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In psycholinguistics, the coactivation of lexical candidates by partial input has received a lot
of attention. More recently, psychophysiological studies have shed more light on this issue
and identified two possible time windows in which effects of coactivation of lexical
candidates can be observed in event-related potentials (ERPs). However, these studies
cannot be used to disentangle effects of coactivation from the inhibition of candidates that
do not match input. A new visual gating paradigm is presented, in which stimuli were
visually presented letter by letter, decreasing the size of the cohort of lexical candidates as
more letters are presented. Stimuli were created such that at the letter position of interest,
the amount of coactivated candidates was kept constant while manipulating the size of the
reduction of the cohort. The resulting ERPs indicate two components (frontal P2, and a left
temporal late negativity) that scaled with cohort-size reduction. These results show that a
visual gating paradigm can be used to disentangle coactivation of lexical candidates from
inhibition of non-matching items, and that these processes are closely related to each other
in time.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is generally assumed that, in language comprehension,
partial auditory or visual input activates cohorts of lexical
candidates that match this input. With more incoming
information, the initial set of candidates is reduced such
that only matching items remain in the cohort. The reduction
process terminates when one candidate remains, at which
point word recognition takes place. Cognitive models of
speech and written language comprehension deal with
acoustic, graphic, phonetic and phonological encoding,
accompanied by semantic and syntactic activation and
discourse integration (e.g., Ans et al., 1998; Coltheart et al.,
1991; Cutler and Clifton, 1999; Gaskell and Marslen-Wilson,
1997; Goldinger et al., 1992; Johnson and Pugh, 1994; Marslen-
Wilson, 1987; Masson, 1995; McClelland and Elman, 1986;
aas.nl (M. Bles).
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Norris et al., 1995; Perfetti, 1999). Suchmodels have elaborated
ideas about how the activation of the initial set and the
selection of the winner actually take place. These ideas differ
between models, and there is still ongoing discussion about
the details of word recognition. A consistent idea across the
literature is that partial linguistic input can coactivate a set of
several lexical items (hereafter called a ‘cohort’). Coactivation
of lexical items has received a lot of attention in psycholin-
guistics and more recently in the psychophysiological litera-
ture. To our knowledge, less work has been reported on the
reduction of the cohort of activated items and the nature of
the neural selection of the target word from this cohort. The
goal of this paper is to focus on processes related to neural
aspects of “cohort-size reduction” during word recognition.

Evidence for the coactivation of lexical candidates can be
found in a variety of studies with different psycholinguistic
.
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paradigms. In cross-modal semantic priming studies, gated
fragments of words such as captain are followed by a visually
presented target word for lexical decision. The target word can
be semantically related either to the spoken word itself (e.g.,
ship, semantically related to captain) or to a cohort competitor
sharing the same initial sounds (e.g., guard, semantically
related to captive). Typically, gated fragments like /kæpt/, that
are consistent with both the actual word and its cohort
competitor facilitate the processing of both the actual target
and the cohort competitor compared to unrelated control
targets (Zwitserlood, 1989). These results are consistent with
the idea that initial form-based access activates lexical
candidates and their semantic properties, allowing facilitation
of a response to a semantically related word (Marslen-Wilson,
1987).

More recently, high temporal resolution methods such as
eye and hand movement studies and event-related potentials
(ERP) have been used to gainmore insight in the time course of
competition between coactivated words. For example, a
general finding in eye movement studies is that when
participants view arrays of pictures while hearing a target
word (in a neutral context), more fixations are made to cohort
competitors of the target word than to phonologically
unrelated distractors (e.g. Allopenna et al., 1998; Dahan et
al., 2001; Dahan and Tanenhaus, 2004). More precisely, the
amount of fixations to cohort competitors starts to diverge
from fixations to unrelated distractor words as early as 200ms
after word onset. Taking into account that eye movements
need 150–180 ms of preparation time, these data indicate that
lexical activation influences eye movements in the first
100 ms after word onset. Importantly, the number of fixations
made to targets and to cohort competitors is equal until
approximately 200–300 ms after enough information is pre-
sent in the signal to disambiguate targets from cohort
competitors, indicating that the lexical representations of
both the targets and the cohort competitors are activated and
considered by participants.

Similarly, in a study in which participants were required to
make a PC mouse movement towards a picture depicting a
spoken word, the trajectory of the mouse movement was
found to be influenced by the presence of a cohort competitor
(Spivey et al., 2005). The trajectory of the mouse followed an
equidistant path to both pictures for a longer time when the
distractor picture was a cohort competitor. This was inter-
preted as being consistent with “a description of two nearly
equibiased attractors initially pulling the system toward their
shared midpoint” (p. 10394). Only when enough information
was present in the speech signal to disambiguate the two
stimuli, the target became a stronger attractor, pulling the
movement of the mouse towards it.

