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The Long Road to Automation: Neurocognitive
Development of Letter–Speech

Sound Processing

Dries J. W. Froyen, Milene L. Bonte, Nienke van Atteveldt,
and Leo Blomert

Abstract

& In transparent alphabetic languages, the expected standard
for complete acquisition of letter–speech sound associations
is within one year of reading instruction. The neural mech-
anisms underlying the acquisition of letter–speech sound as-
sociations have, however, hardly been investigated. The present
article describes an ERP study with beginner and advanced
readers in which the influence of letters on speech sound
processing is investigated by comparing the MMN to speech
sounds presented in isolation with the MMN to speech sounds
accompanied by letters. Furthermore, SOA between letter
and speech sound presentation was manipulated in order
to investigate the development of the temporal window of
integration for letter–speech sound processing. Beginner read-
ers, despite one year of reading instruction, showed no early

letter–speech sound integration, that is, no influence of the
letter on the evocation of the MMN to the speech sound. Only
later in the difference wave, at 650 msec, was an influence
of the letter on speech sound processing revealed. Advanced
readers, with 4 years of reading instruction, showed early and
automatic letter–speech sound processing as revealed by an
enhancement of the MMN amplitude, however, at a different
temporal window of integration in comparison with experi-
enced adult readers. The present results indicate a transition
from mere association in beginner readers to more automatic,
but still not ‘‘adult-like,’’ integration in advanced readers. In
contrast to general assumptions, the present study provides
evidence for an extended development of letter–speech sound
integration. &

INTRODUCTION

The acquisition of letter–speech sound associations is
considered the basic requirement for learning to read
(Ehri, 2005; Frith, 1985). Additionally, it is suggested that
deficient letter–speech sound association forms the basis
for the difficulties in learning to read in developmental
dyslexia (Vellutino, Fletcher, Snowling, & Scanlon, 2004;
Fox, 1994; Frith, 1985; Snowling, 1980). A better under-
standing of the development of this association process
will provide insights in the cognitive requirements for
learning to read and will contribute to the research of
reading disabilities such as developmental dyslexia.

Because written language is a relatively recent cultural
invention, an evolutionarily adapted brain mechanism
for processing script most likely does not exist. More-
over, in contrast with the natural association between
auditory and visual information in, for example, audio-
visual speech (Calvert, Brammer, & Iversen, 1998), the
association between letters and speech sounds is basi-
cally arbitrary in nature. It is therefore remarkable that
literacy skills are so easily acquired in most languages. In

a relatively transparent language like Dutch, in which
the letter–speech sound associations are mostly unam-
biguous, the expected educational standard for com-
plete mastery of letter–speech sound associations is
within one year of reading instruction (Wentink &
Verhoeven, 2003). Even in English, an opaque language
regarding the associations between orthography and
phonology, letter–speech sound associations seem to
be established within a few years of reading instruction
(Siegel & Faux, 1989; Snowling, 1980; Hardy, Smythe,
Stennet, & Wilson, 1972). In a study in which children
had to decide whether single letters matched with single
speech sounds, most letter–speech sound associations
were judged correctly by at least 80% of all children
within one year of reading instruction (Hardy et al., 1972).

The seemingly easy acquisition of letter–speech sound
associations needs, however, closer examination as recent
data indicate that knowing the associations between let-
ters and speech sounds might not be the same as the
instrumental use of this association in learning to read. In
a study on a large nationwide sample of Dutch primary
school children from 6 to 12 years old, not only accuracy
but also reaction time data on letter–speech sound
association were collected (Blomert & Vaessen, in press).University of Maastricht
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Surprisingly, in light of the expected mastery of letter–
speech sound associations within one year of reading
instruction, reaction times of letter–speech sound dis-
crimination decisions steadily decreased during the whole
range of Dutch primary school reading instruction. Be-
cause faster processing is one of the main criteria for the
automation of a process (Schneider & Chein, 2003), the
extended decrease of processing time for letter–speech
sound discrimination might indicate an extended devel-
opment towards automatic letter–speech sound associa-
tion. Although early acquisition of letter–speech sound
associations is generally assumed in transparent lan-
guages, exactly when and how these associations develop
in the human brain remains an open question, and is the
topic of the present article.

One of the first indications about the nature of fully
developed letter–speech sound processing came from
an early behavioral study showing differential influences
of congruent and incongruent letter primes on reaction
times in a speech sound identification task (Dijkstra,
Schreuder, & Frauenfelder, 1989). More recently, in a
brain imaging study using MEG, integration of letters
and speech sounds was reported in the superior tempo-
ral sulcus (STS) (Raij, Uutela, & Hari, 2000). Moreover,
two fMRI studies revealed that not only heteromodal
regions in the STS and the superior temporal gyrus
(STG) but also the unimodal auditory association cortex
(planum temporale, PT) is involved in the letter–speech
sound integration process (Van Atteveldt, Formisano,
Blomert, & Goebel, 2007; Van Atteveldt, Formisano,
Goebel, & Blomert, 2004). The involvement of the
auditory cortex for letter–speech sound integration
was recently confirmed in an MEG study (Herdman
et al., 2006). Given the passive nature of the tasks used
in both fMRI studies (passive viewing/listening), letter–
speech sound integration was suggested to occur au-
tomatically. Van Atteveldt et al. (2007) furthermore
manipulated the SOA between the presentation of
the letter and the speech sound. Manipulating the
SOA revealed a narrow temporal window for integra-
tion of letters with speech sounds in the PT. Integration,
as reflected by response enhancement for congruent
and suppression for incongruent letter–speech sound
pairs (relative to the maximal unimodal response), was
maximal at simultaneous presentation of letters with
speech sounds and had already declined at 150 msec
SOA (Van Atteveldt et al., 2007). To summarize, current
evidence indicates that fully developed letter–speech
sound processing in adults is achieved through auto-
matic integration performed by a network located in
the PT and the STS/STG, where the multisensory effect
in PT only occurs within a narrow temporal window
under the condition that letters and speech sounds are
presented simultaneously.

