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Abstract

& Behavioral evidence suggests that spoken word recognition
involves the temporary activation of multiple entries in a
listener’s mental lexicon. This phenomenon can be demon-
strated in cross-modal word fragment priming (CMWP). In
CMWP, an auditory word fragment (prime) is immediately
followed by a visual word or pseudoword (target). Experiment 1
investigated ERPs for targets presented in this paradigm. Half of
the targets were congruent with the prime (e.g., in the prime–
target pair: AM–AMBOSS [anvil]), half were not (e.g., AM–
PENSUM [pensum]). Lexical entries of the congruent targets

should receive activation from the prime. Thus, lexical
identification of these targets should be facilitated. An ERP
effect named P350, two frontal negative ERP deflections, and the
N400 were sensitive to prime–target congruency. In Experiment
2, the relation of the formerly observed ERP effects to processes
in a modality-independent mental lexicon was investigated by
presenting primes visually. Only the P350 effect could be
replicated across different fragment lengths. Therefore, the
P350 is discussed as a correlate of lexical identification in a
modality-independent mental lexicon. &

INTRODUCTION

To understand a spoken word, the speech recognition
system has to identify a single entry among thousands of
other stored lexical representations. Current models of
spoken word recognition assume that this process is
enabled by the temporary activation of multiple lexical
candidates. Competition among activated entries sup-
ports the selection of a proper candidate (see Cutler &
Clifton, 1999; Frauenfelder & Floccia, 1999, for recent
reviews). Evidence for multiple activation and competi-
tion is revealed by several behavioral studies (e.g.,
Connine, Titone, Deelmann, & Blasko, 1997; Gow &
Gordon, 1995; McQueen, Norris & Cutler, 1994; Mar-
slen-Wilson, 1990; Zwitserlood, 1989).

The present study aimed at identifying neurophysio-
logical correlates of lexical identification in the event-
related brain potential (ERP). This was realized by a
modified version of word form priming (see Zwitser-
lood, 1996 for an overview), namely, cross-modal word
fragment priming (CMWP). Primes in CMWP are frag-
ments taken from spoken words (e.g., fee taken from
feel). Participants are engaged in a lexical decision task
to visual targets that follow the primes. Prime–target
pairs are either congruent (e.g., fee–feed) or incongru-
ent (e.g., fee–name). In general, congruent words are
responded to faster than incongruent words (Cooper,
Cutler, & Wales, 2002; Cutler & van Donselaar, 2001;

Soto-Faraco, Sebastian-Galles, & Cutler, 2001; Spinelli,
Segui, & Radeau, 2001; Marslen-Wilson, 1990). It is
discussed that lexical identification of congruent targets
is facilitated as a result of the activation from their
respective primes.

Recently, competition has been tested in CMWP by
Soto-Faraco et al. (2001). In this experiment, effects for
partially incongruent targets (e.g., cabal–cabellera
[hair]) were contrasted with completely incongruent
targets (e.g., sol–cabellera). Partially incongruent targets
elicited slower responses than completely incongruent
targets. This delay has been interpreted as inhibition of
partially incongruent candidates from completely con-
gruent entries (e.g., caballero [gentleman]).

In neurophysiological research, lexical activation for
visually presented words in lexical decision has been
related to the N400 in the ERP (Holcomb, Grainger &
O‘Rourke, 2002) and to the M350 in the magneto-
encephalographic response of the brain (MEG; Pylk-
känen, Stringfellow, & Marantz, 2002). However, both
studies used different neurophysiological methods and
different experimental manipulations.

Holcomb et al. (2002) reported an enhanced ampli-
tude of the N400 for words with many orthographic
neighbors as compared to words with few orthographic
neighbors. Orthographic neighborhood is a concept in
visual word recognition, which refers to words of
identical length that vary only by one letter (Coltheart,
Davelaar, Jonasson, & Besner, 1977). It is assumed that
visual word presentation activates a word and its or-Max Planck Institute for Human Cognitive and Brain Sciences
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thographic neighbors. For example, mime and dome
are activated when dime is presented. Thus, the pre-
sentation of words with many neighbors results in a
greater number of activated lexical entries than the
presentation of words with few neighbors. Holcomb
and collaborators assume that the greater number of
activated lexical entries is reflected in an enhanced
N400 amplitude.

Pylkkänen and coworkers (2002) reported that the
M350 peaks earlier for words with higher phonotactic
probability than for words with lower phonotactic prob-
ability. Phonotactic probability refers to the frequency of
individual sounds and sound sequences within a spoken
language. For example, the phoneme sequence in the
word fish has a lower phonotactic probability than the
phoneme sequence in the word cat. It is proposed that
words with high phonotactic probability are activated
faster than words with low phonotactic probability
(Vitevitch & Luce, 1999). Accordingly, Pylkkänen and
colleagues interpreted the modulated peak latency of
the M350 as a reflection of the speed of lexical activation.

Given the different experimental manipulations, it is
not completely clear whether the M350 and the N400
are manifestations of the same process. With respect to
evidence in favor of a semantic interpretation of the
N400, Holcomb and collaborators (2001) associated the
N400 effect with increased activation at the level of
semantic representations. In contrast, the M350 appears
to be more closely related to activation at the level of
phonological representations. Furthermore, an en-
hanced N400 for words with many orthographic neigh-
bors may not necessarily be related to lexical activation,
but may reflect inhibition: A word with many neighbors
receives more inhibition from activated competitors
than a word with few neighbors. However, this interpre-
tation is contrary to the report on facilitated reaction
times found for words with many orthographic neigh-
bors (e.g., Andrews, 1989). Therefore, the present study
attempts to reveal additional insights into the timing of
lexical activation and influences of the number of simul-
taneously activated candidates in the ERP.

