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Chapter 1 

General introduction 
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The importance of written language in today’s society can hardly be overestimated. 
It allows us to transcend our communication limits in space and time. Once some-
thing is written down, it can be preserved, copied and distributed. This makes it 
possible to acquire large amounts of knowledge at a high speed, and thus to learn 
from others’ successes and failures. Consequently, our knowledge of the world has 
rapidly increased and our society has changed dramatically since literacy was taught 
worldwide. Nowadays, proficient literacy has become an essential prerequisite to 
obtain social and economic success in our knowledge-technology based society. 
A crucial phase during the development towards successful acquisition of reading 
and writing skills is learning the associations between letters and speech sounds 
(Ehri, 2005; Frith, 1985; Marsh, Friedman, Welch, & Desberg, 1981), i.e. the smallest 
units of respectively written and spoken language. Moreover, it is suggested that 
difficulties with associating letters and speech sounds are a cause of difficulties in 
learning to read in developmental dyslexia (Snowling, 1980; Vellutino, Fletcher, 
Snowling, & Scanlon, 2004). Despite the assumed crucial role of letter – speech 
sound associations during learning to read, our understanding of single letter – 
speech sound processing is still limited. The main aim of this thesis is to contribute 
to our understanding of letter – speech sound processing by investigating the auto-
maticity and timing aspects of letter – speech sound processing in adult readers, 
during development and in children with dyslexia. 
The first part of the introduction will focus on a neural model for letter – speech 
sound processing in literate adults (Van Atteveldt, Formisano, Goebel, & Blomert, 
2004). This model served as a starting point for the research presented in this the-
sis. Besides fully developed reading, typical reading development will be discussed 
which emphasizes the acquisition of letter – speech sound associations as a crucial 
step in reading acquisition (Ehri, 2005; Frith, 1985; Marsh et al., 1981). Although 
these associations are learned within months of reading instruction, recent behav-
ioral reaction time data indicate protracted development of letter – speech sound 
processing (Blomert & Vaessen, 2009). Declarative knowledge, i.e. knowing which 
letter goes with which speech sound, seems not the same as the automatic process-
ing and integration of letters and speech sounds, presumably necessary for fluent 
reading development. Next to typical reading, developmental dyslexia is introduced. 
That is because, according to the phonological deficit theory of dyslexia, deficient 
letter – speech sound associations are considered to be the link between often 
observed phonological deficits and difficulties with learning to read (Snowling, 1980; 
Vellutino et al., 2004). However, direct experimental evidence for this assumption is 
currently lacking. 
The last part of the introduction focuses on the methods applied in this thesis. The 
auditory mismatch negativity (aMMN), a well established ERP-component 
(Näätänen, 2000; Picton, Alain, Otten, Ritter, & Achim, 2000), appeared a suitable 
tool to investigate the timing and automaticity of letter influences on speech sound 
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processing. Finally, the visual counterpart of the aMMN, the visual mismatch nega-
tivity or vMMN (Czigler, 2007; Pazo-Alvarez, Cadaveira, & Amenedo, 2003), will be 
discussed, since in one study the influence of speech sounds on letter processing is 
investigated with the use of the vMMN. 

Neural model for letter – speech sound processing: 

In an alphabetic writing system, single speech sounds are visually represented by 
written symbols, i.e. letters. Although some speech sounds are represented by more 
than one letter, e.g. the sound /u/ is represented in Dutch by a compound of the 
two letters “o” and “e”, most speech sounds represent one letter and vice versa. In 
this thesis the concept “letter” will be used to refer to a single letter representing a 
single speech sound, and the concept “speech sound” will be used to refer to a 
single speech sound representing a single letter. 
Single letter – speech sound processing became only recently a frequent subject of 
scientific study. Multiple factors might have contributed to the previous lack of 
interest. The associations between letters and speech sounds are learned relatively 
easy and fast. Even in deep orthographies in which the relation between letters and 
their sounds is less consistent, a large number of letter – speech sound relations are 
learned within a year of reading instruction (Hardy, Smythe, Stennet, & Wilson, 
1972; Siegel & Faux, 1989; Snowling, 1980). Aside from that, the process of coupling 
single letters with their respective speech sounds appears far from the actual read-
ing process, making it seem less relevant for our understanding of reading, reading 
deficiencies and reading acquisition. The dominant reading theory, the Dual Route 
theory considers letter-speech sound processing only relevant for reading non-
words, but not for fluent word reading (Coltheart, Rastle, Perry, Langdon, & Ziegler, 
2001). 
Nonetheless, since the first indications for real integration of letters with speech 
sounds (Dijkstra, Schreuder, & Frauenfelder, 1989), the number of studies that have 
directly investigated letter – speech sound processing rapidly increased. An MEG 
study revealed the involvement of multisensory superior temporal areas (STS/STG) 
during letter – speech sound processing (Raij et al., 2000), These results were sup-
ported by the results from several fMRI studies (Blau et al., 2008; Hashimoto & 
Sakai, 2004; Herdman et al., 2006; Van Atteveldt, Formisano, Blomert et al., 2007; 
Van Atteveldt et al., 2004; Van Atteveldt, Formisano, Goebel et al., 2007). Addition-
ally, Van Atteveldt and coauthors (2004) showed that not only heteromodal areas in 
STS, but also early auditory areas (Heschl’s sulcus and Planum Temporale) are in-
volved in letter – speech sound integration. Congruent letter – speech sound pairs 
activated heteromodal as well as early auditory areas more in comparison with 
incongruent pairs. An effect of congruency reflects a content related link defined by 
previous experience between otherwise arbitrary symbols and speech sounds. Con-
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sequently, a congruency effect indicates real integration. Based on these results the 
following neural mechanism for letter – speech sound processing was proposed: 
Sensory specific input in early sensory areas and letter – speech sound integration in 
STS, followed by feedback to “sensory specific” auditory areas modulating speech 
sound processing depending on the congruency of the letter-speech sound combi-
nations (Van Atteveldt et al., 2004). 
Interestingly, however, whereas van Atteveldt and coauthors (2004; 2007a; 2007b) 
did not find congruency effects in low level visual areas, two studies reported the 
involvement of low level visual areas during letter – speech sound processing (Blau 
et al., 2008; Herdman et al., 2006). This discrepancy and eventual consequences for 
the current neural model of letter – speech sound processing will be discussed in 
chapter 5, in which the involvement of low level visual processing during letter – 
speech sound processing is investigated using the visual MMN. 
The previously discussed studies provided new insights in the network of brain ar-
eas involved in letter – speech sound processing. Until now, however, far less is 
known about its timing and automaticity. Two magnetoencephalography (MEG) 
studies provided high temporal resolution information, indicating letter – speech 
sound integration effects within 250 to 300 ms after stimulus onset (Herdman et al., 
2006; Raij et al., 2000). However, in these MEG studies a stimulus related task was 
included to ensure participants constant focus on the stimuli. In a recent fMRI 
study, it was found that neural correlates of automatic letter – speech sound proc-
essing were overruled by task effects; low level auditory cortex activation, present 
during a passive condition, was not present when subjects were required to judge 
the congruency of letter – speech sound pairs (Van Atteveldt, Formisano, Goebel et 
al., 2007). This indicates that the neural network involved during an active letter - 
speech sound task, might differ from passive/automatic letter – speech sound proc-
essing which is addressed in a natural reading or writing context. In chapter 2, a 
cross-modal MMN paradigm is proposed to investigate neural correlates of letter – 
speech sound processing with high temporal resolution and without the require-
ment of attention. The validity of this cross-modal MMN paradigm for investigating 
letter – speech sound processing was shown in a study presented in chapter 6.  

Development of letter – speech sound processing 

While spoken language is acquired spontaneously from birth, learning written lan-
guage requires explicit instruction. That might be because the relation between 
letters and speech sounds is basically arbitrary in nature and merely based on a 
culturally defined consensus, which stands in contrast with the natural association 
between auditory and visual information in for example audiovisual speech (Calvert, 
Brammer, & Iversen, 1998). In most countries written language starts to be explicitly 
instructed when children are six years old, by teaching the correspondences be-
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tween the letters of the alphabet and their respective speech sounds. It is generally 
accepted that learning the associations between letters and speech sounds is crucial 
to develop fluent reading at a later stage (Ehri, 2005; Frith, 1985; Marsh et al., 
1981). 
Most models of learning to read describe a developmental sequence in which the 
child develops from pre-alphabetic reading over alphabetic reading towards fluent 
reading by entire words or chunks of words (Ehri, 2005; Frith, 1985; Marsh et al., 
1981). Only when the associations between letters and speech sounds are fully 
mastered, one can read unfamiliar words. Gradually, when words are read suffi-
ciently frequently, they become accessible trough a direct and thus faster word 
recognition route. Although fluent word reading takes years to develop, mastery of 
letter – speech sound associations is assumed to be accomplished within a few 
years of reading instruction (Hardy et al., 1972; Siegel & Faux, 1989; Snowling, 
1980). In a relatively transparent language like Dutch, in which the letter - speech 
sound associations are mostly unambiguous, complete mastery of letter - speech 
sound associations is accomplished within one year of reading instruction 
(Aarnoutse, van Leeuwe, & Verhoeven, 2000; Blomert & Vaessen, 2009). 
Recent data, however, indicate that knowing the associations between letters and 
speech sounds might not be the same as the instrumental use of this association 
during reading. In a study on a large nationwide sample of Dutch primary school 
children from six to twelve years old, not only accuracy but also reaction time data 
on letter - speech sound association were collected (Blomert & Vaessen, 2009). 
Reaction times of letter – speech sound discrimination decisions steadily decreased 
during the whole range of Dutch primary school reading instruction. Since faster 
processing is one of the main criteria for the automaticity of a process (Schneider & 
Chein, 2003), the extended decrease of processing time for letter – speech sound 
discrimination might indicate an extended development towards automatic letter – 
speech sound association. While early acquisition of letter – speech sound associa-
tions is generally assumed in transparent languages, exactly when and how these 
associations develop in the human brain remains an open question, and is the topic 
of chapter 3.  

Letter – speech sound processing in dyslexia 

Most people acquire literacy skills without many difficulties. About ten percent of 
the Dutch population encounters difficulties with learning to read and/or write 
(Blomert, 2005). In most cases this is due to more general causes like overal learning 
problems or a combination of ineffective education and socio-economic problems. 
But about four percent of the total population (Blomert, 2005), suffers from literacy 
problems that cannot be explained by any of these factors and are diagnosed with 
developmental dyslexia. Developmental dyslexia is defined as a specific learning 
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disability, characterized by reading and/or writing skills that are below what is pre-
dicted from their age and cognitive abilities (Lyon, Shaywitz, & Shaywitz, 2003) The 
underlying cause of developmental dyslexia, from now on called dyslexia, is still 
under debate (Castles & Coltheart, 2004; Ziegler & Goswami, 2005). 
The most commonly accepted hypothesis about dyslexia proposes a phonological 
deficit in which the phoneme representations are assumed to be degraded (Vel-
lutino et al., 2004; Ziegler & Goswami, 2005). It is believed that these assumedly 
degraded phoneme representations hamper the acquisition of stable letter – 
speech sound associations, which is considered a prerequisite for the development 
of fluent reading and writing skills (Ehri, 2005; Frith, 1985). This is explicitly pro-
posed as a cascade effect in a recent review of studies on the development of dys-
lexia (McCandliss & Noble, 2003). However, the causal role of a phonological deficit 
in dyslexic reading problems has been questioned (Castles & Coltheart, 2004; Mo-
rais, Bertelson, Cary, & Alegria, 1986; Morais, Cary, Alegria, & Bertelson, 1979; Per-
fetti, Beck, Bell, & Hughes, 1987; Wagner, 1987; Wimmer, Landerl, Linortner, & 
Hummer, 1991). It has even been advanced that phonological problems are rather a 
consequence than a cause of deficient reading in dyslexia (Wimmer et al., 1991). In 
a longitudinal study, auditory and phonological perception of pre-school children 
with low and high risk for dyslexia was tested (Boets, Wouters, Wieringen, & Ghes-
quiere, 2007). Despite clear group differences, analyses on the individual level 
showed that phonological processing was neither a sufficient nor a necessary condi-
tion to cause reading problems. In line with this, a recent pre-school training study 
reported that a core group of children genetically at risk for dyslexia had specific 
letter – speech sound processing problems, while their phonological awareness was 
at the level of children not at risk of dyslexia (Willems, Poelmans, Richardson, & 
Blomert, submitted). 
Remarkably, since letter – speech sound processing plays an important role in the 
widely accepted phonological deficit theory as the cause of reading problems in 
dyslexia, only two studies have directly investigated letter – speech sound process-
ing in dyslexia directly (Blau et al., 2009; Blomert & Vaessen, 2009). Moreover, to 
our knowledge, until now there is no neural record of letter – speech sound proc-
essing in children with dyslexia. The study presented in chapter 4 therefore aims at 
adding to our understanding of dyslexia by presenting electrophysiological corre-
lates of letter – speech sound processing in children with dyslexia. 
 
MMN 

When certain brain areas are activated, e.g. during speech perception, a small cur-
rent crosses the neural membrane of neurons within this area. This evokes an elec-
tric potential in the conductive media in- and outside the neurons. When synchro-
nous activation of neuronal populations within an area is sufficiently high, the 
common electric potential resulting from the currents generated by the activated 
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neurons can be measured by placing electrodes at the scalp and executing an elec-
troencephalogram (EEG). An event related potential (ERP) is obtained by averaging 
all those electric potentials time-locked to specific single events repeated a number 
of times during an experiment, e.g. speech sound presentation. Each ERP is a two-
dimensional wave-form which can be described by the amplitude of each positive or 
negative peak at a certain latency in this wave-form. The advantages of measuring 
ERPs is that it can be performed non-invasively and has a high temporal resolution. 
Unfortunately, the spatial resolution is low. Although source localization can indi-
cate possible areas involved, the “inverse problem” makes it hard to determine the 
exact source of the electrical signal (Kutas & Dale, 1997; Kutas & Schmitt, 2003). 
A number of ERP components have been described based on their latency and to-
pographical distribution over the scalp, e.g. early components like P1, N1 and P2 
reflecting obligatory, exogenous processing, more endogenous components like 
N2b and P3 reflecting attention related processing or later components like N400, 
P600 and LAN reflecting content related processing (Kutas & Dale, 1997; Kutas & 
Schmitt, 2003). A well established and frequently used ERP component is the mis-
match negativity (MMN). The MMN is an automatic deviance detection mechanism, 
mostly described in the auditory domain (Näätänen, 1995). The MMN is known to 
be evoked between 100 and 200 ms when, in a sequence of auditory stimuli, a 
rarely presented sound (the deviant) deviates in one or more aspects from the 
sound that is frequently presented (the standard). 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 et al., 2000; Schröger, 1998). 
The MMN has repeatedly been shown to be sensitive to language-specific speech 
sound representations in adults and in children (Bonte, Mitterer, Zellagui, Poel-
mans, & Blomert, 2005; Bonte, Poelmans, & Blomert, 2007; Mitterer & Blomert, 
2003; Näätänen, 2001; Winkler et al., 1999). The child MMN is furthermore sug-
gested to be a stable component resembling the adult MMN (Csépe, 2003), and is 
particularly interesting and useful for research with children, because its evocation 
does not require sustained attention or a task. Moreover, the MMN has been used 
before to investigate phonological and auditory processing deficits in children and 
adults with dyslexia (Bishop, 2007; Bonte et al., 2007; Csépe, 2003; Kujala & Naata-
nen, 2001). A clear advantage of employing the MMN is that a sound discrimination 
function can be determined in a passive way and more directly than with behavioral 
measures. 
The MMN has been used before to investigate neural correlates of audiovisual inte-
gration (Besle, Fort, & Giard, 2005; Colin et al., 2002; de Gelder, Bocker, Tuomainen, 
Hensen, & Vroomen, 1999; Möttönen, Krause, Tiippana, & Sams, 2002; Sams et al., 
1991; Stekelenburg, Vroomen, & de Gelder, 2004). Until now, however, these stud-
ies investigated audiovisual processing in which a deviant visual stimulus evoked an 
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MMN by illusorily changing the percept of the standard sound (Besle et al., 2005). 
Consequently, the MMN reflects what is also measurable at a behavioral level. In 
the present thesis, a cross-modal MMN paradigm appears furthermore a valid tool 
to investigate neural correlates of more subtle cross-modal integration in the hu-
man brain. 
 

 
Figure 1. Example of the MMN as measured at electrode Fz: differences between grand average waves to 
standard and deviant sounds (top) are reflected in a difference wave (middle) not equal to zero. The
topographical distribution of the entire scalp at the MMN peak (indicated with the arrow) reveals the 
typical reversal of polarity at the mastoids (bottom).  