These recent insights into the brain mechanisms
involved in fully automated letter–speech sound pro-
cessing open new perspectives for the investigation of its

development. Knowing the associations between letters
and speech sounds is apparently only in the starting point
of the development toward automatic letter–speech
sound integration. In the present study, we therefore
further investigated when and how letter–speech sound
processing develops by means of ERPs, known for its high
temporal resolution. In a recent ERP study, the MMN was
successfully used to investigate the automation and tim-
ing properties of letter–speech sound integration in ex-
perienced adult readers (Froyen, Van Atteveldt, Bonte,
& Blomert, 2008). The MMN is known to be evoked
automatically between 100 and 200 msec when, in a se-
quence of auditory stimuli, a rarely presented sound (the
deviant) deviates in one or more aspects from the sound
that is frequently presented (the standard) (Näätänen,
Paavilainen, Tiitinen, Jiang, & Alho, 1993). The MMN is
considered to reflect the neurophysiological correlate
of a comparison process between an incoming auditory
stimulus and the memory trace formed by the repetitive
aspect of the standard stimulus (Näätänen, 2000; Picton,
Alain, Otten, Ritter, & Achim, 2000; Schröger, 1998).
The MMN has repeatedly been shown to be sensitive to
language-specific speech sound representations in adults
and in children (Bonte, Poelmans, & Blomert, 2007;
Mitterer & Blomert, 2003; Näätänen, 2001; Winkler et al.,
1999). The child MMN is furthermore suggested to be
a stable component resembling the adult MMN (Csépe,
2003). The MMN is particularly interesting and useful for
research with children because its evocation does not re-
quire sustained attention.

In an MMN study with experienced adult readers, the
MMN evoked by the deviant speech sound violating the
standard speech sound (Figure 1A) was compared with
the MMN evoked by the deviant speech sound violating
both the standard speech sound and the corresponding
letter (Figure 1B) (Froyen et al., 2008). The results re-

Figure 1. Designs of the auditory experiment (A) and the audiovisual

experiment (B). ‘‘A’’ represents auditory stimulus presentation,

‘‘V’’ represents visual stimulus presentation. The arrow indicates the
violation of the standard speech sound in the auditory experiment

(A) and the violation of both the standard speech sound and the

letter in the audiovisual experiment (AV).
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vealed a clear enhancement of the MMN amplitude
evoked in the audiovisual experiment in comparison
with the MMN amplitude in the auditory experiment.
Considering the properties of the MMN, this enhance-
ment strongly points to automatic integration of letters
and speech sounds. Froyen et al. (2008) also manipu-
lated the SOA between the presentation of the letter
and the speech sound. Only when the letter was pre-
sented simultaneously with the speech sound did the
letter have an influence on the processing of the speech
sound, while at 100 msec SOA the influence of the letter
diminished significantly. The consistent SOA effect found
with different methods, ERP (Froyen et al., 2008) and
fMRI (Van Atteveldt et al., 2007), strongly points to tem-
poral proximity as a critical factor for automatic letter–
speech sound integration.

Because the present study aims at determining when
and how letter–speech sound integration develops, we
used the same design and ERP measurement with be-
ginner and advanced readers as used in the study with
adult readers (Froyen et al., 2008). In order to investi-
gate the development of the temporal window for in-
tegration, we included two different SOAs; letters and
speech sounds were presented simultaneously or with
an SOA of 200 msec. The temporal integration window
describes the time span within which two physically sep-
arated events are perceived as appearing together (Van
Wassenhove, Grant, & Poeppel, 2007; Yabe et al., 1998,
2004). To our knowledge, there are no studies inves-
tigating the development of the temporal integration
window in letter–speech sound perception. There is,
however, some evidence that children between 8 and
12 years of age perceive an auditory and a visual stimu-
lus as occurring simultaneously in a wider temporal
window than adults do (Laasonen, Service, & Virsu,
2002; Laasonen, Tomma-Halme, Lahti-Nuuttila, Service,
& Virsu, 2000). To provide insight into the dynamics of
the development of letter–speech sound associations,
we investigated the temporal window of integration
for letter–speech sound processing in two different
age groups in whom letter–speech sound processing
might still be developing. We included two SOAs in the
present study, the SOA for which the adults revealed
maximal integration and the SOA for which we found no
integration at all (Froyen et al., 2008).

First, we hypothesized that a typical MMN would be
elicited to the speech sounds in both beginner (1 year
of reading instruction) and advanced readers (4 years of
reading instruction). Second, as the educational stan-
dard for fully mastering letter–speech sound associations
is expected to be reached within one year of reading in-
struction (Wentink & Verhoeven, 2003), we predicted an
influence of the letter on the MMN evoked to a speech
sound in both age groups. Third, the decreasing reaction
time for letter–speech sound associations over the whole
primary school range (Blomert & Vaessen, in press) may
be reflected in an MMN latency difference between

beginner and advanced readers. This would be in line
with previously reported decreasing MMN response la-
tencies over development (Bonte et al., 2007; Maurer,
Bucher, Brem, & Brandeis, 2003; Shafer, Morr, Kreuzer,
& Kurtzberg, 2000). Finally, ‘‘adult-like’’ letter–speech
sound integration is achieved within a narrow tempo-
ral window of integration, that is, only if stimuli are pre-
sented simultaneously (Froyen et al., 2008; Van Atteveldt
et al., 2007). The results from Laasonen et al. (2000, 2002)
suggest that we might expect a wider temporal window
for letter–speech sound processing for advanced readers
(11 years old) than for experienced adult readers (Froyen
et al., 2008; Van Atteveldt et al., 2007). This might be
reflected in appropriate integration at 200 msec SOA
and 0 msec SOA for beginner and advanced readers,
whereas adults only integrate at 0 msec SOA (Froyen
et al., 2008; Van Atteveldt et al., 2007).

