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Abstract

B During their first year of life, infants not only acquire
probabilistic knowledge about the phonetic, prosodic, and
phonotactic organization of their native language, but also
begin to establish first lexical-semantic representations. The
present study investigated the sensitivity to phonotactic
regularities and its impact on semantic processing in 1-year-
olds. We applied the method of event-related brain potentials
to 12- and 19-month-old children and to an adult control
group. While looking at pictures of known objects, subjects
listened to spoken nonsense words that were phonotactically
legal (pseudowords) or had phonotactically illegal word onsets
(nonwords), or to real words that were either congruous or
incongruous to the picture contents. In 19-month-olds and in
adults, incongruous words and pseudowords, but not non-
words, elicited an N400 known to reflect mechanisms of
semantic integration. For congruous words, the N400 was

INTRODUCTION

During their first year of life, infants’ speech perception
abilities become gradually tuned to the properties of
their native language sound structure. This tuning pro-
cess develops as a result of infants’ ongoing experience
with their native language input. It is characterized by
both an increase in sensitivity to native language con-
trasts and a decline in sensitivity to foreign language
contrasts (Cheour et al., 1998; Kuhl, Williams, Lacerda,
Stevens, & Lindblom, 1992; Best, McRoberts, & Sithole,
1988; Werker & Lalonde, 1988; Werker & Tees, 1984).
Infants’ tuning to native language sound categories is
accompanied by an increase in attentional preference
for listening to speech that observes the phonetic,
prosodic, and phonotactic organization of their native
language (Friederici & Wessels, 1993; Jusczyk, Cutler, &
Redanz, 1993; Jusczyk, Friederici, Wessels, & Svenkerud,
1993; for a review, see Jusczyk, 1997). It reflects some
familiarity with the regularities of their native language
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attenuated by semantic priming. In contrast, 12-month-olds did
not show an N400 difference, neither between pseudo- and
nonwords nor between incongruous and congruous words.
Both 1-year-old groups and adults additionally displayed a
lexical priming effect for congruous words, that is, a negativity
starting around 100 msec after words onset. One-year-olds,
moreover, displayed a phonotactic familiarity effect, that is,
a widely distributed negativity starting around 250 msec in
19-month-olds but occurring later in 12-month-olds. The
results imply that both lexical priming and phonotactic
familiarity already affect the processing of acoustic stimuli in
children at 12 months of age. In 19-month-olds, adult-like
mechanisms of semantic integration are present in response to
phonotactically legal, but not to phonotactically illegal, non-
sense words, indicating that children at this age treat pseudo-
words, but not nonwords, as potential word candidates. Wl

sound structure, which facilitates the later process of
language acquisition (e.g., infants use their knowledge
about phonotactic probabilities to segment the speech
stream into single words) (Friederici & Wessels, 1993).

To comprehend words or to acquire new word mean-
ings, infants must figure out those parts of the acoustic
input that potentially represent meaningful words. More-
over, phonological representations must be mapped
onto conceptual representations that either are already
established or must be constituted on-line from ongoing
meaningful contexts. This means that lexical mapping
and semantic processing mechanisms must be initiated
in response to potential words.

Semantic processing routines are electrophysiologi-
cally indicated by the N400, a negative wave that occurs
in the event-related brain potential (ERP) of adults at
about 400 msec after stimulus onset (Kutas & Hillyard,
1980; for a review, see Kutas & Federmeier, 2000). The
N400 reflects mechanisms of semantic integration of a
stimulus into the current context (Holcomb, 1993) such
as semantic integration of a word into its sentence
context (e.g., Friederici, Pfeifer, & Hahne, 1993) or
integration of a picture into a picture story (West &
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Holcomb, 2002). Any stimulus that is semantically unex-
pected in the current context releases greater N400
amplitudes than a stimulus that is semantically primed
or that can otherwise be predicted by the semantic
context. In adults, pseudowords (i.e., nonsense words
that obey the phonetic, prosodic, and phonotactic
rules of a given language) elicit substantial N400 re-
sponses, whereas nonwords (i.e., nonsense words that
violate the regularities of a language) do not (Bentin,
Mouchetant-Rostaing, Giard, Echallier, & Pernier, 1999;
Nobre & McCarthy, 1994; Holcomb, 1993; Holcomb
& Neville, 1990; Bentin, 1987; Rugg & Nagy, 1987,
Bentin, McCarthy, & Wood, 1985). Thus, the N400 is
assumed to represent a default response (Kutas & Van
Petten, 1994) that is initiated in response to words or
other potentially meaningful stimuli such as pictures,
pseudopictures, and pseudowords, but not in response
to nonwords that do not act as potential referents for
meaning.

Adult-like N400 responses on words and pictures
have also been reported for children (Hahne, Eckstein,
& Friederici, 2004; Coch, Maron, Wolf, & Holcomb,
2002; Friederici & Hahne, 2001; Gonzalez-Garrido
et al., 1997; Holcomb, Coffey, & Neville, 1992; Friedman,
Sutton, Putnam, Brown, & Erlenmeyer-Kimling, 1988).
Using slowly spoken words presented in picture con-
texts, we observed an N400-like response on words
even in 19-month-old children (Friedrich & Friederici,
2004). In this age group, the negative responses in
the ERP on words that were incongruous to the pic-
tures reached its maximum at about 600 msec, whereas
the N400 semantic priming effect, the negativity in
the difference between incongruous and congruous
words, displayed the strongest effect between 800 and
900 msec.

The ERP response on words and nonsense words
presented without meaningful context had already been
investigated in children between 1 and 2 years old (Mills
et al., 2004; Mills, Coffey-Corina, & Neville, 1993, 1994;
Molfese, Wetzel, & Gill, 1993; Molfese, 1989, 1990).
Molfese and his colleagues (Molfese et al., 1993; Molfese,
1989, 1990) presented children with words that were
either known or unknown to the children. A positive-to-
negative shift that occurred over frontal and/or temporal
brain regions within temporal ranges of 200 to 350 msec
differentiated between known and unknown words in
12-, 14-, and 16-month-old children.