 
Recently a number of studies have found converging evidence for the existence of a 
visual counterpart of the aMMN (Berti & Schröger, 2003; Czigler, 2007; Czigler, 
Balazs, & Pato, 2004; Heslenfeld, 2003; Kimura, Katayama, Ohira, & Schröger, 2009; 
Maekawa et al., 2005; Pazo-Alvarez et al., 2003; Tales, Newton, Troscianko, & But-
ler, 1999). The visual MMN (vMMN) is described as a negativity measured at the 
occipital electrodes between 150 and 350 msec after the onset of an infrequent 
(deviant) visual stimulus in a sequence of frequently presented (standard) visual 
stimuli (Pazo-Alvarez et al., 2003). The vMMN is suggested to have similar proper-
ties as the aMMN. It can be evoked pre-attentively and it reflects the use of a mem-
ory representation of regularities in visual stimulation (Czigler, 2007). The neural 
sources are suggested to reside in the extrastriate areas of the brain (Czigler et al., 
2004). The properties of the vMMN make it an appropriate tool to look for auto-
matic influences of speech sounds on letter processing and investigate the time 
course of these influences. 
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In sum, in the present thesis one visual and four auditory MMN studies are pre-
sented in which the time course and automaticity of letter – speech sound process-
ing are investigated. 
Chapter two: In the study presented in this chapter the automaticity and time 
course of letter – speech sound processing is investigated in fluently reading adults. 
The auditory MMN is employed since it is known to be evoked automatically be-
tween 100 to 250 ms after sound onset. A speech sound oddball was presented 
either in isolation or simultaneously with letters. If the experienced reader auto-
matically integrates letters and speech sounds, we expect this to be reflected in a 
cross-modal influence of the letter on the MMN to speech sounds. Further, the time 
window of integration was investigated by presenting letters either simultaneously 
or 100 or 200 ms before speech sound onset. That is because in an fMRI-study in-
vestigating the neural network for letter – speech sound processing, indications 
were found for a narrow time window of integration. 
Chapter three: In a subsequent study the development of letter – speech sound 
processing was investigated. Two age groups participated; eight year old children 
with at least one year of reading instruction and eleven year old children with at 
least four years of reading instruction. In a transparent language like Dutch, letter – 
speech sound knowledge is acquired within months of reading instruction, so we 
expected to find letter – speech sound integration effects in both age groups. How-
ever, since reaction times to letter – speech sound identification and discrimination 
still develop after years of reading instruction, we also expected this development 
to be reflected in the cross-modal effect of letters on the MMN to speech sounds. 
Again we investigated the time window of integration; in the audiovisual condition, 
letters were presented either simultaneously or 200 ms before speech sound onset. 
Chapter four: To directly investigate letter – speech sound processing in children 
with dyslexia, once more the same cross-modal MMN paradigm was employed. We 
investigated dyslexic children of eleven years old, in this way obtaining an age 
match with the oldest group in the developmental study (presented in chapter 
three) and a reading level match with the youngest group in that study. We focused 
on the early MMN time window, but also on a later time window that revealed to 
be interesting in the developmental study. Correlations with behavioral measures 
were calculated. Eventual correlations would underpin the letter – specificity of the 
reported effects. Comparing these data with age and reading level matched groups 
allowed to disentangle maturational from reading level dependent effects. 
Chapter five: In this chapter, we used the visual counterpart of the auditory MMN, 
the visual MMN, to investigate the influence of speech sounds on letter processing. 
If there is a symmetric involvement of both the auditory and visual low level sensory 
areas, we expect to find the reverse from what was found in the cross-modal audi-
tory MMN studies, namely a cross-modal influence of speech sounds on letter proc-
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essing. Results are discussed in perspective of earlier findings on audiovisual speech 
processing and general audiovisual processing. 
Chapter six: In order to validate the cross-modal MMN paradigm, used in three of 
the four previous studies, in this chapter we replicated and extended the previous 
results with different stimuli and a visual control stimulus. Three conditions were 
created; a speech sound only condition, the same speech sounds presented with 
letters and the same speech sounds presented with non-letters. The non-letter 
control stimulus is a scrambled version of the letter used in the audiovisual letter 
condition. If the previously measured cross-modal effect on the MMN was genuine, 
we expect again an influence of the letter on speech sound processing. If this cross-
modal effect is letter – specific, we expect no or less influence of the non-letter on 
the MMN to speech sounds. Additionally, correlations between the letter – specific 
MMN effect and behavioral reading measures were calculated. Eventual correla-
tions would add to the relevance of the effect and help with interpretating it.  
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Chapter 2 

Cross-modal enhancement of the MMN 
to speech sounds indicates early and 
automatic integration of letters and 

speech sounds 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on: 
Dries Froyen, Nienke Van Atteveldt, Milene Bonte & Leo Blomert (2008). Cross-modal enhancement of 
the MMN to speech sounds indicates early and automatic integration of letters and speech sounds. 
Neuroscience Letters, 430, 23 – 28. 
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Abstract 

Recently brain imaging evidence indicated that letter - speech sound integration, 
necessary for establishing fluent reading, takes place in auditory association areas 
and that the integration is influenced by stimulus onset asynchrony (SOA) between 
the letter and the speech-sound. In the present study we used a specific ERP meas-
ure known for its automatic character, the mismatch negativity (MMN), to investi-
gate the time course and automaticity of letter - speech sound integration. We 
studied the effect of visual letters and SOA on the MMN elicited by a deviant 
speech-sound. We found a clear enhancement of the MMN by simultaneously pre-
senting a letter, but without changing the auditory stimulation. This enhancement 
diminishes linearly with increasing SOA. These results suggest that letters and 
speech sounds are processed as compound stimuli early and automatically in the 
auditory association cortex of fluent readers and that this processing is strongly 
dependent on timing. 
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Introduction 

Learning to read is a multistage process that presupposes the establishment of 
associations between letters and speech sounds. Most models describing the proc-
ess of learning to read emphasize the generation of letter to speech-sound connec-
tions as a crucial first step in the learning process (Ehri, 2005). At least 90% of school 
children learn the relation between letter - speech sound pairs within a few months 
without exceptional effort (Blomert, 2005). At the same time we also know that 
failure of this step in reading acquisition is considered a main cause for reading 
problems like in developmental dyslexia (Vellutino, Fletcher, Snowling, & Scanlon, 
2004). Snowling (1980) showed that dyslexic readers revealed a weaker develop-
mental performance increase on a letter - speech sound matching task in compari-
son with their normally reading peers (Snowling, 1980), indicating that fluent read-
ing probably requires full automatization of letter - speech sound associations. 
Despite the importance for acquiring fluent reading skills, the behavioral and neural 
characteristics of letter - speech sound associations have hardly been investigated. 
Dijkstra and colleagues (1989) tested the influence of congruent and incongruent 
letter primes on the performance in a speech-sound monitoring task. The results 
revealed faster identification of congruent in comparison with incongruent letter 
primes, thus indicating automatic influences of letters on speech-sound processing 
(Dijkstra, Schreuder, & Frauenfelder, 1989). Raij, Uutela & Hari (2000) conducted a 
magneto-encephalography (MEG) study to investigate the neural time course of 
letter - speech sound integration (Raij, Uutela, & Hari, 2000). Simultaneously pre-
sented congruent letters and speech sounds suppressed brain activations in the 
superior temporal sulcus (STS) around 345 ms after stimulus onset in comparison 
with the sum of brain activations in response to the unimodal stimuli, indicating 
letter - speech sound integration in this area. Recently, letter - speech sound proc-
essing was investigated with fMRI to obtain a more precise localization of the neural 
mechanisms involved in their integration (Van Atteveldt, Formisano, Blomert, & 
Goebel, 2007; Van Atteveldt, Formisano, Goebel, & Blomert, 2004). The results of a 
first fMRI study showed that not only STS and superior temporal gyrus (STG) re-
sponding to heteromodal stimuli, but also auditory association cortex (planum tem-
porale, PT) responding only to auditory stimuli, were crucially involved in the neural 
binding of letters and speech sounds (Van Atteveldt et al., 2004). Besides enhanced 
activation in response to congruent and incongruent presentations in STS and STG, 
enhancement for congruent and suppression for incongruent presentations were 
found in PT. This result was replicated in a subsequent study in which the stimulus 
onset asynchrony (SOA) between letters and speech sounds was varied (Van Atte-
veldt et al., 2007). The results revealed significant interactions between SOA and 
congruency in the PT, indicating temporal synchrony to be critical for the integration 
of letters and speech sounds in this auditory area. The modulation of auditory proc-
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essing by letters in the PT occurred within a very narrow time window with already 
declining influence at 150 ms SOA. 
In sum, letter - speech sound integration seems to be performed by a network of 
the PT and the STS/STG, and seems dependent on a narrow time-window of integra-
tion. Given the passive nature of the tasks used in the fMRI studies (passive view-
ing/listening), letter - speech sound integration seems to occur automatically. 
 
In the present study we further investigate the automaticity and SOA-dependency 
of letter - speech sound integration. We used the mismatch negativity (MMN), be-
cause it is evoked early and automatically (Näätänen, Paavilainen, Tiitinen, Jiang, & 
Alho, 1993). This allows investigating the automatic character of letter - speech 
sound associations with high temporal accuracy. If in a sequence of auditory stimuli 
a rarely presented sound (the deviant) deviates in one or more aspects from the 
sound that is frequently presented (the standard), an MMN is evoked between 100 
and 200 ms after stimulus onset. The MMN is considered to reflect the neurophysi-
ological correlate of a comparison process between an incoming auditory stimulus 
and the memory trace formed by the repetitive aspect of the standard stimulus 
(Schröger, 1998). It is generally assumed that a major MMN source is located in the 
primary auditory cortex, which might be related to the sensory memory mecha-
nism, but additional frontal generators have been described (Ahlo, 1995; Giard, 
1990). The MMN has repeatedly been shown to be sensitive to phonemic process-
ing (Näätänen, 2001). 
In the present report, we presented an oddball paradigm with speech sounds in two 
different contexts. We compared the MMN evoked by deviant speech sounds (audi-
tory experiment) with the MMN evoked by the same deviant speech sounds com-
bined with visually presented letters (audiovisual experiment). We conducted 4 
different experiments, one auditory and three audiovisual experiments. In all four 
experiments subjects passively listened to the speech sounds /a/ (standard, 90%) 
and /o/ (deviant, 10%). In the auditory experiment subjects listened to these speech 
sounds while watching a silent movie. In the three audiovisual experiments subjects 
listened to the same speech sounds, while watching single letters. The three audio-
visual experiments differ only with regard to the stimulus onset asynchrony (SOA) 
between the presentation of the letter and speech-sound. The letter always ap-
peared first and the speech-sound respectively 0, 100 or 200 ms later. We will from 
now on refer to the three audiovisual experiments as AV_0, AV_100 and AV_200. 
We first hypothesized that the deviant speech-sound would elicit a typical MMN 
(auditory experiment). Second, we expected that the letter - speech sound pair is 
automatically processed as a compound stimulus in the auditory cortex. As a conse-
quence, we hypothesized that the presence of a visual letter may influence the 
MMN response to the deviant speech-sound (audiovisual experiment). Third, if 
there is an influence, we predicted that it may be sensitive to a temporal asyn-
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chrony between the letter and speech-sound as indicated by the strong SOA effect 
found in van Atteveldt et al. (Van Atteveldt et al., 2007). We chose 100 ms and 200 
ms SOA since these SOAs include the significantly effective SOA of 150 ms used in 
Van Atteveldt et al. (Van Atteveldt et al., 2007). The fact that the major MMN 
source is located in the early auditory cortex (Ahlo, 1995; Giard, 1990), including the 
planum temporale where the reported effect of SOA was most pronounced (Van 
Atteveldt et al., 2007), underpinned our prediction. 

Methods 

Participants 

Fourteen subjects participated in the auditory experiment (11 female, range 18 to 
33, mean age 21.92 years). Twelve subjects participated in AV_0 (9 female, range 20 
to 33, mean age 24.69 years). Thirteen subjects participated in AV_100 (9 female, 
range 19 to 29, mean age 22.38 years). Seventeen subjects participated in AV_200 
(13 female, range 18 to 33, mean age 23.05 years). Three subjects participated in all 
four experiments. Another 11 subjects participated both in the auditory experiment 
and in AV_200. Subjects gave informed written consent and were paid for their 
participation. All subjects were undergraduate university students without any his-
tory of hearing or reading problems and with normal or corrected to normal vision. 
One subject was left handed and participated in the auditory experiment and in 
AV_200. 

Stimuli 

Stimuli were natural speech sounds, /a/ (384 ms) and /o/ (348 ms), and the visually 
presented single letter “a”. speech sounds were digitally recorded (sampling rate 
44.1 kHz, 16 bit quantization) from a female speaker. Recordings were band-pass 
filtered (180-10.000 Hz) and resample 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 presented in white on a 
black background in the centre of a computer screen for 500 ms, printed in lower 
case font “Arial” at letter size 40. Between the presentations of the stimuli a white 
fixation cross was presented in the centre of the screen. To ensure that subjects 
were at all times focusing the screen, we interspersed the experimental trials with a 
non-related color picture. Subjects had to press a button when they saw the picture. 
Since the focusing task was very easy and not related to the stimuli of interest we 
suggest that this did not influence the MMN, a very basic deviance detection 
mechanism of the brain (Schröger, 1998), problematically (see discussion). Each 
experiment consisted of 4 experimental blocks with 534 trials. Trial length was al-
ways 1250 ms. When subjects heard the speech-sound deviant /o/, we always pre-
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sented the standard letter “a”. Although we also manipulated the visual stimuli in 
some trials, these conditions are not relevant for the present study and are re-
ported elsewhere (Froyen, in preparation). 

Recording and analysis 

EEG data were recorded with NeuroScan 4.2 from 0.01 to 50 Hz with a sampling 
rate of 250 Hz in a sound-attenuating and electrically shielded room from 30 elec-
trode positions (Extended International 10–20 system) relative to a nose reference. 
Eye-movements and blinks were measured with bipolar VEOG/HEOG channels. All 
electrode impedance levels (EEG and EOG) were kept below 5 kΩ. EEG data were 
epoched from -50 to 850 ms relative to stimulus onset, baseline corrected (50 ms 
pre-stimulus interval), and 1–30 Hz band pass filtered with NeuroScan 4.2. Epochs 
containing data exceeding a maximum voltage criterion of 75 μV were rejected. 
Standards immediately following deviants were not included in the analyses, as 
were the trials with target pictures. The raw EEG data were corrected for vertical 
eye-movements (i.e. blink artifacts). In the auditory experiment we included 146 
(73%) of the standard trials and 151 (75 %) of the deviant trials. In AV_0 we retained 
respectively 184 (92%) and 185 (93%) of the trials, in AV_100 182 (91%) and 186 
(93%) and in AV_200 180 (90%) and 182 (91%). Epochs were averaged separately 
for each condition and each participant from the onset of the visual stimulus. 
Difference waves were calculated by subtracting the ERPs to the standard condition 
from ERPs to the deviant condition. In the audiovisual experiments, the visual stimu-
lus was always the same in the standard and the deviant conditions (the letter “a”). 
Therefore, the same visual brain wave will be evoked in both conditions. Since the 
auditory stimulus was always presented simultaneously with or later than the letter, 
the visual evoked potentials elicited by the letters can be subtracted out by calculat-
ing deviant minus standard difference waves. 
To investigate the MMN, statistical analyses were performed on 9 electrodes covering 
frontal, central, centroparietal and temporal areas (Fz, Cz, FC3, FC4, T3, T4, CP3, CP4 
and Pz), followed by a detailed analysis on the frontocentral electrodes (Fz, Cz, FC3, 
FC4), where the MMN effect was most prominent. Timing of ERP responses in the 
MMN window was measured by determining individual peak latencies between 50 
and 250 ms after stimulus onset. This time-window was set after visual inspection of 
the data and includes the time-window (100 to 200 ms) typically reported in MMN-
studies (Schröger, 1998). Amplitude measures included both individual peak ampli-
tude and mean amplitude taken from the 50 ms window around the individual peak 
latency (separately for each subject, condition and electrode). When performing fur-
ther analysis of the difference waves on the frontocentral electrodes we excluded two 
subjects with Z-scores on all four electrodes higher than 1.96 or lower than -1.96. We 
only report results reaching significance at p < 0.05 after Bonferroni correction. 
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Results 

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. The 
left part of Figure 1 shows the grand average ERPs (A) and difference waveforms 
(deviant-standard trials) (B) on Fz for the speech-sound deviant in the auditory ex-
periment. The speech-sound deviant elicited an MMN with average peak latency of 
168 ms (averaged over the four frontocentral electrodes, range: 94-238 ms) after 
the onset of the auditory stimulus deviation (Figure 2), with a topographical distri-
bution that is typically reported (left part Figure 1C). A polarity reversal of the MMN 
at electrode sites below the sylvian fissure (left part Figure 1C) suggests main neural 
generators in the auditory cortex (Schröger, 1998). 
 

 
Figure 1. Grand average ERPs at Fz for the standard and deviant stimuli (A), difference waves (B) and MMN 
maps (C) for the auditory experiment and the three audiovisual experiments. Arrows indicate the onset of
visual (V) and auditory (A) stimuli and the grey rectangle indicates the MMN-time window. 

