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Using word onset priming with early learned words, we tracked access to phonological rep-
resentations and predictive phonological processing at 6, 12, 18, and 24 months after birth.
Event-Related Potentials (ERPs) were recorded while participants heard German word
onsets (primes) followed by disyllabic spoken words (targets). Primes and target onsets
were either congruent or incongruent (ma — Mama vs. so - Mama [Engl. ‘mommy’]). For
an adult control group, ERP differences were found for the N100 complex, which has been
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Language acquisition related to abstract auditory analysis; and for the P350 deflection, which has been related
Infants to lexical access. A combined analysis of all infants and young children revealed an imma-
ERPs ture instance of an N100 effect, suggesting adult-like abstract speech sound processing. A
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Lexical-phonological processing

central negativity effect, which had formerly been obtained when adults or older children
were engaged in a lexical decision task, suggests that adult-like predictive phonological
processing is available early in infancy. However, the absence of a P350-like effect in the
infant data suggests that adult-like access to phonological forms is not established in the
first two years of life. Taken together, ERPs recorded in word onset priming proved useful
in investigating early phonological processing without an explicit behavioral measure.

© 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY license,

1. Introduction label (Bergelson and Swingley, 2012). Whether the for-

mat of early phonological representations and their access

From early on, infants store phonological representa-
tions of words that frequently occur in their caregivers’
speech. For example, 4.5-month-olds prefer to listen to
their own name (Mandel et al., 1995). Six-month-olds pre-
fer to look to video images of their mommy or daddy when
hearing mommy or daddy respectively (Tincoff and Jusczyk,
1999); they prefer to look to at videos of an adult’s hand
or feet when hearing hand or feet respectively (Tincoff
and Jusczyk, 2012); and they prefer to look to concrete
familiar objects like banana when hearing the respective
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mechanisms are compatible for infants, young children
and adults is still a matter of debate. Several aspects that
characterize adult spoken word recognition have been in
focus of behavioral research with young children, namely
(i) incremental activation of word form representations as
the speech signal unfolds in time (Marslen-Wilson, 1987);
(ii) graded activation of word form representations as a
function of their goodness-of-fit with the speech signal
(see Dahan and Magnuson, 2006; McQueen, 2007); and
(iii) competition between activated entries (see Luce, 1986;
McClelland and Elman, 1986).

Behavioral results obtained with the preferential look-
ing paradigm have been interpreted as evidence for
incremental gradual activation in young children. When
18-month-olds hear the onset syllable of a word like baby
(/bei-/) and are presented with a picture of a dog and
a baby, they fixate longer on the target picture with an
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overlapping onset than on the unrelated picture (Fernald
et al., 2001). That is, comparable to adults, word recogni-
tion in 18-month-olds does not appear to wait until the
complete word is presented. Furthermore, 14- and 15-
month-olds (Swingley and Aslin, 2002) as well as 18- and
24-month-olds (Swingley and Aslin, 2000) tolerate one-
phoneme mispronunciation in preferential looking. For
example, when hearing tog the proportion of children’s fix-
ations of the picture of a dog is enhanced compared with
fixations of an unrelated distractor. However, compared
with the correct pronunciation, children fixate less on the
target picture when they listen to the mispronunciation.
This attests that already very young children pay attention
to segmental variation in phonological word forms.

However, results obtained with the “Switch task” have
suggested that adult-like gradual activation as indexed by
the adaptive capacity to use mispronunciation is not robust
during the first two years of life (e.g., Stager and Werker,
1997; Werker et al., 2002). Here, fixation latencies were
used to test whether children who had been familiarized
with novel objects and respective new labels, such as bih,
tolerate slight mispronunciation of the new labels, such as
dih. A u-shaped developmental pattern was found: fixa-
tion latencies in 8-month-olds (Stager and Werker, 1997),
18-month-olds and 24-month-olds (Werker et al., 2002)
dishabituate to the mispronunciation, reflecting that those
infants and young children are able to distinguish between
the two labels in this task. However, 14-month-olds failed
to dishabituate (Stager and Werker, 1997), suggesting
that the first word form representations are not detailed.
Event-Related Potentials (ERPs) corroborate this pattern
of behavioral results: ERPs of 20-month-olds, but not of
14-month-olds differentiated between words that were
known to the young children (e.g., bear) and pseudowords
that slightly varied from the words (e.g., gare, Mills et al.,
2004). B

Evidence for competition between activated word can-
didates is restricted to the end of the second year after
birth. Mani and Plunkett (2010, 2011) primed 18- and 24-
month-olds with images of referents whose labels were
either phonologically related or unrelated to the labels of
the following target pictures. For example, children saw
a picture of a cat followed by a picture of a cup (phono-
logical related condition) or followed by a picture of a
shoe (unrelated condition). The results were diametrical
for 18- and 24-month-olds. The younger children fixated
longer on phonologically primed pictures than on unre-
lated pictures. Vice versa, the older children fixated longer
on unrelated controls than on phonologically primed target
images. The authors suggest that the facilitation effect in
the 18-month-olds reflects a match between phonological
representations and the input. It is only in 24-month-
olds that co-activated neighbors with overlapping onsets
appear to compete for recognition (McClelland and Elman,
1986).

In sum, results from behavioral paradigms do not
unambiguously favor an interpretation of similar word
recognition mechanisms in young children and adults.
One might argue that different aspects of the complex
recognition process are tapped by the different behavioral
paradigms. For example, responses in the preferential

looking paradigm and phonological priming in referen-
tial context might be biased by phonological matching
and predictive processing (see Mani and Plunkett, 2010,
2011). Thus there is a need for measures that are able to
disentangle those aspects of speech recognition. In that
respect, the recording of ERP responses might provide a
promising means for research in the area of early language
acquisition.

ERP studies point to a unique neural architecture under-
lying the processing of familiar words up to 20 months
after birth. Across several studies, enhanced ERP negativ-
ity for familiar words compared to unfamiliar words has
been obtained in infants and young children. This so-called
N300-500 effect has been obtained for several instances
of familiar words, such as the infants’ own names (Parise
et al., 2010), words that parents rated as known to the
infants (Mills et al., 1997), or words that had been familiar-
ized during the experiment (Goyet et al., 2010; Junge et al.,
2012; Kooijman et al., 2005, 2009; Kooijman et al., 2013).
In adults, the opposite pattern of ERP amplitudes is usu-
ally obtained, namely enhanced negativity for meaningless
strings compared to familiar words (N400 pseudoword
effect, e.g., Friedrich et al., 2006; Perrin et al., 2005).

ERP indices of semantic integration and phonological
expectancy mechanisms are largely comparable between
infants and adults. Similar to the semantic N400 effect
in adults (for review, see Kutas and Federmeier, 2011),
enhanced ERP negativity is found in infants when spoken
labels do not match presented pictures (e.g., book-sheep;
Friedrich and Friederici, 2004; Parise and Csibra, 2012;
Sheehan et al., 2007). N400 modulation in adults is also
found in phonological priming (e.g., book-look; Praamstra
et al.,, 1994; Praamstra and Stegemann, 1993; Rugg, 1984),
and for mispronunciation in picture-word contexts (e.g.,
cone-comb; Desroaches et al., 2008). Comparable N400
effects in picture-word contexts, which have been related
to phonological matching, were also shown for infants
(Duta et al., 2012; Mani et al., 2012; Mills et al., 2004).
Together one could conclude from previous ERP stud-
ies using different paradigms that phonological matching
already is at work in very young infants (phonological
N400), while access to familiar words is not adult-like up
to 20 months after birth (N300-500 vs. pseudoword N400,
see above). This conclusion needs to be validated by means
of a single paradigm.