Psychophysiological evidence that the meaning of several
potential candidates is activated comes from a study by van
Petten et al. (1999). In an ERP study, participants listened to
sentences that ended with contextually congruous words,
incongruous words that shared the same initial phonemes
(cohort incongruous words), or words that rhymed with the
congruous words (rhyme incongruous words). The target ERP
component in this study was the N400, which is usually
observed when participants are presented with semantically
incongruous words in a sentence, indicating that it reflects
semantic integration (Kutas and Hillyard, 1980, 1984). The
critical finding in this study was that the N400 amplitude for
rhyme incongruous words deviated from that of congruous
words and cohort incongruous words as early as 200ms before
the isolation point (i.e., the moment when enough informa-
tion was present to have one lexical candidate left). Moreover,
the N400 amplitudes of the congruous words and the cohort
incongruous words diverged from each other at a later time
point, namely after the isolation point. These data clearly
indicated that the meaning of alternative lexical candidates
was at least partially activated and that the moment of
selection depended on the amount of onset phonemes that
were shared between target and competitor. These data have
been replicated in a subsequent study by van den Brink et al.
(2006), who also showed that the onset of the N400 effect
occurs before the isolation point. Furthermore, the onset
latency of the N400 was not influenced by the exact timing of
the isolation point, which implies that semantic integration
takes place before a unique word candidate has been selected.

In a cross-modal priming task, Friedrich (2005) showed that
visual targets that are fully congruent with previously
presented auditory primes lead to most negative ERP ampli-
tudes at centro-temporal electrodes, followed by targets that
were only partially congruent and targets that were fully
incongruent, respectively. The amplitude differences caused
by prime–target congruency were reflected in a P350 compo-
nent which peaked at left-hemispheric scalp sites at around
350ms. Based on these results and those of a previous study in
which the P350 was also observed in a unimodal priming task
(Friedrich et al., 2004), the P350 was interpreted as an index for
the activation of matching words in a modality-independent
mental lexicon. In this respect, the P350 shares similarities
with the M350 component observed in MEG studies (e.g.,
Pylkkänen et al., 2002, 2004, 2006; Stockall et al., 2004). The
latency of the M350 has been found to vary with phonotactic
probability of written words (Pylkkänen et al., 2002; Stockall
et al., 2004). Words with high phonotactic probabilities led to
lower M350 latencies than words with low probabilities.
Similar to the previously mentioned P350, the M350 was
interpreted to reflect lexical activation, and the decreased
latency for high-probability words was a result of facilitated
lexical activation.

Further evidence for the activation of multiple lexical
candidates in written words came from an ERP study by
Holcomb et al. (2002). Participants read words and pseudo-
words that belonged to small or large lexical neighborhoods
while performing either a lexical decision task or a semantic
categorization task. The authors found an enhanced N400
component for both words and pseudowords with a high
amount of orthographic neighbors. This N400 pattern was
interpreted as supportive for the view that printed strings
belonging to large neighborhoods lead to increased levels of
activation at either the form representation level, or the
semantic representation level. Interestingly, in the semantic
categorization task, effects of neighborhood size could already
be observed in the 150- to 350-ms time window. Along similar
lines, Barber et al. (2004) and Hutzler et al. (2004) reported an
N400 component varying with syllable frequency (higher N400
for high syllable frequency stimuli), supporting the idea that
high-frequency syllables trigger the activity of many lexical



Fig. 2 – Stimulus material. Depicted are the sizes of the
cohorts of words that could be formed after presentation of
each of the three letters, i.e., the numbers of lemmas in Dutch
that start with that letter combination. The size of the
reduction of a cohort from one letter to the next is
represented by the slope of the line between those two
letters. Bars represent standard deviations. Please note that
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candidates since they are shared by many words. In addition
to the N400 effect, and similar to Holcomb et al. (2002), an early
negativity for high-frequency syllables was observed 150 ms
(Barber et al., 2004) or 190 ms (Hutzler et al., 2004) after
presentation of the stimulus. The interpretation of these
results was that early first-syllable frequency effects may be
associated with pre-lexical processes like phonological stimu-
lus processing and activation of lexical candidates. In addi-
tion, Barber et al. (2004) hypothesize that the subsequent N400
effect might not just reflect differences in the activation of
lexical candidates, but might also reflect differences in
inhibition between lexical candidates, associated with select-
ing the proper candidates from many activated items.

In summary, there is general empirical evidence and
consensus that speech or written input activates several
initial lexical candidates matching input. For recognition to
take place, it is necessary to narrow this initial set of
candidates down to a single, best-fitting match. Contrary to
support for coactivation of lexical candidates, the processes
involved in selecting appropriate candidates have not been
investigated so far. In the present study, we applied a
paradigm that enabled us to look at the selection process
itself, rather than the activation of candidates. In a visual
gating paradigm we presented sets of three letter combina-
tions, letter by letter (see Fig. 1).

For each set, we calculated beforehand how many lemmas
in the Dutch language start with the first, the first two or all
three letters of the set (CELEX database, Baayen et al., 1995). As
displayed in Fig. 2, after the first letter, the cohort size (i.e., the
amount of words that start with that letter) was large, the
second letter reduced that size and differentiated stimuli into
three types of cohorts (relatively large, medium, small), the
third letter reduced the cohort size of all three conditions to
the same size.

After presentation of the third letter, the amount of lexical
candidates that matches current input was equal for all three
groups of stimuli. However, the reduction of the cohort size
(i.e., the slope that can be observed in Fig. 2) from the second
Fig. 1 – Trial display. A trial startedwith the presentation of a
green letter (depicted as light grey in this graph) at the
leftmost position in the box, on the center of the screen. The
trial continued by presenting green letters at positions to the
right of this letter at a rate of 1 Hz, until a red letter appeared
(depicted as the dark grey ‘h’ in this graph), to which the
subject was asked to make a button press response. The
letters on the screen never formed actual words, and the
position of the red target letter was randomly varied.

the Y-axis has a logarithmic scale.
to the third letter position differed between conditions. The
rationale behind this design was that any ERP difference in
response to the third letter presentation could be explained
by the size of currently active cohorts, as they were similar
across conditions from the onset of the third letter onwards.
Rather, a variation in the ERP should reflect the selection
processes that are involved in the reduction of the size of the
active cohort.

