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bstract

Recently brain imaging evidence indicated that letter/speech-sound integration, necessary for establishing fluent reading, takes place in auditory
ssociation areas and that the integration is influenced by stimulus onset asynchrony (SOA) between the letter and the speech-sound. In the present
tudy, we used a specific ERP measure known for its automatic character, the mismatch negativity (MMN), to investigate the time course and
utomaticity of letter/speech-sound integration. We studied the effect of visual letters and SOA on the MMN elicited by a deviant speech-sound. We

ound a clear enhancement of the MMN by simultaneously presenting a letter, but without changing the auditory stimulation. This enhancement
iminishes linearly with increasing SOA. These results suggest that letters and speech-sounds are processed as compound stimuli early and
utomatically in the auditory association cortex of fluent readers and that this processing is strongly dependent on timing.

2007 Elsevier Ireland Ltd. All rights reserved.
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earning to read is a multistage process that presupposes
he establishment of associations between letters and speech-
ounds. Most models describing the process of learning to read
mphasize the generation of letter to speech-sound connections
s a crucial first step in the learning process [5]. At least 90% of
chool children learn the relation between letter/speech-sound
airs within a few months without exceptional effort [2]. At
he same time, we also know that failure of this step in read-
ng acquisition is considered a main cause for reading problems
ike in developmental dyslexia [18]. Snowling [15] showed that
yslexic readers revealed a weaker developmental performance
ncrease on a letter/speech-sound matching task in comparison
ith their normally reading peers, indicating that fluent read-

ng probably requires full automatization of letter/speech-sound
ssociations.

Despite the importance for acquiring fluent reading skills,

he behavioral and neural characteristics of letter/speech-sound
ssociations have hardly been investigated. Dijkstra et al. tested
he influence of congruent and incongruent letter primes on the
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erformance in a speech-sound monitoring task. The results
evealed faster identification of congruent in comparison with
ncongruent letter primes, thus indicating automatic influences
f letters on speech-sound processing [4]. Raij et al. [12]
onducted a magneto-encephalography (MEG) study to inves-
igate the neural time course of letter/speech-sound integration.
imultaneously presented congruent letters and speech-sounds
uppressed brain activations in the superior temporal sulcus
STS) around 345 ms after stimulus onset in comparison with
he sum of brain activations in response to the unimodal stimuli,
ndicating letter/speech-sound integration in this area. Recently,
etter/speech-sound processing was investigated with fMRI to
btain a more precise localization of the neural mechanisms
nvolved in their integration [16,17]. The results of a first fMRI
tudy showed that not only STS and superior temporal gyrus
STG) responding to heteromodal stimuli, but also auditory
ssociation cortex (planum temporale, PT) responding only to
uditory stimuli, were crucially involved in the neural binding
f letters and speech-sounds [17]. Besides enhanced activation
n response to congruent and incongruent presentations in

TS and STG, enhancement for congruent and suppression
or incongruent presentations were found in PT. This result
as replicated in a subsequent study in which the stimulus
nset asynchrony (SOA) between letters and speech-sounds

mailto:d.froyen@psychology.unimaas.nl
dx.doi.org/10.1016/j.neulet.2007.10.014
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as varied [16]. The results revealed significant interactions
etween SOA and congruency in the PT, indicating temporal
ynchrony to be critical for the integration of letters and
peech-sounds in this auditory area. The modulation of auditory
rocessing by letters in the PT occurred within a very narrow
ime-window with already declining influence at 150 ms SOA.

In sum, letter/speech-sound integration seems to be per-
ormed by a network of the PT and the STS/STG, and seems
ependent on a narrow time-window of integration. Given the
assive nature of the tasks used in the fMRI studies (pas-
ive viewing/listening), letter/speech-sound integration seems
o occur automatically.