Here we recorded ERPs in auditory word onset priming.
In this paradigm, spoken word onset syllables are followed
by spoken words. Prime syllables and target onsets either
overlap (congruent condition; e.g., in the prime-target pair
ba - baby) or are unrelated (incongruent condition, e.g.,
co - baby). ERP effects with different latency and topogra-
phy have been reliably found when adults (Friedrich et al.,
2009; Schild et al., 2012) or children aged 5-8 years (Schild
et al., 2011) were tested with this paradigm. Between 100
and 300 ms after target word onset, reduced amplitudes
of the N100 complex with central topography have been
found for the incongruent condition (but see Schild et al.,
2011 for no N100 effect in children). According to the inter-
pretation of the N100 (e.g., Nddtdnen and Winkler, 1999)
this effect has been related to facilitated abstract speech
sound processing of congruent targets.
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Table 1

Demographic data for all four children age groups. Percentage of parental reports of parental left-handedness and developmental speech and language
problems in their childhood is given. Note that data for children who contributed to more than one group occur repeatedly in each of the groups where

they participated.

Age group Sex Age in days Mean gestational age  Average birth weight  Parental left- Developmental speech
(male/female) (mean, range) (mean week, range) (mean weight, SD) handedness and language problems

6 month 22/14 184 (175-190) 40 (37-42) 3543¢g(+410¢g) n=6(16.7%) n=3(8.3%)

12 month 21/12 364 (358-372) 40 (38-42) 3561g (+441¢g) n=7(21.2%) n=2(6.1%)

18 month 13/12 548 (494-566) 40 (38-42) 3464¢g(+381¢g) n=3(12%) n=2(8%)

24 month 17/9 733 (690-733) 40 (38-42) 3444¢g(+£527g) n=3(11.5%) n=2(7.7%)

Two effects follow the N100 in word onset priming.
Between 300 and 400 ms after target word onset, enhanced
negative amplitudes in the congruent condition have been
obtained over frontal electrode leads with a left-lateralized
maximum at roughly 350 ms (P350 effect). The P350 effect
has been related to facilitate access to stored word forms
in adults (see also the magnetoencephalographic M350
effect: Pylkkdnen and Marantz, 2003; or the P325 effect
for written words: Grainger et al., 2006; Holcomb and
Grainger, 2006). In parallel to the P350 effect, enhanced
negative amplitudes for the incongruent condition have
been obtained over centro-posterior electrode leads (cen-
tral negativity). Its polarity difference and its distribution
relate the central negativity to the phonological N400
(Praamstra et al., 1994; Rugg, 1984). In line with that inter-
pretation, we concluded that the central negativity in word
onset priming reflects phonological matching between the
primes and the targets.

Tracking infants and very young children by means of
word onset priming will allow us to arrive at conclusions
about word form access on the one hand and predic-
tive phonological processing on the other within a single
paradigm. In line with our previous work we suppose
enhanced P350 amplitudes to be indicative for word form
activation, and enhanced central negativity to be indica-
tive for predictive phonological processing. Our youngest
infants were six months old. At this age infants appear
to have acquired representations of frequently occurring
words (Bergelson and Swingley, 2012; Mandel et al., 1995;
Tincoff and Jusczyk, 1999, 2012). We followed up the first
test in 6-month intervals in a quasi-longitudinal design.
Our oldest children were 24 months old. Results of behav-
ioral paradigms unambiguously point to adult-like access
at this age (Fernald et al., 2001; Mani and Plunkett, 2010,
2011; Stager and Werker, 1997; Swingley and Aslin, 2000,
2002). Infants and children’s ERP data were compared to
that of an adult control group.

2. Materials and methods
2.1. Participants

Children were recruited from local maternity clinics,
newspaper advertisements, or local midwife centers. All
participating children had uneventful pre- and perinatal
circumstances and had no neurological or developmental
problems. All of the children were raised in monolingual
German environments. Parents gave their informed con-
sent before the experiment. They received a small present
for their children (toy or picture book) for participation.

When the child showed any sign of discomfort, a break
was inserted during which the parents could comfort the
child. The experiment was only continued if both child and
parent were happy to do so. The study was approved by
the ethical committee of the German Psychological Asso-
ciation (“Ethikkommission der Deutschen Gesellschaft fiir
Psychologie”, 16.04.2010).

In total, 68 children contributed data to one or more
age groups, resulting in 36 datasets for the 6-month-olds,
33 datasets for the 12-month-olds, 25 datasets for the 18-
month-olds, and 26 datasets for the 24-month-olds (see
Table 1). The infants and children were tested repeatedly
at 6, 12, 18, and 24 months. In each age group, some chil-
dren had to be excluded because they fell asleep, or the
experiment had to be stopped because they showed signs
of discomfort, such as extensive crying before or during the
experiment, or they moved extensively or refused to wear
the electrode cap. Only the ERPs of participants who con-
tributed at least 15 artifact-free trials per condition were
included in the analysis. Note that an exclusion rate of
approximately 50% due to artifacts is standard in research
with infants and toddlers as young as 6 months (DeBoer
et al., 2007). Because of the high drop-out rates, it was
not feasible that every child contributed data to all time
points.! The mean trial numbers entered in the final anal-
ysis are listed in Table 2.

All children successfully passed a TEOAE (Transitory
Evoked Otoacoustic Emissions) hearing screening one to
three days after birth. The participant characteristics are
given in Table 1. Parents were asked to fill out a question-
naire about the medical conditions of their child, parental
developmental language impairments, and handedness
(Table 1). The parents of the 12- and 18-month-old tod-
dlers completed the ELFRA 1 (Grimm and Doil, 2006),
a screening tool for identifying children at risk for later
language impairment. The parents of the 24-month-old
children completed the ELFRA 2. None of the children were
below the threshold for at-risk diagnosis.

Eighteen students of the University of Hamburg (10
females, 8 males; mean age: 25 years, range: 19-33) served
as the adult control group. All adult participants were
right-handed, as assessed by the Edinburgh Handedness
Inventory (Oldfield, 1971), and were native speakers of
German without reported hearing or neurological prob-
lems. All adult participants gave their informed consent

1 Thirty-two children contributed data to only one grand average, 21
children to two grand averages, 13 children to three, and only two to all
four grand averages. Sixteen children were tested who did not contribute
data to any of the groups.
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Mean number of trials with standard deviation in the grand average per age group, number of interpolated electrodes, and number of excluded children.

Age group Mean number and standard deviation of trials Number of interpolated electrodes Additionally tested children who
in grand average (mean; STD for (number of children/number of had to be excluded
congruent/incongruent) electrodes)

6 month 24.3;4.9/23.8; 5.5 9/1,15/2,12/3 44

12 month 23.5; 4.3/23.5; 4.5 3/1,10/2,16/3 24

18 month 25.6; 4.4/25.6; 3.5 8/1,1/2,6/3 13

24 month 27.5;4.5/27.9; 5.5 5/1,5/2,12/3 12

Adults 34.5;2.6/33.7; 3.4 5/1,4/2 -

prior to their inclusion in the study. They received course
credits or a payment of 8 € for participation.

2.2. Stimuli

Forty initially stressed disyllabic German nouns served
as stimuli (see Appendix). The words were taken from
a German questionnaire assessing early language acqui-
sition milestones (ELFRA). The chosen words are highly
frequent in German and are highly likely to occur in every-
day parental speech. Prior to the ERP experiment, parents
of the 12- and 18-month-olds were asked to rate whether
the target words were understood by their children.

We assume that the target words were familiar to the
infants because they are frequently used in parental speech.
Using the preferential looking technique it has been shown
that even 6-month-olds recognize words that are fre-
quently produced by their caregivers, but that it is difficult
to validate this assumption on the basis of parental ratings.
Parents are likely to underestimate early vocabulary sizes
(Bergelson and Swingley, 2012; Houston-Price et al., 2007).
Nevertheless, we analyzed parental ratings for the target
words based on the ELFRA tests for the 12-month-olds
and for the 18-month-olds. In the 12-month-old group, the
parents rated only 37% of the target words to be possibly
understood by their children (M=15, SD=11). In the 18-
month-old group, the parents rated 82% of the words to be
possibly understood by their children (M =33,SD=6).In an
additional analysis we compared the results for words the
parents rated as known or unknown by their children (see
Section 3).