In the study of Mills, Coffey-Corina, and Neville
(1993), 20-month-old children listened to known words,
unknown words, and backward-presented words. Sen-
sitivity to the different word types was indicated by
two early negative components that were called N200
and N350. Both components were more pronounced
in words children knew than to those they did not
know and were nearly absent in response to backward-
presented words. Thus, amplitudes of these early neg-
ative components appear to reflect familiarity with
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native language sounds, which is higher in known than
unknown words and absent in backward-presented
words that grossly violate phonetic, prosodic, and pho-
notactic features of a given language. In this study
with 20-month-olds, an additional negative response
occurred between 600 and 900 msec. This later response
might indicate the presence of semantic processing
routines that are initiated in response to potential
words. Although the N600-900 differed with the child-
ren’s language abilities, it did not vary with word type.

Up to now, the ERP response on nonsense words that
are either phonotactically legal or phonotactically illegal
has not been examined in children. In the present study,
we investigated the sensitivity of 1-year-olds to phono-
tactic knowledge by measuring their ERP response to
nonsense words in picture contexts. Pseudowords that
meet phonetic, prosodic, and phonotactic properties
of German might represent potential meaningful words
that are currently unknown to the children. Nonwords
that meet phonetic and prosodic properties but violate
phonotactic properties cannot become meaningful
words, and thus, do not act as potential words if pho-
notactic rules of the language are taken into account.

Words or word-like stimuli presented in semantic
context are expected to trigger lexical-semantic process-
ing routines reflected in the occurrence of an N400 in
the ERP. If these were default responses to any speech
input, such mechanisms would already be present at
birth. As a default response, one would expect a devel-
opmental tuning process that should be reflected in a
decline of attempted lexical-semantic processing for
stimuli that are unlikely according to the sound organi-
zation of the native language. If, in contrast, the N400 is
the reflection of lexical-semantic processing routines
that mature later, at a time when native language prop-
erties are well established, then it should develop in
response to potentially meaningful words and should
not be applied to other word-like stimuli. In either case,
both developmental increase and developmental de-
crease are assumed to result in an adult-like pattern of
initiating N400 processing mechanisms in response to
pseudowords but not to nonwords.

As the paradigm in this study requires that children
already know the meaning of the pictured objects, we
measured children at an age of 12 and 19 months. This
age difference of more than half a year should allow us
to, at least partly, access developmental changes in the
children’s brain activity that are correlated with their
increase in phonotactic knowledge of German. The
comparison of words that are congruous and words that
are incongruous to the pictures are taken as a control
condition to test whether the mechanisms reflected in
the N400 are already present in both age groups and
whether the expected differences between the process-
ing of pseudo- and nonwords are similar to the N400
effect between incongruous and congruous words in
topography and timing.
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Because adult ERP differences between pseudo- and
nonwords have only been only observed by using
either visually presented stimuli (Bentin et al., 1999;
Nobre & McCarthy, 1994) or acoustically presented back-
ward speech for the nonword condition (Holcomb &
Neville, 1990), and because the stimuli we used for the
l-year-olds were spoken much slower than those typ-
ically used in N400 studies, we additionally assessed
adults with identical stimuli in the same paradigm to
directly compare the ERP responses of children and
adults.

RESULTS
Event-related Brain Potentials of 12-month-olds
Pseudowords versus Nonwords

The ERPs of 12-month-olds on nonsense words (Figure 1,
top) were dominated by a frontally distributed sus-
tained positive wave that was split by small negative
deflections. Differences between pseudo- and nonwords
occurred over the left lateral frontal, left temporal, and
slightly over the frontal and central brain regions (see
Figure 2, top, for the spatial distribution). They were
indicated by a condition main effect in the time window
from 800 to 900 msec, and by interactions of condition
with region from 600 to 900 msec (Table 1A). Analyses of
single-electrode sites (Table 1C) revealed that during
these time windows, the ERP responses on pseudo-
words were more negative than those of nonwords over
the left lateral frontal brain region. In the temporal range
from 800 to 900 msec, the left temporal, right frontal,
and right fronto-central brain regions were also involved
in this effect.

Incongruous Words versus Congruous Words

To investigate whether the observed differences be-
tween pseudo- and nonwords might represent an
infant-specific N400-like response, we also compared the
ERPs for congruous and incongruous words (Figure 3,
left). Similar to the responses on nonsense words, the
ERPs of 12-month-olds on words were characterized by
a frontally distributed slow positive wave with opposite
directed peaks. Differences between congruous and
incongruous words could be observed even during
very early processing stages. Condition main effects,
with more negative responses on congruous than in-
congruous words, were present from 100 to 500 msec
(Table 1A,B). Moreover, an interaction of condition
with region occurred from 100 to 250 msec. Subse-
quent analyses of single-electrode sites revealed that
in this early time window, the effect included only lat-
eral frontal, temporal, frontal, and centro-central brain
regions [F(1,45) = 4.6-16.2, p < .05]. There was no
time window in which incongruous words elicited sig-
nificantly more negative responses than congruous

words. Thus, in 12-month-olds, no N400-like effect
could be observed between incongruous and congruous
words.

Pseudowords versus Congruous Words

To confirm the absence of an N400 in 12-month-olds, we
also compared the ERPs on pseudowords with that on
congruous words (Figure 3, right). Again, condition main
effects occurred from 100 to 500 msec (Table 1A B).
They were caused by more negative responses on
congruous words than on pseudowords. In contrast to
the effect observed between congruous and incongru-
ous words, the parietal region was strongly involved
during the whole interval in which the effect occurred.
In addition, interactions of condition and region were
present from 500 to 900 msec as well as from 1000 to
1100 msec. Within these time windows, congruous
words also elicited more negative responses than pseu-
dowords but only over parietal and centro-parietal brain
regions (Table 1C). That is, although pseudowords
elicited more negative responses than nonwords in
12-month-olds, they did not elicit an N400-like response
when compared with congruous words.

Event-related Brain Potentials of 19-month-olds
Pseudowords versus Nonwords

The ERPs of 19-month-old children on pseudo- and non-
words (Figure 1, middle) also showed a frontally distrib-
uted slow positive wave with opposite directed
deflections. During long periods, clear differences were
present between the responses on pseudo- and non-
words. Condition main effects occurred from 250 to
1200 msec (Table 2A B). Within each time window,
pseudowords elicited more negative responses than
nonwords. An interaction of condition with region from
250 to 400 msec and subsequent single site analyses
indicated that differences between pseudo- and non-
words started in the left frontal region [F(1,46) = 4.1,
p < .05]. Thus, in 19-month-olds, the effect as a whole
might be composed of an early left frontal negativity
that is already present in 12-month-olds and, possibly,
an N400-like negativity (see Figure 2 for the spatial
distribution).

