask introduced by Eimer and
Schlaghecken (1998) is formed by the superimposition
of the two prime stimuli, and altering the shape of the
mask may reduce or fully eliminate the NCE (Lleras &
Enns, 2004; Verleger, Jaskowski, Aydemir, van der Lubbe,
& Groen, 2004). The argument that the NCE is tied to the
particular type of pattern mask seems weakened by the
present findings that an NCE can also be demonstrated
under metacontrast masking conditions. We hasten to
add, however, that the above objection might also apply
to our stimuli, as the central cutout in the mask stimulus
is formed by the contours of the superimposed opposite
arrow primes (see Figure 2). It is thus conceivable that
presentation of the mask indirectly activates the percep-
tual representation opposite to that of the prime stimulus
(e.g., via the holes left open when prime and mask are
superimposed). This activation would facilitate target
processing on incongruent trials (because it is congru-
ent with the opposite representation) but interfere with
processing on congruent trials. Although we do not con-
sider this possibility to be likely, it cannot be ruled out at
present. However, some evidence does favor response in-
hibition rather than opposite-response activation: Using
three rather than two response alternatives, Klapp and
Hinkley (2002) nevertheless observed evidence for re-
sponse inhibition. Similarly, Eimer and Schlaghecken
(1998) found response inhibition in a go/no-go task. On
the basis of these results, the NCE is unlikely to be due
to excitation of the opposite response unit only. Our
methodological objection is by now well known: The ev-
idence in favor of opposite-response activation is mostly
from experiments that contrasted the effects of different
types of masks at a fixed mask–target SOA, without tak-
ing into consideration the possibility of shifts in the re-
spective time courses. Again, clarification of the issue
will require experiments that vary the temporal aspects
of the stimuli. We therefore conclude with some method-
ological recommendations.

Experiments that vary the durations of prime, mask,
and/or target stimuli and the onset asynchronies between
them require careful consideration of the following issues:

With SOA constant within blocks, SOA effects may
reflect strategic adaptations to the particular conditions
rather than effects of the temporal variable; thus, time
course data may be contaminated with strategic effects.
There is ample evidence in the literature on RT foreperiod
effects (Luce, 1986) that such contamination is likely to
occur. Even more relevant is the recent demonstration by
Naccache, Blandin, and Dehaene (2002) that the magni-
tude of subliminal priming is modulated on the basis of
whether the prime stimulus falls into a predictable time
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window or not. However, full randomization may be
problematic if large SOA ranges are studied, because
participants may adjust strategies to the longer waits,
which would distort short-range effects. A good com-
promise would be to randomize SOA within limited-
range subsets.

Also, the temporal dynamics of priming and inhibi-
tion effects may vary substantially between participants.
An example can be seen in Figure 4 (right panel), which
shows that at SOA � 168 msec, far congruent primes led
to RT costs for half of the participants but RT benefits
for the other half. Averaging across participants is bound
to give misleading results unless individual time courses
differ in amplitude only, an assumption that is clearly un-
warranted. Thus, analyzing time courses separately for
participants is desirable.

We believe that in spite of their additional demands, para-
metric studies of the time course of masked priming are
crucial for revealing the cognitive architecture that under-
lies information processing with and without awareness.
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NOTE

1. There is little agreement on the terminology to use for the relation be-
tween target and prime stimuli. Across—but not within—experimental
paradigms, congruency, congruity, compatibility, consistency, and corre-
spondence can be seen almost as synonyms. We conform with the usage
established within the masked priming literature and use congruency,
congruent, and incongruent to refer to the prime–target relationship
concerning the response mapped to the relevant stimulus feature.
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APPENDIX

Empirically, the cortical magnification M at eccentricity E has been shown to be approximated
well by the function M(E) � Δx/ΔE � A/(E � E2) (Slotnick, Klein, Carney, & Sutter, 2001),
where Δx (in millimeters) is the change in cortical size of a stimulus, ΔE (in degrees) is the
change in its eccentricity, and E2 (in degrees) is the eccentricity at which the corresponding rep-
resentation in visual cortex is half as large as for central presentation; A (in millimeters) is a con-
stant cortical scaling factor. Estimates for E2 and A vary greatly between studies, depending on
the measurement method. Slotnick et al. have summarized recent studies, both from animal and
human research. We averaged the estimates they reported for human participants studied either
with fMRI (Sereno et al., 1995) or with dipole source localization (Slotnick et al., 2001), dis-
carding estimates that were obvious outliers. This resulted in values of E2 � 0.404 and A � 19.43
as estimates.

Applying the inverse cortical magnification factor M–1 to the stimuli of Experiment 2 gives a
required ratio of the stimulus sizes at the near and far eccentricities of 1 to 2.57. Because of con-
straints imposed by screen resolution and stimulus geometry, this exact ratio was not feasible.
We opted for 1:2 as the nearest size ratio that could be achieved for the vertical extent of the
prime stimuli, and 1:1.4 for that of the targets, which was of lesser importance.

(Manuscript received February 17, 2004;
revision accepted for publication August 11, 2004.)
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