The letter positions were marked in the EEG signal and the
ERP signal in response to the third letter was analyzed in order
to observe the reduction process at a millisecond scale.
Assuming that inhibition of non-matching lexical candidates
occurs at approximately the same time as the activation of the
candidate set, we expected to observe effects of cohort-size
reduction in similar time windows as reported for (pre-)lexical
coactivation (Barber et al., 2004; Carreiras et al., 2005; Holcomb
et al., 2002; Hutzler et al., 2004). Specifically, the P2 and N400
components were expected to display effects of cohort-size
reduction.
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2. Results

2.1. Behavioral findings

Data reported here belong to the 16 subjects that were used in
the ERP analysis. Behavioral data of 2 subjects had to be
discarded due to technical problems. Inspection showed that
reaction times linearly decreased with letter position. Reac-
tion times to filler trials with the target at position 1 were
584 ms, whereas responses to targets at position 7 took only
369 ms. This effect of target position in filler trials was highly
significant (F(6,78)=77.76, p<0.001). A linear within-subjects
contrast confirmed the strong linear decrease observed of
reaction times as the letter position progressed (F(1,13)=117.8,
p<0.001). Since target letters never appeared on letter posi-
tions 1 to 3 in experimental trials, a comparison between
experimental and filler conditions is only possible at positions
4 to 7. An ANOVA with letter position (4, 5, 6 and 7) and
condition (filler vs. experimental) revealed no differences
between targets that were preceded by experimental trials
and those preceded by filler trials (F(1,13)=2.15, p>0.1). Again,
the effect of target position was highly significant (F(3,39)=
Fig. 3 – ERP waveforms in response to the presentation of the thi
letter (0 ms), at which cohort-size reduction was manipulated, b
components that scaled with cohort-size reduction.
45.62, p<0.001). There was no interaction between target
position and condition (F(3,39)=0.50, p>0.5).

Due to the simple nature of the task, little errors were
made. The average amount of missed targets was 5% across
conditions. An ANOVA on the amount of missed targets in the
filler condition revealed no effect of target position (F(6,78)=
1.41, p>0.1). Analysis of the last 4 letter positions revealed no
difference between the amount of missed targets that were
preceded by either experimental or filler trials (F(1,13)=0.173,
p>0.5). No effect of letter position was observed (F(3,39)=
0.53, p>0.5), nor was there an interaction between letter
position and condition (F(3,39)=0.52, p>0.5). The amount of
false alarms was extremely small (on average 0.5%). There
were no differences between experimental and filler condi-
tions (F(1,13)=1.53, p>0.1) or letter position (F(5,65)=3.23,
p>0.05), nor was there a significant interaction between
position and condition (F(5,65)=0.29, p>0.5).

2.2. Electrophysiological findings

2.2.1. Third letter presentation
The grand average waveforms of ERPs elicited by the third
letter are presented in Fig. 3. All conditions showed an N1–P2
rd letter. ERPs are time-locked to the presentation of the third
ut overall cohort size was kept constant. Arrows indicate
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complexwhichwasmost prominent at anterior sites, followed
by a large frontal negativity occurring between 300 and 500ms
after onset of the third letter. At posterior sites, the morphol-
ogy of the ERPs was slightly different, probably due to the
nature of our stimulus material (letter-by-letter gating). The
posterior N1 componentwas slightly delayed, compared to the
anterior N1 component, and was especially large at electrodes
T5 and O1 (i.e., contra-lateral to the location of the newly
presented letters). The subsequent P2 component was less
pronounced than at anterior sites. Instead of the frontally
visible negative component between 300 and 500 ms, a few
small negative and positive going deflections are observed at
posterior sites.

For a reliable determination of time windows of interest,
root–mean–square (RMS) transformations (i.e., the square root
of the mean of the squared potentials from each common-
referenced electrode) were calculated (see Fig. 4). Note that
these RMS plots were only used for visual selection of the time
windows of interest. The subsequent statistical analysis was
based on the mean amplitudes of the ERPs. Visual inspection
of the RMS plots clearly indicated three time windows,
especially at fronto-central sites, in which the parametric
cohort-size manipulation resulted in systematic variations of
the RMS and ERP amplitudes. The first of these time windows
was related to the N1 component, between 124 and 164 ms.
The second time window of interest included the P2 compo-
nent, between 212 and 280ms. Finally the window from 360 to
440mswas selected for further analysis as it showed variation
in the late negativity across conditions at central sites. Mean
area amplitudes for each of these time windows were
calculated for each condition for each subject, and were
entered in a repeated measures General Linear Model (GLM)
analysis with cohort-size reduction (3 levels: low, medium,
high), laterality (3 levels: left (F3 to O1), middle (Fz to Oz), right
Fig. 4 – RMS plots of each letter position. RMS plots were calcula
values of each of the 29 common-referenced electrodes. RMS val
define three timewindows for further analysis: the first one rangi
third one from 360 to 400 ms. All subsequent analyses were per
(F4 to O2)) and anterior–posterior (6 levels: F, FC, C, CP, P and O
lines) as factors. All reported p-values of tests with more than
one degree of freedom in the numerator were Greenhouse–
Geisser corrected to adjust for violations of the sphericity
assumption (Greenhouse and Geisser, 1959).