Incongruous Words versus Congruous Words

To interpret the results obtained for pseudo- and non-
words adequately, we also analyzed the responses be-
tween congruous and incongruous words. This enables
the comparison of the long-lasting negative effect for
nonsense words with the spatio-temporal distribution of
the N400 difference for words. Similar to 12-month-olds,
the ERPs of 19-month-olds revealed very early starting
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Figure 1. ERPs on pseudo-
and nonwords for 12- and
19-month-olds and adults.
Solid lines for phonotactically
legal pseudowords and dotted
lines for phonotactically illegal
nonwords.
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12-month-olds
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Figure 2. Spatial distribution of the difference between pseudo-
and nonwords for 12- and 19-month-olds and adults. For electrode
positions, see Figure 3.

differences between congruous and incongruous words
(Figure 4, left). Interactions of condition with region
were present from 100 to 600 msec, from 800 to
1100 msec, and over midline sites from 250 to 800 msec
(Table 2A,B). Although congruous words elicited more
negative responses than incongruous words over left
lateral frontal and right frontal brain regions from 100 to
400 msec, incongruous words evoked a broadly distrib-
uted, more-negative-going potential than congruous
words from 400 to 1200 msec (Table 2C). This N400-
like processing difference also caused condition main
effects from 700 to 1200 msec and over midline sites
from 500 to 1200 msec (Table 2A,B). The centro-parietal
distribution of the N400 semantic incongruity effect is
displayed in Figure 6 (left, top).

Pseudowords versus Congruous Words

As in 19-month-olds, the negative difference wave be-
tween pseudo- and nonwords seemed to be caused by
the overlap of an N400-like centro-parietal effect with an
earlier starting left lateral frontal effect; we also com-
pared the responses on pseudowords to those of

congruous words (Figure 4, right). This additional com-
parison provides more evidence for the attribution of a
part of that effect to the N400 and more information
about the spatio-temporal distribution of the possible
N400 on pseudowords.

Similar to the comparison of the word stimuli, the ear-
ly, more negative response on congruous words in the
lateral frontal and temporal brain region gave rise to
both interactions of condition, hemisphere, and region
from 100 to 400 msec and a condition main effect from
250 to 400 msec (Table 2A). An interaction of condition
with region in the following time window from 400 to
500 msec was caused by a sustained, more negative re-
sponse for congruous words in the temporal brain re-
gion and a concurrent, more negative response for
pseudowords in the centro-central region (Table 2C).
Stronger negative responses for pseudowords than for
congruous words were also observed from 500 to
1000 msec over midline sites and within the temporal
ranges from 800 to 1200 msec over parietal, central, tem-
poral, fronto-central, and centro-parietal brain regions
(for the spatial distribution, see Figure 6, left, bottom).
The distribution of the difference between pseudowords
and congruous words and its similarity to the N400
between incongruous and congruous words strongly
suggest that it represents an N400-like effect.

Event-related Brain Potentials of Adults
Pseudowords versus Nonwords

The adult ERP on nonsense words (Figure 1, bottom)
showed the early N1-P2 complex that is typically evoked
by auditory stimuli. Within the time range of the N1-P2
as well as within the following small negative—positive
wave pattern, there were no apparent differences be-
tween the responses on pseudo- and nonwords. Starting
at about 400 msec, pseudowords elicited stronger neg-
ative responses than nonwords, primarily over parietal
and central brain regions. This was reflected in condi-
tion main effects from 500 to 1200 msec and over
midline sites from 400 to 1200 msec (Table 3A,B).
Interactions of condition with region that occurred from
400 to 1100 msec indicated the spatial differences in
that effect. Analyses of single-electrode sites revealed
that the effect started at 400 msec in the centro-central,
parieto-central, and left parietal brain region [F(1,19) =
44-72, p < .05] and spread out to other regions at
about 500 msec. Regions not involved in this effect were
the frontal region from 500-800 msec and the temporal
region from 900-1100 msec (see Figure 3, bottom, for
the spatial distribution).

Incongruous Words versus Congruous Words

Processing differences between congruous and incon-
gruous words (Figure 5, left) occurred very early, which
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Table 1. Condition Effects of 12-month-olds

A. Within Three-way Condition x Hemisphere x Region ANOVAs

Incongruous Words vs.

Pseudowords vs. Nonwords Congruous Words

Pseudowords vs.
Congruous Words

Time Window  Condition, Condition x Region, Condition, Condition x Region, Condition, Condition x Region,
(msec) F(1,45) F(6,270) F(1,45) F(6,270) F(1,45) F(6,270)
100-250 8 2k 2.5%% 4.8%%
250-400 S5.1%* 17.6%%*
400-500 4.3%% 3.9%
500-600 3.7
600-700 3.1 3.6%*
700-800 3.3%* 2.7%%
800-900 4.5%* 4.2 4.9
900-1000
1000-1100 2.7%%
1100-1200 4.9%%

B. Within Midline Two-way Condition x Region ANOVAs

Incongruous Words vs.

Pseudowords vs. Nonwords Congruous Words

Pseudowords vs.
Congruous Words

Time Window  Condition,  Condition x Region, Condition, Condition x Region, Condition, Condition x Region,
(msec) F(1,45) F(2,90) F(1,45) F(2,90) F(1,45) F(2,90)
100-250 6.0%* 3.7% 12.5%%%
250-400 3.0% 24 5w
400-500 83wk
500-600 2.5%
600-700 2.9%
700-800 3.0%
800-900
900-1000
1000-1100
1100-1200 4.8%%

C. For Single-electrode Sites Within One-way ANOVAs

Time Window Pseudowords vs. nonwords,

Pseudowords vs. congruous words,

(msec) F(1,45) = 3.1-12.0 F(1,45) = 4.9-12.8
500-600 Pz, P3, P4, CP5**
600-700 F7%* Pz, P3, P4+
700-800 F7* Pz, P3, CP5**
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Table 1. (continued)

Time Window Pseudowords vs. nonwords,

Pseudowords vs. congruous words,

(msec) F(1,45) = 3.1-12.0 F(1,45) = 4.9-12.8
800-900 F7, F8, T7, F4, FC4** Pz, P3
900-1000

1000-1100 Pz, P3, P4

Data in boldface represent phonotactic familiarity effect; in italics, lexical priming effect.