In Experiment 1, we recorded ERPs for congruent
targets in prime–target pairs like am–Amboss [anvil] and
for incongruent targets in pairs like am–Pensum [pen-
sum]. Primes should activate congruent targets, but not
incongruent ones. Thus, an ERP correlate of lexical
identification should differentiate both types of targets.
To explore effects of simultaneously activated compet-
itors, we manipulated the length of the fragments. For
example, am is congruent with words like Amboss,
Amber [amber] or Ampel [traffic light], whereas a
longer fragment such as amb is only completely con-
gruent with words like Amboss and Amber, but not with
Ampel.

The point at which a fragment is congruent to only
one word, is referred to as the isolation point (IP). We
determined this point for each congruent target word in

a separate gating experiment during which successive
auditory fragments were presented (see Grosjean, 1996,
for a detailed introduction to this paradigm). Twenty
subjects that did not participate in the current study
were asked to predict—after the presentation of each
fragment—the word they thought would be presented.
The IP was reached when all participants correctly
produced the target word.

Three types of fragments were created in relation to
the IP. Long fragments were fragments up to the IP,
which could only be completed by the target word (e.g.,
ambo). Medium fragments were derived from the long
fragments by subtracting one phoneme (e.g., amb).
Short fragments were derived by subtracting two pho-
nemes from the long fragments (e.g., am). For medium
as well as for short fragments, a group of matching
entries next to the congruent target word exists, al-
though, this group is smaller for medium fragments
than for short fragments. The smaller the amount of
activated competitors, the less inhibition a congruent
target should receive.

In Experiment 2, we tested whether ERP correlates of
CMWP could also be elicited in a unimodal priming
paradigm. With respect to CMWP, it is assumed that
identification occurs in a modality-independent mental
lexicon (see Marslen-Wilson, 1990). Thus, it should be
possible to replicate ERP effects related to lexical iden-
tification in CMWP by using visual fragments followed by
visual targets in a unimodal paradigm (see Figure 1 for
illustration of both paradigms).

In both experiments, subjects were engaged in a
lexical decision task. It is known from priming that
responses in the lexical decision task do not only reflect
lexical processes, but also strategic aspects such as
expectancy-induced priming (e.g., Posner & Snyder,
1975) and prime–target matching mechanisms (e.g.,
Norris, McQueen & Cutler, 2002; Neely, Keefe, & Ross,
1989; Radeau, Morais, & Dewier, 1989). Expectancy-
induced priming refers to a strategy subjects use to

Figure 1. Illustration of one trial in cross-modal fragment priming
(left) and unimodal fragment priming (right). In cross-modal priming,

fragments were taken from spoken words as illustrated for am taken

from Amboss. In unimodal priming, fragments were presented visually

for 200 msec. In both experiments, visual targets were presented for
200 msec immediately following the primes. Targets as well as visual

primes were presented in capital letters using COURIER font.
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generate an expectancy set of words from the prime. If a
target word is included in the expectancy set, it is
responded to faster than if it is not included. The
probability that expectancy contributes to the priming
effect increases with a large portion of related target
words (Keefe & Neely, 1990). To minimize benefits of
expectancy, pseudowords that differ only in the last one
or two letters from the words were created.

Prime–target matching refers to a bias in lexical
decision, which is caused by the yes–no response alter-
native. Subjects are assumed to match primes and
targets following lexical identification of a target. If there
is a relation between both, ‘‘yes’’ responses are facili-
tated. To control for response congruency bias, we
compared congruency effects for words and pseudo-
words in both experiments. If a facilitation for target
words originates from response congruency, a reversed
effect should be observed for pseudowords, which
require a ‘‘no’’ response.

RESULTS: EXPERIMENT 1

Behavioral Measures

The top of Figure 1 illustrates behavioral data observed
in CMWP. Three-way analyses of variance (ANOVAs)
across subjects (F1) and across items (F2) including the
factors Wordness (words vs. pseudowords), Congruency
(congruent targets vs. incongruent targets), and Frag-
ment length (short fragments vs. medium fragments vs.
long fragments) were conducted. There were significant
main effects of the factors Wordness [F1(1,23) = 113.45,
p < .001; F2(1,107) = 181.45, p < .001], Congruency
[F1(1,23) = 279.46, p < .001; F2(1,107) = 94.88, p <
.001], and Fragment length [F1(2,46) = 31.11, p < .001;
F2(2,214) = 15.66, p < .001]. Furthermore, there were
significant interactions between the factors Wordness
and Congruency [F1(1,23) = 80.39, p < .001; F2(1,107) =
71.50, p < .001], and Congruency and Fragment length
[F1(2,46) = 23.45, p < .001; F2(2,214) = 20.02, p < .001].