METHODS

Subjects

Sixty-four normally reading subjects participated in the
present study. To investigate developmental effects of
letter–speech sound associations, two age groups were
created. Thirty-eight subjects were recruited from Grade 2,
having received one year of reading instruction. Thirteen
subjects participated in the auditory experiment (3 girls,
range [years; months] = 7;01 to 8;10 years, mean age =
7;08 years), 14 subjects participated in the audiovisual
experiment with 0 msec SOA (8 girls, range = 7;06 to
9 years, mean age = 8;02 years), and 17 subjects par-
ticipated in the audiovisual experiment with 200 msec
SOA (7 girls, range = 6;11 to 9 years, mean age =
7;06 years). Six subjects participated in two experiments,
the auditory experiment and the audiovisual experiment
with 0 msec SOA. Data of two subjects in the audiovisual
experiment with 200 msec SOA were discarded due to
excessive movement artifacts. Twenty-six subjects were
recruited from Grade 5, having received 4 years of reading
instruction. Twelve subjects participated in the auditory
experiment (3 girls, range = 10;06 to 12;09 years, mean
age = 11;04 years), 13 subjects participated in the au-
diovisual experiment with 0 msec SOA (9 girls, range = 10
to 12;09 years, mean age = 11;02 years), and 14 subjects
participated in the audiovisual experiments with 200 msec
SOA (7 girls, range = 10;02 to 11;08 years, mean age =
11;01 years). Seven subjects participated in both the au-
ditory experiment and the audiovisual experiment with
0 msec SOA, whereas four subjects participated in the
auditory experiment and the audiovisual experiment
with 200 msec SOA. Data of three subjects (one in the
audiovisual experiment with 0 msec SOA and two in the
audiovisual experiment with 200 msec SOA) were dis-
carded due to excessive movement artifacts.

All children were given a present for participation.
Informed consent was obtained from the children and
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the parents. Approval for the study was granted by the
Ethical Committee of the Faculty of Psychology at the
University of Maastricht. The children were recruited
from local schools in The Netherlands, and were judged
by their school teachers to be average or above average
in school achievement. All subjects were native Dutch
speakers. Subject results of behavioral tests are sum-
marized in Table 1. IQ assessment was established with
the Raven Colored Progressive Matrices (Raven, Raven,
& Court, 1998). All children performed standardized
language tests, the Eén-minuut-leestest (Brus & Voeten,
1973) and a nonword reading test (Van den Bos, Lutje
Spelberg, Scheepsma, & De Vries, 1999). Results of the
behavioral tests showed no differences in IQ, word read-
ing, or phonological decoding (nonword reading) be-
tween the groups of the same age participating in the
different experiments (Table 1).

Stimuli

Stimuli were speech sounds, /a/ (384 msec) and /o/
(348 msec), and the visually presented single letter
‘‘a.’’ We used the same stimuli as used in the adult
study (Froyen et al., 2008), the same vowels as used in
an MMN study on gender differences in speech and
nonspeech processing (Kasai et al., 2002). To ensure a
typical MMN reflecting speech sound processing, we
used natural vowels (Näätänen, 2001). Furthermore, we
chose the vowels ‘‘o’’ and ‘‘a’’ as these are completely
transparent in their letter–speech sound correspondence

in Dutch, whereas other vowels are slightly inconsistent
(‘‘u,’’ ‘‘e,’’ and ‘‘y’’) or visually divergent (‘‘i’’).

Speech sounds were digitally recorded (sampling rate
44.1 kHz, 16-bit quantization) from a Dutch female
speaker. Recordings were band-pass filtered (180–
10.000 Hz), resampled at 22.05 kHz, and matched for
loudness with Praat software (Boersma & Weenink,
2002). The sounds were presented binaurally through
loudspeakers at about 65 dB SPL. The letter was pre-
sented in white on a black background in the center of
a computer screen for 500 msec, printed in lowercase
font ‘‘Arial’’ at font size 40, approximately 1.5 cm high
and 1 cm wide. The distance from the screen to the
subject was kept at 70 cm. Consequently, stimuli had a
visual angle of approximately 1.28 by 0.88. During fixa-
tion periods, a white fixation cross was presented in
the center of the screen. The visually presented letter
was always an ‘‘a,’’ irrespective of whether the standard
speech sound /a/ or the deviant speech sound /o/ was
presented.

Design and Procedure

In total, we conducted three different experiments, one
auditory and two audiovisual experiments. In all three
experiments, subjects were exposed to the speech
sounds /a/ (standard, 90%) and /o/ (deviant, 10%). In the
auditory experiment, subjects were exposed to these
speech sounds while watching a silent movie (Figure 1A).
In the two audiovisual experiments, subjects were ex-
posed to the same speech sounds, while watching single
letters (Figure 1B). Children were instructed not to move
their eyes and sit quietly. To ensure subjects’ consistent
perception of the letters, in the audiovisual experiments,
periodically a full color picture of a present appeared in
between trials. Children were instructed to press a button
when this picture was presented. The two audiovisual
experiments differ only with regard to the SOA between
the presentation of the letter and the speech sound. The
letter appeared simultaneously (AV0) with the speech
sound or 200 msec earlier (AV200). Each experiment con-
sisted of four experimental blocks with 534 trials each.
Trial length was always 1250 msec.

Data Recording and Statistical Analysis

EEG data were recorded in a sound-attenuating and
electrically shielded room (0.01–50 Hz, sampling rate
250 Hz) from 30 electrode positions (Extended Inter-
national 10–20 system; Nuwer et al., 1998) relative to a
nose reference. Eye movements and blinks were mea-
sured with bipolar VEOG/HEOG channels. All electrode
impedance levels (EEG and EOG) were kept below
5 k�. EEG data were epoched from �50 to 850 msec
relative to stimulus onset, baseline corrected (50 msec
prestimulus interval), and 1–30 Hz band-pass filtered
(NeuroScan 4.2). Epochs containing data exceeding a

Table 1. Descriptive Data (Mean and Standard Deviation)
for the Two Age Groups in Each Experiment