*p < .1,
#5p < 05.
wHEp <01,

was reflected in a condition main effect from 100—
250 msec (Table 3A). Like for 1-year-olds, congruous
words evoked more negative responses than incongru-
ous words. In adults, this effect was strongest over the
left temporal brain region. Condition main effects that
occurred from 250 to 1200 msec indicated that in-
congruous words elicited a long-lasting, more nega-
tive response than congruous words (Table 3A,B).
Interactions of condition with region were observed
from 250 to 700 msec. Moreover, interactions of con-

dition with hemisphere were present from 400 to
500 msec [F(1,19) = 7.1, p < .05] and from 500 to
600 msec [F(1,19) = 5.6, p < .05]. Analyses of single-
electrode sites indicated that the early effect from
400-500 msec occurred over the centro-central, centro-
parietal, right central, right parietal, and right parieto-
central regions [£(1,19) = 5.0-31.3 p < .05]. From 500
to 600 msec, all brain regions except the left temporal,
and from 600 to 700 msec, all except left temporal and
left lateral frontal brain regions were involved in the
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Table 2. Condition Effects of 19-month-olds

A. Within Three-way Condition x Hemisphere x Region ANOVAs

Incongruous Words vs.

Pseudowords vs.

Pseudowords vs. Nonwords

Congruous Words

Congruous Words

Time Window  Condition,  Condition x Region, Condition, Condition x Region, Condition, Condition x Region,
(msec) F(1,46) F(2,276) F(1,46) F(2,276) F(1,46) F(2,276)
100-250 3.2%% (3.9%%%)
250-400 1354+ 3.1%% 4.7%%% 5.0% (4.6%%%)
400-500 15.6%%* 4.0% %% 2.8%%
500-600 5.6%* 2.8%*
600-700 7.8% %% 2.2%
700-800 15.0%%* 6.7%% 2.1%
800-900 27.2%%% 12, 7%%% 3.7%% 3.7% 2. 7%%
900-1000 20. 4% 17.1%%% 3.3%* 5.7%% 2.5%
1000-1100 7.2%% 13.0%%% 2.6%** 3.3%%
1100-1200 5.2%% 8. 5% [4.6%] [4.5%%] 2.8%*

B. Within Midline Two-way Condition x Region ANOVAs

Pseudowords vs. Nonwords

Incongruous Words vs.
Congruous Words

Pseudowords vs.

Congruous Words

Time Window  Condition,  Condition x Region, Condition, Condition x Region, Condition, Condition x Region,
(msec) F(1,46) F2,92) F(1,46) F22,92) F(1,46) F2292)
100-250 2.8%
250-400 10. 755 5.6%*% 2.9% 2.0%
400-500 8.9%** 5.8%%% 2.7% 2.7%
500-600 3.3% 9.9%%* 7.3%% 10.8%%*
600-700 4. 4% 4.6%* 4.2%% 13.9%%%
700-800 11.5%%* 12. 7% 3.8%* 13.7%%*
800-900 24, 7k 20.3%%* 6.7%%
900-1000 15.0%%* 17.7%%% 5.5%%
1000-1100 7.3k 13.8%%*
1100-1200 6.0%* 9.6%**
C. For Single-electrode Sites Within One-way ANOVAs
Incongruous vs. Pseudowords vs.
Congruous Words Congruous Words
Congruous Words Incongruous Words Congruous Words Pseudowords

Time Window

More Negative

More Negative

More Negative

More Negative

(msec) Than Incongruous Than Congruous Than Pseudowords Than Congruous
100-250 F7, F4 F7, Fd
250-400 F7, F§ F7, F8, F4, T7, CP5
400-500 Pz 77 Cz
500-600 Pz, Cz, P3/4, C3/4
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Table 2. (continued)

Incongruous vs.
Congruous Words

Pseudowords vs.
Congruous Words

Congruous Words

Time Window More Negative

Incongruous Words
More Negative

Pseudowords
More Negative

Congruous Words
More Negative

(msec) Than Incongruous Than Congruous Than Pseudowords Than Congruous
600-700 Pz, P4, C3/4, CP6
700-800 Pz, Cz, P3/4, CP6, C3/4, FC3/4, F3 Pz, Cz, Fz
800-900 Pz, Cz, Fz, P3/4, C3/4, CP5/6, Pz, Cz, Fz, P4, FC3,
FC3/4, F3/4 F3/4
900-1000 Pz, Cz, Fz, P3/4, C3/4, CP5/6, Pz, Cz, Fz, C4, P3/4,
FC3/4, F3/4 FC3/4, F3/4, CP6
1000-1100 Pz, Cz, Fz, P3/4, C3/4, CP6, FC3/4, Pz, P3/4
F3/4, TS
1100-1200 Pz, Cz, Fz, P4, C4, CPG6, FC3/4, F3/4 Pz, P3/4, T7

Data in boldface represent phonotactic familiarity effect; in izalics, lexical priming effect; in boldface italics, N400 semantic effect.

Data inside square brackets indicate Condition x Hemisphere, F(1,46); in parentheses, Condition x Hemisphere x Region, F(6,276), instead of

Condition x Region.
< 1.

#Ep <05,

wEp < 0L

effect. In addition, interactions of condition with hemi-
sphere were present from 700 to 1200 msec (Table 3A).
Analyses of the hemispheres (Table 3C) indicated that
the processing difference between incongruous and
congruous words was larger over the right than over
the left hemisphere (see Figure 6, right, top, for the spa-
tial distribution).