Facilitation for congruent targets was greater for
words [F1(1,23) = 280.31, p < .001; F2(1,107) =
132.97, p < .001], than for pseudowords [F1(1,23) =
11.76, p < .01; F2(1,107) = 5.83, p = .02]. Although
facilitation for congruent targets was significant across
all three prime lengths [short: F1(1,23) = 57.37, p <
.001, F2(1,107) = 27.86, p < .001; medium: F1(1,23) =
98.42, p < .001, F2(1,107) = 46.03, p < .001; long:
F1(1,23) = 166.53, p < .001, F2(1,107) = 156.09, p <
.001], the effect increased with increasing fragment
length. The difference of RTs for congruent targets
and incongruent targets was 15 msec larger for medium
as compared to short fragments and 31 msec larger for
long as compared to medium fragments (see top of
Figure 2A).

For error rates, there were significant main effects of
the factors Wordness [F1(1,23) = 32.25, p < .001;

F2(1,107) = 15.02, p = .02] and Congruency [F1(1,23)
= 65.44, p < .001; F2(1,207) = 22.27, p < .001], which
were qualified by a significant interaction of both factors
[F1(1,23) = 108.86, p < .001; F2(1,107) = 60.19, p <
.001]. Error rates were lower for congruent words than
for incongruent words [SD = 9, F1(1,23) = 103.93, p <
.001; F2(1,207) = 60.05, p < .001], but higher for
congruent pseudowords than for incongruent pseudo-
words [F1(1,23) = 26.66, p < .001; F2(1,207) = 5.32,
p = .02; see top of Figure 2B].

ERP Measures

ERPs for congruent and incongruent targets started to
differ 200 msec after target onset (see Figures 3A and 4A).
Incongruent targets elicited more positive amplitudes
than congruent targets irrespective of wordness. The
corresponding ERP deflection—ranging from 200 to
400 msec with a peak at 350 msec and a posterior-left
scalp distribution (see Figure 8A)—is referred to as P350.
Between 300 and 500 msec, incongruent words elicited a
larger negativity over the right anterior scalp region than
congruent words (right frontal negativity, see Figure 3A).
In contrast, congruent pseudowords elicited a larger
negativity over the left anterior scalp region than
incongruent pseudowords (left frontal negativity, see
Figure 4A). Furthermore, there was an N400 component
ranging from 400 to 600 msec, which showed an en-
hanced amplitude for incongruent as compared to con-
gruent words, but did not differ for incongruent and
congruent pseudowords. Three different time windows
(200 to 400 msec for the P350, 300 to 500 msec for the
anterior ERP deflections, and 400 to 600 msec for the
N400) were statistically analyzed with five-way ANOVAs,
which included the factors Wordness, Congruency, and

Figure 2. (A) Reaction times and (B) errors for congruent targets
(black) and incongruent targets (gray) for words (left) and pseudowords

(right) following short, medium, and long primes in cross-modal word

fragment priming (above) and in unimodal fragment priming (below).
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Fragment length, as well as Hemisphere (left vs. right)
and Region (anterior vs. posterior).

200 to 400 msec

Statistical analysis revealed significant interactions of the
factors Wordness and Region [F(1,23) = 28.01, p <
.001], Wordness, Region, and Hemisphere [F(1,23) =
4.40, p = .05], Congruency and Region [F(1,23) = 21.78,
p < .001], Congruency and Hemisphere [F(1,23) =
40.71, p < .001], and Congruency, Hemisphere, and
Region [F(1,23) = 4.61, p = .04].

In the first time window we focused on the posteriorly
left distributed P350 effect. This ERP deflection seemed
enhanced for pseudowords as compared to words (see
Figure 7A). However, there was only a marginal effect in
the posterior left region of interest [ROI; F(1,23) = 3.34,
p = .07]. Furthermore, the amplitude of the P350 was
enhanced for incongruent targets as compared to con-

gruent targets, which was supported by significant post
hoc comparisons for the posterior left ROI [F(1,23) =
25.11, p < .001] and the anterior left ROI [F(1,23) =
5.13, p = .03; see Figures 3A and 4A, and Figure 8A for
the scalp distribution].

300 to 500 msec

The ANOVA for the second time window revealed a
significant main effect of the factor Wordness [F(1,23) =
10.97, p < .01] and significant interactions of the factors
Wordness and Region [F(1,23) = 41.13, p < .001],
Wordness and Congruency [F(1,23) = 10.49, p < .01],
and Congruency, Region, and Hemisphere [F(1,23) =
24.70, p < .001].

In the second time window, we focused on anterior
negative ERP deflections. Post hoc comparisons for the
anterior scalp region revealed enhanced amplitudes for

Figure 3. (A) ERPs at selected electrode sites elicited by congruent

words (solid line) and by incongruent words (dotted line) across all
prime lengths in Experiment 1 (cross-modal priming). (B) Differ-

ence waves representing amplitude differences (incongruent words–

congruent words) for short primes (solid line), medium primes

(dotted line), and long primes (dashed line). Incongruent words
elicited a larger P350 and a larger N400 than congruent words.

Figure 4. (A) ERPs at selected electrode sites elicited by congruent

pseudowords (solid line) and by incongruent pseudowords (dotted

line) across all prime lengths in Experiment 1 (cross-modal priming).

(B) Difference waves representing amplitude differences (incongruent
pseudowords–congruent pseudowords) for short primes (solid line),

medium primes (dotted line), and long primes (dashed line).