Stimuli were spoken by a female and a male professional
native speaker of German. The speakers were unaware of
the specific aims of the study. To increase the children’s
attention to the stimuli, words were spoken in infant-
directed speech. Using Adobe Audition® software, primes
and targets were edited from digitized speech (sampling
rate 44.1kHz). The primes were first syllable fragments
taken from the words. The targets were the complete
words. The primes were taken from the utterances of the
female speaker, and the targets were taken from the utter-
ances of the male speaker. The volume was equalized for
all stimuli.

2.3. Design and procedure

Throughout the experiment, the children sat on their
parent’s laps, and the adult control group sat comfort-
ably on a chair. To ensure a similar recording situation
between children and adults, the adult control group was

notinstructed to pay specific attention to the words but just
to sit silent, listen and watch a movie. The EEG recording
took place in an electrically shielded and sound-attenuated
chamber. To avoid movement artifacts, we presented a
silent movie that consists of short scenes (e.g., two girls
laughing, a dolphin swimming), but without telling a story,
asisappropriate for capturing the attention of infants (Baby
Einstein®, Walt Disney Studios, 2007). The movie appeared
on a computer screen in front of the participants. Note that
this is common practice in studies with infants and chil-
dren (e.g., Grossmann et al., 2010; Wartenburger et al.,
2007). The movie was started during the preparation of
the EEG at different time points for each participant. This
procedure ensured that the presentation of the auditory
stimuli never started with the same events in the movie.
The auditory stimuli were presented via two loudspeak-
ers placed at the left and right sides of the screen (sound
level of approximately 65dB), at a distance of approxi-
mately 1m from the participants. Stimulus presentation
was controlled by Presentation® software (version 14.9,
Neurobehavioral Systems).

The primes and target words were combined accord-
ing to their overlap. The prime was the onset of the target
word in the congruent condition, such as ma - Mama. There
was no segmental overlap between prime and target in
the incongruent condition, such as so - Mama; see Fig. 1
for the trial structure. The experiment consisted of 80 tri-
als. All 40 primes and all 40 targets were presented twice:
once in the congruent condition and once in the incon-
gruent condition. The trials were presented in two blocks.
In each block, each target and each prime occurred only
once. Twenty trials in each block were congruent, and 20
were incongruent. Within each block, the trials were pre-
sented in a total randomized order. Half the experiments
started with one of the two blocks, the other half of the

prime # ma & 510 ms

target wese~ Mama & 985 ms

silent period

prime ~+ ham

silent period

target @<+ Blrste

500 ms
silent period

Fig. 1. Trial structure. In each trial, after the offset of the prime (mean
duration 510 ms, range=277-818 ms), a 500 ms silent period followed.
Then, the target (mean duration 985 ms, range = 743-1150 ms) was pre-
sented. The next trial started after a 2.0-s inter-trial interval. The total
duration of the experiment was approximately 6 min.
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Fig. 2. Regions of interest. Mean amplitudes for the time windows were
calculated for two central and four lateral regions of interest (ROI). Each
ROI consists of six electrodes (left anterior: F9, F7, FT9, FT7, FC5, T7; right
anterior: F10, F8, FT10, FT8, FC6, T8; both marked in bright gray; posterior
left: TP9, TP7, CP5, P7, PO9, O1; posterior right: TP10, TP8, CP6, P8, PO10,
02; both marked in dark gray; midline anterior: FP1, AFz, FP2, F3, Fz, F4;
midline posterior: CP1, CP2, P3, Pz, P4, POz; both marked in black).

experiments started with the other block. That is, each
target was equally likely to occur first in the congruent
condition or in the incongruent condition.

2.4. Electrophysiological recording and data analysis

The continuous EEG (500 Hz/22 bit sampling rate, band
pass 0.01-100 Hz) was recorded for 45 active Ag/AgCl elec-
trodes (Brain Products) mounted in an elastic cap (Electro
Cap International Inc.) according to the international 10-20
system. See Fig. 2 for the electrode positions. The FPz was
used as an online reference; the ground electrode was pos-
itioned at AF3, see Fig. 2.

Offline analysis was performed using BESA-Research
software (®MEGIS Software GmbH; Version 5.3). After
filtering the data with a high-pass filter of 0.5 Hz, the con-
tinuous EEG for very noisy channels was estimated by a
linear interpolation of adjacent electrodes (Picton et al.,
2000). No low-pass filter was applied offline. Table 2 shows
the number of interpolated electrodes per group. The inter-
polated EEG was re-referenced to an average reference.
Artifacts were rejected manually according to a visual
inspection of each individual continuous EEG. Trials with
artifacts were removed from the analysis. For the adult
data, we used the same online and offline filters, and the
same interpolation procedures as for children. In addi-
tion, we applied automatic eye movement correction to
the adult data (Multiple source eye correction by Berg and
Scherg, 1994, implemented in BESA). Blinks and horizontal
eye movements were corrected from the continuous EEG
(re-referenced to an average reference, including interpo-
lated channels). This procedure was identical to our former

word onset priming studies with adults (e.g., Friedrich etal.,
2009; Schild et al., 2012).

The target word ERPs were computed starting from the
beginning of the auditory presentation of the target word
up to 1200 ms using a 200 ms pre-stimulus baseline for
each condition. A repeated measures analyses of variance
(ANOVA) with the within factor Condition (congruent vs.
incongruent) and the between factor Age group (6 months
vs. 12 months vs. 18 months vs. 24 months vs. adult control
group) was performed to determine whether the number
of excluded segments differed across conditions and age
groups. There was a significant effect for the factor Age
group, F(4,133)=24.43, p<.001, pointing to differences in
the total number of trials between the groups. Most trials
were obtained from adults. The least number of trials was
obtained from 12-month-olds (see Table 2). Neither the fac-
tor Condition, F(1,133)=0.13, p=.72, nor the interaction of
the factors Condition and Age group, F(1,133)=0.30, p=.88,
reached significance.

To analyze the adult data, we relied on our previous
studies with adults. Hence, we calculated six ROIs (regions
of interest; see Friedrich et al.,2009; Schild etal.,2012) con-
taining six electrodes each (see Fig. 2); and we applied two
predefined time windows, ranging from 100 to 300 ms and
from 300 to 400 ms after target word onset (see Friedrich
et al., 2009).

To analyze the infant and children data, we first
calculated repeated measurement ANOVAs with the
within-subject factors Condition (congruent vs. incongru-
ent), Hemisphere (left vs. middle vs. right ROIs), and Region
(anterior vs. posterior ROIs), and with the between-subject
factor Age group (6 months vs. 12 months vs. 18 months vs.
24 months). We are aware of the fact that a repeated mea-
sure ANOVA for our design is problematic. Measurements
at the different time points are partially obtained from the
same participants. This confound is related to our attempt
to run a longitudinal design; and to procedural advances in
realizing repeated testing (see Section 2.3). Unfortunately,
sample sizes per cell were too low to run mixed models.
Therefore, we opted to handle Age Group as a between-
subject factor to determine effects that are similar over all
children groups and to estimate time windows of interest
for separate ANOVAs per group.

We started with 50 ms consecutive time window anal-
yses (from O to 1200 ms) to determine the onsets and
offsets of significant differences between conditions and
interaction with the factor Age Group (see Table 3). This
analysis resulted in two larger time windows, for which
no interaction with the factor Age Group was evident:
150-300ms and 550-650 ms; and two larger time win-
dows, for which an interaction of Age Group and Condition
was evident respectively: 350-500 ms and 650-1050 ms.
Follow-up ANOVAs for the single age groups were con-
ducted when an interaction of Condition with Age Group
was significant.