Pseudowords versus Congruous Words

Similar to the comparison of incongruous and congru-
ous words, early differences were also present between
pseudowords and congruous words (Figure 5, right).
They resulted in an interaction of condition with hemi-
sphere from 100 to 250 msec (Table 3A). Within this
early time range, congruous words produced more
negative responses than pseudowords over the left
temporal brain region [F(1,19) = 19.2, p < .0005]. At
midline, a condition main effect with pseudowords
being more negative than congruous words occurred
as early as 250 to 400 msec (Table 3B). Interactions of
condition with region were observed during all time
windows from 250 to 1200 msec. Analyses of single-
electrode sites revealed that pseudowords elicited more
negative responses than congruous words in all except
left temporal brain regions from 500 to 600 msec and in
all except left temporal and lateral frontal regions from
600 to 700 msec. From 700 to 1200 msec, all regions
were involved in this effect, which again was reflected in
condition main effects that were present from 500 to

1200 msec (see Figure 6, right, bottom, for the spatial
distribution).

DISCUSSION

The present study was designed to investigate the
sensitivity to phonotactic knowledge in 1-year-olds and
to explore how this knowledge interacts with the devel-
opment of lexical-semantic processing mechanisms. In
particular, we wanted to examine whether N400-like
mechanisms of semantic integration have already ma-
tured at the end of a child’s first year of life and whether
these mechanisms are activated by nonsense words
varying in the dimension of phonotactic legality. Table 4
provides an overview of the observed ERP effects.

Lexical Priming and Phonotactic Familiarity
in 12-month-olds

In the group of 12-month-old children, an N400 be-
tween incongruous and congruous words could not be
observed. One possible interpretation is that the ab-
sence of the N400 is because children at that age do not
comprehend the meaning of the presented words.
However, during very early processing stages, congru-
ous words elicited more negative responses than incon-
gruous words, particularly over frontal, lateral frontal,
and temporal brain regions. As the same words were
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Figure 4. Comparison of the ERPs of 19-month-old children on incongruous and congruous words (left) and on pseudo- and congruous

words (right).

presented in congruous and incongruous conditions,
this processing difference must originate from the influ-
ence of a picture context on the expectation of a lexical
element. From this lexical priming effect, we reason that
the 12-month-old children in the present study already
had some lexical-semantic knowledge about the pre-
sented words. This, in turn, suggest that either the N400
mechanisms generally or at least the mechanisms of its
reduction by semantically primed congruous words are
not yet matured at that age.

Children as young as 12 months of age already dis-
played differences between the processing of phono-
tactically legal pseudowords and nonwords with
phonotactically illegal word onsets. These differences
primarily occurred in left frontal brain region, and they
were not present over centro-parietal regions. Both the
spatial distribution of this effect and the missing N400
difference between incongruous and congruous words
suggest that this phonotactic familiarity effect does not
represent an N400-like response. Rather, it probably
represents the facilitated acoustic—phonological process-
ing of phonotactically legal phoneme clusters that the
children have perceived previously in real word contexts
and for which they have already established representa-
tions in their memory.

1794 Journal of Cognitive Neuroscience

This interpretation is supported by the comparison
of the responses on pseudo- and congruous words,
which also did not reveal an enhanced N400-like neg-
ativity for pseudowords. During early processing stages,
however, congruous words evoked more negative re-
sponses than pseudowords. As similar to incongruous
words, in pseudowords, the first phonemes always
differed from those of congruous words, this early ef-
fect is also caused by the lexical priming of congru-
ous words (i.e., by facilitated acoustic-phonological
processing of expected phonemes). In contrast to
the difference between congruous and incongruous
words, the effect between congruous and pseudo-
words persisted over a much longer period, and it
also involved the centro-parietal brain region. This
additional, more negative response to congruous than
to pseudowords can be attributed to the children’s
lexical familiarity with words, because this part of the
effect was neither present between known congru-
ous and known incongruous words nor did it occur
between unknown pseudo- and unknown nonwords.
Because of strengthened memory representations, lex-
ical familiarity could additionally facilitate the acoustic—
phonological processing of known words. However,
because the parietal brain region was mainly involved
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Figure 5. Comparison of the ERPs of adults on incongruous and congruous words (left) and on pseudo- and congruous words (right).

in the lexical familiarity effect, it might also represent
an N400-like negativity that initially develops as a default
response to known, but not to unknown, words and
that is not yet reduced by semantic priming during its
early stage of development.

N400, Lexical Priming, and Phonotactic
Familiarity in 19-month-olds

As expected from our previous results (Friedrich &
Friederici, 2004), children at an age of 19 months
displayed a broadly distributed, long-lasting negative
wave in their ERPs when they processed words that
were incongruous to pictures presented in a cross-
modal priming paradigm. In the present analyses, this
negativity started at about 400 msec over the centro-
parietal brain region and spread out to more anterior
regions during later periods. This effect is interpreted
as an N400 semantic incongruity effect." The N400 in
19-month-olds was preceded by a lexical priming effect
(i.e., more negative responses to congruous words) over
lateral frontal brain regions, which are assumed to
reflect reduced effort in the acoustic—phonological pro-
cessing of expected congruous words.

The group of 19-month-old children, moreover, dis-
played processing differences between pseudo- and
nonwords that started at about 250 msec in the left

frontal brain region and included widespread regions
from about 400 to 1200 msec. The early onset of this
effect and the comparison of its spatio-temporal distri-
bution with that of the N400 semantic incongruity ef-
fect suggested that it is composed of a centro-parietal
N400-like response on pseudowords and an earlier start-
ing left frontal effect that is similar to the phonotactic
familiarity effect observed in 12-month-old children.
This interpretation was confirmed by the comparison
of pseudo- and congruous words, which revealed a
centro-parietal N400 on pseudowords from 500 to
1200 msec in addition to the earlier occurring lexical
priming effect on congruous words. The later onset
of the N400 on pseudowords as compared to incon-
gruous words and its reduced amplitude, especially
over parietal brain regions, might be caused by the
enhanced effort in processing unknown pseudowords.
Thus, lexical familiarity that has already been assumed
to cause a parietal negativity in 12-month-olds seems to
affect the morphology of the N400 in 19-month-old
children.