Incongruent pseudowords elicited a larger P350 and a reduced left

frontal negativity than congruent pseudowords.
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pseudowords as compared to words [F(1,23) = 34.70,
p < .001, see Figure 7A]. Across words and pseudo-
words, congruent targets elicited a larger negativity than
incongruent targets over the anterior left ROI [F(1,23)
= 6.37, p = .02]. However, as can be seen in Figure 4A,
this left anterior negativity can only be observed for
pseudowords [F(1,23) = 4.41, p = .05]. The reversed
pattern was found over the right anterior ROI, where a
larger negativity for incongruent as compared to con-
gruent targets was elicited [F(1,23) = 7.45, p = .01].
This right frontal negativity was only found for words
[F(1,23) = 3.34, p = .08, see Figure 3A].

400 to 600 msec

There were significant interactions between the factors
Wordness and Congruency [F(1,23) = 25.48, p < .001],
Congruency and Hemisphere [F(1,23) = 7.77, p = .001],
Wordness, Congruency, and Hemisphere [F(1,23) =
14.62, p < .001], and Congruency, Hemisphere, and
Region [F(1,23) = 21.85, p < .001].

In the third time window, we focused on the poste-
riorly distributed N400, which showed a significantly
enhanced amplitude for incongruent targets as com-
pared to congruent targets over the right posterior
ROI [F(1,23) = 7.57, p = .01] and over the left posterior
ROI [F(1,23) = 5.18, p = .03, see Figures 3A and 4A].
However, congruency effects differed for words and
pseudowords. The N400 effect was found for words in
both hemispheres [left: F(1,23) = 9.61, p < .01; right:
F(1,23) = 2.81, p < .001; see Figure 3A], but not for
pseudowords (see Figure 4A).

Summary of Experiment 1 and
Motivation for Experiment 2

Taken together, four ERP deflections are related to
target processing in CMWP. We found a positive-going
ERP deflection with a peak at 350 msec, named P350.
The amplitude of the P350 was enhanced for incongru-
ent targets as compared to congruent targets. The P350
effect occurred independently of word status. Further-
more, negative ERP deflections peaking at 400 msec
were elicited over the frontal scalp region. The ampli-
tude of a right frontal negativity was larger for incon-
gruent words than for congruent words, whereas the
amplitude of a left frontal negativity was larger for
congruent pseudowords as compared to incongruent
pseudowords. Finally, the amplitude of the N400 was
found to be enlarged for incongruent words as com-
pared to congruent words, but not for incongruent
pseudowords as compared to congruent pseudowords.
Although the behavioral facilitation did clearly improve
with fragment length, the ERP failed to reveal significant
interactions with this factor.

Given the present ERP results, it seems that more than
one process is tapped with CMWP. The question remains

which of the ERP deflections may be related to lexical
identification in a modality-independent mental lexicon.
Therefore, Experiment 2 investigates which of the ERP
deflections observed in Experiment 1 can also be elicited
when primes are presented in the visual modality.

RESULTS: EXPERIMENT 2

Behavioral Measures

The bottom of Figure 2 illustrates behavioral data in
unimodal fragment priming. For the reaction times,
there were significant main effects of the factors Word-
ness [F1(1,23) = 133.36, p < .001; F2(1,107) = 195.27,
p < .001], Congruency [F1(1,23) = 100.37, p < .001;
F2(1,107) = 118.10, p < .001], and Fragment length
[F1(2,46) = 15.01, p < .001; F2(2,214) = 16.11, p <
.001]. Main effects were qualified by interactions of the
factors Wordness and Congruency [F1(1,23) = 37.19, p <
.001; F2(1,107) = 31.73, p < .001], and Congruency and
Fragment length [F1(2,46) = 22.56, p < .001; F2(2,214) =
14.56, p < .001].

Facilitation for congruent targets was greater for words
[F1(1,23) = 135.89, p < .001; F2(1,107) = 119.42,
p < .001] than for pseudowords [F1(1,23) = 19.58,
p < .01; F2(1,107) = 16.53, p < .001]. Again, there was
a significant facilitation for congruent targets across all
three prime lengths [short: F1(1,23) = 23.73, p < .001,
F2(1,107) = 29.62, p < .001; medium: F1(1,23) = 121.62,
p < .001, F2(1,107) = 72.66, p < .001; long: F1(1,23) =
91.79, p < .001, F2(1,107) = 159.29, p < .001], which
increased with fragment length. There was a facilitation
of 19 msec from short to medium fragments and a
facilitation of 17 msec from medium to long fragments
(see bottom of Figure 2A).

For the error rates, there was a significant main effect
of the factor Congruency [F1(1,23) = 142.28, p < .001;
F2(1,207) = 39.74, p < .001], which was qualified by a
significant interaction of the factors Wordness and
Congruency [F1(1,23) = 56.46, p < .001; F2(1,107) =
29.92, p < .001]. Error rates were lower for congruent
words than for incongruent words [F1(1,23) = 125.20,
p < .001; F2(1,207) = 55.02, p < .001]. However, there
was no significant difference between congruent pseu-
dowords and incongruent pseudowords [F1(1,23) =
3.83, p = .06; F2(1,207) = 1.06, ns; see bottom of
Figure 2B].

ERP Measures

In unimodal fragment priming, we replicated a P350
effect differentiating congruent and incongruent targets
(see Figures 5A and 6A), and an N400 effect differentiat-
ing congruent and incongruent words (see Figure 5A).
We did not find frontal effects for congruent and incon-
gruent targets that were reported in Experiment 1
(compare Figures 3, 4, 5, and 6). To ensure comparabil-
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ity between both experiments, we analyzed the same
three time windows as in Experiment 1 with similar
ANOVAs and post hoc analyses.