In all analyses, the Greenhouse-Geisser Epsilon (&)
correction was applied to effects including the three-
level factor Hemisphere, and corrected p values were
reported. In the case of significant interactions, t-tests were
computed to evaluate differences among the conditions.
Only the main effects of the factor Condition, significant
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Table 3
50 ms time window analyses of the ERP data of the four children groups and larger time windows that were further analyzed.

50 ms time
window

1150-1200

150-200
250-300
450-500
550-600
650-700
750-800
850-900
950-1000
1000-1050
1050-1100
1100-1150

0-50
50-100
100-150
200-250
300-350
350-400
400-450
500-550
600-650
700-750
800-850
900-950

*
*
*
*

Condition x
Hemisphere
Condition x
Region

Interaction o x * g ¥
including
Condition
and Group

(*)p=0.1.
" p<0.05.

“p<001.
" p<0.01.

*
*
*
*
*
*
*
*
*

interactions with Condition, and significant post hoc com- 3.1.1. 100-300ms
parisons are reported. The ANOVA revealed a significant interaction of the
factors Condition and Hemisphere, F(2,34)=5.23, p=.01,
£=0.89. Post hoc t-tests pointed to significant differ-
ences over midline electrode sites, t(17)=3.85, p<.01. The
ERPs for the incongruent condition were more negative
3.1. Adults (M=-0.39 WV, SD=0.43) than the ERPs for the congru-
. . . ent condition (M=-0.03 nV, SD=0.31) (see Fig. 3). This
Fig. 3 illustrates the ERPs for the congruent and incon- result corresponds in latency and polarity to the formerly

gruent condition for all six ROIs recorded from the adults. described N100 effect (Friedrich et al., 2009; Schild et al.,
According to our previous research with auditory word 2012)

onset priming (Friedrich et al., 2009), we analyzed two cor-
responding time windows. ERPs in the early time window

3. Results

ranging from 100 to 300 ms reflect the N100 complex. ERPs 3.1.2. 300-400ms
in the later time window from 300 to 400 ms rather relate The ANOVA yielded a significant interaction of the fac-
to the P350 effect (enhanced negativity for the congruous tors Condition and Region, F(1,17)=6.39, p=02. The t-tests
condition and frontal distribution of the effect) than to the showed that the effect was significant over the ante-
central negativity. rior electrode sites, t(17)=-2.96, p<.01. The ERPs for the
Anterior
Left Middle Right

\,\..
\,"l

B —P350
— Congruent (e.g.,, ma—mama) 100 - 300 ms
. --— Incongruent (e.g., so—mama) 300 -400 ms
Posterior
-2 quv
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incongruent condition were more positive (M=0.55 LV, 3.2. Infants and young children

SD=0.37) than the ERPs for the congruent condition

(M=0.19 wV, SD=0.52). The anterior distribution and the Fig. 4 displays averaged ERPs over all four children
polarity of amplitudes for the congruent and incongruent age groups. Fig. 5 illustrates ERPs of the single groups.
conditions are comparable to the formerly described P350 We first conducted 50-ms time window combined anal-
effect (e.g., Friedrich et al., 2009). However, in the present yses of all children groups (see Table 3). Time windows
study we did not find hints for a left-lateralized topography with two or more consecutive significant 50 ms inter-
of this effect. vals were merged into larger time windows and further
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Fig. 5. ERPs (over all six ROIs) for the congruent condition (solid black lines) and for the incongruent condition (dashed red lines) separately shown for the
four children groups. Unique differences between the congruent condition and the incongruent condition for the 6-month-olds and the 24-month-olds are
highlighted. For illustration purposes, the ERPs were filtered with a 20 Hz low-pass filter. (For interpretation of the references to color in text, the reader is
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Table 4

Results of follow-up ANOVAs in the time window from 350 to 500 ms over all four children groups.
Age group df F Age group df F
6-month 18-month
Condition 135 0.08 Condition 1.24 0.06
Condition x Region 135 3.79 Condition x Region 1.24 0.58
12-month 24-month
Condition 1.32 0.01 Condition 1.25 1.07
Condition x Region 132 2.46 Condition x Region 1.25 5.06"

" p<0.05.

" p<0.01.

" p<0.01;

analyzed. Based on consecutive time windows showing
condition effects, four larger time windows were analyzed
in more detail. A first time window, ranging from 150 to
300 ms, captures the first consecutive condition effects in
the 50 ms time-step analyses. Furthermore, the ERPs in this
early time window approximately correspond to the adult
N100 and its immature instance, the infant PNP complex
(Duta et al., 2012; Wunderlich and Cone-Wesson, 2006).
A second time window with no interaction with the fac-
tor Age Group lasted from 550 to 650 ms. From 350 to
500 ms and from 650 to 1050 ms, an interaction of Condition
and Age Group was seen. Consecutive step-down ANOVAs
in the single groups were conducted for both time win-
dows.

3.2.1. 150-300ms

The combined ANOVA revealed a significant interac-
tion of the factors Condition and Region, F(1,116)=10.23,
p<.01. The post hoc t-tests pointed to significant dif-
ferences between both conditions over anterior and
posterior electrode sites. Over anterior electrodes, ampli-
tudes for the incongruent condition were more positive
(M=2.85WV, SD=2.22) than those for the congruent con-
dition (M =2.20 wV,SD=2.22),t(119)=-3.58,p=.001. Over
posterior electrodes, amplitudes for the incongruent con-
dition were more negative (M=-3.16 wV, SD=2.51) than
amplitudes for the congruent condition (M=-2.50 nV,
SD=2.29), t(119)=3.07, p<.01. No significant interaction
of the factors Condition and Group was seen in this time
window, which approximately corresponds to that of the
time window of the adult N100.

3.2.2. 350-500ms
The ANOVA in this time window revealed a signifi-
cant interaction of the factors Condition and Hemisphere,

F(2,232)=3.27, p<.05, £=0.89. Post hoc comparisons
pointed to significant differences between both conditions
over the right hemisphere, t(119)=1.99, p <.05. Averaged
across all infant groups, ERP amplitudes were more nega-
tive to the incongruent condition (M =—-0.34 wV, SD=2.52)
than to the congruent condition (M=0.24 wV, SD=2.60).
There was no interaction of the factors Condition, Hemi-
sphere and Group, F<1.

In addition to the overall right-lateralized ERP effect
that was evident across all groups (see above), a signif-
icant interaction of Group, Condition and Region pointed
to different effects for infant and young children at dif-
ferent ages, F(3,116)=3.58, p=.02. Follow up-ANOVAs
including the factors Region and Condition were calcu-
lated for each single group. Results are summarized in
Table 4. Only in the 24-month-olds, there was a signifi-
cant interaction between the factors Region and Condition.
The post hoc t-test for posterior electrodes revealed
more negative amplitudes for the incongruent condition
(M=-2.37 WV, SD=2.79) than for the congruent condition
(M=-1.18 wV, SD=1.89), t(25)=2.39, p=.02. There was
no difference between conditions for the anterior elec-
trodes.

3.2.3. 550-650ms

The examination of this time window revealed a signifi-
cant interaction of Hemisphere and Condition, F(2,232)=3.3,
p=.04,e=.99. Post hoc t-tests indicated a significant differ-
ence between both conditions over the right hemisphere,
t(119)=2.14, p=.03. Amplitudes were more negative for
the incongruent condition (M=-0.85 LV, SD=2.46) than
for the congruent condition (M =—0.27 WV, SD=2.29). This
effect seems to be an extension of the overall effect seen
in the preceding time window ranging from 350 to 500 ms
(see also Fig. 4). Together results in both time windows

Table 5

Results of follow-up ANOVAs in the time window from 650 to 1050 ms over all four children groups.
Age group df F Age group df F
6-month 18-month
Condition 1.35 11.64" Condition 1.24 0.31
Condition x Hemisphere 2.70 1.69 Condition x Hemisphere 2.48 2.75
12-month 24-month
Condition 1.32 0.31 Condition 1.25 1.44
Condition x Hemisphere 2.64 0.79 Condition x Hemisphere 2.50 8.46™

" p<0.05.