N400 and Lexical Priming in Adults

The long-lasting negative semantic incongruity effect
in adults, with its centro-parietal focus and stronger
effects over the right than the left hemisphere, clearly
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Table 3. Condition Effects of Adults

A. Within Three-way Condition x Hemisphere x Region ANOVAs

Pseudowords vs. Incongruous Words vs. Pseudowords vs.
Nonwords Congruous Words Congruous Words
Time Window Condition, Condition x Region, Condition, Condition x Region, Condition, Condition X Region,
(msec) F(1,19) F(6,114) F(1,19) F(6,114) F(1,19) F(6,114)
100-250 4.0% /6.8%%]
250-400 3.4%% 6.0%*
400-500 3.7%* 3.4%% 4.0%*
500-600 18.5%* 9.8% 22.4%% 5.3%* 27.3%* 12.2%%
600-700 10.6%* 17.3% 12.7%% 3.4%% 21.5%* 12.7%%
700-800 26.6%* 15.8* 6. 4% [11.3%] 33.4** 8.4%*
800-900 37.3%* 16.8* 4.5% [13.6%] 45.8%* 5.6%%
900-1000 22.9%% 4.7%% 12.7%* [17.1%] 27.7%% 4.1%*
1000-1100 4.5% 3.1%% 18.0+* [12.4%] 18.6%* 4.2%
1100-1200 11.9%* 11.8** [6.9%] 23.1%* 5.0%%

B. Within Midline Two-way Condition x Region ANOVAs

Pseudowords vs. Incongruous Words vs. Pseudowords vs.
Nonwords Congruous Words Congruous Words
Time Window Condition, Condition x Region, Condition, Condition x Region, Condition, Condition x Region,
(msec) F(1,19) F2,38) F(1,19) F238) F(1,19) F238)
100-250
250-400 4.9% 7.2%% 8.2%% 13.9%*
400-500 6.0% 5.6% 4.6* 5.5%
500-600 23.5%% 24.8%% 6.3% 36.1+* 6.4%
600-700 13.7%% 15.9%* 4.2% 27.4%* 7.3%*
700-800 26.9%* 11.4%* 6.3* 37.2%% 5.4%
800-900 36.9** 6.3% 5.1 42, 2%
900-1000 24.6%* 15.8%% 25.4%%
1000-1100 7.1% 26.1%* 20.3%*
1100-1200 10.8%* 12.2%% 19, 7%

C. For Single Hemispheres

Incongruous Words vs. Congruous Words

Time Window (msec) Left, F(1,19) Right, F(1,19)

700-800 11.4%*

800-900 9.6%*

900-1000 18.8%* 5.3%
1000-1100 22, 7%%* 10.0%*
1100-1200 23.7%*

Data in talics represent lexical priming effect; in boldface italics, N400 semantic effect.

Data inside square brackets indicate Condition x Hemisphere, F(1,19), instead of Condition x Region.
#p < .05.

#kp < .01,
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Figure 6. Spatial distribution of the difference between incongruous and congruous words and between pseudo- and congruous words

in 19-month-olds (left) and in adults (right).

represents an N400 generally observed in semantic
priming paradigms. It already started at about 250 msec
and had a similar morphology when comparing pseudo-
words and congruous words. The N400 was also present
in the difference between pseudo- and nonwords, but
slightly delayed as compared to the difference between
pseudo- and congruous words. The early onset of
the effect in the comparisons including congruous
words was mainly caused by a centro-parietal positiv-
ity on these stimuli, which had a maximum at about
300 msec. It may represent a P300 that reflects the inci-
dence of an expected event (Verleger, 1988) such as
the occurrence of a basic-level word that named the
presented picture. Alternatively, the early part of
the N400 difference can be interpreted as a phonolog-
ical N400 (i.e., the reduction of an N400 in response to
the first phonemes of semantically primed congruous
words) (Bentin et al., 1999). This effect was preceded by
an early lexical priming effect in the left temporal brain
region, which occurred with the same polarity and in
the same temporal range as it started in 1-year-olds.
Different from the responses in 1-year-olds, adults did
not display early differences between pseudo- and non-
words. The lack of these differences suggest that during
early processing stages, phonotactically legal and illegal
nonsense words were processed in a similar way al-
though they differed in their physical features. The ab-
sence of a phonotactic familiarity effect in adults may be
because adults commonly have some acoustic experi-

ence with foreign languages. Moreover, the phonotacti-
cally illegal phoneme clusters of nonwords are built from
phonemes of the adults’ native language. These pho-
nemes are highly automatized and have very well estab-
lished memory representations so that they are easily
processed even in phonotactically illegal combinations.

General Discussion

Early negative responses in the frontal and temporal
brain regions of children under 2 years have previously
been shown to differentiate the processing of known
and unknown words, familiar and unfamiliar words, as
well as words that differed in their initial phoneme
(Thierry, Vihman, & Roberts, 2003; Mills et al., 1993,
2004). Thierry et al. (2003), testing children’s sensitivity
to familiar and unfamiliar words out of context, found a
negativity between 170 and 240 msec to modulate as a
function of familiarity in 11-month-olds. In 14-month-old
children, the averaged negativity in the 200- to 400-msec
range differentiated between known and unknown
words, but not yet between known words and those
that differed in their initial phoneme. In 20-month-olds,
this negativity also differentiated between known and
the phonemic contrast words (Mills et al., 2004). In Mills
et al.’s (1993) study with 20-month-olds, both the N200,
defined as the most negative deflection between 125
and 250 msec, and the N350, defined as the strongest
negativity between 275 and 450 msec, were larger to
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Table 4. Summary of the Observed ERP Effects

12-month-  19-month-

olds olds Adults

Pseudowords vs. Nonwords

Frontal negativity + + -
for pseudowords
(phonotactic
familiarity effect)

N400 for pseudowords — + +
(semantic processes
triggered)

Incongruous Words vs. Congruous Words

Early negativity for + + +
congruous
words (lexical
priming effect)

N400 for incongruous — + +
words (semantic
integration effect)

Pseudowords vs. Congruous Words

Early negativity for + + +
congruous words
(lexical priming effect)

N400 for pseudowords — + +
(semantic processes
triggered)

known than to unknown words, and absent or strong-
ly attenuated to backward-presented words. In the
19-month-olds of the present study, the negative re-
sponses within 250 to 400 msec differed as a function of
phonotactic familiarity. Like the difference between
unknown and backward words in Mills et al.’s study,
the negativity on nonwords was strongly attenuated as
compared to pseudowords. In the earlier time range
from 100 to 250 msec, however, the responses between
pseudo- and nonwords did not differ. These somewhat
different responses on nonwords in our study and
backward-presented words in Mills et al.’s study appear
to reflect the fact that we used naturally spoken non-
words that meet phonetic and prosodic properties of
German and, at the second phoneme, violate only
phonotactic regularities. Backward-presented words,
however, violate not only phonotactic but also phonetic
and prosodic features of a language, and these violations
already occur at the word onset.