 
Amplitude characteristics of ERP activity in the MMN time-window were first ana-
lyzed using a 2 (stimulus type; standard versus deviant) by 9 (electrode sites) re-
peated-measures ANOVA. We found an interaction between stimulus type and 
electrode site for mean, F(8, 104) = 3.0, p = 0.004, and peak values, F(8, 104) = 2.0, p 
= 0.05. Further analysis was performed on four frontocentral electrodes using a 2 
(stimulus type; standard versus deviant) by 4 (electrode sites) repeated-measures 
ANOVA. There was no interaction with electrode site for mean, F(3, 39) = 0.6, p = 
0.587, and peak values, F(3, 39) = .6, p = 0.58. We found a marginal effect of stimu-
lus type for mean values, F(1, 13) = 4.4, p = 0.055 and an effect of stimulus type for 
peak values, F(1, 13) = 5.4, p = 0.037. The deviant grand average waves are system-
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atically more negative in comparison with standard grand average waves. Further 
analyses of the difference waves were performed with one-sample t-tests on each 
of the frontocentral electrodes, after exclusion of one subject (Z-scores of 2.20 for 
Fz, 2.15 for Cz, 2.0 for FC3 and 2.1 for FC4). Mean and peak amplitude values were 
significantly different from zero; for mean amplitudes Fz, t(12) = -11.7; p < .001, Cz, 
t(12)= -10.5; p < .001, FC3, t(12)= -8.6; p < .001 and FC4, t(12)= -12.3; p < .001 and 
for peak amplitudes Fz, t(12) = -11.7; p < .001, Cz, t(12)= -10.5; p < .001, FC3, t(12)= -
8.6; p < .001 and FC4, t(12)= -12.3; p < .001. 
 
Audiovisual experiment. In all 4 experiments (1 auditory and 3 audiovisual experi-
ments with different SOAs) the deviant speech-sound stimulus elicited a large nega-
tivity around 180 ms after auditory stimulus onset (grey rectangle in Figure 1B), with 
a typical topographical distribution of the MMN (Figure 1C). Average peak latencies 
(averaged over the four frontocentral electrodes) were 169 ms (range: 118-206 ms) 
for AV_0, 177 ms (range: 126-214 ms) for AV_100 and 172 ms (range: 104-208 ms) 
for AV_200 after the onset of the auditory stimulus deviation (Figure 2). 
Amplitude and latency characteristics 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 (9). The between group variable was experiment with 4 levels 
for the 4 different experiments. We found an interaction between stimulus type and 
electrode site for mean, F(8, 416) = 7.4, p < 0.001, and peak values, F(8, 416) = 22.7, 
p < 0.001. We performed further analysis on four frontocentral electrodes using a 2 
(stimulus type; standard versus deviant) by 4 (electrode sites) repeated-measures 
ANOVA with experiment as between subject variable. There was no interaction of 
stimulus type with electrode site for mean, F(9, 156) = 0.2, p = 0.370, and peak val-
ues, F(9, 156) = 1.2, p = 0.306. As expected, deviant stimuli elicited a significantly 
stronger negative ERP response than standard stimuli (main effect of stimulus type 
for mean amplitude, F(1,52) = 103.7; p < 0.001, and for peak amplitude, F(1,52) = 
103.7; p < 0.001). Crucially, this mismatch effect showed a significant interaction 
with experiment (stimulus type-by-experiment interaction for mean amplitude, 
F(3,52) = 6.1; p = 0.001, and for peak amplitude, F(3,52) = 6.1; p = 0.01). 
 
For further statistical analysis of the difference waves on the frontocentral elec-
trodes we excluded one subject of the auditory experiment (Z-scores of 2.20 for Fz, 
2.15 for Cz, 2.0 for FC3 and 2.1 for FC4) and one subject of AV_100 (Z-scores of -2.23 
for Fz, -2.6 for Cz, -2.8 for FC3 and -2.3 for FC4). Thirteen subjects were preserved in 
the auditory experiment (10 female, range 18 to 33, mean age 21.84 years). Twelve 
subjects were preserved in AV_100 (9 female, range 19 to 29, mean age 22.61 
years). A one-way ANOVA on mean values revealed a significant effect of experi-
ment in all four electrodes, F(3) = 4.9, p = 0.004 for Fz, F(3) = 4.1, p = 0.011 for Cz, 
F(3) = 5.9, p = 0.001 for FC3 and F(3) = 3.7, p = 0.018, for FC4, the same result was 
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found for peak area values, F(3) = 4.4, p = 0.008 for Fz, F(3) = 4.6, p = 0.007 for Cz, 
F(3) = 5.6, p = 0.002 for FC3 and F(3) = 3.3, p = 0.027, for FC4. The MMN was 
stronger in the audiovisual experiments in comparison with the MMN in the audi-
tory experiment (Figure 2). Post hoc t-tests (Bonferroni corrected) on mean area 
values showed that the effect of experiment was due to a difference between the 
auditory experiment and AV_0, p < 0.001 for Fz, p = 0.003 for Cz, p < 0.001 for FC3, p 
= 0.006 for FC4, the same is true for peak values, p = 0.002 for Fz, p = 0.001 for Cz, p 
< 0.001 for FC3, p = 0.004 for FC4. For electrodes Fz, p = 0.045, and CP3, p = 0.030, 
we also found a difference between AV_0 and AV_200. For all frontocentral elec-
trodes the MMN in AV_0 was significantly larger than the MMN in the auditory 
experiment. For Fz and CP3 the MMN in AV_0 was significantly larger than the 
MMN in AV_200. To test whether the decrease in MMN amplitude was linear over 
the three audiovisual experiments we performed a polynomial contrast with the 
four frontocentral electrodes as a within subject factor. This analysis revealed a 
significant linear contrast for both mean, p = 0.026, and peak values, p = 0.045. 
Finally, a repeated measures ANOVA with the four frontal electrodes as a within 
subject factor and experiment as a between subject factor was performed to test 
for an effect of latency. There was no interaction between latency and electrodes, 
F(9, 147) = 1.2, p = 0.307, and no main effect of latency, F(3, 49) = .36, p = 0.781. 
 

 
Figure 2. Mean amplitude values over 50 ms around the individually assessed MMN peak with standard 
error for the four frontocentral electrodes Fz, Cz, FC3 and FC4, including latency, peak and mean amplitude 
values. 
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Discussion 

To summarize, we used the MMN to investigate the automaticity and timing charac-
teristics of the influence of letters on the processing of speech sounds. We observed 
the influence of letters on the difference wave evoked in an auditory oddball para-
digm with speech sounds and investigated the influence of stimulus onset asyn-
chrony (SOA). In a purely auditory experiment, a typical auditory MMN was shown. 
We compared the auditory MMN with the negativity in the difference waves evoked 
in the audiovisual experiments (audiovisual MMN) and found a general enhance-
ment of the amplitude, decreasing linearly with increasing SOA. 
We hypothesized early and automatic integration of letters and speech sounds. 
When simultaneously presented with the speech-sound, we found a clear influence 
of the letter on the MMN evoked by the deviant speech-sound; an enhancement of 
the MMN amplitude. This enhancement might be explained by the learned letter - 
speech sound association, causing a double deviation in the audiovisual experi-
ments: the deviant speech-sound differs from the standard speech-sound and the 
letter on the screen. The MMN is typically evoked between 100 and 200 ms after 
stimulus onset (Näätänen, 2001; Schröger, 1998). This indicates that the influence 
of the letter on the ERP-difference wave reflecting speech-sound processing is es-
tablished early in the processing of the speech-sound. Since the MMN is known to 
be evoked automatically (Näätänen et al., 1993), and there were no task require-
ments related to the letter or speech-sound stimuli, our findings furthermore sug-
gest that the integration of letters and speech sounds occurs automatically. It re-
mains though to be investigated to what extent a neutral (nonlinguistic) visual 
stimulus might influence the MMN evoked by a deviant speech-sound. 
As mentioned before, we observed an effect of SOA within the audiovisual experi-
ments. There was a linear trend of decreasing enhancement of the audiovisual 
MMN amplitude with increasing SOA. In Fz and FC3, the MMN in AV_0 differs sig-
nificantly from the MMN in AV_200. Since the MMN at AV_100 did not differ signifi-
cantly from the MMN in the auditory experiment, we suggest that even 100 ms SOA 
is enough to prevent complete processing of letters and speech sounds as com-
pounds. A similar effect of timing in the auditory association cortex was found in a 
previous fMRI study by our group (2007) (Van Atteveldt et al., 2007). This region is 
assumed to be the location of the main neural generators of the MMN (Ahlo, 1995; 
Giard, 1990), with additional frontal generators. The consistent findings from differ-
ent methods (ERP and fMRI) strengthen the hypothesis that temporal proximity is a 
critical factor for cross-modal integration of letters and speech sounds (Van Atte-
veldt et al., 2007). Apparently, once arbitrarily related cross-modal associations 
become over-learned, integration is subject to very basic rules such as temporal 
proximity (Meredith, Nemitz, & Stein, 1987). The narrow time window of integra-
tion might be a consequence of the rigidity and inflexibility of the letter - speech 
sound integration process. Consistently, this integration process seems to fulfill the 
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main criteria for automatic processing in general as formulated by Schneider & 
Chein (Schneider & Chein, 2003); letter - speech sound integration is also described 
as fast, robust to distractors and requiring low effort . 
The MMN is suggested to be influenced by attention in the context of an active task 
(Oades, 1995). In the present experiment, the active task in the audiovisual experi-
ments only served as focusing control and was completely unrelated to the process-
ing of the letter and speech-sound stimuli. Moreover, the linear decrease of the 
audiovisual MMN amplitude with increasing SOA cannot be explained by the pres-
ence or absence of the focusing task, since the task was the same in all audiovisual 
experiments. Furthermore, at all four frontocentral electrodes the MMN at AV_200 
(focusing task) was no longer significantly higher in comparison with the MMN in 
the auditory experiment (no focusing task). This indicates that the focusing task is 
not exclusively responsible for the enhancement of the MMN. 
It is still possible that the presence of letters involuntary drew attention to the audi-
tory stimuli. However, in absence of active task demands with regard to the letter 
and speech-sound stimuli, such an involuntary switch of attention might still be 
interpreted as automatic. Our suggestion is in line with our previous fMRI results of 
interactions between letters and speech sounds in a completely passive design (Van 
Atteveldt et al., 2007; Van Atteveldt et al., 2004). 
Considering possible contamination of the auditory evoked potentials by visual 
evoked potentials we checked the brain waves in the audiovisual experiments be-
fore and after the onset of the auditory stimulus (Figure 1). Prior to auditory stimu-
lus onset, the presented letter was identical in the standard and deviant conditions 
and accordingly elicited comparable visual evoked responses, resulting in the ab-
sence of a difference potential prior to auditory stimulus onset in AV_100 and 
AV_200. After auditory stimulus onset, the morphology of the evoked responses is 
comparable across the three AV experiments: including a P1-N1-P2 and a sustained 
negativity (both in the standard and the deviant conditions). This similarity in 
evoked responses indicates the absence of a general modulation by overlapping 
visual and auditory evoked potentials at frontocentral electrodes. 

Conclusion 

In conclusion, we found a clear effect of letters on the processing of speech sounds 
as reflected in the MMN. This result indicates that letter - speech sound pairs are 
processed early and automatically as compound stimuli in normally reading adults. 
The present study provides a method to non-invasively investigate automatic letter 
- speech sound integration, which might be applied in research on children of all 
ages. Schneider and Chein’s criteria imply that automaticity is an effect of extended 
training. In future research, it will therefore be interesting to investigate the emer-
gence of automaticity of letter - speech sound associations in beginning readers. 
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Chapter 3 

The Long road to automation: 
Neurocognitive development of letter – 

speech sound processing 
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Abstract 

In transparent, alphabetic languages, the expected standard for complete acquisi-
tion of letter - speech sound associations is within one year of reading instruction. 
The neural mechanisms underlying the acquisition of letter - speech sound associa-
tions have, however, hardly been investigated. The present paper describes an 
event-related potential (ERP) study with beginner and advanced readers in which 
the influence of letters on speech sound processing is investigated by comparing the 
mismatch negativity (MMN) to speech sounds presented in isolation with the MMN 
to speech sounds accompanied by letters. Furthermore, stimulus onset asynchrony 
(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 readers, despite one year of reading instruction, showed no early letter – 
speech sound integration, i.e. no influence of the letter on the evocation of the 
MMN to the speech sound. Only later in the difference wave, at 650 ms, was an 
influence of the letter on speech sound processing revealed. Advanced readers, 
with four 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 experienced 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 con-
trast to general assumptions, the present study provides evidence for an extended 
development of letter - speech sound integration. 
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Introduction 

The acquisition of letter - speech sound associations is considered the basic re-
quirement 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 (Fox, 1994; Frith, 1985; Snowling, 1980; 
Vellutino, Fletcher, Snowling, & Scanlon, 2004). A better understanding of the de-
velopment of this association process will provide insights in the cognitive require-
ments for learning to read and will contribute to the research of reading disabilities 
like developmental dyslexia. 
Since written language is a relatively recent cultural invention, an evolutionarily 
adapted brain mechanism for processing script most likely does not exist. Moreover, 
in contrast with the natural association between auditory and visual information in, 
for example audiovisual speech (Calvert, Brammer, & Iversen, 1998), the association 
between letters and speech sounds is basically arbitrary in nature. It is therefore 
remarkable that literacy skills are so easily acquired in most languages. In a rela-
tively transparent language like Dutch, in which the letter - speech sound associa-
tions are mostly unambiguous, the expected educational standard for complete 
mastery of letter - speech sound associations is within one year of reading instruc-
tion (Wentink & Verhoeven, 2003). Even in English, an opaque language regarding 
the associations between orthography and phonology, letter - speech sound asso-
ciations seem to be established within a few years of reading instruction (Hardy, 
Smythe, Stennet, & Wilson, 1972; Siegel & Faux, 1989; Snowling, 1980). 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, since recent data indicate that knowing the associations be-
tween letters 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 six to twelve years old, not only accuracy but also 
reaction time data on letter - speech sound association were collected (Blomert & 
Vaessen, 2009). Surprisingly, in the light of the expected mastery of letter – speech 
sound associations within one year of reading instruction, reaction times of letter – 
speech sound discrimination decisions steadily decreased during the whole range of 
Dutch primary school reading instruction. Since 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 development towards automatic letter – speech sound association. 
While early acquisition of letter – speech sound associations is generally assumed in 
transparent languages, exactly when and how these associations develop in the 
human brain remains an open question, and is the topic of the present paper. 
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One of the first indications about the nature of fully developed letter – speech 
sound processing came from an early behavioral study showing differential influ-
ences 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 magneto encephalography (MEG), integration of 
letters and speech sounds was reported in the superior temporal sulcus (STS) (Raij, 
Uutela, & Hari, 2000). Moreover, two fMRI-studies revealed that not only hetero-
modal regions in STS and superior temporal gyrus (STG) but also the unimodal audi-
tory 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 sug-
gested to occur automatically. Van Atteveldt et al. (2007) furthermore manipulated 
the stimulus onset asynchrony (SOA) between the presentation of the letter and the 
speech sound. Manipulating the SOA revealed a narrow temporal window for inte-
gration of letters with speech sounds in 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 ms SOA 
(Van Atteveldt et al., 2007). To summarize, current evidence indicates that fully 
developed letter - speech sound processing in adults is achieved through automatic 
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 processing open new perspectives for the investigation of its devel-
opment. Knowing the associations between letters and speech sounds is apparently 
only the starting point of the development towards automatic letter – speech sound 
integration. In the present study, we therefore further investigated when and how 
letter - speech sound processing develops by means of event related potentials 
(ERP), known for its high temporal resolution. In a recent ERP-study, the mismatch 
negativity (MMN) was successfully used to investigate the automaticity  and timing 
properties of letter – speech sound integration in experienced adult readers 
(Froyen, van Atteveldt, Bonte, & Blomert, 2008). The MMN is known to be evoked 
automatically between 100 and 200 ms when, in a sequence 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 cor-
relate of a comparison process between an incoming auditory stimulus and the 
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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 represen-
tations in adults and in children (Bonte, Poelmans, & Blomert, 2007; Mitterer & 
Blomert, 2003; Näätänen, 2001; Winkler et al., 1999). The child MMN is further-
more 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 require 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 
revealed 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 enhancement strongly points to auto-
matic integration of letters and speech sounds. Froyen et al. (2008) also manipu-
lated the stimulus onset asynchrony (SOA) between the presentation of the letter 
and the speech sound. Only when the letter was presented simultaneously with the 
speech sound did the letter have an influence on the processing of the speech 
sound, while at 100 ms 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 temporal proximity as a critical 
factor for automatic letter – speech sound integration. 

Present study 

Since the present study aims at determining when and how letter - speech sound 
integration develops, we used the same design and ERP-measurement with begin-
ner and advanced readers as used in the study with adult readers (Froyen et al., 
2008). In order to investigate the development of the temporal window for integra-
tion, we included two different SOAs; letters and speech sounds were presented 
simultaneously or with an SOA of 200 ms. The temporal integration window de-
scribes the time-span within which two physically separated events are perceived as 
appearing together (Van Wassenhove, Grant, & Poeppel, 2007; Yabe et al., 2004; 
Yabe et al., 1998). To our knowledge there are no studies investigating the devel-
opment of the temporal integration window in letter - speech sound perception. 
There is however some evidence that children between 8-12 years of age perceive 
an auditory and a visual stimulus 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 
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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 (one year of reading instruction) and advanced readers (four years of 
reading instruction). Second, as the educational standard for fully mastering letter – 
speech sound associations is expected to be reached within one year of reading 
instruction (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 reac-
tion time for letter – speech sound associations over the whole primary school 
range (Blomert & Vaessen, 2009) may be reflected in a MMN-latency difference 
between beginner and advanced readers. This would be in line with previously re-
ported decreasing MMN response latencies 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 with a narrow tem-
poral window of integration only if stimuli are presented 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 appropri-
ate integration at 200 ms SOA and 0 ms SOA for beginner and advanced readers, 
whereas adults only integrate at 0 ms SOA (Froyen et al., 2008; Van Atteveldt et al., 
2007). 