" p<0.01.

" p<0.01.
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reflect sustained right-lateralized negativity for incongru-
ent targets.

3.2.4. 650-1050ms

In this time window, a significant interaction of the
factors Region and Condition was observed, F(1,116)=6.56,
p <.01. Over anterior electrode sites, amplitudes for the
incongruent condition were more negative (M=.91uV,
SD=1.99) than amplitudes for the congruent condition
(M=1.48V, SD=2.32), t(119)=2.59, p<.01. Over pos-
terior electrode sites, amplitudes were more positive
for the incongruent condition (M=-1.47 WV, SD=2.18)
than for the congruent condition (M=-2.01 wV, SD=2.32),
t(119)=-2.51,p<.01.

In addition, a significant interaction of the factors
Hemisphere, Condition and Group was seen in this time win-
dow, F(6,232)=3.57, p=.002, £=.99. Follow-up ANOVAs
including the factors Hemisphere and Condition were
calculated for the single groups of infants and chil-
dren. Results are summarized in Table 5. The group of
the 6-month-olds showed a significant main effect of
Condition, with more negative ERP amplitudes to the
incongruent condition (M=-0.35wV, SD=0.50) than to
the congruent condition (M=-0.22 uV, SD=0.56). Only
for the group of the 24-month-olds, there was a signifi-
cant interaction of the factors Condition and Hemisphere.
The post hoc t-test for the left hemisphere revealed
more positive amplitudes for the incongruent condition
(M=-.65WV, SD=1.79) than for the congruent condi-
tion (M=—-1.73 WV, SD=1.44), t(25)= —2.85,p <.001. There
was no significant difference for the right-hemispheric
electrodes.

3.3. Familiarity effects (according to parental ratings) for
12-month-olds

For the 12-month-olds, we conducted an analysis for
words that were rated as understood vs. not-understood
by the parents. Data of 28 children entered this analy-
sis. Five children had to be excluded: For two of them,
the parents rated all words as known. For two of them,
no trials remained in the unknown condition after arti-
fact correction. For one child, the experimental protocol
allowing identifying the single target words was not avail-
able due to technical problems during the recording.
The mean trial numbers between words rated as known
(M=17.8,SD=11.1) and words rated as unknown (M =32.6,
SD=14.2) differed significantly, t(27)=-3.3, p< .01. Mean
ERP amplitudes were analyzed by means of a repeated
measure ANOVA with the factors Hemisphere (left vs. mid-
dle vs. right), Region (anterior vs. posterior), Understanding
(understood vs. misunderstood) and Condition (congruent
vs. incongruent). 50 ms analyses as described above were
conducted. In no time window, a significant effect of Condi-
tion, Understanding or interactions with one of these factors
were obtained. That is, the pattern of ERP results does
not appear to differ between words that parents rated as
known or unknown to their infants. In the group of the 18-
month-olds, not enough trials rated as unknown remained
to make comparisons possible.

4. Discussion

By means of ERPs recorded in auditory word onset
priming, the present study explored access to phonologi-
cal representations and predictive phonological processing
in infants and toddlers aged 6, 12, 18, and 24 months, and
in adults. The participants heard the onsets of words that
are frequently used in German parental speech. The spoken
word onsets were either followed by the same complete
target word (congruent condition, e.g., ma — Mama) or by
a target word with a different onset (incongruent condi-
tion, e.g., so — Mama). To make the paradigm suitable for
children this young, we had to present our primes and tar-
gets in a passive listening paradigm. Because former word
onset priming studies with adults and children included a
lexical decision task in which participants had to decide
whether the target is a word or not (Friedrich et al., 2009;
Schild et al., 2011), we first evaluate whether a passive lis-
tening situation in an adult control group elicits the ERP
deflections formerly reported.

The present ERPs for adults largely replicate previously
observed N100 and P350 effects in unimodal auditory word
onset priming that were obtained when adult participants
were engaged in a lexical decision task. We interpret these
effects in accordance with previous work (e.g., Friedrich
et al., 2009; Schild et al., 2011). The midline N100 effect
between 100 and 300 ms suggests that congruent word
onset primes modulate abstract speech sound processing
for their subsequent targets. The bilateral anterior P350
effect between 300 and 400 ms suggests that access to
phonological representations is modulated by the prime
word onsets. However, we did not replicate the formerly
observed left lateralization of either effect. This might be
related to the passive listening situation applied in the
present study. Others have already reported that the degree
of lateralization of ERP effects in language processing is
modulated by the type of task in which the participants
are involved (Rowan et al., 2004; Rugg, 1984; Spironelli
and Angrilli, 2006). For example, right-lateralization to nor-
mal vs. flattened speech was only found when participants
were engaged in an active task, but not when they were
engaged in passive listening (Plante et al., 2002). Together,
the N100 and P350 effect suggest that automated aspects
of the complex spoken word recognition stream, namely
abstract speech sound processing and access to stored word
forms, can be elicited in a passive paradigm. Further studies
with word onset priming should investigate whether lat-
eralization of both effects is due to processing associated
with the lexical decision task.

The central negativity formerly which was obtained in
unimodal fragment priming studies when children and
adults were engaged in a lexical decision task (Friedrich
et al., 2009; Schild et al., 2011, 2012) was not replicated
in the present study with adults. One might conclude that
the central negativity effect in adults reflects processing in
word onset priming, which is not obligatorily elicited in
spoken word recognition, but is related to the lexical deci-
sion task requiring participants to indicate as rapidly and as
accurately as possible whether or not the target is a word.
The lexical decision task might force participants to initi-
ate fast phonological matching and/or to rely on predictive
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processing in order to speed up their responses. Given the
present failure to show a central negativity without a task,
it appears that adults do not obligatorily exploit the prime
to predict the upcoming target in a passive listening sit-
uation. Further research with adults has to evaluate this
interpretation.

The enhanced statistical power of the omnibus analy-
sis including 120 datasets pointed to generalizable effects
in all children groups starting between 150 and 300 ms
after target word onset. In the early time window, which
roughly corresponds to the adult N100 time window, ERP
morphology is characterized by successive positive and
negative peaks (PNP complex). Formerly, the PNP com-
plex has been related to a premature instance of the adult
N100 (Wunderlich and Cone-Wesson, 2006; Duta et al.,
2012). That is, we find an N100-like effect with young chil-
dren aged 6-24 month in the present study. This finding
somewhat contrasts with a previous study with preschool
children and young pupils, in which an N100 effect was
visible in the data but did not reach significance between
conditions (Schild et al., 2011). The lower number of partic-
ipants (51 children) in the former study might be a possible
explanation by indicating that statistical power is a criti-
cal aspect in ERP language acquisition research. The PNP
priming effect in the present study, in which primes and
targets were spoken by different speakers, suggests that the
underlying mechanisms must operate on abstract speech
sound representations. The finding that even 6-month-
olds can normalize across acoustic variations such as those
related to different voicesis in line with behavioral research
(Jusczyk et al., 1992; Kuhl, 1983).

A second consistent ERP effect in the combined analysis
of all children groups was an enhanced negativity for incon-
gruently primed words over the right hemisphere between
350 and 650 ms. Because the effect occurs after the offset
of the first syllable of the target, we suppose that it reflects
more than a pure one-to-one syllable matching process
or repetition priming. In more general, polarity, latency
and distribution relate this effect to the phonological N400
effect that has been obtained in picture-word contexts in
adults and children (Duta et al., 2012; Mani et al., 2012;
Mills et al., 2004). With respect to auditory word onset
priming, polarity, latency and distribution relate this effect
to the central negativity, which has previously also been
related to the phonological N400 in adults and children
(Friedrich et al., 2009; Schild et al., 2011, 2012). Accord-
ing to the interpretation of the central negativity in adults,
the present data suggest that infants as young as 6 months
old appear to match phonological predictions established
by the primes to predict highly frequent phonological word
forms. Following this line of interpretation, our results sug-
gest commonalities for predictive phonological processing
in adults (at least when a psycholinguistic task is involved)
and young children from the age of 6 to 24 months.