In the present study, we further investigate the automatic-
ty and SOA-dependency of letter/speech-sound integration. We
sed the mismatch negativity (MMN), because it is evoked early
nd automatically [9]. This allows investigating the automatic
haracter of letter/speech-sound associations with high temporal
ccuracy. If in a sequence of auditory stimuli a rarely presented
ound (the deviant) deviates in one or more aspects from the
ound that is frequently presented (the standard), an MMN is
voked between 100 and 200 ms after stimulus onset. The MMN
s considered to reflect the neurophysiological correlate of a
omparison process between an incoming auditory stimulus and
he memory trace formed by the repetitive aspect of the standard
timulus [14]. It is generally assumed that a major MMN source
s located in the primary auditory cortex, which might be related
o the sensory memory mechanism, but additional frontal gener-
tors have been described [1,7]. The MMN has repeatedly been
hown to be sensitive to phonemic processing [10].

In the present report, we presented an oddball paradigm
ith speech-sounds in two different contexts. We compared

he MMN evoked by deviant speech-sounds (auditory experi-
ent) with the MMN evoked by the same deviant speech-sounds

ombined with visually presented letters (audiovisual experi-
ent). We conducted four different experiments, one auditory

nd three audiovisual experiments. In all four experiments, sub-
ects passively listened to the speech-sounds /a/(standard, 90%)
nd /o/(deviant, 10%). In the auditory experiment, subjects lis-
ened to these speech-sounds while watching a silent movie.
n the three audiovisual experiments, subjects listened to the
ame speech-sounds, while watching single letters. The three
udiovisual experiments differ only with regard to the stimu-
us onset asynchrony between the presentation of the letter and
peech-sound. The letter always appeared first and the speech-
ound respectively, 0, 100 or 200 ms later. We will from now on
efer to the three audiovisual experiments as AV 0, AV 100 and
V 200.

We first hypothesized that the deviant speech-sound would
licit a typical MMN (auditory experiment). Second, we
xpected that the letter/speech-sound pair is automatically pro-
essed as a compound stimulus in the auditory cortex. As a
onsequence, we hypothesized that the presence of a visual letter
ay influence the MMN response to the deviant speech-sound
audiovisual experiment). Third, if there is an influence, we pre-
icted that it may be sensitive to a temporal asynchrony between
he letter and speech-sound as indicated by the strong SOA effect
ound in Van Atteveldt et al. [16]. We chose 100 and 200 ms

d
a
d
f
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OA since these SOAs include the significantly effective SOA
f 150 ms used in Van Atteveldt et al. [16]. The fact that the
ajor MMN source is located in the early auditory cortex [1,7],

ncluding the planum temporale where the reported effect of
OA was most pronounced [16], underpinned our prediction.

Fourteen subjects participated in the auditory experiment (11
emale, range 18–33, mean age 21.92 years). Twelve subjects
articipated in AV 0 (nine females, range 20–33, mean age
4.69 years). Thirteen subjects participated in AV 100 (nine
emales, range 19–29, mean age 22.38 years). Seventeen sub-
ects participated in AV 200 (13 females, range 18–33, mean age
3.05 years). Three subjects participated in all four experiments.
nother 11 subjects participated both in the auditory experi-
ent and in AV 200. Subjects gave informed written consent

nd were paid for their participation. All subjects were under-
raduate university students without any history of hearing or
eading problems and with normal or corrected to normal vision.
ne subject was left handed and participated in the auditory

xperiment and in AV 200.
Stimuli were natural speech-sounds, /a/ (384 ms) and /o/

348 ms), and the visually presented single letter “a”. Speech-
ounds were digitally recorded (sampling rate 44.1 kHz, 16 bit
uantization) from a female speaker. Recordings were band-
ass filtered (180–10.000 Hz) and resample at 22.05 kHz and
atched for loudness with Praat software [3]. The sounds were

resented binaurally through loudspeakers at about 65 dB SPL.
he letter was presented in white on a black background in the
entre of a computer screen for 500 ms, printed in lower case
ont “Arial” at letter size 40. Between the presentations of the
timuli, a white fixation cross was presented in the centre of
he screen. To ensure that subjects were at all times focusing the
creen, we interspersed the experimental trials with a non-related
olor picture. Subjects had to press a button when they saw the
icture. Since the focusing task was very easy and not related to
he stimuli of interest we suggest that this did not influence the

MN, a very basic deviance detection mechanism of the brain
14], problematically. Each experiment consisted of four exper-
mental blocks with 534 trials. Trial length was always 1250 ms.

hen subjects heard the speech-sound deviant /o/, we always
resented the standard letter “a”. Although we also manipulated
he visual stimuli in some trials, these conditions are not relevant
or the present study and are reported elsewhere [6].