A
AV

0 msec
AV

200 msec Differences

Beginner Readers

Word
readinga

12.8 (2.0) 13.9 (1.5) 12.5 (2.4) p = .228

Nonword
readinga

12.6 (1.7) 14.5 (2.2) 12.5 (2.0) p = .066

Ravens SSb 7.2 (1.5) 6.9 (1.8) 6.5 (1.7) p = .421

Advanced Readers

Word
readinga

13.1 (1.8) 13.1 (2.4) 12 (1.4) p = .307

Nonword
readinga

12.9 (2.1) 12.8 (3.4) 12.4 (1.9) p = .883

Ravens SSb 7.5 (1.3) 7.6 (1.1) 7.1 (0.6) p = .768

IQ scores and performance on language tests (mean); A = auditory
experiment; AV = audiovisual experiment.
aAge-appropriate norms (standardized scale; 0–20, mean = 10, SD = 2).
bAge-appropriate norms (standardized scale; 0–10, mean = 5, SD = 2).
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maximum voltage criterion of 75 AV were rejected. Stan-
dards immediately following deviants were not included
in the analyses. The raw EEG data were corrected for
vertical eye movements (i.e., blink artifacts; (Semtlitsch,
Anderer, Schuster, & Presslich, 1986)). Subjects with over
30% rejected epochs (i.e., 60 epochs on a total of 200 per
condition) were excluded from analysis. Considering
the beginner readers: In the auditory experiment, the
mean number of accepted epochs in the grand averages
for standards and deviants were 162 (SD 14) and 161
(SD 15); in AV0 172 (SD 20) and 174 (SD 19), respectively;
in AV200 163 (SD 21) and 163 (SD 17), respectively.
Considering the advanced readers: in the auditory ex-
periment, the mean number of accepted epochs in the
grand averages for standards and deviants were 173
(SD 17) and 173 (SD 17); in AV0 174 (SD 19) and 177
(SD 18), respectively; in AV200 178 (SD 20) and 179 (SD
18), respectively. The resulting cleaned datasets did not
show any noticeable confounds due to motion or eye-
movement artifacts and, accordingly, no noticeable age
group differences. Epochs were averaged separately for
each condition and each participant. Difference waves
are calculated by subtracting the ERPs to the standard
condition from ERPs to the deviant condition.

Statistical analyses were performed on 11 electrodes
covering the fronto-central (Fz, Cz, FC3, FC4), temporal
(T3 and T4), parietal (CP3 and CP4), and occipital (Oz,
O1 and O2) regions of the brain to investigate the au-
ditory MMN. From the difference waveforms, we de-
rived two dependent variables for each electrode: (I)
the MMN latency measured at the maximum amplitude
of the MMN in the latency range from 50 to 250 msec
poststimulus onset and (II) the MMN amplitude mea-
sured as the mean amplitude across 50 msec centered
around the individual peak latency (separately for each
subject, condition and electrode). In the present study,
we used the mean area amplitude rather than the peak
amplitude as it is considered a more reliable measure.
Consequently, in the present study, the term amplitude
always refers to the mean area amplitude. The analy-
sis on 11 electrodes was followed by a detailed analy-
sis on the fronto-central electrodes (Fz, Cz, FC3, FC4),
where the MMN effect was most prominent. All re-
ported p values from the repeated measures ANOVA
were Greenhouse–Geisser corrected.

RESULTS

Beginner Readers

Auditory Experiment

We first analyzed the auditory experiment to probe a
typical MMN evoked by a deviant speech sound in a
standard speech sound context. Figure 2A shows grand-
average ERPs for standard and deviant stimuli and differ-
ence waveforms (deviant � standard stimuli) obtained
in the auditory experiment as measured at the fronto-

central electrode sites (Fz, Cz, FC3, FC4). The speech
sound deviant elicited an MMN with average peak la-
tency of 155 msec (averaged over the four fronto-central
electrodes, 53 msec SD) after the onset of the auditory
stimulus, with a topographical distribution (Figure 2A)
that is typically reported for the MMN (Picton et al., 2000;
Schröger, 1998).

Amplitude properties of ERP activity in the MMN time
window were first analyzed using a 2 (stimulus type;
standard versus deviant) � 11 (electrode sites) repeated
measures ANOVA. We found a marginally significant in-
teraction with electrode site [F(10, 120) = 2.95, p =
.056; Figure 3]. Because we expected an interaction of
stimulus type with electrode, we further analyzed only
the four fronto-central electrodes, where the MMN is
expected to be most pronounced. The same analysis
on only the four fronto-central electrodes revealed no
significant interaction between stimulus type and elec-
trode [F(3, 36) = 7.58, p = .46], and a main effect of
stimulus type for mean amplitude values in the 50-msec
window around the individual peaks [F(1, 12) = 7.38,
p = .019]. The deviant grand-average waves were sys-
tematically more negative in comparison with standard
grand-average waves (Figure 2A; dark gray rectangle).
Analysis of the difference waves with a one-sample t test
revealed significant differences from zero at all four
fronto-central electrode sites, indicating a typical MMN
evoked by deviant speech sounds in beginner readers:
at Fz, t(12) = �5.66, p < .001; at Cz, t(12) = �4.91,
p < .001; at FC3, t(12) = �5.92, p < .001; and at FC4,
t(12) = �5.38, p < .001.

Auditory versus Audiovisual Experiments

In all three experiments (the auditory experiment and
both audiovisual experiments AV0 and AV200), the deviant
speech sound stimulus elicited a negativity with an average
peak latency (averaged over the four fronto-central elec-
trodes) at 165 msec (57 msec SD) after auditory stimulus
onset (Figure 2; dark gray rectangle), with a typical topog-
raphical distribution of the MMN. Average peak latencies
(averaged over the four fronto-central electrodes) were
156 msec (44 msec SD) for AV0 and 181 msec (68 msec
SD) for AV200 after the onset of the auditory stimulus.

Amplitude and latency properties of ERP activity in the
MMN time window were first analyzed using a mixed
ANOVA with two within-subject factors, stimulus type
(2) and electrode sites (11), and one between-group
variable, experiment (3). We analyzed the responses re-
flecting stimulus mismatch. There was a significant in-
teraction between stimulus type and electrode [F(10,
390) = 3.57, p = .010]. When the same analysis was
performed on only the four fronto-central electrodes,
there is no significant interaction with electrodes [F(3,
117) = 2.65, p = .057]. There was no significant in-
teraction between stimulus type and experiment, in-
dicating comparable MMN effects in each of the three
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experiments [F(1, 39) = 2.61, p = .086]. The MMN effect
was reflected by a significantly stronger negative ERP
response to the deviant stimuli in comparison with the
standard stimuli [main effect of stimulus type for mean
amplitude, F(1, 39) = 28.73, p < .001].

Table 2 shows the peak latency and mean area am-
plitude measures of the difference waves on the four
fronto-central electrodes evoked by the auditory devi-
ant in the auditory experiment and in both audiovisual
experiments, AV0 and AV200. The latency values are re-
ported with respect to the onset of the auditory stimu-
lus. Repeated measures ANOVA on the latency of the
MMN over the experiments did not show a significant
effect on latency (F < 1). Repeated measures ANOVA on
amplitude of the difference waves of the fronto-central
electrodes revealed no significant effect of experiment
[F(2, 39) = 1.32, p = .279; Figure 3], indicating no dif-
ferences in the MMN as evoked in the auditory experi-
ment versus the audiovisual experiments. The difference

Figure 2. Grand-average ERPs
for the standard (dotted lines)

and deviant stimuli (dashed

lines), difference waves (solid

lines) as measured at Cz, and
MMN maps for the auditory

experiment (A) and the

two audiovisual experiments
0 msec SOA (B) and 200 msec

SOA (C) with beginner readers.