Analysis of the average ERPs in the 124- to 164-ms time
window showed no significant effects of cohort-size reduction
[F(2,30)=0.71, p=0.47]. The effects of laterality [F(2,30)=2.06,
p=0.15] and anterior–posterior [F(5,75)=0.21, p=0.70] were not
significant either, nor were any of the interactions (all p-
values>0.1). Inspection of the single electrodes where the
effect was most apparent visually (see Figs. 3 and 5) did not
reveal any effects of cohort-size reduction in this timewindow
(all p-values>0.1).

For the 212- to 280-ms time window, the cohort-size
reduction (3)× laterality (3)×anterior–posterior (6) analysis
revealed a significant main effect of cohort-size reduction [F
(2,30)=3.66, p=0.045]. The most positive mean amplitudes
were observed in the high reduction condition (1.67 μV),
followedby themedium(1.39 μV) and low reduction conditions
(1.23 μV), respectively. The increasing mean area amplitude
with increasing cohort-size reduction was confirmed by a
significant linear within-subjects contrast for the reduction
factor [F(1,15)=5.24, p=0.037], supporting the observation of a
linear relationship between the experimental manipulation
and ERP amplitude in this time window. A significant main
effect of the anterior–posterior factor was observed [F(4,60)=
21.84, p<0.001]. Mean amplitudes were largest over central
sites and declined towards more anterior and posterior sites.
The main effect of laterality was not significant [F(2,30)=1.93,
p=0.18]. There was a statistical trend towards an interaction
between cohort-size reduction and the anterior-posterior
factor [F(10,150)=2.53, p=0.064]. Post hoc analysis of the
cohort-size reduction effect at the different anterior–posterior
ted by taking the square root of the average of the squared
ues at the third letter position (rightmost figure) were used to
ng from 124 to 164ms, a second one from 212 to 280ms, and a
formed on the ERP values per subject per condition.



Fig. 5 – ERP waveforms and topographical difference maps in response to the presentation of the third letter. Waveforms are
magnified versions of electrodes shown in Fig. 3 at which cohort-size reduction effects could be observed. Topographic maps
represent the difference between the high reduction and low reduction conditions in the N400 time window (late negativity,
left side) and the P2 time window (right side).
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levels revealed that the effect was strongest at F and FC lines,
slowly declining towards more posterior sites. None of the
other interactions were significant (all p-values>0.1).

For the 360- to 440-ms timewindow, a cohort-size reduction
(3)×laterality (3)×anterior–posterior (6) GLM revealed a sig-
nificant main effect of cohort-size reduction [F(2,30)=3.89,
p=0.047]. The most negative mean amplitudes were observed
in the high reduction condition (−0.54 μV), followed by the
medium (−0.35 μV) and low (−0.15 μV) conditions. Further-
more, a significant laterality effect was observed [F(2,30)=6.65,
p=0.005], aswell as a significant effect of the anterior–posterior
factor [F(4,60)=3.74, p=0.038]. Mean amplitudes were higher at
midline electrodes than at more lateral electrodes and
increased at more anterior sites. None of the interaction
terms were significant (all p-values>0.05). The topography of
the difference between the high and low reduction group in
this time window (see Fig. 5) indicated a left central-temporal
focus of the effect. The linear within-subjects contrast was
significant [F(1,15)=5.19, p=0.038], confirming the linear rela-
tionship between cohort-size reduction and ERP amplitude in
this time window at these scalp sites.

2.2.2. First letter presentation
In the 124- to 164-ms time window, no effects of stimulus
conditionwere observed in response to the presentation of the
first letter [F(2,30)=2.79, p>0.1]. There was a significant effect
of the anterior–posterior factor [F(5,75)=6.61, p=0.01]; highest
amplitudes were observed at FC and C lines. The laterality
effect was not significant, nor were any of the interactions (all
p-values>0.1).

In the 218- to 280-ms time window, a significant effect of
condition was observed [F(2,30)=5.20, p=0.022]. Most positive
mean amplitudes were observed in the ‘low reduction’
condition (2.02 μV), followed by the ‘high’ (1.55 μV) and
‘medium’ (1.22 μV) conditions. There was also a significant
main effect of laterality [F(2,30)=8.29, p=0.002], with less
positive mean amplitudes at right-hemisphere leads. No
other main effects or interactions were observed in this time
window (all p-values>0.1).

In the 360- to 440-ms time window, a significant laterality
effect [F(2,30)=11.19, p<0.001] and an interaction of this factor
with the anterior–posterior factor [F(10,150)=4.04, p=0.003]
were observed. None of the other main factors or interaction
terms approached significance (all p-values>0.2).