EEG data were recorded with NeuroScan 4.2 from 0.01 to
0 Hz with a sampling rate of 250 Hz in a sound-attenuating
nd electrically shielded room from 30 electrode positions
Extended International 10–20 system) relative to a nose ref-
rence. Eye-movements and blinks were measured with bipolar
EOG/HEOG channels. All electrode impedance levels (EEG

nd EOG) were kept below 5 k�. EEG data were epoched
rom −50 to 850 ms relative to stimulus onset, baseline cor-
ected (50 ms pre-stimulus interval), and 1–30 Hz band pass
ltered with NeuroScan 4.2. Epochs containing data exceeding
maximum voltage criterion of 75 �V were rejected. Stan-
ards immediately following deviants were not included in the
nalyses, as were the trials with target pictures. The raw EEG
ata were corrected for vertical eye-movements (i.e. blink arti-
acts). In the auditory experiment, we included 146 (73%) of
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he standard trials and 151 (75%) of the deviant trials. In AV 0,
e retained respectively, 184 (92%) and 185 (93%) of the tri-

ls, in AV 100 182 (91%) and 186 (93%) and in AV 200 180
90%) and 182 (91%). Epochs were averaged separately for
ach condition and each participant from the onset of the visual
timulus.

Difference waves were calculated by subtracting the ERPs
o the standard condition from ERPs to the deviant condition.
n the audiovisual experiments, the visual stimulus was always
he same in the standard and the deviant conditions (the letter
a”). Therefore, the same visual brain wave will be evoked in
oth conditions. Since the auditory stimulus was always pre-
ented simultaneously with or later than the letter, the visual
voked potentials elicited by the letters can be subtracted out by
alculating deviant minus standard difference waves.

To investigate the MMN, statistical analyses were performed
n nine electrodes covering frontal, central, centroparietal and
emporal areas (Fz, Cz, FC3, FC4, T3, T4, CP3, CP4 and
z), followed by a detailed analysis on the frontocentral elec-

rodes (Fz, Cz, FC3, FC4), where the MMN effect was most
rominent. Timing of ERP responses in the MMN window was
easured by determining individual peak latencies between

0 and 250 ms after stimulus onset. This time-window was
et after visual inspection of the data and includes the time-
indow (100–200 ms) typically reported in MMN studies [14].
mplitude measures included both individual peak amplitude

nd mean amplitude taken from the 50 ms window around the
ndividual peak latency (separately for each subject, condition
nd electrode). When performing further analysis of the dif-
erence waves on the frontocentral electrodes we excluded two
ubjects with Z-scores on all four electrodes higher than 1.96 or
ower than −1.96. We only report results reaching significance
t p < 0.05 after Bonferroni correction.

We first analyzed the auditory experiment to probe a typical

MN evoked by a deviant speech-sound in a standard speech-

ound context. The left part of Fig. 1 shows the grand average
RPs (A) and difference waveforms (deviant-standard trials)

B) on Fz for the speech-sound deviant in the auditory experi-

s
t
t
p

ig. 1. Grand average ERPs at Fz for the standard and deviant stimuli (A), differen
udiovisual experiments. Arrows indicate the onset of visual (V) and auditory (A) sti
Letters 430 (2008) 23–28 25

ent. The speech-sound deviant elicited an MMN with average
eak latency of 168 ms (averaged over the four frontocentral
lectrodes, range: 94–238 ms) after the onset of the auditory
timulus deviation (Fig. 2), with a topographical distribution
hat is typically reported (left part Fig. 1C). A polarity reversal
f the MMN at electrode sites below the sylvian fissure (left part
ig. 1C) suggests main neural generators in the auditory cortex
14].