In the overall group analysis including all children, we
did not obtain evidence for an ERP deflection comparable
to the P350. One might conclude that young children do
not use word onsets for activating phonological represen-
tations in the way adults do, and this might be generalized
to the assumption that adult-like access to word form rep-
resentations is not established in the first two years after

birth. Only the 24-month-olds showed a hint for a left-
lateralized P350-like deflection. This conclusion also is in
line with previous behavioral and ERP research. Fixation
data in phonological priming contexts revealed that com-
petition effects, which characterize phonological access in
adults, develop only slowly at the end of the second year of
life (Mani and Plunkett, 2010, 2011). ERPs show a unique
effect for familiar words up to 20 months after birth (Goyet
etal., 2010; Junge et al., 2012; Kooijman et al., 2005, 2009;
Kooijman et al., 2013; Mills et al., 1997), which substan-
tially differs from the adult pseudoword N400 effect (e.g.,
Friedrich et al., 2006; Perrin et al., 2005).

In a time window ranging from 650 to 1050 ms after
target word onset, we observed very late ERP effects in
all children groups. This finding has no parallel in the
adult data. However, long-lasting ERP effects are often
reported in infant studies (e.g., Friedrich and Friederici,
2004; Friedrich, 2005). In the present study, they might be
related to extended processing of the phonological match
and/or mismatch between prime and target.

5. Conclusion

Together the present results characterize word onset
priming as a promising means for investigating several
aspects of adult word recognition in infants within a sin-
gle paradigm. It appears that infants as young as 6 months
old operate on abstract phonological representations of the
prime syllables and use those them to make predictions
about the upcoming targets. However, infants and young
children did not show a robust index of adult-like lexi-
cal access to stored phonological forms. Therewith, ERPs
recorded in word onset priming might allow characterizing
aspects of word recognition and the format of phonological
representations in infancy in more detail than behavioral
measures and previously used ERP paradigms allowed.
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Appendix A. German words that were presented in
both the congruent and incongruent conditions

Ap-fel [apple]
Au-to [car]
Ba-by [baby]
Bir-ne [pear]
Blu-me [flower]
Bril-le [glasses]
Dok-tor [doctor]
Do-se [can]
En-te [duck]
Es-sen [food]
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Fen-ster [window]
Fla-sche [bottle]
Ga-bel [fork]
Haa-re [hair]
Ha-se [rabbit]
Ho-se [trousers]
Ka-se [cheese]
Kat-ze [cat]
Kii-che [kitchen]
Ku-chen [cake]
Lam-pe [lamp]
Lip-pen [lips]
Lof-fel [spoon]
Mad-chen [girl]
Ma-ma [mommy]
Mes-ser [knife]
Miit-ze [hat]
Na-se [nose]
Pa-pa [daddy]
Pup-pe [doll]
Rut-sche [slide]
Sche-re [scissors]
Schliis-sel [key]
Soc-ken [sock]
So-fa [couch]
Sup-pe [soup]
Tas-se [cup]
Trak-tor [tractor]
Trep-pe [stairs]
Vo-gel [bird]

References

Berg, P., Scherg, M., 1994. A multiple source approach to the correction of
eye artifacts. Electroencephalogr. Clin. Neurophysiol. 90 (3), 229-241,
http://dx.doi.org/10.1016/0013-4694(94)90094-9.

Bergelson, E., Swingley, D., 2012. At 6-9 months, human infants know the
meanings of many common nouns. Proc. Natl. Acad. Sci. U. S. A. 109
(9), 3253-3258, http://dx.doi.org/10.1073/pnas.1113380109.

Dahan, D., Magnuson, ].S., 2006. Spoken word recognition. In: Traxler, M.,
Gernsbacher, M.A. (Eds.), Handbook of Psycholinguistics. Academic
Press, Oxford, pp. 249-284.

DeBoer, T., Scott, L.S., Nelson, C.A., 2007. Methods for acquiring and ana-
lyzing infant event-related potentials. In: De Haan, M. (Ed.), Infant EEG
and Event-Related Potentials. Psychology Press, New York, pp. 5-38.

Desroaches, A.S., Newman, R.L, Joanisse, M.R., 2008. Investigating the
time-course of spoken word recognition: electrophysiological evi-
dence for the influence of phonological similarity. J. Cogn. Neurosci.
21 (10), 1893-1906, http://dx.doi.org/10.1162/jocn.2008.21142.

Duta, M.D., Styles, SJ., Plunkett, K., 2012. ERP correlates of unex-
pected word forms in a picture-word study of infants and
adults. Dev. Cogn. Neurosci. 2 (2), 223-234, http://dx.doi.org/10.
1016/4.dcn.2012.01.003.

Fernald, A. Swingley, D. Pinto, J.P., 2001. When half a word is
enough: infants can recognize spoken words using partial pho-
netic information. Child Dev. 72 (4), 1003-1015, http://dx.doi.org/10.
1111/1467-8624.00331.

Friedrich, CXK. 2005. Neurophysiological correlates of mismatch
in lexical access. BMC Neurosci. 6, 64, http://dx.doi.org/10.
1186/1471-2202-6-64.

Friedrich, CK.,, Eulitz, C., Lahiri, A., 2006. Not every pseudoword dis-
rupts word recognition: an ERP study. Behav. Brain Funct. 2, 36,
http://dx.doi.org/10.1186/1744-9081-2-36.

Friedrich, C.K. Schild, U. Roder, B., 2009. Electrophysiological
indices of word fragment priming allow characterizing neural
stages of speech recognition. Biol. Psychol. 80 (1), 105-113,
http://dx.doi.org/10.1016/j.biopsycho.2008.04.012.

Friedrich, M., Friederici, A.D., 2004. N400-like semantic incongruity effect
in 19-month-olds: processing known words in picture contexts.

J. Cogn. Neurosci. 16 (8), 1465-1477, http://dx.doi.org/10.1162/
0898929042304705.

Goyet, L., De Schonen, S., Nazzi, T., 2010. Words and syllables in fluent
speech segmentation by French-learning infants: an ERP study. Brain
Res 1332, 75-89, http://dx.doi.org/10.1016/j.brainres.2010.03.047.

Grainger, ]., Kiyonaga, K., Holcomb, P.J., 2006. The time course of ortho-
graphic and phonological code activation. Psychol. Sci. 17 (12),
1021-1026, http://dx.doi.org/10.1111/j.1467-9280.2006.01821.x.

Grimm, H., Doil, H., 2006. Elternfragebogen fiir die Fritherkennung von
Risikokindern. Hogrefe, Gottingen.

Grossmann, T., Oberecker, R., Koch, S.P., Friederici, A.D., 2010. The devel-
opmental origins of voice processing in the human brain. Neuron 65
(6), 852-858, http://dx.doi.org/10.1016/j.neuron.2010.03.001.

Holcomb, PJ., Grainger, ], 2006. On the time-course of visual word
recognition: an ERP investigation using masked repetition prim-
ing. J. Cogn. Neurosci. 18 (10), 1631-1643, http://dx.doi.org/10.
1162/jocn.2006.18.10.1631.

Houston-Price, C., Mather, E., Sakkalou, E., 2007. Discrepancy between
parental reports of infants’ receptive vocabulary and infants’
behaviour in a preferential looking task. J. Child Lang. 34 (4), 701-724,
http://dx.doi.org/10.1017/S0305000907008124.