200 to 400 msec

There was a significant interaction of the factors Con-
gruency and Hemisphere [F(1,23) = 34.14, p < .001] in
the first time window. Post hoc comparisons indicated a
larger amplitude of the P350 for incongruent targets as
compared to congruent targets over the left hemisphere
[F(1,23) = 5.72, p = .03; see Figures 5A and 6A, and
Figure 8B for the scalp distribution].

300 to 500 msec

In the second time window, there was a significant effect
of the factor Wordness [F(1,23) = 10.42, p < .01], which

was modulated by a significant interaction of the factors
Wordness and Region [F(1,23) = 6.44, p = .02]. Pseudo-
words elicited a larger frontal negativity than words
[F(1,23) = 20.24, p < .001; see Figure 7B].

400 to 600 msec

There was a significant main effect of the factor Word-
ness [F(1,23) = 63.12, p < .001] and significant inter-
actions of the factors Wordness and Congruency [F(2,46)
= 6.53, p = .02], Congruency and Fragment length
[F(2,46) = 3.84, p = .03], Congruency, Fragment length,
and Region [F(2,46) = 5.53, p < .01], Congruency,
Hemisphere, and Region [F(1,23) = 7.07, p = .01],
and Congruency, Fragment length, Hemisphere, and
Region [F(2,46) = 4.21, p = .02].

Pseudowords elicited a larger amplitude of the N400
than words (see Figure 7B), but a main effect of the

Figure 6. (A) ERPs at selected electrode sites elicited by congruent

pseudowords (solid line) and by incongruent pseudowords (dotted

line) across all prime lengths in Experiment 2 (unimodal priming). (B)

Difference waves representing amplitude differences (incongruent
pseudowords–congruent pseudowords) for short primes (solid line),

medium primes (dotted line), and long primes (dashed line).

Incongruent pseudowords elicited a larger P350 and a reduced left
frontal negativity as compared to congruent pseudowords.

Figure 5. (A) ERPs at selected electrode sites elicited by congruent

words (solid line) and by incongruent words (dotted line) across all
prime lengths in Experiment 2 (unimodal priming). (B) Difference

waves representing amplitude differences (incongruent words–

congruent words) for short primes (solid line), medium primes

(dotted line), and long primes (dashed line). Incongruent words
elicited a larger P350 than congruent words. An enhanced amplitude of

the N400 for incongruent as compared to congruent words could only

be proofed for long primes.
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factor Congruency could only be found for words
[F(1,23) = 6.06, p = .02]. However, this effect was
modulated by fragment length. A larger N400 for incon-
gruent words as compared to congruent words was only
observed for long fragments over the posterior left ROI
[F(1,23) = 7.06, p = .01], and over the posterior right
ROI [F(1,23) = 7.53, p = .01]. There was no N400 effect
related to congruency for words following short and
medium fragments.

DISCUSSION

In the present study, we explored ERP correlates of
lexical identification in CMWP. Congruency between
primes and targets was manipulated to investigate
lexical activation. Fragment length was modulated to
explore effects of activated competitors. We found a
P350 deflection, a right and a left frontal negativity, and
the N400 to be sensitive to prime–target congruency in
CMWP. In Experiment 2, we investigated which of these

ERP deflections could be replicated in unimodal frag-
ment priming. Only the P350 effect did reliably differ-
entiate congruent and incongruent targets in unimodal
fragment priming. Neither frontal negative effects nor
an N400 effect across all fragment lengths was observed
in Experiment 2.

In both experiments, the reduced amplitude of the
P350 for congruent as compared to incongruent targets
was correlated with faster reactions to congruent targets.
This behavioral facilitation replicates previous results
observed for congruent target words in CMWP (Cooper
et al. 2002; Cutler & van Donselaar, 2001; Soto-Faraco
et al., 2001; Spinelli et al., 2001; Marslen-Wilson 1990). So
far, facilitated reactions for target words in CMWP have
been interpreted as reflecting activation of congruent
lexical entries. However, the finding that several ERP
deflections differentiate congruent and incongruent tar-
gets challenge such an assumption. In the following, we
will discuss possible processes underlying the ERP de-
flections observed in CMWP.

We argued in the introduction that an ERP effect
related to lexical identification should differentiate con-
gruent and incongruent target words. The P350 was the
only effect for which this assumption was substantiated
across different fragment lengths in both experiments.
However, although the P350 might be a promising
candidate to reflect lexical identification in a modality-
independent mental lexicon, parallel P350 effects for
words and pseudowords question this interpretation. A
possible explanation for this similarity is that the pseu-
dowords were very close to the words, because the
difference resulted from exchanging the last one or
two letters only. Thus, the deviation point was always
after the uniqueness point of the corresponding word.

Figure 8. Topography of the P350 effect illustrated in difference maps

(incongruent words–congruent words) in a time window ranging from

200 to 400 msec, (A) for Experiment 1 (cross-modal priming), and
(B) for Experiment 2 (unimodal priming). Across both experiments,

the P350 effect was pronounced over the left hemisphere with a

maximum over temporal electrode sites.