2.2.3. Second letter presentation
In the 124- to 164-ms time window, there was a marginally
significant effect of stimulus condition in response to the
presentation of the second letter [F(2,30)=3.44, p=0.062].
Amplitudes in the group of stimuli that had the highest
reduction at letter position 3 were slightly higher than those of
the other conditions. There was a main effect of laterality
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[F(2,30)=4.08, p=0.046], with higher amplitudes for left hemi-
sphere electrodes. The unexpected effect of condition in this
time window seemedmainly due to a problem in the baseline
at left-lateralized electrodes for this condition, which is
reflected by a significant condition×laterality interaction
[F(4,60)=3.13, p=0.039]. More detailed analysis confirmed
that the effect of condition was only significant over left
hemisphere leads [F(2,30)=6.43, p=0.008]. At these leads, the
‘high reduction’ group differs from the other two conditions
(p<0.05). No other significant interactions were observed in
this time window.

In the 212- to 280-ms time window, a significant effect of
laterality [F(2,30)=7.98, p<0.002] and of the anterior–posterior
factor [F(5,75)=7.50, p=0.012] were observed. There was no
main effect of condition [F(2,30)=0.96, p>0.25], nor were there
any significant interactions (all p-values>0.25).

In the 360- to 440-ms time window, a significant effect of
condition was observed [F(2,30)=3.66, p=0.05]. Most negative
mean amplitudes were observed for the ‘high reduction’
(−0.35 μV) condition, followed by the ‘medium’ (−0.07 μV)
and ‘low’ (0.05 μV) conditions. The linear within-subjects
contrast for this factor was significant as well [F(1,15)=5.49,
p=0.033]. Furthermore, there was a significant effect of
laterality [F(2,30)=9.04, p=0.001], with more negative mean
amplitudes for central electrodes. There was also a significant
interaction between laterality and the anterior–posterior
factor [F(10,150)=2.96, p=0.02]; the effect of laterality was
slightly stronger at fronto-central electrode locations. None of
the other factors or interactions approached significance (all
p-values>0.25).
3. Discussion

In this study, a new paradigm was applied to investigate
neural processes of cohort-size reduction during word recog-
nition. By visually presenting parts of words letter by letter at a
slow rate during ERP recording, we were able to investigate
parametrically manipulated cohort reduction online. The
cohort-size reduction was manipulated by creating groups of
stimuli in which the amount of lexical candidates that did not
match the input after the presentation of the third letter
differed between conditions. The aim of the study was to
relate ERP effects to cohort reduction or selection processes
proper. The potentially confounding factor of cohort size was
controlled for by keeping it constant at the letter position of
interest (i.e., position 3). Previous studies on cohort effects in
language comprehension found evidence for a coactivation of
lexical candidates both behaviorally (e.g., Allopenna et al.,
1998; Dahan et al., 2001; Dahan and Tanenhaus, 2004;Marslen-
Wilson, 1987; Spivey et al., 2005; Zwitserlood, 1989) and
electrophysiologically (Barber et al., 2004; Holcomb et al.,
2002; Hutzler et al., 2004). The latter identified two ERP
components of interest (the P2 and N400 components)
whose amplitudes systematically varied with the amount of
activated lexical items. Granted the assumption that coactiva-
tion of lexical candidates is closely related to the processes
involved in inhibiting non-matching candidates we hypothe-
sized that these ERP components are possible target compo-
nents for detecting effects of cohort-size reduction as well. In
fact, in the present study ERPs in response to the third letter
scaled with cohort-size reduction in the time windows of the
P2 and N400 components. In these time windows, higher ERP
amplitudes were observed in conditions where cohort-size
reduction was high and vice versa. Since higher ERP ampli-
tudes are usually associated with higher neural processing
loads (e.g., Hagen et al., 2006; Handy andMangun, 2000; Swaab
et al., 2004; van Petten and Luka, 2006) these data support the
view that stronger inhibitive processes are required when
larger groups of lexical candidates are discarded.

3.1. P2 time window

Interestingly, effects of cohort-size reduction were observed
as early as the frontal P2 component (212–280 ms), a time
window in which orthographic neighborhood size effects
(Holcomb et al., 2002) and syllable frequency effects (Barber
et al., 2004; Hutzler et al., 2004) have been reported. Our results
confirm that the ERP in this window is also sensitive to the
specific process of cohort reduction. The P2 effect observed in
the preceding studies was interpreted as a precursor for the
subsequent N400 effect, caused by a different amount of
activated candidates. In our design, we dissociated the
reduction of candidates from the amount of active candidates,
and kept the amount of active lexical candidates identical
across conditions after presentation of the third letter. Since
we too observed a variation in P2 amplitude, we suggest that it
reflects the amount of inhibition of words that mismatch
phonological/orthographic input, rather than the amount of
activated lexical candidates. The observed positive correlation
between P2 amplitude and size of reduction implies that
inhibition is stronger in situations where the cohort of
activated lexical candidates has to be reduced to a larger
degree.