Figure 3. Mean amplitude values over 50 msec around the individually

assessed MMN peak with standard error for 9 electrodes included

in the analysis of beginner readers (Fz, Cz, FC3, FC4, CP3, CP4, T3,

T4, and Oz).
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waves revealed, however, an interesting difference be-
tween the three experiments at a negativity around
650 msec after auditory stimulus onset (Figure 2; light
gray rectangle). The analysis of this negativity, referred
to as the late negativity, is presented below.

Advanced Readers

Auditory Experiment

We analyzed the auditory experiment to probe a typical
MMN in advanced readers and compared these results
with the MMN evoked by beginner readers. Figure 4A
shows the grand-average ERPs and difference waveforms
(deviant � standard stimuli) for the speech sound
deviant in the auditory experiment. The speech sound
deviant elicited an MMN with average peak latency of
152 msec (averaged over the four fronto-central elec-
trodes, 45 msec SD) after the onset of the auditory stim-
ulus, with a topographical distribution (Figure 4A) typical
for the MMN (Picton et al., 2000; Schröger, 1998).

Table 2. Peak Latency and Mean Area Amplitude Measures
on the Four Fronto-central Electrodes with Standard Errors
of the Mean of Beginner Readers for the Three Experiments

Difference
Waves Auditory

Audiovisual
0 msec SOA

Audiovisual
200 msec SOA

Peak Latency ± SE (msec)

Fz 164 ± 15.3 152 ± 9.1 186 ± 21.1

Cz 152 ± 14.9 157 ± 12.3 180 ± 20.9

FC3 154 ± 15.6 158 ± 12.8 180 ± 17.6

FC4 152 ± 15.1 159 ± 13.3 179 ± 18.0

Mean Area ± SE (�V)

Fz �2.8 ± 0.5 �2.4 ± 0.3 �2.2 ± 0.2

Cz �2.6 ± 0.4 �2.8 ± 0.2 �2.2 ± 0.2

FC3 �2.6 ± 0.4 �2.3 ± 0.2 �1.7 ± 0.3

FC4 �2.4 ± 0.5 �2.5 ± 0.2 �1.8 ± 0.3

Figure 4. Grand-average
ERPs for the standard (dotted

lines) and deviant stimuli

(dashed lines), difference

waves (solid lines) as measured
at Cz, and MMN maps for

the auditory experiment

(A) and the two audiovisual
experiments 0 msec SOA

(B) and 200 msec SOA

(C) with advanced readers.
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Amplitude properties of brain waves in the MMN time
window were first analyzed using a 2 (stimulus type;
standard vs. deviant) � 11 (electrode sites) repeated
measures ANOVA. We found a significant interaction with
electrode site [F(10, 110) = 10.74, p = .001; Figure 5].
When we analyzed only the four fronto-central elec-
trodes, there was no longer a significant interaction be-
tween stimulus type and electrode [F(3, 33) = 2.41, p =
.098]. We found a main effect of stimulus type for mean
amplitude values in the 50-msec window around the in-
dividual peaks [F(1, 11) = 26.65, p < .001]. The deviant
grand-average waves were systematically more negative
in comparison with standard grand-average waves (Fig-
ure 4; dark gray rectangle). Analysis of the difference
waves with a one-sample t test revealed significant differ-
ences from zero in all four fronto-central electrodes, in-
dicating a typical MMN evoked by deviant speech sounds
in advanced readers: at Fz, t(11) = �5.84, p < .001; at
Cz, t(11) = �6.34, p < .001; at FC3, t(11) = �3.51, p =
.005; and at FC4, t(11) = �6.04, p < .001.

Auditory versus Audiovisual Experiments

In all three experiments (the auditory experiment and
both audiovisual experiments, AV0 and AV200), the de-
viant speech sound stimulus elicited a negativity with
an average peak latency (averaged over the four fronto-
central electrodes) at 166 msec (41 msec SD) after au-
ditory stimulus onset (Figure 4; dark gray rectangle),
with a typical topographical distribution of the MMN.
Average peak latencies (averaged over the four fronto-
central electrodes) were 181 msec (42 msec SD) for AV0

and 163 msec (33 msec SD) for AV200 after the onset of
the auditory stimulus. We first analyzed the responses
reflecting stimulus mismatch with a repeated measures
ANOVA with stimulus type (2) and electrode (11) as

within-subject factors and experiment (3) as a between-
subject factor. There was a significant interaction be-
tween stimulus type and electrode [F(10, 340) = 15.95,
p < .001; Figure 5]. The same analysis on only the four
fronto-central electrodes revealed no significant interac-
tion with electrodes [F(3, 102) = 1.35, p = .27]. More
importantly, there was a significant interaction between
stimulus type and experiment [F(2, 34) = 5.30, p = .010],
indicating a different MMN over the three experiments.
Despite this interaction, the ERP response to the deviant
stimuli was consistently more negative in comparison to
the standard stimuli in all three experiments [main effect
of stimulus type for mean amplitude F(1, 34) = 108.62,
p < .001].

Table 3 shows the peak latency and mean area am-
plitude measures of the difference waves for the four
fronto-central electrodes evoked by the auditory deviant
in the auditory experiment and in both audiovisual ex-
periments. The latency values are reported with respect
to the onset of the auditory stimulus. Repeated mea-
sures ANOVA on the latency of the MMN over the ex-
periments did not show a significant effect of latency
[F(2, 34) = 1.51, p = .235]. Repeated measures ANOVA
on the mean of the four difference waves of the fronto-
central electrodes revealed a marginally significant effect
of experiment [F(2, 32) = 3.24, p = .052]. Because we
had a priori expectations about the direction of the dif-
ferences between the experiments (enhancement of
the MMN to the deviant speech sound when presented
in the context of a letter in comparison with presenta-
tion in isolation), we calculated contrasts of the mean
values of the MMN to analyze these differences in de-
tail. In contrast with our expectations, planned contrasts
revealed that the context of letters in AV0 did not
significantly increase the amplitude of the MMN to the

Figure 5. Mean amplitude values over 50 msec around the individually
assessed MMN peak with standard error for 9 electrodes included in

the analysis with advanced readers (Fz, Cz, FC3, FC4, CP3, CP4, T3,

T4, and Oz). Significant differences ( p < .05) in mean amplitude

measures are indicated per electrode by an asterisk.