Figure 7. ERPs at selected electrode sites elicited by words (solid line)

and by pseudowords (dotted line) across all prime lengths (A) in

Experiment 1 (cross-modal priming), and (B) in Experiment 2
(unimodal priming). Pseudowords elicited a larger frontal negativity

across both experiments, and a larger N400 in unimodal priming.
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Following recent behavioral evidence for sequential
aspects of visual word recognition (Lindell, Nichols &
Castles, 2003; Kwantes & Mewhort, 1999), pseudowords
might activate the same entries as words as long as no
violation is detected. Accordingly, equal congruency
effects for words and pseudowords in the amplitude of
the P350 and in the reaction times might indeed be
attributed to the same process, namely, lexical identifi-
cation in a modality-independent mental lexicon.

The P350 temporally coincides with the M350 in the
MEG, which has also been related to lexical activation
during lexical decision (Pylkkänen et al., 2002). Both
neurophysiological correlates show a comparable peak
latency. Furthermore, the left hemispheric scalp distri-
bution of the P350 resembles the source localization of
the M350, which revealed an origin of that component
in the left temporal cortex. However, although the P350
parallels the M350 in its latency and scalp distribution,
both deflections differ in terms of how they were
induced. The P350 varied in amplitude for congruent
and incongruent targets, whereas the M350 was found
to vary in peak latency for words with frequent and
infrequent sound sequences. Variation in latency on the
one hand and variation in amplitude on the other hand
may be attributed to the different experimental manip-
ulation in both studies. In the MEG experiment, pho-
notactic probability, which is thought to facilitate lexical
identification, was varied. Therefore, we may speculate
that speeded identification modulates the latency of the
M350, whereas the reduced effort of lexical identifica-
tion due to priming is reflected in a reduced amplitude
of the P350.

The present data do not support the notion that the
N400 effect observed when number of orthographic
neighborhood is varied (Holcomb et al., 2002) is related
to lexical activation. We may conclude that there are
differences in the neurophysiological response to acti-
vation at the phonological level, which was tapped into
in the present experiment, and the semantic level in the
study by Holcomb and collaborators. Following this,
the P350 may indicate identification of phonological
representations, whereas the N400 may be related to
activation of semantic representations. However, the
possibility remains that the N400 effect observed by
Holcomb and coworkers is related to competition rather
than to activation.

Taken together, the present data point to an inter-
pretation of the P350 as related to lexical identification
in a modality-independent mental lexicon. An important
question is why a P350 effect has not been previously
reported in the ERP priming literature. The answer to
that question probably lies in the specific paradigm we
applied in the present study. Rather than using com-
plete words as primes, we presented word fragments.
Most likely, this novel aspect in ERP research has caused
the elicitation of a previously undetected language-
related ERP deflection, the P350. This ERP deflection

appears to be a promising tool to investigate psycholin-
guistic hypotheses regarding the identification of spo-
ken words with ERPs.

Similar P350 and reaction time effects for words and
pseudowords rule out alternative explanations of prim-
ing effects in terms of strategic processes. It has been
suggested that such processes check the relatedness
between prime and target or prepare yes/no responses
in the lexical decision task (e.g., Neely, 1991). If such
processes would be reflected in the P350, we should
have observed different effects for words and pseudo-
words. However, after a shared initial activation stage,
words and pseudowords may be processed differently as
revealed by different ERP effects for words and pseudo-
words following the P350. There were frontal negative
ERP deflections and N400 effects differentiating words
and pseudowords.

Both the right and the left frontal negativity, which
were exclusively found in CMWP, suggest that more
processes are tapped with CMWP than with unimodal
fragment priming. We suggest that this difference orig-
inates from differences in auditory and visual word
processing. A written word is presented as a whole,
whereas, a spoken word is of sequential nature and thus
is not completely available during the onset of the signal.
Given this difference, spoken word recognition might be
more strongly based on expectancy mechanisms regard-
ing the upcoming word than visual word processing. It
has been assumed that ERP effects for spoken word
recognition in sentence context differ from that of visual
word recognition in sentence context in an N200 effect
preceding the N400 (van den Brink, Brown, & Hagoort,
2001; Hagoort & Brown, 2000). The amplitude of the
N200 was found to be reduced for words that do not
match a sentence context, but begin with phonemes of a
matching word as compared to words with phonemes
that differ from a matching word.

To account for the N200 effect in auditory sentence
processing, it has been argued that a temporary set of
candidates, which is built from the incoming phonemes,
assists spoken word recognition (see van den Brink
et al., 2001). This temporary activated set might be
comparable to an expectancy set in priming paradigms.
The enhanced right frontal negativity for incongruent
words as compared to congruent words may reflect that
congruent words are within this expectancy set, where-
as incongruent words were not within this set. This is
supported by a stronger behavioral facilitation for words
than for pseudowords. In contrast, the left frontal
negativity, which showed an enhanced amplitude for
congruent pseudowords as compared to incongruent
pseudowords, may reflect inhibitory processes if con-
gruent words are in the expectancy set, but the target is
classified as a pseudoword. In line with this interpreta-
tion, we found higher error rates for congruent pseudo-
words as compared to incongruent pseudowords
in CMWP.
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The right frontal negativity for words was followed
by an N400, which also showed an enhanced ampli-
tude for incongruent as compared to congruent
words. The amplitude of the N400 has been repeat-
edly reported to be sensitive to repetition of phono-
logical or orthographic information. A reduced N400
amplitude has been found for targets in rhyming
prime–target pairs (e.g., back–lack, Dumay et al.,
2001; Praamstra, Meyer, & Levelt, 1994; Rugg, 1984a,
1984b), for targets that share orthographic similarities
with the prime (e.g., scan–scandal, Doyle, Rugg, &
Wells, 1996), and for targets in prime–target pairs with
the same word stems (e.g., walk–walked, Rodriguez-
Fornells, Münte, & Clahsen, 2002; Münte, Say, Clah-
sen, Schiltz, & Kutas, 1999). Furthermore, the second
presentation of words with or without intervening
items is reported to reduce the N400 amplitude
(e.g., Rugg, Doyle, & Wells, 1995; Rugg & Nieto-Vegas,
1999). In the present study, N400 effects were not
found for pseudowords, indicating that the underlying
processes were blocked if the target was not a word.
These results point to an interpretation of the N400 as
reflecting prime–target matching in phonological prim-
ing, which is executed after the target word has been
correctly identified. If a relation between prime and
target is detected, lexical decision is facilitated.