This interpretation is supported by a variety of studies. In
several different paradigms, frontal positive components have
been identified that were involved in inhibitory and selective
processes. For example, in the visual domain, a component
variously named Frontal Selection Positivity (FSP), anterior P2
(P2a) or Frontal Positivity (FP) has been linked to stimulus
evaluation and target selection (Kenemans et al., 1993; Potts,
2004; Smid et al., 1999), or to the suppression of irrelevant
features (Guillem et al., 2001). In the auditory domain, the P2
component has been interpreted as being involved in the
inhibition of distractors (Melara et al., 2002) and in target
detection (Potts et al., 1998). Although the exact nature of this
P2 component is still under debate (see Potts, 2004), most
authors stress its involvement in the evaluation of task
relevance or in the inhibition of responses to distractor
stimuli. The P2 component can be seen as reflecting inhibition
and/or selection in a more general, modality-independent
manner. From the cited literature, the frontal positivity was
reported as being sensitive to the selection of visual features
like orientation, color, shape, location and even faces. In
addition, it has also been related to the selection of auditory
stimuli, or – as reported here – to the linguistic reduction of a
lexical cohort. Alternatively, a family of P2s could reflect very
modality specific inhibition/selection. Depending on the type
of information (visual, auditory, linguistic, or non-linguistic)
one would expect slight variations in the P2 across tasks. The
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present study cannot give an answer on the functional
specificity of the P2. Future studies are needed to system-
atically compare the P2 topography and the underlying neural
generator/s across tasks. Most importantly, whether general
or specific, the observed P2 in the present paradigm speaks of
the time course of cohort reduction, which takes place in the
212- to 280-ms time window after letter onset.

Recent studies have found evidence that lexical access is
well underway between 100 and 200 ms after presentation of
visual words (Hauk et al., 2006a; Sereno and Rayner, 2003). In
this time window, effects of lexical frequency (Hauk and
Pulvermuller, 2004; Hauk et al., 2006a; Sereno et al., 1998, 2003),
syllable frequency (Barber et al., 2004; Hutzler et al., 2004), bi-
and trigram frequency (Hauk et al., 2006b) and neighborhood
size (Holcomb et al., 2002) have been observed, indicating that
lexical access must have already taken place. The effects of
cohort-size reduction observed in the present study occurred
slightly later than in these studies, i.e., slightly after 200 ms,
even though most of the word has already been processed
when the target letter appears. A possible explanation is that,
in the current study, the target letter did not complete an
actual word: each three-letter string was still only a partial
word, congruent with many candidates. The fact that no
single candidate is selected, may have caused a delay in the
lexical access process. Alternatively, the effects presently
observed take place slightly after the initial lexical access
stage. That is, although candidates receive activation in an
earlier time window, the actual process of inhibiting non-
matching candidates does not start until shortly after the
initial activation. Future research should address this issue,
for example by manipulating reduction and frequency effects
simultaneously in order to investigate the time courses of both
effects.

It is also important to note that the direction of the cohort-
size reduction effect we observed in the P2 time window is
reversed in comparison with the effects of syllable frequency
and neighborhood size reported in previous studies (Barber
et al., 2004; Holcomb et al., 2002; Hutzler et al., 2004). That is,
we observed more positive amplitudes in conditions where lots
of inhibition takes place, whereas previous results showed less
positive amplitudes for conditions where many items were
activated. In this respect, it can be informative to have a look
at the results at letter positions 1 and 2. The results at the first
letter presentation replicated previously reported results. That
is, P2 amplitudes in response to the presentation of the first
letter were less positive for letters with which many words can
be formed, which is in line with previous results where high-
frequency first syllables and stimuli with many orthographic
neighbors lead to less positive P2 amplitudes. Comparing
results at letter position 1 with those at position 3 confirms
that two effects with opposing directions are taking place in
the P2 time window: initial activation of candidates decreases
P2 amplitude, whereas inhibition of candidates that do not
match input anymore increases it. Extra support for this
observation comes from the results at position 2. At this
position, the condition with the lowest amount of possible
candidates was also the condition with the lowest amount of
cohort-size reduction compared to position 1. In other words:
at letter position 2, the counteracting effects of candidate
activation and inhibition should lead to a null-effect on P2
amplitude. Indeed, no significant difference between condi-
tions could be observed in the P2 amplitude, nor did the effect
approach significance. The opposing direction of the effects of
activation and inhibition raises the important question on
what the strength of each of these effects is. It also implies
that previously observed P2 effects are actually smaller than
they would have been if the inhibition factor would have been
kept constant. The design of the current study is not suitable
for estimating the magnitude of each effect. A design
including a condition in which cohort-size reduction is kept
constant but cohort activation is parametrically varied would
yield valuable additional information.

3.2. N400 time window

The second selection-related effect was observed in the later
negative component, at left temporal sites. This negativity
scaled with cohort-size reduction in a similar manner as the
P2 effect. The distribution of the effect in this time window
(left temporal focus) and the duration of the effect (360–440ms
after onset of the third letter) imply that the observed
component is not a “standard” N400, which is usually
characterized as having a centro-parietal distribution slightly
biased towards the right hemisphere 300–600ms after onset of
the critical stimulus (Kutas and van Petten, 1994). The function
of the N400 is related to semantic integrationwithin sentences
(Kutas and Hillyard, 1984) and across sentences and discourse
processing (van Berkum et al., 1999). The N400 has also been
reported in the auditory domain as being sensitive to both
context-based (top-down) and acoustic phonetic (bottom-up)
information (van den Brink et al., 2006; van Petten et al., 1999),
indicating its involvement in lexical access. There are several
reasons why we did not observe a “standard” N400. For
example, in our visual gating paradigm, we looked into the
integration at a letter-by-letter manner and it could well be
that a letter-by-letter integration is reflected in a relatively
“smaller”N400. Another reason for the lack of a standard N400
could be that we manipulated neither the amount of active
lexical items nor the difficulty of integrating the current input
into a context. The amount of lexical candidates was equal
between conditions after presentation of the third letter, and
letter strings were presented without a semantic context.
Furthermore, our subjects were never asked to zoom into
single lexical items because the cohort size of the three-letter
word fragments was always bigger than one.