Methods 

Participants 

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 
(three female, range 7;01 to 8;10, mean age 7;08 years), fourteen subjects partici-
pated in the audiovisual experiment with 0 ms SOA (8 female, range 7;06 to 9, mean 
age 8;02 years) and seventeen subjects participated in the audiovisual experiment 
with 200 ms SOA (7 female, range 6;11 to 9 years, mean age 7;06 years). Six subjects 
participated in two experiments, the auditory experiment and the audiovisual ex-
periment with 0 ms SOA. Data of two subjects in the audiovisual experiment with 
200 ms SOA were discarded due to excessive movement artifacts. Twenty-six sub-
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jects were recruited from grade 5, having received four years of reading instruction. 
Twelve subjects participated in the auditory experiment (3 females, range 10;06 to 
12;09 years, mean age 11;04 years), thirteen subjects participated in the audiovisual 
experiment with 0 ms SOA (9 female, range 10 to 12;09 years, mean age 11;02 
years), fourteen subjects participated in the audiovisual experiments with 200 ms 
SOA (7 females, range 10;02 to 11;08 years, mean age 11;01 years). Seven subjects 
participated in both the auditory experiment and the audiovisual experiment with 0 
ms SOA, four subjects participated in the auditory experiment and the audiovisual 
experiment with 200 ms SOA. Data of three subjects (one in the audiovisual experi-
ment with 0 ms SOA and two in the audiovisual experiment with 200 ms SOA) were 
discarded due to excessive movement artifacts. 
 

Table 1.  

Descriptive data (mean and standard deviation) for the two age groups in each experiment. 

    A  AV 0 ms  AV 200 ms  Differences 

Beginner readers: 
Word reading a  12.8 (2.0)  13.9 (1.5)  12.5 (2.4)  p = 0.228 
Non-word reading a  12.6 (1.7)  14.5 (2.2)  12.5 (2.0)  p = 0.066 
Ravens SS b  7.2 (1.5)  6.9 (1.8)  6.5 (1.7)  p = 0.421 
Advanced readers: 
Word reading a  13.1 (1.8)  13.1 (2.4)  12 (1.4)  p = 0.307 
Non-word reading a  12.9 (2.1)  12.8 (3.4)  12.4 (1.9)  p = 0.883 
Ravens SS b  7.5 (1.3)  7.6 (1.1)  7.1 (0.6)  p = 0.768 

IQ scores and performance on language tests (mean); A = auditory experiment, AV = audiovisual experiment 
  a Age- appropriate norms (standardized scale; 0-20, mean=10, SD=2) 
  b Age- appropriate norms (standardized scale; 0-10, mean=5, SD=2) 

 
All children were given a present for participation. Informed consent was obtained 
from the children and 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 summarized in 
Table 1. IQ assessment was established with the Raven Colored Progressive Matri-
ces (Raven, 1998). All children performed standardized language tests, the Eén-
minuut-leestest (Brus & Voeten, 1973) and a non-word reading test (Van den Bos, 
Lutje Spelberg, Scheepsma, & De Vries, 1999). Results of the behavioral tests 
showed no differences in IQ, word reading or phonological decoding (non-word 
reading) between the groups of the same age participating in the different experi-
ments (Table 1). 
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Stimuli 

Stimuli were speech sounds, /a/ (384 ms) and /o/ (348 ms), and the visually pre-
sented single letter “a”. We used the same stimuli as used in the adult study (Froyen 
et al., 2008) and in an MMN-study on gender differences in speech and non speech 
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 quantiza-
tion) 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 loud-
speakers at about 65 dB SPL. The letter was presented in white on a black back-
ground in the centre of a computer screen for 500 ms, printed in lower case 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 1.2 by 0.8 degrees. During fixation periods, a white fixation cross 
was presented in the centre 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 audiovis-
ual experiments. In all three experiments subjects listened to the speech sounds /a/ 
(standard, 90%) and /o/ (deviant, 10%). In the auditory experiment subjects listened 
to these speech sounds while watching a silent movie (Figure 1A). In the two audio-
visual experiments subjects listened 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 tri-
als. Children were instructed to press a button when this picture was presented. The 
two audiovisual experiments differ only with regard to the stimulus onset asyn-
chrony (SOA) between the presentation of the letter and the speech sound. The 
letter appeared simultaneously (AV_0) with the speech sound or 200 ms earlier 
(AV_200). Each experiment consisted of 4 experimental blocks with 534 trials each. 
Trial length was always 1250 ms. 
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Figure 1. Designs of the auditory experiment (A) and the audiovisual experiment (B). ‘A’ represents audi-
tory 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). 

Recording and 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 International 
10–20 system, (Nuwer et al., 1998)) relative to a nose reference. Eye-movements 
and blinks were measured with bipolar VEOG/HEOG channels. All electrode imped-
ance levels (EEG and EOG) were kept below 5 kΩ. EEG data were epoched from -50 
to 850 ms relative to stimulus onset, baseline corrected (50 ms pre-stimulus inter-
val), and 1–30 Hz band pass filtered (NeuroScan 4.2). Epochs containing data ex-
ceeding a maximum voltage criterion of 75 μV were rejected. Standards immedi-
ately 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 ep-
ochs 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 (14) and 161 (15); in 
AV_0 respectively 172 (20) and 174 (19); in AV_200 respectively 163 (21) and 163 
(17). Considering the advanced readers: in the auditory experiment, the mean num-
ber of accepted epochs in the grand averages for standards and deviants were 173 
(17) and 173 (17); in AV_0 respectively 174 (19) and 177 (18); in AV_200 respec-
tively 178 (20) and 179 (18). The resulting cleaned data sets did not show any no-
ticeable confounds due to motion or eye-movement artifacts and accordingly no 
noticeable age group differences. Epochs were averaged separately for each condi-
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tion 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 frontocentral (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 auditory MMN. From the difference 
waveforms we derived two dependent variables for each electrode: (I) the MMN 
latency measured at the maximum amplitude of the MMN in the latency range from 
50–250 ms post stimulus onset and (II) the MMN amplitude measured as the mean 
amplitude across 50 ms 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 meas-
ure. Consequently, in the present study, the term amplitude always refers to the 
mean area amplitude. The analysis on 11 electrodes was followed by a detailed 
analysis on the frontocentral electrodes (Fz, Cz, FC3, FC4), where the MMN effect 
was most prominent. All reported 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 difference wave-
forms (deviant - standard stimuli) obtained in the auditory experiment as measured 
at the frontocentral electrode sites (Fz, Cz, FC3, FC4). The speech sound deviant 
elicited an MMN with average peak latency of 155 ms (averaged over the four fron-
tocentral electrodes, 53 ms SD) after the onset of the auditory stimulus, with a to-
pographical distribution (Figure 2A) that is typically reported for the MMN (Picton et 
al., 2000; Schröger, 1998). 
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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 audio-
visual experiments 0 ms SOA (B) and 200 ms SOA (C) with beginner readers. 

 
Amplitude properties of ERP activity in the MMN time-window were first analyzed 
using a 2 (stimulus type; standard versus deviant) by 11 (electrode sites) repeated-
measures ANOVA. We found a marginally significant interaction with electrode site, 
F(10, 120) = 2.95; p = 0.056 (Figure 3). Since we expected an interaction of stimulus 
type with electrode, we further analyzed only the four frontocentral electrodes, 
where the MMN is expected to be most pronounced. The same analysis on only the 
four frontocentral electrodes revealed no significant interaction between stimulus 
type and electrode, F(3, 36) = 7.58; p = 0.46, and a main effect of stimulus type for 
mean amplitude values in the 50 ms window around the individual peaks, F(1, 12) = 
7.38; p = 0.019. The deviant grand average waves were systematically more nega-
tive in comparison with standard grand average waves (Figure 2A; dark grey rectan-
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gle). Analysis of the difference waves with a one-sampled t-test revealed significant 
differences from zero at all four frontocentral electrode sites, indicating a typical 
MMN evoked by deviant speech sounds in beginner readers: at Fz, t(12) = -5.66; p < 
0.001, at Cz, t(12) = -4.91; p < 0.001, at FC3, t(12) = -5.92; p < 0.001 and at FC4, t(12) 
= -5.38; p < 0.001. 
 

 
Figure 3. Mean amplitude values over 50 ms around the individually assessed MMN peak with standard
error for all electrodes included in the analysis of beginner readers (Fz, Cz, FC3, FC4, Cp3, Cp4, T3, T4 and 
Oz). 

 
Auditory versus audiovisual experiments: In all 3 experiments (the auditory experi-
ment and both audiovisual experiments AV_0 and AV_200) the deviant speech 
sound stimulus elicited a negativity with an average peak latency (averaged over the 
four frontocentral electrodes) at 165 ms (57 ms SD) after auditory stimulus onset 
(Figure 2; dark grey rectangle), with a typical topographical distribution of the 
MMN. Average peak latencies (averaged over the four frontocentral electrodes) 
were 156 ms (44 ms SD) for AV_0 and 181 ms (68 ms SD) for AV_200 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 reflecting stimulus mismatch. There was a significant inter-
action between stimulus type and electrode, F(10,390) = 3.57; p = 0.010. When the 
same analysis was performed on only the four frontocentral electrodes there is no 
significant interaction with electrodes, F(3,117) = 2.65; p = 0.057. There was no 
significant interaction between stimulus type and experiment, indicating compara-
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ble MMN-effects in each of the three experiments, F(1,39) = 2.61; p = 0.086. The 
MMN-effect was reflected by a significantly stronger negative ERP response for the 
deviant stimuli in comparison to the standard stimuli (main effect of stimulus type 
for mean amplitude, F(1,39) = 28.73; p < 0.001). 
 

Table 2. Peak latency and mean area amplitude measures on the four frontocentral electrodes with
standard errors of the mean of beginner readers for the three experiments 

Difference waves Auditory  Audiovisual 0 ms SOA  Audiovisual 200 ms SOA 

Peak latency ± SE (ms) 
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 (µV) 
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 

 
Table 2 shows the peak latency and mean area amplitude measures of the differ-
ence waves on the four frontocentral electrodes evoked by the auditory deviant in 
the auditory experiment and in both audiovisual experiments, AV_0 and AV_200. 
The latency values are reported with respect to the onset of the auditory stimulus. 
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 ampli-
tude of the difference waves of the frontocentral electrodes revealed no significant 
effect of experiment, F(2,39) = 1.32; p = 0.279 (Figure 3), indicating no differences in 
the MMN as evoked in the auditory experiment versus the audiovisual experiments. 
The difference waves revealed however an interesting difference between the three 
experiments at a negativity around 650 ms after auditory stimulus onset (Figure 2; 
light grey rectangle). The analysis of this negativity, referred to as the Late Negativ-
ity, is presented below. 
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Figure 4. Grand average ERPs for the standard (dotted lines) and deviant stimuli (dashed lines), differ-
ence waves (solid lines) as measured at Cz, and MMN maps for the auditory experiment (A) and the two 
audiovisual experiments 0 ms SOA (B) and 200 ms SOA (C) with advanced readers. 

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 (devi-
ant - standard stimuli) for the speech sound deviant in the auditory experiment. The 
speech sound deviant elicited an MMN with average peak latency of 152 ms (aver-
aged over the four frontocentral electrodes, 45 ms SD) after the onset of the audi-
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tory stimulus, with a topographical distribution (Figure 4A) typical for the MMN 
(Picton et al., 2000; Schröger, 1998). 
Amplitude properties of brain waves in the MMN time-window were first analyzed 
using a 2 (stimulus type; standard versus deviant) by 11 (electrode sites) repeated-
measures ANOVA. We found a significant interaction with electrode site, F(10, 110) 
= 10.74; p = 0.001 (Figure 5). When we analyzed only the four frontocentral elec-
trodes there was no longer a significant interaction between stimulus type and 
electrode, F(3, 33) = 2.41; p = 0.098. We found a main effect of stimulus type for 
mean amplitude values in the 50 ms window around the individual peaks, F(1, 11) = 
26.65; p < 0.001. The deviant grand average waves were systematically more nega-
tive in comparison with standard grand average waves (Figure 4; dark grey rectan-
gle). Analysis of the difference waves with a one-sampled t-test revealed significant 
differences from zero in all four frontocentral electrodes, indicating a typical MMN 
evoked by deviant speech sounds in advanced readers: at Fz, t(11) = -5.84; p < 
0.001, at Cz, t(11) = -6.34; p < 0.001, at FC3, t(11) = -3.51; p = 0.005 and at FC4, t(11) 
= -6.04; p < 0.001. 
 
Auditory versus audiovisual experiments: In all 3 experiments (the auditory experi-
ment and both audiovisual experiments, AV_0 and AV_200) the deviant speech 
sound stimulus elicited a negativity with an average peak latency (averaged over the 
four frontocentral electrodes) at 166 ms (41 ms SD) after auditory stimulus onset 
(Figure 4; dark grey rectangle), with a typical topographical distribution of the 
MMN. Average peak latencies (averaged over the four frontocentral electrodes) 
were 181 ms (42 ms SD) for AV_0 and 163 ms (33 ms SD) for AV_200 after the onset 
of the auditory stimulus. We first analyzed the responses reflecting stimulus mis-
match 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 between stimulus type and electrode, F(10,340) = 15.95; p < 
0.001 (Figure 5). The same analysis on only the four frontocentral electrodes re-
vealed no significant interaction with electrodes F(3,102) = 1.35; p = 0.27. More 
importantly, there was a significant interaction between stimulus type and experi-
ment, F(2,34) = 5.30; p = 0.010, indicating a different MMN over the three experi-
ments. Despite this interaction the ERP response to the deviant stimuli was consis-
tently 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 < 0.001). 
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Figure 5. Mean amplitude values over 50 ms around the individually assessed MMN peak with standard 
error for all electrodes included in the analysis with advanced readers (Fz, Cz, FC3, FC4, Cp3, Cp4, T3, T4
and Oz). Significant differences (p < 0.05) in mean amplitude measures are indicated per electrode by an 
asterisk. 

 
Table 3 shows the peak latency and mean area amplitude measures of the differ-
ence waves for the four frontocentral electrodes evoked by the auditory deviant in 
the auditory experiment and in both audiovisual experiments. The latency values 
are reported with respect to the onset of the auditory stimulus. Repeated measures 
ANOVA on the latency of the MMN over the experiments did not show a significant 
effect of latency F(2,34) = 1.51; p = 0.235. Repeated measures ANOVA on the mean 
of the four difference waves of the frontocentral electrodes revealed a marginally 
significant effect of experiment, F(2, 32) = 3.24, p = 0.052. Since we had a-priori 
expectations about the direction of the differences between the experiments (en-
hancement of the MMN to the deviant speech sound when presented in the context 
of a letter in comparison with presentation in isolation), we calculated contrasts of 
the mean values of the MMN to analyze these differences in detail. In contrast with 
our expectations, planned contrasts revealed that the context of letters in AV_0 did 
not significantly increase the amplitude of the MMN to the auditory deviant in com-
parison with no letter context t(31) = 1.046, p = 0.324. In AV_200 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 = 0.025 (Fig 
6B. left set of bar graphs). Contrasting the MMN amplitude in AV_0 with the MMN 
in AV_200 revealed a marginally significant difference, t(31) = 2.005, p = 0.053 (Fig-
ure 6B, left set of bar graphs), indicating an effect of stimulus onset asynchrony 
(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 grey rectangle) 
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(Froyen et al., 2008). The difference waves also revealed an interesting difference 
between the three experiments at a negativity around 650 ms after auditory stimu-
lus onset (Figure 4; light grey rectangle). The analysis of this negativity observed in 
beginner and advanced readers is presented below. 
 

Table 3. Peak latency and mean area amplitude measures on the four frontocentral electrodes with 
standard errors of the mean of advanced readers for the three experiments 

Difference waves Auditory  Audiovisual 0 ms SOA  Audiovisual 200 ms SOA 

Peak latency ± SE (ms) 
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 (µV) 
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 

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 la-
tency area value of the MMN, F(2, 24) = 1.49, p = 0.246 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 
grey rectangle) F < 1 and F < 1, respectively, indicating a stable auditory MMN re-
sembling the adult MMN already early in development. 