Junge, C.,Kooijman, V., Hagoort, P., Cutler, A.,2012. Rapid recognition at 10
months as a predictor of language development. Dev. Sci. 15,463-473,
http://dx.doi.org/10.1111/j.1467-7687.2012.1144.x.

Jusczyk, P.W.,, Hirsh-Pasek, K., Nelson, D.G., Kennedy, L., Woodward, A.,
Piwoz, ]., 1992. Perception of acoustic correlates of major phrasal units
by young infants. Cogn. Psychol. 24 (2), 252-293, http://dx.doi.org/10.
1016/0010-0285(92)90009-Q.

Kooijman, V., Hagoort, P., Cutler, A., 2005. Electrophysiological evidence
for prelinguistic infants’ word recognition in continuous speech. Brain
Res. Cogn. Brain Res. 24, 109-116.

Kooijman, V., Hagoort, P., Cutler, A., 2009. Prosodic structure in early word
segmentation: ERP evidence from Dutch ten-month-olds. Infancy 14,
591-612, http://dx.doi.org/10.1080/15250000903263957.

Kooijman, V., Junge, C., Johnson, E.K., Hagoort, P., Cutler, A., 2013. Predic-
tive brain signals of linguistic development. Front. Psychol. 4, 4-25,
http://dx.doi.org/10.3389/fpsyg.2013.00025.

Kuhl, P.K., 1983. Perception of auditory equivalence classes for speech
in early infancy. Infant Behav. Dev. 6, 263-285, http://dx.doi.org/10.
1016/S0163-6383(83)80036-8.

Kutas, M., Federmeier, K.D., 2011. Thirty years and counting: finding
meaning in the N400 component of the event-related brain poten-
tial (ERP). Annu. Rev. Psychol. 62, 621-647, http://dx.doi.org/10.
1146/annurev.psych.093008.131123.

Luce, P.A., (Ph.D. Dissertation) 1986. Neighborhoods of words in the
mental Lexicon. Indiana University. Research on Speech Perception
Technical Report No. 6, Bloomington.

Mandel, D.R,, Jusczyk, P.W., Pisoni, D.B., 1995. Infants’ recognition of the
sound patterns of their own names. Psychol. Sci. 6 (5), 314-317,
http://dx.doi.org/10.1111/j.1467-9280.1995.tb00517.x.

Mani, N., Mills, D.L, Plunkett, K., 2012. Vowels in early words:
an event-related potential study. Dev. Sci. 15 (1), 2-11,
http://dx.doi.org/10.1111/j.1467-7687.2011.01092.x.

Mani, N., Plunkett, K., 2010. In the infant’s mind’s ear: evidence for
implicit naming in 18-month-olds. Psychol. Sci. 21 (7), 908-913,
http://dx.doi.org/10.1177/0956797610373371.

Mani, N., Plunkett, K., 2011. Phonological priming and cohort effects
in toddlers. Cognition 121 (2), 196-206, http://dx.doi.org/10.
1016/j.cognition.2011.06.013.

Marslen-Wilson, W., 1987. Functional parallelism in spoken
word recognition. Cognition 25, 71-102, http://dx.doi.org/10.
1016/0010-0277(87)90005-9.

McClelland, J.L., Elman, J.L, 1986. The TRACE model of speech
perception. Cogn. Psychol. 18 (1), 1-86, http://dx.doi.org/10.
1016/0010-0285(86)90015-0.

McQueen, J.M., 2007. Eight questions about spoken-word recognition. In:
Gaskell, G. (Ed.), The Oxford Handbook of Psycholinguistics. Oxford
University Press, Oxford, pp. 37-53.

Mills, D.L., Coffey-Corina, S.A., Neville, H., 1997. Language comprehension
and cerebral specialization from 13 to 20 month. Dev. Neuropsychol.
13 (3), 397-445, http://dx.doi.org/10.1080/87565649709540685.

Mills, D.L, Prat, C., Zangl, R, Stager, C.L., Neville, HJ., Werker, ].F.,
2004. Language experience and the organization of brain activity
to phonetically similar words: ERP evidence from 14- and 20-
month-olds.]. Cogn. Neurosci. 16 (8),1452-1464, http://dx.doi.org/10.
1162/0898929042304697.

Nddtdnen, R., Winkler, I, 1999. The concept of auditory stimulus
representation in cognitive neuroscience. Psychol. Bull 125 (6),
826-859.


dx.doi.org/10.1016/0013-4694(94)90094-9
dx.doi.org/10.1073/pnas.1113380109
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0015
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0020
dx.doi.org/10.1162/jocn.2008.21142
dx.doi.org/10.1016/j.dcn.2012.01.003
dx.doi.org/10.1016/j.dcn.2012.01.003
dx.doi.org/10.1111/1467-8624.00331
dx.doi.org/10.1111/1467-8624.00331
dx.doi.org/10.1186/1471-2202-6-64
dx.doi.org/10.1186/1471-2202-6-64
dx.doi.org/10.1186/1744-9081-2-36
dx.doi.org/10.1016/j.biopsycho.2008.04.012
dx.doi.org/10.1162/0898929042304705
dx.doi.org/10.1162/0898929042304705
dx.doi.org/10.1016/j.brainres.2010.03.047
dx.doi.org/10.1111/j.1467-9280.2006.01821.x
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0090
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0090
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0090
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0090
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0090
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0090
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0090
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0090
dx.doi.org/10.1016/j.neuron.2010.03.001
dx.doi.org/10.1162/jocn.2006.18.10.1631
dx.doi.org/10.1162/jocn.2006.18.10.1631
dx.doi.org/10.1017/S0305000907008124
dx.doi.org/10.1111/j.1467-7687.2012.1144.x
dx.doi.org/10.1016/0010-0285(92)90009-Q
dx.doi.org/10.1016/0010-0285(92)90009-Q
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref3100
dx.doi.org/10.1080/15250000903263957
dx.doi.org/10.3389/fpsyg.2013.00025
dx.doi.org/10.1016/S0163-6383(83)80036-8
dx.doi.org/10.1016/S0163-6383(83)80036-8
dx.doi.org/10.1146/annurev.psych.093008.131123
dx.doi.org/10.1146/annurev.psych.093008.131123
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0130
dx.doi.org/10.1111/j.1467-9280.1995.tb00517.x
dx.doi.org/10.1111/j.1467-7687.2011.01092.x
dx.doi.org/10.1177/0956797610373371
dx.doi.org/10.1016/j.cognition.2011.06.013
dx.doi.org/10.1016/j.cognition.2011.06.013
dx.doi.org/10.1016/0010-0277(87)90005-9
dx.doi.org/10.1016/0010-0277(87)90005-9
dx.doi.org/10.1016/0010-0285(86)90015-0
dx.doi.org/10.1016/0010-0285(86)90015-0
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref0170
dx.doi.org/10.1080/87565649709540685
dx.doi.org/10.1162/0898929042304697
dx.doi.org/10.1162/0898929042304697
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175
http://refhub.elsevier.com/S1878-9293(13)00111-4/sbref9175

A.B.C. Becker et al. / Developmental Cognitive Neuroscience 9 (2014) 44-55 55

Oldfield, R.C., 1971. The assessment and analysis of handedness:
the Edinburgh inventory. Neuropsychologia 9 (1), 97-113,
http://dx.doi.org/10.1016/0028-3932(71)90067-4.

Parise, E., Csibra, G., 2012. Electrophysiological evidence for the under-
standing of maternal speech by 9-month-old infants. Psychol. Sci. 23
(7), 728-733, http://dx.doi.org/10.1177/0956797612438734.

Parise, E., Friederici, A.D., Striano, T., 2010. “Did you call me?” 5-Month-
old infants own name guides their attention. PLoS ONE 5 (12), e14208,
http://dx.doi.org/10.1371/journal.pone.0014208.