In Mills et al.’s (1993, 2004) and Thierry et al.’s
(2003) studies as well as in the present study, amplitudes
of the early frontal and temporal negative components
appear to reflect familiarity with native language stimuli
that enhances efficiency in acoustic-phonological pro-
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cessing. In the present study, in both 12- and 19-month-
old children, the response between 100 and 400 msec
differed as a function of lexical priming even for identical
word stimuli. Thus, similar to strengthened memory
representations of familiar words or familiar phonotactic
features, mechanisms of lexical priming are also able
to facilitate the acoustic—phonological processing of
words in 1-year-olds. Because in the present study, the
lexical priming already affected the first phoneme and
phonotactic violations only occurred at the second pho-
neme, the phonotactic familiarity effect had a longer
latency than the lexical priming effect.

The occurrence of an N400 on pseudowords, but not
on nonwords, in adults replicates previous findings that
semantic processing is triggered in response to pseudo-
words, not to nonwords (e.g., Bentin et al., 1999; Nobre &
McCarthy, 1994; Holcomb & Neville, 1990). These find-
ings were obtained by using either visually presented
stimuli or acoustically presented backward speech for
the nonword condition. The result of the present study
goes beyond these studies, though, as it shows that the
violation of only phonotactic properties in naturally
spoken nonsense words is sufficient to suppress the
initiation of semantic mechanisms that are indexed
by the N400. Thus, phonotactic properties are essential
for the distinction of naturally spoken pseudo- and
nonwords.

The N400 difference between pseudo- and nonwords
in 19-month-olds indicates the presence of semantic
processing differences between nonsense words with
phonotactically legal and illegal word onset at that age.
The missing N400 on nonwords implies that phono-
tactically illegal nonsense words are not semantically
processed, whereas the presence of an N400 on pseudo-
words indicates that semantic mechanisms are triggered
in response to legal nonsense words. This result sug-
gests that 19-month-old children take legal, but not
phonotactically illegal, nonsense words for potential
words, and thus they regard only pseudowords as po-
tential referents for meaning.

The absence of an N400 in 12-month-olds might sug-
gest that children at that age are not sensitive to phono-
tactic regularities. The occurrence of a phonotactic
familiarity effect in the left fronto-lateral brain region,
however, indicates that 12-month-olds are more familiar
with the phonotactically legal word onsets of pseudo-
words than with the phonotactically illegal word onsets
of nonwords. This different processing of pseudo- and
nonwords suggests the existence of some implicit pho-
notactic knowledge at the age of 12 months. This re-
sult is in line with behavioral studies that have shown
that even 9-month-olds are sensitive to the phono-
tactic structure of word boundaries (Mattys & Jusczyk,
2000; Friederici & Wessels, 1993). The finding that in
12-month-olds the N400 did not occur in response to
any nonsense word (i.e., neither on pseudo- nor on
nonwords) could have two possible reasons: either the
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N400 is missing because the mechanisms that it reflects
are not yet matured at that age, or the N400 mechanisms
are already present but not triggered by nonsense
words. Given that in this age group an N400 difference
between incongruous and congruous words did not
occur, eventhough the lexical priming effect indicated
the presence of some lexical-semantic knowledge, it
seems that the N400 is generally absent. However,
negative differences between congruous and pseudo-
words that were observed over the parietal brain region
in the N400 time range could have been caused by an
N400 that already occurs in response to known, but not
to unknown, words. In either case, the N400 appears to
develop only in response to potential words at a
time when native language regularities have already
been acquired. This is in contrast to the view that the
N400 is already present at birth and declines in response
to nonwords during the acquisition of native language
regularities.

Conclusion

The occurrence of phonotactic familiarity and lexical
priming effects in 12- and 19-month-old children indi-
cates that both their early experience with phonotactic
regularities of their native language and their lexical-
semantic knowledge already affect the acoustic—phono-
logical processing of words or word-like stimuli. Mech-
anisms of semantic integration indexed by the N400, or
at least the mechanisms of N400 reduction by seman-
tic priming, were not observed in 12-month-olds. In
19-month-olds, the occurrence of an N400 depends on
the regularity of phonotactic features of nonsense
words. Like in adults, in this age group, an N400 oc-
curred on incongruous as well as on pseudowords.
Although for congruous words, the N400 was attenuated
by semantic priming, semantic processing mechanisms
were not triggered in response to phonotactically illegal
nonwords. This indicates that at an age of 19 months,
phonotactically legal pseudowords, but not phonotacti-
cally illegal nonwords, are considered as potential
words. How such rule-like behavior develops from the
children’s sensitivity to phonotactic probabilities is still
a topic for further research.

METHODS
Participants

The present study was part of the German Language
Development Study. Families participate in the study
according to institutional signed informed consent pro-
cedures. For participation in the study, full-term infants
were chosen by pediatricians based on a normal course
of pregnancy and normal birth. They were healthy and
without neurological or developmental problems. Only
children with monolingual experience with German

participate in the GLaD study. Children with a family
history of a developmental language disorder were
excluded from the present analyses.

A total of 20 adults (mean age 23.7 years, 10 men and
10 women) were measured. Children of the older age
group were recorded when they were 19 months old
(=7 days). In the younger age group, recordings were
taken when the children were 12 months old (%7 days).
During electroencephalographic (EEG) recordings, the
children’s behavior was continuously observed via a
video monitor to determine whether they were looking
at the pictures. In the analyses presented here, we in-
cluded only those children who were looking at the
pictures in at least 70% of the trials and met the crite-
ria of 20 artifact-free trials per condition. A total of
46 children at the age of 12 months (27 boys and 19 girls)
and 47 children at the age of 19 months (26 boys and
21 girls) entered the final analyses. On average, these
children were looking at the monitor during about 83%
of the whole session. Because of technical restrictions,
we also included trials of the remaining 17% in the aver-
age. However, because the unattended trials were often
accompanied with motor movement, most of these trials
were excluded as artifacts.