Late Negativity 

The difference waves revealed another interesting difference between the three 
experiments around 650 ms after auditory stimulus onset in both the beginner and 
advanced readers (Figure 6; light grey rectangle). We therefore tested this negativ-
ity statistically within each age group with a repeated measures ANOVA, with 4 
frontocentral electrodes (Fz, Cz, FC3 and FC4) as a within subject factor and experi-
ment as between subject factor. The dependent variable was the mean of 50 ms 
around the peak values between 600 and 700 ms after auditory stimulus onset, 
established per subject for each electrode in each experiment. 
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In the beginner readers there was a marginally significant main effect of experi-
ment, F(2,39) = 3.235; p = 0.050. Post hoc t-tests (Tukey corrected) revealed a sig-
nificant difference between the auditory and the audiovisual experiment AV_200, 
t(39) = 1.215, p = .045, but no significant differences between the auditory and 
audiovisual experiment AV_0, t(39) = .4083, p = .693, or between both audiovisual 
experiments AV_0 and AV_200, t(39) = .8069, p = .226. Apparently, at 650 ms after 
speech sound onset, there is an influence of letter context on speech sound proc-
essing in beginner readers, but only when the letter is presented 200 ms before the 
speech sound. In the advanced readers we also found a main effect of experiment, 
F(2,31) = 3.562; p = 0.038. Post hoc t-tests (Tukey corrected) revealed a significant 
difference between the auditory experiment and the audiovisual experiment AV_0, 
t(31) = 2.074, p = .031, and no differences between the auditory experiment and 
AV_200, t(31) = 1.361, p = .188, or between AV_0 and AV_200, t(31) = .7131, p = 
0.632. Advanced readers show an influence of letter context on speech sound proc-
essing around 650 ms after auditory speech sound onset, but unlike beginner read-
ers only when the letter is presented simultaneously with the speech sound. 
 
The negativity described here probably does not reflect the late mismatch negativ-
ity 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 ms after auditory stimulus onset (Figure 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 repeated 
measures ANOVA, with 4 frontocentral electrodes (Fz, Cz, FC3 and FC4) as a within 
subject factor and experiment as between subject factor. The dependent variable 
was the mean of 50 ms around the peak values between 400 and 500 ms after audi-
tory stimulus onset, established per subject for each electrode in each experiment. 
Neither the beginner readers nor the advanced readers revealed an effect of ex-
periment in this time window, F(2,39) = 1.211; p = 0.309 and F < .1, respectively. 
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Figure 6. Difference waves on the frontocentral electrode Cz as measured in the auditory and the audiovis-
ual experiments for beginner, advanced (this study) and experienced adult readers (Froyen, Van Atteveldt,
Bonte, & Blomert, in press) 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 frontocentral electrodes Fz, Cz, FC3 
and FC4 for beginner, advanced (this study) and experienced adult readers (Froyen et al., in press) (2). 
Significant differences (p < 0.05) are indicated with an asterisk. 
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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 investigate the temporal window for 
letter - speech sound processing during development, we manipulated stimulus 
onset asynchrony (SOA). The letter was presented either simultaneously with the 
speech sound or 200 ms before the speech sound. The data revealed unexpected 
results at an MMN latency around 150 ms and at a later latency around 650 ms. 
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, latency and topographical distribution (Picton et al., 2000; 
Schröger, 1998). Moreover, no differences were found in amplitude, latency or 
topographical distribution between 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 processing was investigated in begin-
ner readers. Comparing the MMN in the auditory experiment with the MMN in the 
audiovisual experiments revealed no differences in amplitude, latency or topog-
raphical distribution. This indicates that after approximately one year of reading 
instruction letters do not influence early speech sound processing and thus there is 
no indication of any form of automaticity  of the letter - speech sounds processing. 
This does not seem to be consistent with the current educational Dutch standards 
requiring full mastery of letter – speech sound associations within one year of read-
ing 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 & Vaessen 
(2009), these results point to an extended period of development which continues 
after this 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 ms earlier in compari-
son with the speech sounds (AV_200). Since the MMN is an early and automatically 
evoked ERP-component, we suggest that early speech sound processing in ad-
vanced 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 (AV_0). This 
contrasts sharply with the results from experienced adult readers only showing 
automatic integration if letters and speech sounds were presented simultaneously, 
and not if presented at 100 or 200 ms SOA (Froyen et al., 2008). Advanced readers 
show an influence of letters on the processing of speech sounds, but in a different 
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temporal window for integration than experienced adult readers, indicating that 
even after four years of reading instruction letter – speech sound processing con-
tinues to develop. 
 
Although the auditory experiment differs in visual aspects 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 mecha-
nism of the brain (Schröger, 1998). The similarity in morphology, latency and topog-
raphical distribution of the MMNs in the auditory and audiovisual experiments in 
both age groups suggests a similar underlying neural mechanism. Moreover, the 
difference in amplitude, as the measure of interest, seems not explainable by the 
differences in visual aspects between the auditory and the audiovisual experiment. 
Considering the advanced readers: the MMN evoked in AV_0 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 
AV_200 was significantly higher in comparison with the MMN-amplitude in AV_0. 
Visual aspects could not have affected this difference in MMN amplitude, since 
visual aspects were identical in both audiovisual experiments. 
Interestingly, we also observed a noticeable pattern of amplitude enhancement of 
the difference waves at 650 ms after speech sound onset (Figure 6). As described in 
the results, we distinguish the negativity observed at 650 ms from the late mis-
match negativity or lMMN described in earlier studies (Cheour et al., 2001; Korpi-
lahti et al., 2001). The lMMN is evoked between 400 and 450 ms after auditory 
stimulus onset, which is earlier in comparison with the negativity considered here. 
Because the exact nature of the negativity observed at 650 ms 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 process-
ing. The beginner readers exhibited an enhancement of the Late Negativity ampli-
tude in AV_200 in comparison with the amplitude of the Late Negativity in the audi-
tory experiment (Figure 6A; light grey rectangle). Remarkably, the observed trend of 
Late Negativity amplitudes in the beginner readers resembles the pattern of MMN 
amplitudes in the advanced readers: enhancement of the MMN amplitude in 
AV_200 in comparison with the MMN amplitude in the auditory (Figure 6B; dark 
grey rectangle). So while for beginner readers there is no indication of an influence 
of the letter ‘early’ during speech sound processing, beginner readers do reveal an 
influence of the letter ‘later’ during speech sound processing, at SOA_200. In the 
advanced readers enhancement of the Late Negativity amplitude was revealed in 
the audiovisual experiment AV_0 in comparison with the Late Negativity amplitude 
in the auditory experiment (Figure 6B; light grey rectangle). The observed pattern of 
Late Negativity amplitudes in the advanced readers resembles the pattern of MMN 
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amplitudes in the experienced adult readers remarkably well (Froyen et al., 2008) 
with an enhancement of the MMN amplitude in AV_0 in comparison with the MMN 
amplitude in the auditory experiment (Figure 6C; dark grey rectangle). The observed 
pattern of Late Negativity amplitudes indicates ‘adult-like’ letter – speech sound 
processing in advanced readers, however at a later latency; 650 ms instead of 150 
ms 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) itself. Data from our 
previous study reveal early and automatic integration in the experienced adult 
readers only if letters and speech sounds were presented simultaneously (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 ms after 
presentation of the speech sounds, and only at an SOA of 200 ms between the 
presentation of letters and speech sounds (Figure 6A). The advanced readers show 
early and automatic integration around 150 ms, however only at an SOA of 200 ms 
(Figure 6B), which is still at a different temporal window for integration in compari-
son with the experienced adult readers. Advanced readers showed a more ‘adult-
like’ temporal window for integration, when letters and speech sounds were pre-
sented simultaneously but not with a 200 ms SOA, This effect, however, was only 
seen 650 ms after auditory stimulus onset (Figure 6B). This double shift in timing 
properties may be interpreted as a neural fine-tuning of letter – speech sound proc-
essing extending far beyond the early school years, most likely caused by continued 
brain maturation interacting with increasing reading experience. Continuing pruning 
and myelination in the temporal lobes, containing speech related areas, indicates 
brain maturation beyond adolescence (Casey, Tottenham, Liston, & Durston, 2005; 
Sowel et al., 2003). At the same time the brain is subject to rapidly increasing read-
ing experience from the first school year on. 
The shift in SOA from 200 to 0 ms indicates a shift of the temporal window of letter 
– speech sound integration over development. This is consistent with the observa-
tion of changing temporal windows for processing audiovisual stimuli from child-
hood to adulthood (Laasonen et al., 2000; 2001). 
The shift in latency at which letter – speech sound processing occurs, namely from 
650 ms after speech sound onset in beginner and advanced readers to 150 ms after 
speech sound onset in advanced and experienced adult readers (Froyen et al., 
2008), does not seem to be an effect of straightforward brain maturation. It is gen-
erally assumed that ERP-response latencies 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 increases in processing speed as a conse-
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quence of general brain maturation. However, the above mentioned ERP-studies 
always report a decrease in latency within one and the same ERP-component, re-
spectively the MMN (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 different age, but probably reflects a shift between different mecha-
nisms responsible for letter – speech sound processing in beginner, advanced and 
adult readers. Additionally, letter – speech sound processing in beginner readers, as 
reflected in the Late Negativity, occurs no less than 500 ms later in comparison with 
fully developed 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 processing. 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 estab-
lished, 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 (Figure 6B) and 
the late negativity pattern in advanced readers (Figure 6B) resembles the early pat-
tern in adults (Figure 6C) underpins our suggestion. The advanced readers seem to 
be able to use both mechanisms depending on SOA; integration seems possible at 
200 ms 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 read-
ing expertise and invokes the late association processes (late pattern), also observ-
able in the beginner readers. 
This double shift in timing properties of letter-speech sound processing during de-
velopment may provide an explanation for the seemingly inconsistent results from 
behavioral studies. While accurate letter – speech sound associations are estab-
lished within one year of reading instruction in Dutch (Blomert & Vaessen, 2009; 
Wentink & Verhoeven, 2003), reaction time data suggest protracted development 
beyond the early school years (Blomert & Vaessen, 2009). The present results show 
that the processes associating letters with speech sounds occur late in time, i.e. not 
earlier than 650 ms after auditory stimulus onset. In contrast, adult readers recruit 
only very early processes within 200 milliseconds after stimulus onset. These find-
ings are consistent with longer reaction times, but at the same time do not contra-
dict maximal accuracy already after one year of reading instruction. In sum, accu-
racy alone does not appear to be a sensitive indicator for letter – speech sound 
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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 years. 
 
In our previous fMRI studies investigating letter – speech sound processing (Van 
Atteveldt et al., 2004, 2007a, 2007b), 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 integration effects. Therefore, we believe our present selec-
tion of “a” and “o” is reliably representative and consequently generalizable to 
other letter – speech sound pairs. 
 
In conclusion, despite proper knowledge of the associations between letters and 
their corresponding speech sounds, beginner readers have not developed early and 
automatic integration yet. Advanced readers exhibited early and automatic integra-
tion 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, indicating that even after four 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 processing 
probably reflect a double shift in timing properties during the development of letter 
– speech sound processing. Continued brain maturation and reading experience 
most likely contribute interactively to a neural fine-tuning of letter – speech sound 
processing during the development towards early and automatic letter – speech 
sound integration. 
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Chapter 4 

Evidence for a specific cross-modal 
association deficit in dyslexia: An MMN-

study of letter – speech sound processing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on: 
Froyen, D., Willems, G., & Blomert, L. (submitted). Evidence for a specific cross-modal association deficit 
in dyslexia: An MMN-study of letter – speech sound processing. 
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Abstract 

The phonological deficit theory of dyslexia explains the reading problems by assum-
ing that degraded speech sound representations hamper the acquisition of stable 
letter – speech sound associations necessary for learning to read. While there is 
abundant evidence for phonological problems in dyslexia there is only scarce evi-
dence supporting the intermediate letter - speech sound association problem which 
assumedly causally connects phonological deficits to reading deficits. The present 
study aimed at clarifying the nature and the role of these assumed letter - speech 
sound association problems in dyslexia by analyzing the mismatch negativity (MMN) 
of eleven year old dyslexic children to speech sounds in isolation or combined with 
letters.  
Recent studies with normal readers revealed that letters systematically modulated 
speech sound processing in an early time-window. The dyslexic readers in the pre-
sent study, however, did not exhibit any early influences of letters on speech sounds 
even after four years of reading instruction, indicating no automatic integration of 
letters and speech sounds. Interestingly, they revealed a systematic late negativity 
to letter - speech sound pairs, probably indicating the mere association of letters 
and speech sounds. This pattern is strongly diverging from that observed in eleven 
year old normal readers but reminiscent of that observed in eight year old normal 
readers in a previous study. Additionally, dyslexic readers revealed normal process-
ing of the same speech sounds, if these were presented without letters.  Together 
these results point to a generic and specific cross-modal association deficit as the 
proximal cause of reading problems in dyslexia. 
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Introduction 

Developmental dyslexia is a specific learning disability, characterized by reading 
and/or writing skills that are below what is predicted from their age and cognitive 
abilities (Lyon, Shaywitz, & Shaywitz, 2003). The most commonly accepted cause for 
these reading problems is a phonological deficit mainly expressed in poor speech 
sound representations (Vellutino, Fletcher, Snowling, & Scanlon, 2004; Ziegler & 
Goswami, 2005). Although these two recent reviews show that there is abundant 
evidence for reading and concomitant phonological problems in dyslexia, the pho-
nological deficit theory falls short of explaining how these evident phonological 
problems actually are causing the equally evident reading problems. This theoretical 
gap seems narrowed by the widely quoted belief (see the reviews above) that the 
assumedly degraded phonological representations hamper the acquisition of stable 
letter – speech sound associations. This is an intuitively appealing interpretation, 
since learning the correspondences between letters and speech sound is a prerequi-
site for the development of reading and writing skills in alphabetic orthographies 
(Ehri, 2005; Frith, 1985), and dyslexics have indeed been shown to experience prob-
lems in mastering letter - speech sound conversion rules (Fox, 1994; Siegel & Faux, 
1989; Snowling, 1980). However, these studies mainly used pseudoword reading to 
infer letter – speech sound problems, thereby potentially confounding letter - 
speech sound knowledge with visual word recognition skills; e.g. in the Fox (1994) 
study, dyslexics performed surprisingly well on the visual word matching task, de-
spite being poor readers. The problem therefore resides in the scarce direct empiri-
cal support for this crucial theoretical assumption bridging the gap between phono-
logical and reading deficits. Moreover, most of the studies investigating letter - 
speech sound knowledge were conducted in English, an orthography notorious for 
its opaque relations between letters and speech sounds and not representative for 
most other alphabetic languages (Share, 2008). For example, in a fairly transparent 
language like Dutch, most children know all letters and their corresponding speech 
sounds within one year of reading instruction (Aarnoutse, van Leeuwe, & Verho-
even, 2000); even if they are at familial risk for dyslexia (Willems, Poelmans, 
Richardson, & Blomert, submitted). In contrast, children learning the English orthog-
raphy only fully mastered most letter - speech sound correspondences after several 
years of reading instruction (Hardy, Smythe, Stennet, & Wilson, 1972; Siegel & Faux, 
1989) with still increasing mastery in grade eleven of secondary school (Calfee, 
Venezky, & Chapman, 1969). A recent developmental study conducted in the rela-
tively transparent Dutch language extended these findings by directly addressing 
letter - speech sound processing in a large sample of primary school dyslexic and 
non-impaired readers ranging from grade one to six (Blomert & Vaessen, 2009). The 
children were tested for accuracy ánd speed of letter - speech sound identification 
and discrimination. Accuracy data indicated that it took till age eleven (grade 5) 
before children with dyslexia processed the associations between letters and 

Thesis_Froyen_v3.pdf   59 17-9-2009   17:05:59



 60

speech sounds equally well as non-impaired age matched readers. Speed of letter – 
speech sound identification and discrimination performance, however, was slower 
than that of non-impaired readers in all grades up to the age of twelve and did not 
decrease significantly beyond age nine. Thus, dyslexic readers do show significant 
impairments in processing letter - speech sound associations and seem to do so 
over many years of reading development. It should however be noted that non-
impaired readers also did show a continuous development in the speed with which 
letter - speech sound correspondences are processed; i.e. speed of letter - speech 
sound discrimination, corrected for normal motor speed development, decreased 
significantly up to grade six (Blomert & Vaessen, 2009). These findings sharply con-
trast with the generally accepted assumption, that (in transparent orthographies) 
children accurately learn the associations between letters and speech sounds within 
months (Ziegler & Goswami, 2005). It therefore seems necessary to make a distinc-
tion between acquiring declarative knowledge of letter - speech sound relations and 
the automating of letter - speech sound processing. Only the last process may be 
relevant for explaining dyslexia, since dyslexic, like non-impaired, readers displayed 
letter knowledge mastery within one year of reading instruction, but did show slow 
and less accurate letter - speech sound processing (Blomert & Vaessen, 2009). To-
gether these findings lead to the question: What is the nature of the letter - speech 
processing problem in dyslexia and what is its role in the development of reading 
problems? 
 