Table 3. Peak Latency and Mean Area Amplitude Measures
on the Four Fronto-central Electrodes with Standard Errors
of the Mean of Advanced Readers for the Three Experiments

Difference
Waves Auditory

Audiovisual
0 msec SOA

Audiovisual
200 msec SOA

Peak Latency ± SE (msec)

Fz 136 ± 14.4 178 ± 13.3 166 ± 11.1

Cz 146 ± 14.1 172 ± 12.9 163 ± 9.5

FC3 148 ± 15.6 189 ± 12.5 161 ± 10.9

FC4 151 ± 13.0 184 ± 13.9 162 ± 11.9

Mean Area ± SE (�V)

Fz �2.2 ± 0.4 �2.3 ± 0.3 �3.1 ± 0.2

Cz �2.6 ± 0.4 �2.8 ± 0.3 �3.5 ± 0.3

FC3 �1.4 ± 0.3 �1.8 ± 0.3 �2.8 ± 0.3

FC4 �2.0 ± 0.4 �1.9 ± 0.3 �2.8 ± 0.4
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auditory deviant in comparison with no letter context
[t(31) = 1.046, p = .324]. In AV200, however, the am-
plitude of the MMN to the auditory deviant significantly
increased in comparison with the MMN amplitude in
the auditory experiment [t(31) = 2.351, p = .025; Fig-
ure 6B, left set of bar graphs]. Contrasting the MMN
amplitude in AV0 with the MMN in AV200 revealed a
marginally significant difference [t(31) = 2.005, p = .053;
Figure 6B, left set of bar graphs], indicating an effect of
SOA in the advanced readers. This effect of SOA is,
however, reversed if compared with the SOA effect in
the experienced adult readers (Figure 6; dark gray rec-
tangle) (Froyen et al., 2008). The difference waves also
revealed an interesting difference between the three
experiments at a negativity around 650 msec after au-
ditory stimulus onset (Figure 4; light gray rectangle).
The analysis of this negativity observed in beginner and
advanced readers is presented below.

Stable Auditory MMN Early in Development

To ascertain that both beginner and advanced readers
elicited a comparable MMN in the auditory experiment,
we performed a one-way ANOVA comparing the differ-
ence waves of the beginner readers with the difference
waves of the advanced readers. This analysis revealed no
significant differences considering mean or latency area

value of the MMN [F(2, 24) = 1.49, p = .246 and F <
1, respectively]. We also performed a one-way ANOVA
comparing the difference waves of the beginner readers
and the advanced readers with the difference waves
of the experienced adult readers from our earlier study
(Froyen et al., 2008). This analysis revealed no significant
differences for the mean or latency values of the MMN
(Figure 6; dark gray rectangle), F < 1 and F < 1, re-
spectively, indicating a stable auditory MMN resembling
the adult MMN already early in development.

Late Negativity

The difference waves revealed another interesting differ-
ence between the three experiments around 650 msec
after auditory stimulus onset in both the beginner and
advanced readers (Figure 6; light gray rectangle). We
therefore tested this negativity statistically within each
age group with a repeated measures ANOVA, with four
fronto-central electrodes (Fz, Cz, FC3, and FC4) as a
within-subject factor and experiment as a between-
subject factor. The dependent variable was the mean
of 50 msec around the peak values between 600 and
700 msec after auditory stimulus onset, established per
subject for each electrode in each experiment.

In the beginner readers, there was a marginally sig-
nificant main effect of experiment [F(2, 39) = 3.235,

Figure 6. Difference waves

on the fronto-central electrode

Cz as measured in the

auditory and the audiovisual
experiments for beginner,

advanced (this study), and

experienced adult readers

(Froyen et al., 2008) with the
different time windows of

the MMN, the late mismatch

negativity (lMMN), and the
late negativity indicated in

rectangles (1). Mean amplitude

values with standard error for

the MMN (left) and the late
negativity (right) averaged

over the four fronto-central

electrodes Fz, Cz, FC3, and

FC4 for beginner, advanced
(this study), and experienced

adult readers (Froyen

et al., 2008) (2). Significant
differences ( p < .05) are

indicated with an asterisk.
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p = .050]. Post hoc t tests (Tukey corrected) revealed
a significant difference between the auditory and the
audiovisual experiment AV200 [t(39) = 1.215, p = .045],
but no significant differences between the auditory and
audiovisual experiment AV0 [t(39) = 0.4083, p = .693],
or between both audiovisual experiments AV0 and AV200

[t(39) = 0.8069, p = .226]. Apparently, at 650 msec
after speech sound onset, there is an influence of letter
context on speech sound processing in beginner read-
ers, but only when the letter is presented 200 msec
before the speech sound. In the advanced readers,
we also found a main effect of experiment [F(2, 31) =
3.562, p = .038]. Post hoc t tests (Tukey corrected)
revealed a significant difference between the auditory
experiment and the audiovisual experiment AV0 [t(31) =
2.074, p = .031], and no differences between the audi-
tory experiment and AV200 [t(31) = 1.361, p = .188], or
between AV0 and AV200 [t(31) = 0.7131, p = .632]. Ad-
vanced readers show an influence of letter context on
speech sound processing around 650 msec after audi-
tory speech sound onset, but unlike beginner readers,
only when the letter is presented simultaneously with
the speech sound.

The negativity described here probably does not re-
flect the late mismatch negativity or lMMN as described
in earlier studies (Cheour, Korpilahti, Martynova, & Lang,
2001; Korpilahti, Krause, Holopainen, & Lang, 2001).
The lMMN is also revealed in the present data between
450 and 500 msec after auditory stimulus onset (Fig-
ure 6; white rectangle), a typically reported latency
(Cheour et al., 2001; Korpilahti et al., 2001). We tested
the lMMN statistically within each age group with a re-
peated measures ANOVA, with four fronto-central elec-
trodes (Fz, Cz, FC3, and FC4) as a within-subject factor
and experiment as a between-subject factor. The depen-
dent variable was the mean of 50 msec around the peak
values between 400 and 500 msec after auditory stimulus
onset, established per subject for each electrode in each
experiment. Neither the beginner readers nor the ad-
vanced readers revealed an effect of experiment in this
time window [F(2, 39) = 1.211, p = .309 and F < 0.1,
respectively].