Procedure

During the EEG recordings, participants were seated in
front of a TFT-LCD computer screen (distance about 1—
1.5 m) in a dimly lit, electrically shielded, and sound
insulated experimental room. The total experimental
session lasted about 12 min. It was divided into two
blocks with a short break between the blocks.

At each trial, a colored picture of a single object
appeared for 4000 msec on the screen. After an interval
of 900 msec from picture onset, a German indefinite
article with a word length of about 700 msec was
acoustically presented to refer to the pictured object
in a natural way and to increase the children’s attention.
After a natural pause of about 300 msec, while the
picture was still seen on the screen, the article was
followed by a word, a pseudoword, or a nonword.
Words, pseudo-, and nonwords were mixed within each
block.

Stimuli

The visual stimulus material used in the present study
was especially developed to be suitable for 1-year-old
children. That is, pictures were simple colored illustra-
tions that are clearly identifiable. They were selected in
such a way that the children already knew most of them.
The acoustic stimuli were 44 basic level words and 44
mono- and bisyllabic nonsense words. They were very
slowly spoken by a young woman, digitized at a rate of
44,100 Hz, and presented via loudspeaker with an
intensity of approximately 65 dB SPL.
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Words were either correct basic level names of the pic-
tured objects or basic level names of other objects (i.e.,
either congruous or incongruous to the picture mean-
ings). For 19-month-olds, the results of the word condi-
tions were already reported by Friedrich and Friederici
(2004). Here, the word conditions were taken as a
control to compare the effects of nonsense words with
those of words within exactly the same children groups.
Both incongruous as well as nonsense words always
differed in their first phoneme from the congruous
words presented with the same pictures. Nonsense
words were either pseudo- or nonwords. Pseudowords
were phonotactically legal in German (e.g., fless or
traune). Nonwords had a word onset that is phonotacti-
cally illegal in German (e.g., 7link or sranto). Informa-
tion about the phonotactic irregularity of nonwords was
available at the second phoneme, on average, 174 msec
after word onset. Mean word length was 1083 msec for
words, 1084 msec for pseudowords, and 1085 msec for
nonwords.

Each acoustic stimulus was presented two times.
Each picture was presented four times, once with a
congruous word, once with an incongruous word,
once with a pseudoword, and once with a nonword
to ensure that the effect of the visual stimuli was the
same in each condition. For the presentation, a fixed
randomization was created in which there was no
obvious semantic relation between an object and its
incongruous word, between an object and a word that
is phonologically similar to the nonsense word (e.g.,
a rhyming word), or between immediately following
item pairs.

Event-related Brain Potential Recording
and Averaging

The EEG was continuously recorded from silver—silver
chloride electrodes at sites F7, F3, Fz, F4, F8, FC3, FC4,
T3, C3, C4, T4, CP5, CP6, T5, P3, Pz, P4, T6, O1, and O2 as
well as at left and right mastoids (according to the 10-20
International System of Electrode Placement) attached
to an elastic electrode cap (Easy Cap, Falk Minow
Services, Herrsching Breitbrunn, Germany). During the
recordings, the ERP electrodes were referenced to
Cz. Electrooculogram (EOG) electrodes were recorded
bipolar. Electrode impedances were below 5 kQ for
adults and, for children, mostly below 10 k2 and at least
below 20 k). The EEG was amplified with PORTI-32/
MREFA (Twente Medical Systems, with input impe-
dance of 10" Q and analogue first-order low-pass filter
of 5 kHz), digitized on-line at a rate of 500 Hz (AD con-
verter with 22 bit, digital filter from DC to 125 Hz), and
stored on hard disk. Further analyses were processed
off-line.

The EEG was algebraically re-referenced to the aver-
age of left and right mastoids (Al and A2). A zero-phase
digital band-pass filter ranging from 0.3 to 20 Hz (=3 dB
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cutoff frequencies of 0.43 and 19.87 Hz) was applied to
increase the signal-to-noise ratio by removing slow drifts
and muscle artifacts. All trials were individually checked
for artifacts. Blinks and horizontal eye movements were
corrected by a computer algorithm. All other artifacts
were rejected manually. Epochs of 1600 msec from word
onset were averaged according to a 200-msec prestimu-
lus baseline. At least 20 artifact-free trials in each condi-
tion were required for an individual average to be
included in further analyses. The mean number of
accepted trials was 24 for 12-month-olds and 25 for
19-month-olds. These numbers did not differ between
conditions.

Data Analyses

To investigate the early negative responses, mean ampli-
tudes were calculated within two time windows from 100
to 250 and from 250 to 400 msec. From 400 to 1200 msec,
mean amplitudes within consecutive time windows of
100-msec duration were analyzed.

To assess differences between conditions as well
as the topological aspects of these differences, three-
way analyses of variance (ANOVAs) with word condi-
tion (pseudo- vs. nonwords; incongruous vs. congruous
words; pseudo- vs. congruous words), hemisphere
(left, right), and region (lateral frontal [F7/8], frontal
[F3/4], fronto-central [FC3/4], temporal [T3/4], central
[C3/4], centro-parietal [CP5/6], and parietal [P3/4]) as
within-subject factors were carried out for each group
separately. For midline sites, two-way ANOVAs with
word condition (pseudo- vs. nonwords; incongruous
vs. congruous words; pseudo- vs. congruous words)
and region (frontal, central, parietal) were performed.
Significant interactions including the factor condition
were analyzed by one-way ANOVAs for single-electrode
sites. In all ANOVAs, the Greenhouse—Geisser correction
(Greenhouse & Geisser, 1959) was applied whenever
there was more than one degree of freedom. Here, we
report uncorrected degrees of freedom and adjusted
p values.
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Note

1. Note that differences in the N400 latency between the re-
sults of the present study and that of Friedrich and Friederici
(2004) are because of both different subjects that met the in-
clusion criteria in the two studies and different methodological
aspects. Particularly, in the present study, the signal-to-noise ra-
tio was increased by manual rejections and EOG compensation.
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