Recently our insight in letter – speech sound processing in non-impaired readers has 
increased dramatically by several brain-imaging studies revealing the contours of a 
brain circuit for letter - speech sound processing in experienced readers (Blau, van 
Atteveldt, Formisano, Goebel, & Blomert, 2008; Hashimoto & Sakai, 2004; Raij, 
Uutela, & Hari, 2000; Van Atteveldt, Formisano, Blomert, & Goebel, 2007; Van Atte-
veldt, Formisano, Goebel, & Blomert, 2004) and dyslexic readers (Blau, Atteveldt, 
Ekkebus, Goebel, & Blomert, 2009). Interestingly, the time window for integration 
of letters and speech sounds was rather narrow; in normal adult readers, letters and 
speech sounds were successfully integrated only if the stimuli were presented si-
multaneously (Van Atteveldt, Formisano, Blomert et al., 2007). The evidence from 
these studies converges on heteromodal areas in the Superior Temporal Sulcus 
(STS) as a crucial locus for letter – speech sound processing. Van Atteveldt and col-
leagues furthermore revealed that not only heteromodal areas in STS, but also early 
auditory areas (Heschl’s sulcus and Planum Temporale) were involved in letter – 
speech sound integration. These results led to the proposal of the following neural 
mechanism for letter – speech sound processing in experienced readers: Sensory 
specific letter and speech sound input in early sensory areas not only converge but 
integrate in STS, immediately followed by feedback to “sensory specific” auditory 
areas signaling the adequacy of this letter - speech sound integration process (Blau 
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et al., 2008; Van Atteveldt et al., 2004; Van Atteveldt, Formisano, Goebel, & 
Blomert, 2007).  
To investigate the automaticity and time characteristics of this letter – speech 
sound integration process we conducted an event related potentials (ERP) study in 
which a pre-attentive component, the mismatch negativity (MMN), was employed 
(Froyen, van Atteveldt, Bonte, & Blomert, 2008). The MMN is an automatic auditory 
deviance detection mechanism with a major source located in the auditory cortex 
(Alho, 1995; Giard, 1990). It is evoked between 100 and 250 ms after stimulus onset 
when in a sequence of auditory stimuli a rarely presented sound (the deviant) devi-
ates in one or more aspects from a frequently presented sound (the standard) 
(Näätänen, 1995; Schröger, 1998). A similar sensitivity of the MMN was demon-
strated for language specific phonemic processes (Bonte, Mitterer, Zellagui, Poel-
mans, & Blomert, 2005; Bonte, Poelmans, & Blomert, 2007; Mitterer & Blomert, 
2003; Näätänen et al., 1997; Winkler et al., 1999) and language specific phonotactic 
regularities (Bonte et al., 2005; Bonte et al., 2007). These properties make the MMN 
the appropriate tool for investigating timing and degree of automaticity of letter 
influences on speech sound processing. In the Froyen et al. (2008) study the MMN 
evoked by a deviant speech sound /o/ violating a standard speech sound /a/ (audi-
tory only experiment) was compared with the MMN evoked by the same deviant 
speech sound /o/, now not only violating the standard speech sound /a/, but also 
the simultaneously presented standard letter “a” (audiovisual experiment). The 
MMN amplitude evoked in the audiovisual experiment was enhanced in comparison 
with the MMN amplitude in the auditory only experiment, presumably caused by 
the double cross-modal violation. Given the early and automatic evocation of the 
MMN, this enhancement strongly points to early and automatic letter - speech 
sound integration in experienced adult readers.  
To understand what the nature of letter – speech sound processing in dyslexia is, 
we must first know how this integration process develops in non-impaired readers. 
To this aim beginner and advanced but not yet experienced readers were investi-
gated in a subsequent study, using the exact same MMN-design as described above 
(Froyen, Bonte, van Atteveldt, & Blomert, 2009). The beginner readers in grade two 
had completed at least one year of reading experience and the advanced readers 
had completed at least four years of reading experience. In spite of the fact that 
beginner readers all showed full letter knowledge mastery, they did not show any 
indication of early and automatic letter – speech sound integration, i.e. no effect of 
letters on speech sound processing within the MMN time-window. Although highly 
experienced readers only showed automatic integration of letters and speech 
sounds if these were presented simultaneously (Froyen et al., 2008; Van Atteveldt, 
Formisano, Blomert et al., 2007), the advanced readers only revealed early and 
automatic integration if letters preceded speech sounds by 200 ms. Thus, even after 
four years of reading instruction in a relatively transparent orthography, letter – 
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speech sound integration appeared not yet fully developed. Interestingly, both age 
groups also revealed a second systematic late effect (at 650 ms after stimulus onset) 
of letter - speech sound processing, which was not observed in the earlier adult 
study (Froyen et al., 2008). The results of both studies taken together indicate that 
these late effects only occurred if early integration was still developing. It was there-
fore suggested that the early effect of letters on speech sound processing reflected 
automatic integration, while the late effect was assumed to reflect a not yet auto-
matic association process (Froyen et al., 2009). The development from mere asso-
ciation to automatic integration of letters and speech sounds seems to involve sev-
eral years of reading experience even in non-impaired readers. These findings once 
again question the assumption of the establishment of stable letter - speech sound 
associations within months of reading instruction in non-impaired readers and the 
explanatory value of ‘unstable’ letter - speech sound relations in the context of the 
phonological deficit theory of dyslexia. The availability of a suitable method to 
measure, pre-attentively and with high temporal resolution, neural correlates of 
letter – speech sound processing, makes it possible to investigate the widely as-
sumed, but rarely tested, ‘unstable’ letter - speech sound associations in dyslexic 
children.  

The present study 

We investigated the brain responses to letter – speech sound pairs in eleven year 
old dyslexic children (grade 5) with the exact same MMN paradigm as was used to 
study letter - speech sound processing in adult (Froyen et al., 2008), advanced 
(grade 5) and beginner (grade 1) non-impaired readers (Froyen et al., 2009). This 
allowed us to evaluate any signs of automatic letter – speech sound processing in 
the previously determined relevant early and late time-windows, by comparing the 
present findings with the previous findings for non-impaired reading chronological 
age matched peers as well as with those for the younger reading level matched 
readers. Since the time-window for integration had been shown to be critical in 
these studies we systematically manipulated the time-window of stimulus presenta-
tion: the letter appeared either 200 ms before speech sound onset, at 200 ms 
stimulus onset asynchrony (SOA), or the letter and speech sound were presented 
simultaneously, at 0 ms SOA.  
We predict first a typical MMN in the auditory only condition since deviants and 
standards are clearly distinguishable from each other. Secondly, considering the 
indications for less successful integration of letters and speech sound in children 
with dyslexia (see above), we expected no modulation or a smaller enhancement of 
the MMN-amplitude in the audiovisual conditions in comparison with age matched 
controls. Thirdly, since dyslexic 11 year old readers show full letter knowledge mas-
tery in addition to equal accuracy of letter – speech sound identification and dis-
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crimination in comparison with age matched non-impaired readers (Blomert & 
Vaessen, 2009), we predicted a similar late association effect of letters on speech 
sound processing as observed previously in age matched non-impaired readers 
(Froyen et al., 2009).  

Methods 

Participants 

Eighteen subjects participated in all three conditions. Data of two subjects were 
discarded due to excessive movement, retaining 16 subjects in the analysis (four 
female, range 10;0 to 12;07, mean age 11;05 years). All children were given a pre-
sent for participation. Informed consent was obtained from the children and the 
parents. Approval for the study was granted by the Ethical Committee of the Faculty 
of Psychology at the University of Maastricht. All participants were native Dutch 
speakers. The participants were recruited from the Regional Institute of Dyslexia 
(RID), one of the major specialized dyslexia institutes in The Netherlands. The child-
ren in this group were monolingual native speakers of Dutch, diagnosed as dyslexic 
without any other dysfunctions (IQ ≥ 85, no hearing, neurological or psychological 
problems) after an extensive cognitive psycho-diagnostic procedure by the RID. We 
tested reading performance of the included participants in the same week as the 
ERP measurement by means of a combined word and pseudoword standardized 
test (Blomert & Vaessen, 2009). Each and every participant performed within the 
lowest 10th percentile rank (group mean percentile rank = 5.0; SE 1.3). 

Stimuli 

Stimuli were speech sounds, /a/ (384 ms) and /o/ (348 ms), and the visually pre-
sented single letter “a”. for comparison purposes we used the same stimuli as used 
in the adult study (Froyen et al., 2008) and in the developmental study (Froyen et 
al., 2008). To ensure a typical MMN reflecting speech sound processing, we used 
natural vowels (Näätänen, 2001). Furthermore, we choose the vowels /o/ and /a/, 
since these speech sounds were likely to evoke an MMN in dyslexic children. Csépe 
(2003) used consonant (/ba/ vs. /pa/ and /ba/ vs. /ga/) and vowel contrasts (/e/ vs 
/i/ and /e/ vs /o/) to investigate phonemic processing in dyslexia, and found that 
dyslexic children showed a typical MMN to vowels that, like the /a/ and /o/, differ in 
rounding. 
 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 presented in white on a black background in the 
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centre of a computer screen for 500 ms, printed in lower case 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 approxi-
mately 1.2 by 0.8 degrees. During fixation periods, a white fixation cross was pre-
sented in the centre 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, there were three different conditions, one auditory and two audiovisual 
conditions. In all three conditions subjects listened to the speech sounds /a/ (stan-
dard, 90%) and /o/ (deviant, 10%). In the auditory condition subjects listened to 
these speech sounds while watching a silent movie. In the two audiovisual condi-
tions subjects listened to the same speech sounds, while watching single letters. 
Children were instructed not to move their eyes and sit quietly. To ensure that sub-
jects were consistently focusing the screen, in the audiovisual conditions, periodi-
cally a full color picture of a present appeared in between trials. Children were in-
structed to press a button when this picture was presented. The two audiovisual 
conditions differ only with regard to the stimulus onset asynchrony (SOA) between 
the presentation of the letter and the speech sound. The letter appeared simulta-
neously (AV0) with the speech sound or 200 ms earlier (AV200). Each condition 
consisted of 4 experimental blocks with 534 trials each. Trial length was always 1250 
ms. The three conditions (A, AV0 and AV200) were presented in two sessions. In the 
first session one of the audiovisual conditions was presented, immediately followed 
by the auditory condition, while in the second session the remaining audiovisual 
condition was presented. The order of the audiovisual conditions (first or second 
session) was balanced over subjects.  

Recording and 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 International 
10–20 system, (Nuwer et al., 1998)) relative to a nose reference. Eye-movements 
and blinks were measured with bipolar VEOG/HEOG channels. All electrode imped-
ance levels (EEG and EOG) were kept below 5 kΩ. EEG data were epoched from -50 
to 850 ms relative to stimulus onset, baseline corrected (50 ms pre-stimulus inter-
val), and 1–30 Hz band pass filtered (NeuroScan 4.2). Epochs containing data ex-
ceeding a maximum voltage criterion of 75 μV were rejected. Standards immedi-
ately 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. 90 ep-
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ochs on a total of 300 per condition, were excluded from analysis. The resulting 
cleaned data sets did not show any confounds due to motion or eye-movement 
artifacts.  Epochs were averaged separately for each condition and each participant. 
Difference waves were calculated by subtracting the ERPs to the standard condition 
from ERPs to the deviant condition.  
Statistical analyses were performed on four electrodes covering the frontocentral 
(Fz, Cz, FC3, FC4) regions of the brain to investigate the auditory MMN and the late 
negativity as reported in the developmental study (Froyen et al., 2009). From the 
difference waveforms we derived two dependent variables per time-window for 
each electrode: (I) the latency measured at the maximum amplitude within each 
predefined time-window and (II) the amplitude measured as the mean amplitude 
across 50 ms centered around the individual peak latency (separately for each sub-
ject, condition and electrode). 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. All 
reported p-values from the repeated measures ANOVA were Greenhouse-Geisser 
corrected and all post-hoc tests were Bonferroni-corrected. 

Results 

First, the MMN to speech sounds in isolation and in the context of letters are pre-
sented. Secondly, we analyzed the data in search of a Late Negativity to speech 
sounds in isolation and a possible modulation in the context of letters. Furthermore, 
a correlation of the effect of letters on speech sound processing with reading meas-
ures was calculated. Finally, the results of the present study are compared with the 
results of the exact same experiment conducted with typically reading eight and 
eleven year olds (Froyen et al., 2009). 

1. Effect of letter on the MMN to speech sounds? 

Auditory only condition: We first analyzed the auditory condition to probe a typical 
MMN evoked by a deviant speech sound in a standard speech sound context. Figure 
1A shows grand average ERPs for standard and deviant stimuli and difference wave-
forms (deviant minus standard) obtained in the auditory condition as measured at 
the central electrode sites (Fz, Cz, Pz and Oz). The speech sound deviant elicited an 
MMN with average peak latency of 164 ms (averaged over the four frontocentral 
electrodes, 30 ms SD) after the onset of the auditory stimulus (Table 1), with a to-
pographical distribution (Figure 2) that is typically reported for the MMN (Picton, 
Alain, Otten, Ritter, & Achim, 2000; Schröger, 1998). A one-sampled t-test of the 
mean area amplitudes of the difference waves at the frontocentral electrode sites 
(Fz, Cz, FC3 and FC4) revealed significant differences from zero at all four frontocen-
tral electrode sites, indicating a typical MMN evoked by deviant speech sounds in 
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children with dyslexia: at Fz, t(15) = -5.15; p < 0.001, at Cz, t(15) = -5.27; p < 0.001, 
at FC3, t(15) = -5.42; p < 0.001 and at FC4, t(15) = -4.53; p < 0.001. 
To assure that the dyslexic participants were able to discriminate the speech sounds 
in isolation equally well as non-impaired readers, we compared the MMN obtained 
in the present study with the MMN obtained in previous studies with non-impaired 
adults (Froyen et al., 2008) and children (Froyen et al., 2009). A repeated measures 
ANOVA on the mean area amplitudes was performed with electrode (Fz, Cz, FC3 and 
FC4) as within subject factor and group (dyslexic, beginner, advanced and experi-
enced readers) as between subject factor. There was no interaction effect between 
electrode and group, F(9, 153) < 1 and no main effect of group, F(3, 51) < 1, indicat-
ing no speech sound discrimination problems in the early time-window of the MMN. 
 
Audiovisual versus auditory only condition: To check for an effect of letters on early 
speech sound processing, the MMN evoked in the auditory condition was compared 
with the MMN in both audiovisual conditions (AV0 and AV200). In all 3 conditions 
the deviant speech sound stimulus elicited a negativity with an average peak latency 
(averaged over the four frontocentral electrodes) at 170 ms (27 ms SD) after audi-
tory stimulus onset (Figure 1 light grey rectangle), with a typical topographical dis-
tribution of the MMN (Figure 2). Average peak latencies (averaged over the four 
frontocentral electrodes) were 170 ms (23 ms SD) for AV0 and 177 ms (27 ms SD) 
for AV200 after the onset of the auditory stimulus (Table 1). The latency values are 
reported with respect to the onset of the auditory stimulus. A repeated measures 
ANOVA on the latency of the MMN over the conditions did not show a significant 
effect on latency, F (2,30) = 1.4, p = 0.261.  
 
Subsequently, amplitude properties of ERP activity in the MMN time-window were 
analyzed using a mixed ANOVA with two within-subject factors, electrode sites (4) 
and condition (3). There was no significant interaction between electrodes and 
condition, F(6, 90) = 1.01, p = .409, and no main effect of condition, F(2, 30) = 1.63; 
p = 0.219. The similarity of the topographical distribution, latency and amplitude of 
the MMN in all three conditions indicated similar speech sound processing in this 
early time-window unaffected by letters in the audiovisual experiment.  
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Figure 1. Grand average and difference waves as observed on four midline electrodes (Fz, Cz, Pz and Oz) in 
the three conditions. The grey bars indicate the time-windows of interest. 

2. Effect of letter on the Late Negativity to speech sounds? 

Auditory only condition: Clearly, in the auditory condition, the dyslexic children did 
not evoke a Late Negativity to a deviant speech sound. Around 650 ms after stimu-
lus onset deviant and standard grand-average waves reveal similar amplitudes re-
sulting in a difference wave remaining around zero (Figure 1A, Figure 2 solid line). 
Consequently, one-sampled t-tests of the mean area amplitudes of the difference 
waves around 650 ms revealed no significant differences from zero at all four fron-
tocentral electrode sites, at Fz, t(15) < 1, at Cz, t(15) < 1, at FC3, t(15) < 1 and at FC4, 
t(15) < 1. 
 
Auditory versus audiovisual conditions: Within the group of children with dyslexia a 
repeated measures ANOVA (condition x electrode) of the latency measures showed 
no interaction effect, F(6, 90) < 1, and no main effect of condition F(2, 30) < 1. A 
repeated measures ANOVA (condition x electrode) of the amplitude measures, 
however, revealed no significant interaction effect, F(6, 90) < 1, but a significant 
main effect of condition, F(2,30) = 9.76; p = 0.003. Post hoc t-tests (Bonferroni cor-
rected) revealed a significant difference between the auditory and the audiovisual 
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condition AV200, p = .004, and a significant difference between the audiovisual 
condition AV0 and the audiovisual condition AV200, p < .001, but not between the 
auditory condition and the audiovisual condition AV0, p = 1. Apparently, at 650 ms 
after speech sound onset, there is a systematic influence of letters on speech sound 
processing in dyslexic readers, but only when the letter is presented 200 ms before 
the speech sound. 
 