Nevertheless, the effect observed in the present study
temporally and morphologically overlaps with the early
window of the “standard” N400 effect. As reported above,
these early stages of the N400 are likely to be involved in
phonological stimulus analysis (van den Brink et al., 2006;
van Petten et al., 1999). We suggest that our observed N400-
like effect reflects integration processes in the mental
lexicon. More specifically, given the subjects' task to process
pseudowords on a letter-by-letter basis, we suggest that the
effect reflects the updating of the cohort of active candidates
in the mental lexicon. This update involves the adjustment of
the cohort from second to third letter input, which entails the
inhibition of non-matching items that were activated by the
preceding partial input. The relatively late time window in
which the update occurs (N400, 360–440 ms after onset)
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suggests that it is a consequence of the relatively early
inhibitory process (P2, 212–280 ms after third letter onset).

As with the P2 timewindow, it might be informative to look
at effects in the N4 time window at letter positions 1 and 2. In
contrast to the P2, effects of cohort-size reduction in the
current study are in the same direction as effects of syllable
frequency and neighborhood frequency in previous studies in
this time window. Thus we should observe effects of cohort
activation and inhibition at all three letter positions. Interest-
ingly, no effects of condition were observed at letter position 1.
An explanation for this is that no update of the cohort of active
candidates is required after presentation of the first letter. If
the early N400 time window indeed reflects the update of the
activated lexical candidates as more information becomes
available, then effects of cohort size should only be expected
after an initial cohort of candidates has been activated by
previously presented information. This was the case only after
presentation of letters two and further, hence the absence of
any differences in this time window at letter position 1. In line
with this interpretation, effects of condition were observed in
this time window after presentation of the second letter,
indicating that lexical processing is taking place. Observed
amplitudes were lowest for the ‘low’ condition where cohort
size and cohort reduction (from position 1 to 2) were smallest,
followed by the ‘medium’ and the ‘high’ group, respectively.
Since the ‘medium’ group had the highest amount of
reduction from position 1 to 2, but the ‘high’ group had the
highest cohort size at position 2, this implicates that the effect
of cohort size in this time window has a bigger effect on ERP
amplitude than does cohort reduction. However, since our
study was designed to test for inhibition effects at position 3,
not activation effects at other positions, better controlled
studies should be employed in the future to investigate the
strength of both effects.

Stimuli were presented in an unnaturalmanner during this
experiment. With a few exceptions such as letter-by-letter
message displays at animated advertisement boards, at car
radio fronts, or with text messaging at mobile phones, people
do not often encounter written stimuli that are presented to
them in an incremental fashion in daily life. Generally, words
are fixated once before the next word is processed. Although a
single fixation is enough to extract the visual information
about a written word, fixation times are vulnerable to factors
such as word length, frequency and familiarity (Sereno and
Rayner, 2003), and some models of written language compre-
hension suggest that lexical access in written words takes
place in a left-to-right fashion (e.g., Coltheart et al., 2001;
Johnson and Pugh, 1994). In line with this idea, word
recognition experiments showed that words with an early
Orthograpic Uniqueness Point (OUP, the visual analog of the
Uniqueness Point that is used in the auditory gating paradigm)
are recognized faster than thosewith a late OUP (Coltheart and
Rastle, 1994; Kwantes and Mewhort, 1999; Lindell et al., 2005;
Rastle and Coltheart, 1999). Thus, it seems reasonable to
assume that at least in some situations lexical access in
response to written words proceeds in a left-to-right manner.
Of course, we cannot claim that the effects we observed with
the current paradigm reflect lexical mechanisms involved in
every real-world situation. But by putting time constraints on
the availability of orthographic information at the visual input
level, as in the current study, rather than within the language
processing system, as is generally the case, a time window
was created that allowed investigation of the processes
involved in cohort-size reduction, and specifically the inhibi-
tory processes associated with this.

In summary, this study has revealed two ERP components
related to cohort-size reduction, a factor that has received
little attention in the research literature before.We observed a
relatively early component (P2) that, we suggest, reflects the
neural correlate of the inhibition of candidates based on
phonological/orthographic information, followed by a compo-
nent that mirrors the neural processes involved in updating
the active candidates in the lexicon (N400 time window).
Given the similarity of the time windows of the present study
(cohort-size reduction) and other studies (activation of match-
ing candidates) our data support the plausible assumption
that activation of lexical candidates and inhibition of non-
matching candidates are closely related in time. In line with
others (Barber et al., 2004; Holcomb et al., 2002; Hutzler et al.,
2004), our results show that these two phases in the word
recognition process can be manipulated separately, and that
they independently affect different ERP components.
4. Experimental procedures

4.1. Participants

Twenty-two right-handed native speakers of Dutch partici-
pated in this study. They were paid for their time. All were
neurologically healthy and had normal or corrected to normal
vision. Data of six participants had to be discarded due to
excessive amounts of eyemovement artefacts (more than 25%
of trials), or technical problems. The data of the remaining 16
subjects (5 females, mean age 22.8 years) were analyzed. This
research project was approved by the ethical committee of the
Faculty of Psychology, Maastricht University.