Amplitude characteristics of ERP activity in the MMN
ime-window were first analyzed using a 2 (stimulus type; stan-
ard versus deviant) by 9 (electrode sites) repeated-measures
NOVA. We found an interaction between stimulus type and

lectrode site for mean, F(8, 104) = 3.0, p = 0.004, and peak val-
es, F(8, 104) = 2.0, p = 0.05. Further analysis was performed
n four frontocentral electrodes using a 2 (stimulus type; stan-
ard versus deviant) by 4 (electrode sites) repeated-measures
NOVA. There was no interaction with electrode site for mean,
(3, 39) = 0.6, p = 0.587, and peak values, F(3, 39) = .6, p = 0.58.
e found a marginal effect of stimulus type for mean values, F(1,

3) = 4.4, p = 0.055 and an effect of stimulus type for peak val-
es, F(1, 13) = 5.4, p = 0.037. The deviant grand average waves
re systematically more negative in comparison with standard
rand average waves. Further analyses of the difference wave
ere performed with one-sample t-tests on each of the fronto-

entral electrodes, after exclusion of one subject (Z-scores of
.20 for Fz, 2.15 for Cz, 2.0 for FC3 and 2.1 for FC4). Mean and
eak amplitude values were significantly different from zero; for
ean amplitudes Fz, t(12) = −11.7; p < .001, Cz, t(12) = −10.5;
< .001, FC3, t(12) = −8.6; p < .001 and FC4, t(12) = −12.3;
< .001 and for peak amplitudes Fz, t(12) = −11.7; p < .001,
z, t(12) = −10.5; p < .001, FC3, t(12) = −8.6; p < .001 and FC4,

(12) = −12.3; p < .001.
In all four experiments (one auditory and three audiovisual

xperiments with different SOAs) the deviant speech-sound

timulus elicited a large negativity around 180 ms after audi-
ory stimulus onset (rectangle in Fig. 1B), with a typical
opographical distribution of the MMN (Fig. 1C). Average
eak latencies (averaged over the four frontocentral electrodes)

ce waves (B) and MMN maps (C) for the auditory experiment and the three
muli and the rectangle indicates the MMN time-window.
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ig. 2. Mean amplitude values over 50 ms around the individually assessed M
C4, including latency, peak and mean amplitude values.

ere 169 ms (range: 118–206 ms) for AV 0, 177 ms (range:
26–214 ms) for AV 100 and 172 ms (range: 104–208 ms) for
V 200 after the onset of the auditory stimulus deviation

Fig. 2).
Amplitude and latency characteristics of ERP activity in

he MMN time-window were first analyzed using a mixed
NOVA with two within-subject factors; stimulus type (2) and

lectrode sites (9). The between group variable was experi-
ent with four levels for the four different experiments. We

ound an interaction between stimulus type and electrode site
or mean, F(8, 416) = 7.4, p < 0.001, and peak values, F(8,
16) = 22.7, p < 0.001. We performed further analysis on four
rontocentral electrodes using a 2 (stimulus type; standard ver-
us deviant) by 4 (electrode sites) repeated-measures ANOVA
ith experiment as between subject variable. There was no

nteraction of stimulus type with electrode site for mean, F(9,
56) = 0.2, p = 0.370, and peak values, F(9, 156) = 1.2, p = 0.306.
s expected, deviant stimuli elicited a significantly stronger neg-

tive ERP response than standard stimuli (main effect of stimulus
ype for mean amplitude, F(1,52) = 103.7; p < 0.001, and for
eak amplitude, F(1,52) = 103.7; p < 0.001). Crucially, this mis-
atch effect showed a significant interaction with experiment

stimulus type-by-experiment interaction for mean amplitude,
(3,52) = 6.1; p = 0.001, and for peak amplitude, F(3,52) = 6.1;
= 0.01).