Table 1. Peak latency and mean area amplitude measures on the four frontocentral electrodes with
standard errors of the mean of dyslexic readers for the three conditions 

Difference waves Auditory  Audiovisual 0 ms SOA  Audiovisual 200 ms SOA 

MMN 
Peak latency ± SE (ms) 
Fz   153 ± 9   169 ± 6   181 ± 7 
Cz   167 ± 7  169 ± 6   172 ± 6 
FC3   165 ± 7  170 ± 5   176 ± 6 
FC4   169 ± 7  170 ± 6   175 ± 8 
Mean area ± SE (µV) 
Fz   -2.14 ± 0.4  -2.21 ± 0.4   -3.06 ± 0.3  
Cz   -2.33 ± 0.4  -2.64 ± 0.5   -3.00 ± 0.3 
FC3   -2.00 ± 0.3  -2.15 ± 0.4   -2.65 ± 0.4 
FC4   -1.98 ± 0.4  -2.48 ± 0.4   -2.90 ± 0.3 
lMMN 
Peak latency ± SE (ms) 
Fz   691 ± 7  678 ± 9   687 ± 10 
Cz   686 ± 7  678 ± 9   686 ± 10 
FC3   683 ± 9  677 ± 10   691 ± 9 
FC4   690 ± 7  678 ± 8   687 ± 9 
Mean area ± SE (µV) 
Fz   0.09 ± 0.3  0.05 ± 0.2   -1.27 ± 0.2  
Cz   0.16 ± 0.5  0.15 ± 0.2   -1.16 ± 0.3 
FC3   0.08 ± 0.4  0.11 ± 0.3   -1.18 ± 0.2 
FC4   0.10 ± 0.4  -0.09 ± 0.2   -1.25 ± 0.2 

 
Correlations with behavioral measures: A single measure of the influence of the 
letter on speech sound processing around 650 ms was calculated in order to be able 
to check for correlations with behavioral measures. To obtain a single Late Negativ-
ity effect measure, the amplitude of the Late Negativity in the auditory only condi-
tion was subtracted from the amplitude in the audiovisual condition with 200 ms 
SOA. Correlations were calculated between this single Late Negativity effect meas-
ure and performance on word and pseudo word reading, phonological awareness 
and rapid naming. Since the reading test used for subject selection combined word 
and pseudoword reading (Blomert & Vaessen, 2009), we now used the standardized 
scores on a one minute word reading (Brus & Voeten, 1973) and a two minutes 
pseudoword reading task (Van den Bos, lutje Spelberg, Scheepsma, deVries, 1999) 
also administered before the electrophysiological measurement. Since accuracy of 
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performance on phonological awareness tasks often reaches ceiling within the first 
years of reading instruction in transparent languages, we used the reaction times of 
the responses on the phoneme deletion task. We furthermore included speed 
scores for rapidly naming letters and digits. 
 

 
Figure 2: Difference waves from the auditory and audiovisual experiments with the time windows of 
interest indicated with grey bars. 

 
Only word reading correlated strongly with the Late Negativity effect measure, r = -
.632; p = .011; pseudoword reading somewhat less r = -.495; p = .060 (see Figure 3). 
There was no significant correlation with scores on rapid naming, r = .258; p = .354, 
or phoneme deletion, r = -.061; p = .829. The negative correlations mean that a 
stronger effect of letters on the Late Negativity goes with better behavioral per-
formance. A hierarchical regression analysis with word and non-word reading as 
predictor explained 42 % of the variability in the Late Negativity effect measure 
(word reading alone explained already 40% of the variance). 
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Figure 3: Correlation between word (left) and pseudoword (right) reading (standard scores; mean 10, SD 2) 
and the late negativity effect calculated per participant. 

3. Comparison with previously collected data: 

As summarized in table 2, the present results clearly resembled the previously 
found letter - speech sound processing pattern of beginner readers (Froyen et al., 
2009), but differed in all aspects from the age matched advanced reading peers: In 
the early MMN time-window, letters had no effect on speech sound processing, 
while in the Late Negativity time-window, there was an effect of letters but only at 
200 ms SOA. So, no letter - speech sound integration and no association if letters 
and speech sound occur in synchrony. Although fifth grade dyslexic children thus 
resemble non-impaired reading second graders in their processing of letter - speech 
sound associations, they clearly differ from them when processing speech sounds in 
isolation. Only beginner readers and not dyslexic children (this study), nor advanced 
(Froyen et al., 2009) or adult readers (Froyen et al., 2008), revealed any late negativ-
ities in response to deviant speech sounds alone. A repeated measures ANOVA on 
the amplitude of the Late Negativity in the auditory condition with electrode as a 
within subject factor and group as a between subject factor revealed no interaction, 
F(9, 150) < 1, but a significant main effect of group, F(3, 50) = 4.19; p = 0.010. Post 
hoc t-tests (Bonferroni corrected) reveal no difference between the children with 
dyslexia and the advanced readers, p = 1, or with the adult readers, p = 1, but a 
significant difference with the beginner readers, p = 0.009. Dyslexic readers thus 
revealed a normal pattern of speech sound processing adequate for their age, 
whereas beginner readers revealed less automaticity of speech sound discrimina-
tion. In summary (see Table 2), dyslexic readers distinguish between the presently 
used speech sounds in a similar way as peers and adults, but do not develop the 
automatic integration of letters and speech sounds characteristic of these same 
readers and presumably necessary for the development of fluent reading. 
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Table 2. Comparison of dyslexic eleven year old children (present study) with non-impaired reading eight 
and eleven year old (Froyen et al., 2009) and adult readers (Froyen et al., 2008). 

   Unimodal  Crossmodal effect  Unimodal  Crossmodal effect 
   MMN  SOA 0 SOA 200   Late Neg SOA 0 SOA 200 

Present study 
11 y dyslexic: YES NO NO  NO NO YES 
Froyen et al. 2008 
7 y non-impaired: YES NO NO  YES NO YES 
 
11 y non-impaired: YES NO YES  NO YES NO 
Froyen et al. 2009 
Adult non-impaired: YES YES NO  NO NO NO 

Discussion 

The present study explored the neural correlates of letter - speech sound processing 
in dyslexic children. More particularly we wanted to know if dyslexic children re-
vealed anomalies during the processing of letter - speech sound pairs and if so what 
the nature of this anomaly would be. To this aim we used an MMN paradigm in 
which we presented speech sounds in isolation and in the context of corresponding 
letters. We hypothesized that the deviant speech sound would elicit a typical MMN 
in both conditions, whereby amplitude changes of the MMN in the cross-modal 
condition were hypothesized to signal early and automatic letter - speech sound 
integration as revealed in earlier studies with non-impaired readers (Froyen et al., 
2008). Since a previous study also revealed systematic letter - speech sound effects 
in eight and eleven year old children at a much later time –window (Froyen et al., 
2009) we focused on the occurrence of possible early automatic integration effects 
and late association effects of letters and speech sounds in dyslexic children with 
four years of reading instruction. The overall results revealed that, in contrast to 
chronological age matched non-impaired readers, dyslexic children did not auto-
matically integrate letters and speech sounds even after four years of reading ex-
perience. At the same time, they did show normal brain responses to the same 
speech sounds if presented without letters. 

MMN 

Before checking for early and automatic cross-modal effects of letters on speech 
sound processing, it is important to assure a typical MMN in dyslexic readers. Dys-
lexic readers elicited a typical MMN in terms of amplitude, latency and topographi-
cal distribution (Picton et al., 2000; Schröger, 1998). We therefore compared the 
MMN to speech sounds in isolation obtained in dyslexics with the MMN obtained in 
beginner, advanced (Froyen et al., 2008) and adult readers (Froyen et al., 2008). No 
differences were found in amplitude, latency, or topographical distribution with the 
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MMN of the non-impaired readers from the previous studies. In agreement with an 
earlier study using vowels differing in ‘rounding’ (Csépe, 2003), the results indicated 
that dyslexic readers discriminated the present speech sounds equally well as non-
impaired readers. 
Next, the influence of letters on speech sound processing in dyslexic readers was 
investigated. Comparing the MMN obtained in the auditory condition with the 
MMN obtained in the two audiovisual conditions (AV0 and AV200) revealed no 
differences in amplitude, latency, or topographical distribution. Apparently, letters 
did not influence early speech sound processing. Consequently, there is no indica-
tion for early and automatic letter – speech sound integration in dyslexic children, 
despite four years of reading experience. This sharply contrasts with the results 
from non-impaired age matched readers (Froyen et al., 2008), who did show early 
and automatic integration effects. In fact, the present results resembled the results 
from the beginner readers with approximately one year of reading experience. This 
means that eleven year old children with dyslexia, like eight year old non-impaired 
readers, do not automatically integrate letters with speech sounds.  

Late Negativity 

Because of the lack of early integration effects, we hypothesized that dyslexic chil-
dren would elicit a late letter - speech sound association effect reflecting their abil-
ity to accurately link letters with their corresponding speech sounds as shown in 
previous behavioral studies (e.g., Blomert & Vaessen, 2009). This was indeed the 
case: Dyslexic readers did show a late association effect. However in the previous 
developmental study, age matched non-impaired readers only revealed such an 
association effect, if the stimuli were presented in synchrony, that is, in the very 
narrow time-window that was also characteristic for adult early cross-modal inte-
gration effects (Froyen et al., 2008; Van Atteveldt, Formisano, Blomert et al., 2007). 
Since the present dyslexic readers did not show any late effects in this narrow time-
window, but only revealed late association effects in a much wider time-window, 
we interpret this as an indication that even the association between corresponding 
letters and speech sounds is still weak after four years of reading instruction. In fact, 
the results of the dyslexic children mimic the results reported for beginner readers 
who experienced only one year of reading instruction (Froyen et al., 2008). Although 
previous behavioral data reported no accuracy differences in letter - speech sound 
congruency detection between dyslexic and non-impaired readers anymore in grade 
five, dyslexic children still were significantly slower than their non-impaired reading 
peers (Blomert & Vaessen, 2009). The present results suggest that these longer 
response latencies are a consequence of a weaker neural association between cor-
responding letters and speech sounds.  
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The present results confirm the existence of a Late Negativity around 650 ms after 
stimulus onset, first described in the developmental study by Froyen and coautors 
(2008). This component is clearly distinguishable from the earlier described Late 
MMN appearing around 450 ms (Cheour, Korpilahti, Martynova, & Lang, 2001; Kor-
pilahti, Krause, Holopainen, & Lang, 2001). Except in beginner readers (Froyen et al., 
2008), the Late Negativity was not evoked by speech sounds alone and, conse-
quently, might reflect cross-modal association effects. It is unlikely that the Late 
Negativity is specifically reflecting letter – speech sound association and whether or 
not this component reflects non-specific audiovisual association or even more gen-
eral association processes remains to be investigated. However, the correlations of 
this late negativity particularly with word reading performance warrant further 
explorations of the specificity of the processes involved. Although there is an obvi-
ous trade off with the total duration time of an experiment, the present study 
shows that it might be worthwhile to consider increasing epoch lengths whenever 
one conjectures cross-modal association effects. 
In closing we would like to note that in our previous developmental study we could 
only speculate about the contributions of brain maturation and increasing reading 
experience to the observed ERP effects (Froyen et al., 2008). The present results 
allow us to infer that it was likely reading experience and level of reading expertise 
and not brain maturation per se which constituted the main source of the previ-
ously observed neural activation differences between eight and eleven year old 
readers. If brain maturation had been the main contributor, dyslexic eleven year old 
children would probably have resembled the results of the age matched non-
impaired readers much more closely.  

Theoretical Implications 

Mainstream theory of dyslexia assumes that reading problems encountered by 
dyslexic children are a consequence of a phonological deficit (Vellutino et al., 2004; 
Ziegler & Goswami, 2005). These phonological problems are assumed to cause read-
ing failure, because, when learning to read, a dyslexic child is taught to associate 
these ill-formed phonological representations to letters, resulting in ‘unstable’ letter 
- speech sound pairs (see introduction). After more than a quarter of a century of 
research into the assumed causal phonological deficits in dyslexia, a clear descrip-
tion of the mechanisms involved in letter - speech sound processing, and the failure 
thereof because of phonological problems, is still lacking. The present results con-
firm that dyslexics do exhibit problems when associating letters and speech sounds, 
albeit in a different form than previously assumed and, interestingly, in the context 
of intact processing of the same speech sounds if processed in isolation.  
Stable letter – speech sound associations are assumed to be required for learning to 
read (Ehri, 2005; Frith, 1985). The present results build on this assumption by show-
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ing that it is necessary to refine the meaning of the concept of “letter – speech 
sound association” to understand the way it may impact reading. The present re-
sults strongly indicated that knowledge of the relations between letters and speech 
sounds is not sufficient for adequate reading development; i.e., declarative knowl-
edge of letter – speech sound associations is not the same as the procedural use of 
this knowledge during reading. In stead, learning to read fluently requires that 
learned associations between letters and speech sounds develop into an automati-
cally integrated letter – speech sound compound. Dyslexic children not only seemed 
to fail at integrating letter – speech sound pairs, but even the mere associations 
between letters and speech sounds were still very weak after four years of reading 
instruction. Support for these results comes from a recent neuro-imaging study 
showing that even adult dyslexics with at least 10 years of reading instruction and 
years of compensatory reading remediation did exhibit anomalous letter - speech 
sound processing (Blau et al., 2009). Adult dyslexic readers did show comparable 
brain activity as their non-impaired reading peers, when processing congruent letter 
- speech sound pairs. However, they also processed incongruent letter - speech 
sound pairs as if they were actually congruent. In contrast, non-impaired readers 
immediately suppressed these incongruent letter speech sound pairs. The discrep-
ancy between this evidence for an almost life-long failure to adequately integrate a 
few dozen letter- speech sound pairs (in transparent languages) stands in bewilder-
ing contrast with, first, the widespread assumption that children learn letter - 
speech sound associations within a few months (e.g. Ziegler & Goswami, 2005) and, 
second, the observation that dyslexic and non-impaired readers all show ceiling 
performance on letter knowledge tasks at the end of first grade (Aarnoutse et al., 
2000; Willems et al., submitted). We interpreted the longer response latencies of 
the dyslexics for letter - speech sound discrimination reported in Blomert and Vaes-
sen (2009) as a consequence of the weak association and absence of integration of 
letters and speech sounds found in the present study. We would also like to ad-
vance this interpretation as a tentative explanation for the observation that reading 
fluency is the best defining and hardest to remediate aspect of dyslexic reading in 
transparent orthographies (Mann & Wimmer, 2002).  
This leaves us with the notorious question of the chicken and the egg regarding the 
causes and consequences of reading deficits in dyslexia. The phonological deficit 
hypothesis assumes that degraded phonological representations hamper the acqui-
sition of stable letter – speech sound associations resulting in deficient reading and 
spelling development (Vellutino et al., 2004; Ziegler & Goswami, 2005). However, 
our dyslexic children did not differ from their age matched controls in the percep-
tion of speech sounds in isolation. The MMN to speech sounds in isolation in the 
present study did not differ from the MMN in beginner, advanced (Froyen et al., 
2009) and adult non-impaired readers (Froyen et al., 2008),  indicating sufficiently 
effective phoneme categories. The present finding that the same speech sounds, 
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which were correctly discriminated, were only weakly associated with their corre-
sponding letters, therefore does not seem to support the mainstream line of rea-
soning from a phonological deficit to letter - speech sound problems, but seems to 
point to a generic letter - speech sound association problem. This interpretation is 
supported by the finding that the poor phonological awareness performance did not 
correlate with the late negativity effect (presumably an index for the quality of let-
ter – speech sound association), but reading performance clearly did. In sum, we 
think that the present findings point to a generic letter - speech sound association 
problem in dyslexia, which does not seem to be caused by a phonological problem.  
The causal role of a phonological deficit in dyslexic reading problems has been ques-
tioned from its inception on different and equally valid grounds (Castles & 
Coltheart, 2004; Mann & Wimmer, 2002; Morais, Bertelson, Cary, & Alegria, 1986; 
Morais, Cary, Alegria, & Bertelson, 1979; Perfetti, Beck, Bell, & Hughes, 1987; Wag-
ner, 1987; Wimmer & Hummer, 1990). If the phonological deficit is indeed “more 
consequence than precondition” (Wimmer & Hummer, 1990) of dyslexic reading 
problems, than it is also unlikely that they are the cause of ‘unstable’ letter - speech 
sound associations. We therefore advance the possibility that the severe letter - 
speech sound association problems revealed in this study may actually constitute 
one of the generic and proximal causes of dyslexic reading problems. This has the 
evident advantage that such a specific cross-modal association deficit has a direct 
and theoretically and empirically valid relation with learning to read, a relation 
much less obvious in case of  a causal phonological deficit. 
In sum, fifth grade dyslexic children revealed no signs of automatic letter – speech 
sound integration, despite four years of reading instruction and accurate letter 
knowledge. In stead they did show weak letter – speech sound associations, compa-
rable to beginner readers with only one year of reading instruction. Interestingly 
they did not exhibit problems in processing the same speech sounds without letters. 
We interpreted these findings as the manifestation of a generic cross-modal deficit 
in letter - speech sound associations, very likely one of the proximal causes of read-
ing problems in dyslexia. 
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Chapter 5 

Exploring the role of low level visual 
processing in letter – speech sound 

integration: a visual MMN study 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on: 
Froyen, D., Van Atteveldt, N., & Blomert, L. (submitted). Exploring the role of low level visual processing 
in letter – speech sound integration: a visual MMN study 
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Abstract 