Perrin, F., Maquet, P., Peigneux, P., Ruby, P., Degueldre, C., Balteau, E.,
2005. Neural mechanisms involved in the detection of our first name:
a combined ERPs and PET study. Neuropsychologia 43 (1), 12-19,
http://dx.doi.org/10.1016/j.neuropsychologia.2004.07.002.

Picton, T.W., Bentin, S., Berg, P., Donchin, E., Hillyard, S.A., Johnson
Jr., R, 2000. Guidelines for using human event-related poten-
tials to study cognition: recording standards and publication
criteria. Psychophysiology 37 (2), 127-152, http://dx.doi.org/10.
1111/1469-8986.3720127.

Plante, E. Creusere, M. Sabin, C. 2002. Dissociating sentential
prosody from sentence processing: activation interacts with
task demands. Neuroimage 17 (1), 401-410, http://dx.doi.org/10.
1006/nimg.2002.1182.

Praamstra, P., Stegemann, D.F., 1993. Phonological effects on the audi-
tory N400 brain potential. Cogn. Brain Res. 1 (2), 73-86, http://dx.doi.
org/10.1016/0926-6410(93)90013-U.

Praamstra, P., Meyer, A.S., Levelt, W.M., 1994. Neurophysiological mani-
festations of phonological processing: latency variation of a negative
ERP component timelocked to phonological mismatch. J. Cogn.
Neurosci. 6 (3), 204-219, http://dx.doi.org/10.1162/jocn.1994.6.3.
204.

Pylkkdnen, L. Marantz, A. 2003. Tracking the time course of
word recognition with MEG. Trends Cogn. Sci. 7 (5), 187-189,
http://dx.doi.org/10.1016/S1364-6613(03)00092-5.

Rowan, A, Liégeois, F., Vargha-Khadem, F., Gadian, D., Connelly, A.,
Baldeweg, T., 2004. Cortical lateralization during verb generation:
a combined ERP and fMRI study. Neuroimage 22 (2), 665-675,
http://dx.doi.org/10.1016/j.neuroimage.2004.01.034.

Rugg, M.D., 1984. Event-related potentials in phonological match-
ing tasks. Brain Lang. 23 (2), 225-240, http://dx.doi.org/10.
1016/0093-934X(84)90065-8.

Schild, U., Roder, B., Friedrich, C.K., 2011. Learning to read shapes the
activation of neural lexical representations in the speech recognition
pathway. Dev. Cogn. Neurosci. 1 (2), 163-174, http://dx.doi.org/10.
1016/j.dcn.2010.11.002.

Schild, U., Roder, B., Friedrich, C.K., 2012. Neuronal spoken word recog-
nition: the time course of processing variation in the speech
signal. Lang. Cogn. Processes 27 (2), 159-183, http://dx.doi.org/10.
1080/01690965.2010.503532.

Sheehan, E.A., Namy, LL., Mills, D.L., 2007. Developmental changes in
neural activity for familiar words and gestures. Brain Lang. 101 (3),
246-259, http://dx.doi.org/10.1016/j.bandl.2006.11.008.

Spironelli, C., Angrilli, A., 2006. Language lateralization in phonolog-
ical, semantic and orthographic tasks: a slow evoked potential
study. Behav. Brain Res. 175 (2), 296-304, http://dx.doi.org/10.
1016/j.bbr.2006.08.038.

Stager, C.L., Werker, ].F., 1997. Infants listen for more phonetic detail in
speech perception than in word-learning tasks. Nature 388 (6640),
381-382, http://dx.doi.org/10.1038/41102.

Swingley, D., Aslin, R.N., 2000. Spoken word recognition and lexical
representation in very young children. Cognition 76 (2), 147-166,
http://dx.doi.org/10.1016/S0010-0277(00)00081-0.

Swingley, D., Aslin, R.N., 2002. Lexical neighborhoods and the word-
form representations of 14-month-olds. Psychol. Sci. 13 (5), 480-484,
http://dx.doi.org/10.1111/1467-9280.00485.

Tincoff, R., Jusczyk, P.W., 1999. Some beginnings of word comprehen-
sion in 6-month-olds. Psychol. Sci., 172-175, http://dx.doi.org/10.
1111/1467-9280.00127.

Tincoff, R., Jusczyk, P.W., 2012. Six-month-olds comprehend words that
refer to parts of the body. Infancy 17, 423-444, http://dx.doi.org/10.
1111/j.1532-7078.2011.00084 x.

Wartenburger, 1., Steinbrink, ]J., Telkemeyer, S., Friedrich, M., Friederici,
A.D., Obrig, H., 2007. The processing of prosody: evidence of inter-
hemispheric specialization at the age of four. Neuroimage 34 (1),
416-425, http://dx.doi.org/10.1016/j.neuroimage.2006.09.009.

Werker, J.F., Fennell, C.T., Corcoran, K.M., Stager, C.L., 2002. Infants’ ability
to learn phonetically similar words: effects of age and vocabulary size.
Infancy 3 (1), 1-30, http://dx.doi.org/10.1207/S15327078IN0301_1.

Waunderlich, J.L, Cone-Wesson, B.K., 2006. Maturation of CAEP in
infants and children: a review. Hear Res. 212 (1/2), 212-223,
http://dx.doi.org/10.1016/j.heares.2005.11.008.


dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1177/0956797612438734
dx.doi.org/10.1371/journal.pone.0014208
dx.doi.org/10.1016/j.neuropsychologia.2004.07.002
dx.doi.org/10.1111/1469-8986.3720127
dx.doi.org/10.1111/1469-8986.3720127
dx.doi.org/10.1006/nimg.2002.1182
dx.doi.org/10.1006/nimg.2002.1182
dx.doi.org/10.1016/0926-6410(93)90013-U
dx.doi.org/10.1016/0926-6410(93)90013-U
dx.doi.org/10.1162/jocn.1994.6.3.204
dx.doi.org/10.1162/jocn.1994.6.3.204
dx.doi.org/10.1016/S1364-6613(03)00092-5
dx.doi.org/10.1016/j.neuroimage.2004.01.034
dx.doi.org/10.1016/0093-934X(84)90065-8
dx.doi.org/10.1016/0093-934X(84)90065-8
dx.doi.org/10.1016/j.dcn.2010.11.002
dx.doi.org/10.1016/j.dcn.2010.11.002
dx.doi.org/10.1080/01690965.2010.503532
dx.doi.org/10.1080/01690965.2010.503532
dx.doi.org/10.1016/j.bandl.2006.11.008
dx.doi.org/10.1016/j.bbr.2006.08.038
dx.doi.org/10.1016/j.bbr.2006.08.038
dx.doi.org/10.1038/41102
dx.doi.org/10.1016/S0010-0277(00)00081-0
dx.doi.org/10.1111/1467-9280.00485
dx.doi.org/10.1111/1467-9280.00127
dx.doi.org/10.1111/1467-9280.00127
dx.doi.org/10.1111/j.1532-7078.2011.00084.x
dx.doi.org/10.1111/j.1532-7078.2011.00084.x
dx.doi.org/10.1016/j.neuroimage.2006.09.009
dx.doi.org/10.1207/S15327078IN0301_1
dx.doi.org/10.1016/j.heares.2005.11.008

	ERP correlates of word onset priming in infants and young children
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Stimuli
	2.3 Design and procedure
	2.4 Electrophysiological recording and data analysis

	3 Results
	3.1 Adults
	3.1.1 100–300ms
	3.1.2 300–400ms

	3.2 Infants and young children
	3.2.1 150–300ms
	3.2.2 350–500ms
	3.2.3 550–650ms
	3.2.4 650–1050ms

	3.3 Familiarity effects (according to parental ratings) for 12-month-olds

	4 Discussion
	5 Conclusion
	Acknowledgements
	Appendix A German words that were presented in both the congruent and incongruent conditions
	References