For further statistical analysis of the difference waves on the
rontocentral electrodes we excluded one subject of the auditory

xperiment (Z-scores of 2.20 for Fz, 2.15 for Cz, 2.0 for FC3
nd 2.1 for FC4) and one subject of AV 100 (Z-scores of −2.23
or Fz, −2.6 for Cz, −2.8 for FC3 and −2.3 for FC4). Thirteen
ubjects were preserved in the auditory experiment (10 females,

e
b
l

eak with standard error for the four frontocentral electrodes Fz, Cz, FC3 and

ange 18–33, mean age 21.84 years). Twelve subjects were pre-
erved in AV 100 (nine females, range 19–29, mean age 22.61
ears).

A one-way ANOVA on mean values revealed a significant
ffect of experiment in all four electrodes, F(3) = 4.9, p = 0.004
or Fz, F(3) = 4.1, p = 0.011 for Cz, F(3) = 5.9, p = 0.001 for FC3
nd F(3) = 3.7, p = 0.018, for FC4, the same result was found
or peak area values, F(3) = 4.4, p = 0.008 for Fz, F(3) = 4.6,
= 0.007 for Cz, F(3) = 5.6, p = 0.002 for FC3 and F(3) = 3.3,
= 0.027, for FC4. The MMN was stronger in the audiovisual
xperiments in comparison with the MMN in the auditory exper-
ment (Fig. 2). Post hoc t-tests (Bonferroni corrected) on mean
rea values showed that the effect of experiment was due to a
ifference between the auditory experiment and AV 0, p < 0.001
or Fz, p = 0.003 for Cz, p < 0.001 for FC3, p = 0.006 for FC4,
he same is true for peak values, p = 0.002 for Fz, p = 0.001
or Cz, p < 0.001 for FC3, p = 0.004 for FC4. For electrodes
z, p = 0.045, and CP3, p = 0.030, we also found a difference
etween AV 0 and AV 200. For all frontocentral electrodes the
MN in AV 0 was significantly larger than the MMN in the

uditory experiment. For Fz and CP3, the MMN in AV 0 was
ignificantly larger than the MMN in AV 200. To test whether
he decrease in MMN amplitude was linear over the three audio-
isual experiments we performed a polynomial contrast with
he four frontocentral electrodes as a within-subject factor. This
nalysis revealed a significant linear contrast for both mean,
= 0.026, and peak values, p = 0.045.
Finally, a repeated measures ANOVA with the four frontal
lectrodes as a within-subject factor and experiment as a
etween subject factor was performed to test for an effect of
atency. There was no interaction between latency and elec-
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rodes, F(9, 147) = 1.2, p = 0.307, and no main effect of latency,
(3, 49) = .36, p = 0.781.

To summarize, we used the MMN to investigate the auto-
aticity and timing characteristics of the influence of letters

n the processing of speech-sounds. We observed the influence
f letters on the difference wave evoked in an auditory oddball
aradigm with speech-sounds and investigated the influence of
timulus onset asynchrony. In a purely auditory experiment, a
ypical auditory MMN was shown. We compared the auditory

MN with the negativity in the difference waves evoked in
he audiovisual experiments (audiovisual MMN) and found a
eneral enhancement of the amplitude, decreasing linearly with
ncreasing SOA.

We hypothesized early and automatic integration of letters
nd speech-sounds. When simultaneously presented with the
peech-sound, we found a clear influence of the letter on the