It remains to be explained why the N400 effect was
more reliable in CMWP than in unimodal priming. One
account is that there is a higher amount of information
contained in an auditory than in a visual fragment. For
example, syllable structure is marked in a spoken, but
not in a visual, fragment. It has been shown that
prosodic cues such as pitch, duration, and amplitude
of syllables are exploited by the listener to guide spoken
word recognition (e.g., Cooper et al., 2002; Cutler & van
Donselaar, 2001; Soto-Faraco et al., 2001). In a recent
study, we were able to show that pitch contour is
extracted already within the first 300 msec of a spoken
word (Friedrich, Alter & Kotz, 2001). Furthermore,
unlike letters in written language, phonemes are not
discrete units of speech. Coarticulation often indicates
an upcoming phoneme and this information is used by
the listener (McMurray, Tannenhaus, & Aslin, 2002;
McQueen, Norris, & Cutler, 1999; Marslen-Wilson &
Warren, 1994). Thus, there is more information in a
spoken than in a written fragment, which predicts the
upcoming word. Prime–target matching processes, pos-
sibly underlying the N400 effect, may rely on this
additional information and thus work more efficiently
for spoken than for visual fragments.

Unfortunately, we did not observe reliable effects of
the number of simultaneously activated competitors in
the present study. Therefore, we may ask whether the
fragment length is an adequate manipulation to explore
competition among activated candidates. It may not be
possible to inhibit completely congruent targets, as no
other activated candidate fits better with the incoming

signal. Further research has to explore ERPs for targets
which partially mismatch with the fragments. For those
targets, we have to expect inhibition from such candi-
dates that completely match with the fragment as
demonstrated in a behavioral study by Soto-Faraco
et al. (2001).

Taken together, the present experiments indicate that
the combination of CMWP and the recording of ERPs
provides a novel method to explore lexical identification
independent of strategic processes. Facilitated lexical
identification due to a modulated activation status of
lexical entries appears to be reflected in the amplitude of
the P350 in the ERP. Expectancy-based priming might be
indexed by frontal negative ERP deflections, whereas
prime–target matching appears to be reflected in the
amplitude of the N400. The method described in this
article allows us to address important issues in current
neurophysiological research on correlates of word rec-
ognition. Furthermore, ERPs recorded in CMWP appear
to be a powerful means to explore psycholinguistic
hypotheses regarding the information that is used for
lexical identification separately from information that is
used for strategic operations.

METHODS

Participants

Twenty-four students (12 women, aged 18 to 30 years)
participated in each of the two experiments. None of
the subjects was tested in both experiments. All sub-
jects were German speakers with normal hearing,
normal or corrected-to-normal vision, and no history
of neurological disorder. All subjects were right-handed
according to the Edinburgh Handedness Inventory
(Oldfield, 1971).

Materials

Fragments of different length (see Introduction) taken
from 180 bisyllabic German words were presented as
primes in Experiment 1. Words were spoken by a female
German-speaker. Fragments were created by using a
sound editor (CoolEdit v. 1.52, Syntrillium Software,
Phoenix, AZ). None of the fragments was a complete
German word. Short primes were on average 274 msec
long (SD = 133), medium fragments were 388 msec long
(SD = 88), and long fragments were 579 msec long
(SD = 130). The auditory fragments were converted into
letter strings presented in Experiment 2. Short frag-
ments had on average 2.37 letters (SD = 0.82), medium
fragments had 3.45 letters (SD = 0.86), and long frag-
ments had 4.50 letters (SD = 0.91).

Using an online database of German (‘‘Leipziger
Wortschatz-Projekt’’) accessible via the Internet (http://
wortschatz.uni-leipzig.de) we analyzed how often the
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letter strings are beginnings of German words (exclud-
ing compounds). As we expected, the number of match-
ing words decreased from the short to the medium
fragments and was smallest for the long fragments.
The beginning of on average 582.3 entries (SD = 926.0)
in the database matched with the short fragments,
64.3 entries (SD = 138.2) matched with the medium
fragments, and 2 entries (SD = 2.7) matched with the
long fragments. Thus, although after hearing the long
fragments, all subjects correctly guessed the original
target words in the gating task, some of the fragments
were ambiguous if presented visually. If syllable struc-
ture, stress pattern, and vowel quality are accounted for,
on average, 1.1 word (SD = 0.3) matched with the long
fragments. However, eight long fragments remained that
matched two words. These analyses underline the fact
that the spoken fragments were more informative than
their written versions.