DISCUSSION

An MMN paradigm was used to study the development
of letter–speech sound integration. The influence of
letters on speech sound processing was investigated
in beginner and advanced readers. In order to inves-
tigate the temporal window for letter–speech sound
processing during development, we manipulated SOA.
The letter was presented either simultaneously with the
speech sound or 200 msec before the speech sound.
The data revealed unexpected results at an MMN la-
tency around 150 msec and at a later latency around
650 msec.

In order to assure a standard MMN in all age groups,
we compared the MMN evoked to speech sounds in
the auditory experiment with beginner, advanced, and
also experienced adult readers (Froyen et al., 2008). All
groups elicited a typical MMN in terms of amplitude, la-
tency, and topographical distribution (Picton et al., 2000;
Schröger, 1998). Moreover, no differences were found
in amplitude, latency, or topographical distribution be-
tween the groups, which confirmed the suggestion of a
stable MMN resembling the adult MMN being already
present early in development (Csépe, 2003).

Next, the influence of letters on speech sound process-
ing was investigated in beginner readers. Comparing
the MMN in the auditory experiment with the MMN in
the audiovisual experiments revealed no differences in
amplitude, latency, or topographical distribution. This
indicates that after approximately one year of reading in-
struction letters do not influence early speech sound
processing, and thus, there is no indication of any form
of automation of letter–speech sound processing. This
does not seem to be consistent with the current educa-
tional Dutch standards requiring full mastery of letter–
speech sound associations within one year of reading
instruction (Wentink & Verhoeven, 2003). These results,
therefore, reveal that fully developed letter–speech sound
processing requires more than just accurate association.
Consistent with the reaction time data reported
in Blomert and Vaessen (in press), these results point
to an extended period of development which continues
after the first year of reading instruction.

In advanced readers, comparison of the MMN in the
auditory experiment with the MMN in the audiovisual
experiments revealed a cross-modal enhancement of the
MMN amplitude, but only when letters were presented
200 msec earlier in comparison with the speech sounds
(AV200). Because the MMN is an early and automatically
evoked ERP component, we suggest that early speech
sound processing in advanced readers is automatically
influenced by the presentation of a letter. However,
advanced readers exhibited no differences in MMN,
and thus, no sign of integration when the letter was
presented simultaneously with the speech sound (AV0).
This contrasts sharply with the results from experienced
adult readers only showing automatic integration if let-
ters and speech sounds were presented simultaneously,
and not if presented at 100 or 200 msec SOA (Froyen
et al., 2008). Advanced readers show an influence of
letters on the processing of speech sounds, but in a
different temporal window for integration than experi-
enced adult readers, indicating that even after 4 years of
reading instruction letter–speech sound processing con-
tinues to develop.

Although the auditory experiment differs in visual as-
pects from the audiovisual experiments, it is unlikely
that these differences are responsible for the present
results. The MMN is known to be a very basic auditory
deviance detection mechanism of the brain (Schröger,
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1998). The similarity in morphology, latency, and topo-
graphical distribution of the MMNs in the auditory and
audiovisual experiments in both age groups suggests a
similar underlying neural mechanism. Moreover, the dif-
ference in amplitude, as the measure of interest, seems
not explainable by the differences in visual aspects be-
tween the auditory and the audiovisual experiment.
Considering the advanced readers: The MMN evoked
in AV0 did not differ in any way, with the MMN evoked
in the auditory experiment, despite differences in visual
aspects between the two experiments. Furthermore,
the MMN amplitude in AV200 was significantly higher
in comparison with the MMN amplitude in AV0. Visual
aspects could not have affected this difference in MMN
amplitude because visual aspects were identical in both
audiovisual experiments.

Interestingly, we also observed a noticeable pattern
of amplitude enhancement of the difference waves at
650 msec after speech sound onset (Figure 6). As de-
scribed in the Results, we distinguish the negativity ob-
served at 650 msec from the late mismatch negativity or
lMMN described in earlier studies (Cheour et al., 2001;
Korpilahti et al., 2001). The lMMN is evoked between
400 and 450 msec after auditory stimulus onset, which
is earlier in comparison with the negativity considered
here. Because the exact nature of the negativity ob-
served at 650 msec is as yet unclear, we will refer to it as
‘‘late negativity.’’ In combination with the results from
the MMN, the pattern of the late negativity amplitudes
in beginner and advanced readers revealed a complex
but systematic development of letter–speech sound
processing. The beginner readers exhibited an enhance-
ment of the late negativity amplitude in AV200 in com-
parison with the amplitude of the late negativity in the
auditory experiment (Figure 6A; light gray rectangle).
Remarkably, the observed trend of late negativity am-
plitudes in the beginner readers resembles the pattern
of MMN amplitudes in the advanced readers: enhance-
ment of the MMN amplitude in AV200 in comparison
with the MMN amplitude in the auditory (Figure 6B;
dark gray rectangle). Thus, while for beginner readers
there is no indication of an inf luence of the letter
‘‘early’’ during speech sound processing, beginner read-
ers do reveal an influence of the letter ‘‘later’’ during
speech sound processing, at SOA200. In the advanced
readers, enhancement of the late negativity amplitude
was revealed in the audiovisual experiment AV0 in
comparison with the late negativity amplitude in the
auditory experiment (Figure 6B; light gray rectangle).
The observed pattern of late negativity amplitudes in the
advanced readers resembles the pattern of MMN am-
plitudes in the experienced adult readers remarkably
well (Froyen et al., 2008), with an enhancement of the
MMN amplitude in AV0 in comparison with the MMN
amplitude in the auditory experiment (Figure 6C; dark
gray rectangle). The observed pattern of late negativity
amplitudes indicates ‘‘adult-like’’ letter–speech sound

processing in advanced readers, however, at a later la-
tency; 650 msec instead of 150 msec after speech sound
onset.