MN evoked by the deviant speech-sound; an enhancement of
he MMN amplitude. This enhancement might be explained by
he learned letter/speech-sound association, causing a double
eviation in the audiovisual experiments: the deviant speech-
ound differs from the standard speech-sound and the letter on
he screen. The MMN is typically evoked between 100 and
00 ms after stimulus onset [10,14]. This indicates that the
nfluence of the letter on the ERP-difference wave reflecting
peech-sound processing is established early in the processing
f the speech-sound. Since the MMN is known to be evoked
utomatically [9], and there were no task requirements related
o the letter or speech-sound stimuli, our findings furthermore
uggest that the integration of letters and speech-sounds occurs
utomatically. It remains though to be investigated to what extent
neutral (non-linguistic) visual stimulus might influence the
MN evoked by a deviant speech-sound.
As mentioned before, we observed an effect of SOA within

he audiovisual experiments. There was a linear trend of decreas-
ng enhancement of the audiovisual MMN amplitude with
ncreasing SOA. In Fz and FC3, the MMN in AV 0 differs
ignificantly from the MMN in AV 200. Since the MMN at
V 100 did not differ significantly from the MMN in the audi-

ory experiment, we suggest that even 100 ms SOA is enough
o prevent complete processing of letters and speech-sounds as
ompounds. A similar effect of timing in the auditory association
ortex was found in a previous fMRI study by our group [16].
his region is assumed to be the location of the main neural
enerators of the MMN [1,7], with additional frontal genera-
ors. The consistent findings from different methods (ERP and
MRI) strengthen the hypothesis that temporal proximity is a
ritical factor for cross-modal integration of letters and speech-
ounds [16]. Apparently, once arbitrarily related cross-modal
ssociations become over-learned, integration is subject to very
asic rules such as temporal proximity [8]. The narrow time-
indow of integration might be a consequence of the rigidity

nd inflexibility of the letter/speech-sound integration process.
onsistently, this integration process seems to fulfill the main

riteria for automatic processing in general as formulated by
chneider and Chein [13]; letter/speech-sound integration is
lso described as fast, robust to distractors and requiring low
ffort.

R
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The MMN is suggested to be influenced by attention in the
ontext of an active task [11]. In the present experiment, the
ctive task in the audiovisual experiments only served as focus-
ng control and was completely unrelated to the processing of the
etter and speech-sound stimuli. Moreover, the linear decrease of
he audiovisual MMN amplitude with increasing SOA cannot be
xplained by the presence or absence of the focusing task, since
he task was the same in all audiovisual experiments. Further-

ore, at all four frontocentral electrodes the MMN at AV 200
focusing task) was no longer significantly higher in compar-
son with the MMN in the auditory experiment (no focusing
ask). This indicates that the focusing task is not exclusively
esponsible for the enhancement of the MMN.

It is still possible that the presence of letters involuntary drew
ttention to the auditory stimuli. However, in absence of active
ask demands with regard to the letter and speech-sound stimuli,
uch an involuntary switch of attention might still be interpreted
s automatic. Our suggestion is in line with our previous fMRI
esults of interactions between letters and speech-sounds in a
ompletely passive design [16,17].

Considering possible contamination of the auditory evoked
otentials by visual evoked potentials we checked the brain
aves in the audiovisual experiments before and after the onset
f the auditory stimulus (Fig. 1). Prior to auditory stimulus onset,
he presented letter was identical in the standard and deviant
onditions and accordingly elicited comparable visual evoked
esponses, resulting in the absence of a difference potential prior
o auditory stimulus onset in AV 100 and AV 200. After audi-
ory stimulus onset, the morphology of the evoked responses is
omparable across the three AV experiments: including a P1-
1-P2 and a sustained negativity (both in the standard and the
eviant conditions). This similarity in evoked responses indi-
ates the absence of a general modulation by overlapping visual
nd auditory evoked potentials at frontocentral electrodes.

In conclusion, we found a clear effect of letters on the pro-
essing of speech-sounds as reflected in the MMN. This result
ndicates that letter/speech-sound pairs are processed early and
utomatically as compound stimuli in normally reading adults.
he present study provides a method to non-invasively investi-
ate automatic letter/speech-sound integration, which might be
pplied in research on children of all ages. Schneider and Chein’s
13] criteria imply that automaticity is an effect of extended
raining. In future research, it will therefore be interesting to
nvestigate the emergence of automaticity of letter/speech-sound
ssociations in beginning readers.
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