4.2. Stimuli

In order to keep frequency and cohort-size constant, while
manipulating cohort-size reduction, three groups of 36 three-
letter combinations were created. For each of these three-
letter combinations, the amount of lexical candidates (lem-
mas) in the Dutch language that, start with the first, the first
two, or all three letters was calculated (Celex database for
lemma frequencies Baayen et al., 1995). For example, Dutch
has over 5300 lemmas that start with the letter ‘h’, about 1500
lemmas start with ‘ho’, and 200 candidates with ‘hon’. Based
on these stimulus properties, three groups of stimuli were
created that differed in the size of the cohort of possible
alternatives after presentation of a new letter (see Fig. 2).
Groupswere created in such away that the average cohort size
after presentation of the first letter was 5593 (standard
deviation 2961), 7347 (3017) and 7356 (2153), for the three
groups. More importantly, after presentation of the second
letter, these cohorts were reduced to 276 (97), 704 (208) and
1526 (139) words for the three groups, labeled Low, Medium
andHigh, respectively. The critical factor in the designwas the
equal size of the cohorts after the presentation of the third
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letter; 83 (60), 90 (73) and 93 (65), respectively. Based on this
material, the size of the reduction of cohort size (i.e., cohort size
after the second letter minus cohort size after the third letter)
differentiates the three groups. That is, the size of the
reduction was 193 for the Low condition, 614 for the Medium
condition, and 1442 for the High condition. To control for
frequency effects, the average frequency of each of the
members of the cohorts was matched for two-letter combina-
tions (122 (84), 130 (63), 131 (90), respectively) and for three-
letter combinations (103 (84), 98 (68), 102 (88), respectively).

Letterswere presented in green (RGB 0; 255; 0) or in red (RGB
255; 0; 0, target for the reaction task of the subject, see below).
Font type was Courier, letter size was 0.5° of visual angle.
Letters were sequentially presented on a black background.
The first letter appeared at the location of the fixation cross,
subsequent letters were presented at 0.6° of visual angle to the
right of the previous letter, with a maximum of seven letters.
The letters on the screen never formed a real word, and the red
letter never appeared in the first three letters of an experi-
mental trial. In addition to potential word segments, filler
letter sequences were included that were presented in the
same manner as the relevant strings, except that they were
created by randomly generating strings of letters. These filler
trials were included to distract participants from the fact that
many of the stimuli formed parts of words, in order to reduce
anticipation effects for word meaning in incoming strings.
Furthermore, in these filler trials targets could also appear at
the first 3 letter positions, which insured subjects' attention to
all letter positions.

4.3. Procedure

Participants were told that they participated in a simple
reaction time experiment. After explanation of the task, and
application of the electrodes, participants were comfortably
seated in an electrically shielded, sound-attenuated room in
frontof a computermonitor. Theywere told tokeep theamount
of movement as low as possible, and to be as fast and accurate
as possible on the reaction task. On themonitor, a black screen
with a white box was projected. In this box, a fixation cross
appeared for a variable amount of time (1900–2500 ms), to
which participants were asked to fixate. A trial sequence
reflecting the letter-by-letter gating paradigm is displayed in
Fig. 1. A trial started with the disappearance of the fixation
cross, whichwas substituted by a green letter. At a rate of 1 Hz,
letters were added to the right of this letter until a red letter
appeared. The participants' taskwas tomonitor the color of the
newly presented letters, and press a response button on a
response boxwith their right index fingerwhenever a red letter
appeared, which ended the trial. A fixation cross reappeared
until a new trial started. The 108 experimental stimuli (36
trigram trials×3 conditions) were randomly alternated with 54
filler stimuli. This block of stimuli was repeated three times per
subject, leading to a total of 108 trials per condition.

4.4. EEG recording

The electroencephalogram (EEG) was measured using 29 tin
electrodes mounted in an elastic cap (QuickCap, Neuroscan
Inc. Tm). The electrodes were positioned according to the
international 10–20 system (Jasper, 1958). Electrodes Fz, F3,
F4, F7, F8, FCz, FC3, FC4, FP1, FP2, AFz, T3, T4, T5, T6,TP7, TP8,
Cz, C3, C4, CPz, CP3, CP4, Pz, P3, P4, Oz, O1, O2 were measured
as active leads. Scalp sites were online referenced to an
electrode placed at the left mastoid (A1). The signal of an
additional electrode placed at the right mastoid (A2), refer-
enced to A1, was later used for offline re-referencing of the
signal to the average of A1 and A2. Vertical eye movements
and blinks were measured with a bipolar montage placed
above and below the left upper and lower orbital ridge.
Horizontal eye movements were recorded with a bipolar
montage placed at the left and right canthi. All electrode
impedances were kept below 5 KΩ. The EEG was amplified
(Synamp, Neuroscan Inc.) with a 0.05–30 Hz bandpass and
sampled at 2.5-ms intervals (400 Hz) and stored to disk.
Epochs of 800 ms were created, time-locked to the onset of
the third letter in each trial. Epochs included a 200-ms pre-
stimulus baseline correction interval and they were 1–30 Hz
bandpass filtered (Butterworth, zero phase, 24dB/oct). After
removal of eye blinks and other artifacts (on average 10% of
the data, no difference between conditions), ERPs were
calculated separately for each subject and each condition.
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