Considering the changes in MMN and in late negativity
amplitudes, there seems to be a double shift in timing
properties during the development of letter–speech
sound processing, both in the latency at which letter–
speech sound processing occurs and in the temporal
window of integration (i.e., SOA). Data from our previ-
ous study reveal early and automatic integration in the
experienced adult readers only if letters and speech
sounds were presented simultaneously (SOA of 0 msec)
(Figure 6C) (Froyen et al., 2008). In contrast, the
beginner readers show no sign of integration but only
a late influence of letters on speech sound processing;
around 650 msec after presentation of the speech
sounds, and only at an SOA of 200 msec between the
presentation of letters and speech sounds (Figure 6A).
The advanced readers show early and automatic inte-
gration around 150 msec, however, only at an SOA of
200 msec (Figure 6B), which is still at a different tempo-
ral window for integration in comparison with the expe-
rienced adult readers. Advanced readers showed a more
‘‘adult-like’’ temporal window for integration, that is,
integration at 0 msec SOA and not at 200 msec SOA, but
only 650 msec after auditory stimulus onset (Figure 6B).
This double shift in timing properties may be inter-
preted as a neural fine-tuning of letter–speech sound
processing extending far beyond the early school years,
most likely caused by continued brain maturation inter-
acting with increasing reading experience. Continuing
pruning and myelination in the temporal lobes, contain-
ing speech-related areas, indicates brain maturation be-
yond adolescence (Casey, Tottenham, Liston, & Durston,
2005; Sowel et al., 2003). At the same time, the brain is
subject to rapidly increasing reading experience from
the first school year on.

The shift in SOA from 200 to 0 msec indicates a shift
of the temporal window of letter–speech sound in-
tegration over development. This is consistent with the
observation of changing temporal windows for pro-
cessing audiovisual stimuli from childhood to adulthood
(Laasonen et al., 2000, 2002).

The shift in latency at which letter–speech sound
processing occurs, namely, from 650 msec after speech
sound onset in beginner and advanced readers to
150 msec after speech sound onset in advanced and
experienced adult readers (Froyen et al., 2008), does
not seem to be an effect of straightforward brain matu-
ration. It is generally assumed that ERP response laten-
cies decrease with increasing age (Bonte et al., 2007;
Brem et al., 2006; Maurer et al., 2003; Shafer et al., 2000).
Brem et al. (2006) relate decreasing latencies to in-
creases in processing speed as a consequence of general
brain maturation. However, the above-mentioned ERP
studies always report a decrease in latency within one
and the same ERP component, respectively the MMN
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(Bonte et al., 2007; Maurer et al., 2003; Shafer et al.,
2000) or the N1 (Brem et al., 2006). In contrast, the
present study shows no differences in the latency of the
MMN, neither between younger and older children nor
between children and adults. The time shift does not
refer to a different latency of the same process at a dif-
ferent age, but probably reflects a shift between different
mechanisms responsible for letter–speech sound pro-
cessing in beginner, advanced, and adult readers. Addi-
tionally, letter–speech sound processing in beginner
readers, as reflected in the late negativity, occurs no
less than 500 msec later in comparison with fully de-
veloped letter–speech sound processing. The observed
latency shift is much larger than reported in any of
the above mentioned ERP studies, and thus, is unlikely
to be caused by the continued decrease in processing
time of the maturing brain alone. We therefore suggest
that rapidly increasing experience with reading during
the first years at school may affect, besides processing
speed, also the nature of letter–speech sound pro-
cessing. Whereas beginner readers may merely associate
letters to speech sounds, increasing experience with
reading may lead to automatic letter–speech sound
integration. Once letter–speech sound integration is
established, letter–speech sound processing by mere
association becomes redundant, as reflected in a total
disappearance of the late negativity effect in experienced
adult readers (Froyen et al., 2008). The fact that the
late negativity pattern of beginner readers (Figure 6A)
resembles the early pattern in advanced readers (Fig-
ure 6B) and the late negativity pattern in advanced
readers (Figure 6B) resembles the early pattern in adults
(Figure 6C) underpins our suggestion. The advanced
readers seem to be able to use both mechanisms de-
pending on SOA; integration seems possible at 200 msec
SOA (early pattern), but the simultaneous presentation
of letters and speech sounds (effective for adults) still
seems too far fetched at this age and level of reading
expertise and invokes the late association processes
(late pattern), also observable in the beginner readers.

This double shift in timing properties of letter–speech
sound processing during development may provide an
explanation for the seemingly inconsistent results from
behavioral studies. Although accurate letter–speech
sound associations are established within one year
of reading instruction in Dutch (Blomert & Vaessen,
in press; Wentink & Verhoeven, 2003), reaction time
data suggest protracted development beyond the early
school years (Blomert & Vaessen, in press). The present
results show that the processes associating letters with
speech sounds occur late in time, that is, not earlier
than 650 msec after auditory stimulus onset. In contrast,
adult readers recruit only very early processes within
200 msec after stimulus onset. These findings are con-
sistent with longer reaction times, but at the same time,
do not contradict maximal accuracy already after one
year of reading instruction. In sum, accuracy alone does

not appear to be a sensitive indicator for letter–speech
sound integration. The present brain findings are more
consistent with the reaction time results, both strongly
indicating protracted development of letter–speech
sound associations far beyond early school year.

In our previous fMRI studies investigating letter–
speech sound processing (Van Atteveldt et al., 2004,
2007), we have used many different single letters and
speech sounds (vowels: a, o, i, e, u, y, and consonants:
d, g, h, k, l, n, p, r, s, t, z). We have always checked
the results for the different stimuli separately and our
consistent observation was that all single letters/speech
sounds evoked the same activation patterns and inte-
gration effects. Therefore, we believe our present se-
lection of ‘‘a’’ and ‘‘o’’ is reliably representative and,
consequently, generalizable to other letter–speech sound
pairs.

In conclusion, despite proper knowledge of the asso-
ciations between letters and their corresponding speech
sounds, beginner readers have not developed early and
automated integration yet. Advanced readers exhibited
early and automatic integration of letters and speech
sounds, however, still at a different temporal window of
integration than adults. A more ‘‘adult-like’’ pattern is
only observed hundreds of milliseconds later, indicat-
ing that even after 4 years of reading instruction, letter–
speech sound integration still continues to develop.
The differences in temporal windows of integration
and the shifts in latency of letter–speech sound process-
ing probably reflect a double shift in timing properties
during the development of letter–speech sound pro-
cessing. Continued brain maturation and reading expe-
rience most likely contribute interactively to a neural
fine-tuning of letter–speech sound processing during
the development toward early and automatic letter–
speech sound integration.
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