In both experiments, the original prime words were
presented visually as congruent words. Congruent
words were on average 5.95 letters long (SD = 1.02).
Word frequency ranged between frequency class 9 and
20 according to the ‘‘Leipziger Wortschatz-Projekt.’’ For
each congruent word, a word with exactly the same
word length and the same frequency, but different
phonology and orthography, was selected as an incon-
gruent word. For each congruent and each incongruent
word, a pseudoword was created by interchanging the
last letter (or the last two letters if both were conso-
nants) between two words. For instance, Amboss and
Balsam [balsam] were changed to the pseudowords
Ambom and Balsass. Hence, half of the pseudowords
was congruent with the preceding prime, whereas the
other half was not.

Differences between Targets

In a control experiment, we presented the targets in a
continuous lexical decision task. Twenty-four subjects
that had not participated in one of the two priming
experiments were tested. Behavioral and ERP responses
were analyzed to explore differences for items presented
as congruent and incongruent targets in the two priming
experiments. Although the words were carefully con-
trolled for frequency and number of letters, there was a
material effect. Subjects made more errors for incongru-
ent words (14.1%, SD = 4.3) than for congruent words
(6.9%, SD = 3.1) [F1(1,23) = 53.32, p < .001, F2(1,107)
= 10.21, p < .01]. Furthermore, congruent words were
responded to faster (585 msec, SD = 68) than incon-
gruent words (596 msec, SD = 69) [F1(1,23) = 18.00,
p < .001, F2(1,107) = 3.81, p = .05]. Although this
facilitation is in the same direction as in both priming
experiments, the facilitation due to the material (11 msec
faster and 7% less errors) was smaller than the smallest
priming effect (47 msec, 13%). Besides the behavioral
facilitation there was a reduced amplitude of the N400

in a time window between 400 and 600 msec for
congruent words as compared to incongruent words
[F(1,23) = 9.64, p < .01]. Again, this effect was smaller
(1 AV) than the observed N400 effects in the priming
conditions (3.5 AV). Most importantly, however, there
was no difference in the ERP amplitude within the time
window of the P350 (200 to 300 msec). There were no
effects in the material for pseudowords.

Procedure

The procedure in both experiments was identical, except
for the prime’s modality. Participants were comfortably
seated in an electrically and acoustically shielded cham-
ber in front of a computer screen with loudspeakers
placed to the left and to the right side of the computer
screen. Participants were instructed to keep their
eyes on a fixation cross at the center of the screen.
In Experiment 1, an auditory prime was presented,
while the fixation cross remained on the screen. In
Experiment 2, the fixation cross was replaced by a visual
fragment with a duration of 200 msec. Immediately after
the prime, a visual target was presented for 200 msec.
The task was to respond as fast and as accurately as
possible whether the target was a word or not. Note that
in unimodal priming, superimposition of retinal images
can be ruled out, because primes and targets differed in
their length. Combined with the fixed central presenta-
tion of primes and targets, it was impossible that identical
letters shared exactly the same position.

Presentation order of fragments of different length,
congruent and incongruent targets, and words and pseu-
dowords was counterbalanced. Half of the subjects gave
‘‘yes’’ responses with the thumb of the left hand and ‘‘no’’
responses with the thumb of the right hand; the other half
had a reversed response pattern. Reaction times were
measured from target onset.

The EEG was continuously recorded (250 Hz/22 bit
sampling rate; DC amplifier by Twente Medical Systems,
Enschede, The Netherlands) from 58 Ag–AgCl electro-
des, which were mounted in an elastic cap (Electro Cap
International, Eaton, USA, 10–20 system). Two further
electrodes were placed above the left and right mastoid.
Those as well as the cap-mounted electrodes were
referenced against the nose tip. Four further electrodes
provided bipolar recordings of the horizontal and ver-
tical electrooculogram (EOG). Impedances were kept
below 5 k�. Artifacts caused by facial and eye move-
ments were rejected off-line when one of the EOG
recordings exceeded 30 AV within 200 msec. Further-
more, visual inspection of the raw EEG was carried out
to eliminate drifts. ERPs were computed for the targets
starting from the beginning of the visual presentation
up to 600 msec and with a 200-msec prestimulus
baseline. Only correctly responded, artifact-free trials
were included in the averaging procedure.
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Data Analysis

Behavioral data were subjected to three-way ANOVAs
across subjects (F1) and across items (F2) including the
factors Wordness (words vs. pseudowords), Congruency
(congruent targets vs. incongruent targets), and Frag-
ment length (short fragments vs. medium fragments vs.
long fragments).

Four ROIs were defined for the ERP analyses. Each
ROI included 11 electrode positions (left anterior: FP1,
AF3, AF7, F3, F5, F7, F9, FC3, FC5, FT7, FT9; right
anterior: FP2, AF4, AF8, F4, F6, F8, F10, FC4, FC6, FT8,
FT10; left posterior: CP3, CP5, TP7, TP9, P3, P5, P7, P9,
PO3, PO7, O1; right posterior: CP4, CP6, TP8, TP10, P4,
P6, P8, P10, PO4, PO8, O2). Mean amplitudes were
subjected to ANOVAs including the factors Wordness,
Congruency, and Fragment length, as well as the factors
Hemisphere (left vs. right) and Region (anterior vs.
posterior). These ANOVAs were conducted across sub-
jects. Significant interactions are only reported in case of
significant post hoc comparisons. Because of different
baselines (i.e., different auditory stimuli preceding the
target), main effects of the factor Fragment length could
not be analyzed in the ERPs.
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