Letter – speech sound pairs can be seen as audiovisual objects. However, in contrast 
with for example audiovisual speech, the relation between visual and auditory 
properties of letters and speech sounds is artificial and learned only by explicit in-
struction. Nevertheless, in fluent readers, neurofunctional evidence indicates robust 
and automatic integration of letter – speech sound pairs. The arbitrariness of the 
audiovisual link together with the widespread usage of letter – speech sound pairs 
in alphabetic languages makes those audiovisual objects a unique subject for cross-
modal research. Brain imaging evidence has indicated that heteromodal areas in 
superior temporal, as well as modality-specific auditory cortex are involved in letter 
– speech sound processing. The role of low level visual areas, however, remains 
unclear. 
In this study the visual counterpart of the auditory mismatch negativity (MMN) is 
used to investigate the influences of speech sounds on letter processing. Letter and 
non-letter deviants were infrequently presented in a train of standard letters, either 
in isolation or simultaneously with speech sounds. Although previous findings 
showed that letters systematically modulate speech sound processing (reflected by 
auditory MMN amplitude modulation), the reverse does not seem to hold: our re-
sults did not show evidence for an automatic influence on letter processing by 
speech sounds (no visual MMN amplitude modulation). This apparent asymmetric 
recruitment of low level sensory cortices during letter - speech sound processing, 
contrasts with the symmetric involvement of these cortices in audiovisual speech, 
and is possibly due to the nature of the arbitrarily defined link between letters and 
speech sounds. 
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Introduction 

The ability to rapidly integrate cross-modal sensations originating from a single 
object allows more efficient and profound processing of our environment. The neu-
ral network of audiovisual speech processing, a classic example of audiovisual inte-
gration, involves multisensory integration sites as well as low level auditory and 
visual sensory systems, presumably via feedback projections (Calvert et al., 1999; 
Calvert, Campbell, & Brammer, 2000; Macaluso, George, Dolan, Spence, & Driver, 
2004). While recent studies revealed that multisensory as well as low level auditory 
processing are involved in a basic literacy skill such as letter – speech sound integra-
tion (Blau, van Atteveldt, Formisano, Goebel, & Blomert, 2008; Hashimoto & Sakai, 
2004; Van Atteveldt, Formisano, Blomert, & Goebel, 2007; Van Atteveldt, Formis-
ano, Goebel, & Blomert, 2004), the role of low level visual processing is less consis-
tently reported and is the objective of the present study.  
In alphabetic scripts, learning the associations between letters and speech sounds is 
a crucial step in reading acquisition (Ehri, 2005). Failure of this step during learning 
to read is proposed as a cause for reading problems in developmental dyslexia 
(Blau, Atteveldt, Ekkebus, Goebel, & Blomert, 2009; McCandliss & Noble, 2003; 
Vellutino, Fletcher, Snowling, & Scanlon, 2004). Insights in the neurocognitive na-
ture of letter – speech sound processing might therefore contribute to theories of 
normal and abnormal literacy development. A behavioral study, in which the nature 
of letter – speech sound processing was investigated, revealed differential influ-
ences of congruent and incongruent letter primes on reaction times in a speech 
sound identification task, suggesting automatic letter – speech sound integration 
(Dijkstra, Schreuder, & Frauenfelder, 1989). Converging evidence from several re-
cent neuro-imaging studies points to heteromodal areas in the Superior Temporal 
Sulcus (STS) as a crucial locus of this integration process (Blau, van Atteveldt, 
Formisano, Goebel, & Blomert, 2008; Hashimoto & Sakai, 2004; Raij, Uutela, & Hari, 
2000; Van Atteveldt, Formisano, Blomert, & Goebel, 2007; Van Atteveldt, Formis-
ano, Goebel, & Blomert, 2004). In these studies, letter – speech sound pairs acti-
vated areas in STS stronger in comparison with single letters or speech sounds. Van 
Atteveldt and colleagues (2004; 2007a) furthermore showed that not only hetero-
modal areas in STS, but also early auditory areas (Heschl’s sulcus and Planum Tem-
porale) are involved in letter – speech sound integration. Congruent letter – speech 
sound pairs activated early auditory areas more in comparison with incongruent 
pairs (congruency effect). Based on these results the following neural mechanism 
for letter – speech sound processing was proposed: Sensory specific input in early 
sensory areas and letter – speech sound integration in STS, followed by feedback to 
“sensory specific” auditory areas modulating speech sound processing depending 
on the congruency of the letter - speech sound combinations (Blau, van Atteveldt, 
Formisano, Goebel, & Blomert, 2008; Van Atteveldt, Formisano, Blomert, & Goebel, 
2007; Van Atteveldt, Formisano, Goebel, & Blomert, 2004).  
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In contrast with what is observed during audiovisual speech processing, no integra-
tion effect was found in low level visual areas during passive letter – speech sound 
processing (Van Atteveldt, Formisano, Blomert, & Goebel, 2007; Van Atteveldt, 
Formisano, Goebel, & Blomert, 2004). This indicates an asymmetry in the involve-
ment of early sensory areas when integrating letters and speech sounds, which is in 
agreement with the asymmetry in the representations of letter – speech sound 
associations found on a behavioral level (Dijkstra, Frauenfelder, & Schreuder, 1993; 
Hardy, Smythe, Stennet, & Wilson, 1972). However, the involvement of low level 
visual areas has been reported in two studies (Blau, van Atteveldt, Formisano, 
Goebel, & Blomert, 2008; Herdman et al., 2006). In a magnetoencephalography 
(MEG) study, subjects were required to make a congruency decision on the pre-
sented letters and speech sounds (Herdman et al., 2006). Cortical oscillations re-
vealed congruency effects in low level visual areas between 250 and 500 ms. Such a 
congruency effect was not found for the same task when functional magnetic reso-
nance imaging (fMRI)  was used (Van Atteveldt, Formisano, Goebel, & Blomert, 
2007), suggesting that the use of a high temporal resolution method may be critical 
for revealing relevant effects. This suggestion seems contradicted by an fMRI-study 
by Blau and colleagues (2008), in which congruency effects were observed in extra-
striate areas while subjects were identifying speech sounds co-occurring with con-
gruent or incongruent letters. However, in this study, degraded letters were pre-
sented, possibly requiring stronger involvement of low level visual areas already 
during unimodal processing in comparison with non-degraded letters. 
The role of low level visual areas during passive letter – speech sound integration 
has not been investigated before with a high temporal resolution method.  How-
ever, in two recent ERP-studies, the auditory mismatch negativity (aMMN), known 
to reflect automatic auditory deviancy detection, was successfully employed to 
investigate the automaticity and timing properties of the influence of letters on low 
level speech sound processing (Froyen, Bonte, van Atteveldt, & Blomert, 2009; 
Froyen, van Atteveldt, Bonte, & Blomert, 2008). The aMMN is evoked between 100 
and 250 msec after stimulus onset when in a sequence of auditory stimuli a rarely 
presented sound (the deviant) deviates in one or more aspects from a frequently 
presented sound (the standard) (Näätänen, 1995; Schröger, 1998). The aMMN is an 
automatic and purely auditory deviance detection mechanism with a major source 
located in the auditory cortex (Ahlo, 1995; Giard, 1990). The aMMN evoked by the 
deviant speech sound /o/ violating the standard speech sound /a/ (auditory only 
experiment) was compared with the aMMN evoked by the deviant speech sound 
/o/ violating both the standard speech sound /a/ and the simultaneously presented 
standard letter “a” (audiovisual experiment) (Froyen, van Atteveldt, Bonte, & 
Blomert, 2008). The aMMN amplitude evoked in the audiovisual experiment was 
enhanced in comparison with the aMMN amplitude in the auditory only experi-
ment, presumably caused by the double deviation of the deviant speech sound from 
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the standard speech sound and the standard letter. Considering the properties of 
the aMMN, this enhancement strongly points to early and automatic influences of 
letters on speech sound processing. Recently, the same MMN paradigm was suc-
cessfully employed to investigate the influence of reading development on the time 
course and automaticity of letter – speech sound processing (Froyen, Bonte, van 
Atteveldt, & Blomert, 2009), which validated this paradigm as a tool to investigate 
letter – speech sound processing passively and non-invasively. 

 
Interestingly in this light, recently a number of studies have found converging evi-
dence for the existence of a visual counterpart of the aMMN (Berti & Schröger, 
2003; Czigler, 2007; Czigler, Balazs, & Pato, 2004; Heslenfeld, 2003; Maekawa et al., 
2005; Tales, Newton, Troscianko, & Butler, 1999). The visual MMN (vMMN) is de-
scribed as a negativity measured at the occipital electrodes between 150 and 350 
msec after the onset of an infrequent (deviant) visual stimulus in a sequence of 
frequently presented (standard) visual stimuli. The vMMN is suggested to have 
similar properties as the aMMN. It can be evoked pre-attentively and it reflects the 
use of a memory representation of regularities of visual stimulation (Czigler, 2007). 
The vMMN has been reported to be elicited by deviants differing in spatial fre-
quency (Heslenfeld, 2003; Kenemans, Grent-'t Jong, & Verbaten, 2003), line orienta-
tion (Astikainen, Ruusuvirta, Wikgen, & Korjonen, 2007) and shape (Maekawa et al., 
2005; Tales & Butler, 2006; Tales, Haworth, Wilcock, Newton, & Butler, 2008; Tales, 
Newton, Troscianko, & Butler, 1999). The neural sources are suggested to reside in 
the extrastriate areas of the brain (Czigler, Balazs, & Pato, 2004). The properties of 
the vMMN make it an appropriate tool to look for automatic influences of speech 
sounds on letter processing and investigate the time course of these influences.  
In the present study the vMMN evoked by a deviant letter in a visual-only experi-
ment (Figure 1A) is compared with the vMMN evoked by the same deviant letter 
accompanied by a standard speech sound (audiovisual, Figure 1B).  As a control for 
the letter-specificity of potential auditory effects on the vMMN, a second deviant, 
the non-letter ‘*’, was included. First, we predict a typical vMMN in the visual-only 
experiment, probably stronger for the non-letter deviant because it deviates more 
in basic visual features from the standard visual stimulus. Second, if there is, due to 
integration, an automatic influence of the speech sound on letter processing, this is 
expected to be reflected in an effect of experiment (visual versus audiovisual) on 
the vMMN amplitude in analogy to the aMMN studies (Froyen, Bonte, van 
Atteveldt, & Blomert, 2009; Froyen, van Atteveldt, Bonte, & Blomert, 2008). Third, if 
this influence is letter-specific, we expect a differential effect of the speech sound 
on the vMMN evoked by the letter versus the non-letter, reflected in an interaction 
between experiment (visual versus audiovisual) and condition (letter versus non-
letter). 
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Material and Methods 

Participants 

Twelve subjects participated in the visual-only experiment, (10 female, range 18 to 
28, mean age 21.65 years) and twelve subjects participated in the audiovisual ex-
periment, (9 female, range 20 to 33, mean age 24.69 years). Subjects were ran-
domly assigned to either the visual only or the audiovisual experiment. Subjects 
were all students who were paid for their participation or received course credits 
per experiment. Informed consent was obtained from all the subjects, according to 
the approval by the Ethical Committee of the Faculty of Psychology and Cognitive 
Neuroscience, Maastricht.  

Stimuli and procedure 

Stimuli were the natural speech sound /a/ (384 ms), the visually presented single 
letters ‘a’ and ‘o’, and a visually presented non-letter ‘*’. The speech sound /a/ was 
digitally recorded (sampling rate 44.1 kHz, 16 bit quantization) from a female 
speaker. Recordings were band-pass filtered (180-10.000 Hz) and 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. Letters and non-letters were presented in white on a black background in the 
centre of a computer screen for 500 ms (visual angle: 1.2 by 0.8 degrees). Between 
the presentations of the visual stimuli a white fixation cross was presented in the 
centre of the screen. 
 

 
Figure 1. Visualization of the design in the visual (A) and the audiovisual experiment (B). ‘A’ stands for 
auditory stimulus, ‘V’ stands for visual stimulus.  The ‘o’ was the letter deviant violating the previously 
presented standard letter ‘a’, and in the audiovisual experiment also the simultaneously presented 
speech sound /a/. The ‘*’ was the non-letter deviant included to control for letter-specificity. 
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In both experiments, subjects saw either the standard letter ‘a’ (80%), the letter 
deviant ‘o’ (10%) or the non-letter deviant ‘*’ (10%). To ensure that subjects were at 
all times focusing the screen, we presented 10 non-related salient color pictures per 
run. Subjects had to press a button when they saw the picture. During the visual 
experiment there was no auditory stimulation (Figure 1A). In the audiovisual ex-
periment a speech sound /a/ was presented simultaneously with the visual stimuli 
(Figure 1B). We also presented a speech sound deviant /o/ (10%), but this condition 
is irrelevant for the present research aim and is reported elsewhere (Froyen, van 
Atteveldt, Bonte, & Blomert, 2008). During the trials of interest for the present 
study, the speech sound /a/ was always presented simultaneously with the visual 
stimulus. In each experiment, there were 4 blocks with 534 trials. Trial length was 
1250 ms,  the inter-trial interval was 750 ms. 

Recording and analysis 

EEG data were recorded with NeuroScan 4.2 from 0.01 to 50 Hz with a sampling 
rate of 250 Hz in a sound-attenuating and electrically shielded room from 30 elec-
trode positions (Extended International 10–20 system) relative to a nose reference. 
Eye-movements and blinks were measured with bipolar VEOG/HEOG channels. All 
electrode impedance levels (EEG and EOG) were kept below 5 kΩ. EEG data were 
epoched from -50 to 800 ms relative to trial onset, baseline corrected (50 ms pre 
stimulus interval), and 1–30 Hz band pass filtered with NeuroScan 4.2. Epochs con-
taining data exceeding a maximum voltage criterion of 75 μV were rejected. Stan-
dards immediately following deviants were not included in the analysis, as were the 
trials with target pictures. The raw EEG data were corrected for vertical eye-
movements (i.e. blink artifacts). In the visual experiment we retained 176 (88%) 
letter standard, 175 (88%) letter deviant and 172 (86%) non-letter deviant trials and 
in the audiovisual experiment we retained 184 (92%) standard, 185 (93%) letter 
deviant and 186 (93%) non-letter deviant trials. Epochs were averaged separately 
for each condition and each participant. Difference waves were calculated by sub-
tracting the ERPs to the standard condition from ERPs to the deviant condition.  
Statistical analysis was 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 visual MMN. As in previous visual 
oddball studies (Alho, Woods, Algazi, & Naatanen, 1992; Kimura, Katayama, Ohira, 
& Schröger, 2009; Maekawa et al., 2005; Tales & Butler, 2006; Tales, Haworth, Wil-
cock, Newton, & Butler, 2008; Wei, Chan, & Luo, 2002), there appeared to be two 
time windows of interest in which the deviants differed from the standard: An early 
time window between 150 and 220 ms after stimulus onset (deviant related nega-
tivity 1 or DRN1) and a later time window between 240 to 320 ms (deviant related 
negativity 2 or DRN2). Each time window was analyzed separately. From the grand 
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average as well as the difference waveforms, we derived two dependent variables 
per time window for each electrode: (I) the latency measured at the maximum peak 
amplitude in the latency range from 150 to 250 ms post stimulus onset for the early 
time window and from 250 to 350 ms post stimulus onset for the later time window 
and (II) the amplitude measured as the mean amplitude across 50 ms centered 
around the individual peak latency. Both measures were derived separately for each 
subject, condition, electrode and time window. We used the mean area amplitude 
rather than the peak amplitude as it is considered a more reliable measure. Conse-
quently, in the present study, the term amplitude always refers to the mean area 
amplitude. First, a repeated measures ANOVA with electrode sites (Fz, Cz, Pz, Oz, 
FC3, FC4, T3, T4, O1, O2, CP3 and CP4) and condition (standard letter, deviant letter 
and deviant non-letter) as within subject variables and experiment (visual only and 
audiovisual) as between subject variable was performed. If there was an interaction 
with electrode, the analysis on the initial 11 electrodes was followed by a detailed 
analysis on the occipital electrodes (Oz, O1 and O2), where the deviancy-effect was 
expected to be most prominent (Czigler, Balazs, & Pato, 2004). Firstly, amplitude 
and latency measures of the grand average waveforms were analyzed to check for 
an effect of speech sounds on letter processing. Secondly, difference waveforms 
were analyzed. All reported p-values from the repeated measures ANOVA were 
greenhouse–Geisser corrected. All post-hoc analyses were Bonferroni corrected.  

Results 

General description of ERP waveforms and determination of windows of interest 

A positive (P1) – negative (N1) – positive (P2) deflection was observed in the grand 
average waves to standard, letter deviant and non-letter deviant stimuli in both 
experiments, indicating typical exogenous components (Figure 2). Difference wave-
forms (letter deviant minus standard and non-letter deviant minus standard trials) 
are shown in Figure 3. Most pronounced in the difference waves at the occipital 
electrodes (Oz, O1 and O2), a deviant related negativity (DRN) was observed be-
tween 150 and 320 ms after stimulus onset, which is in line with previously reported 
latencies (Czigler, 2007; Pazo-Alvarez, Cadaveira, & Amenedo, 2003). As in previous 
visual MMN studies (Alho, Woods, Algazi, & Naatanen, 1992; Kimura, Katayama, 
Ohira, & Schröger, 2009; Maekawa et al., 2005; Tales & Butler, 2006; Tales, Ha-
worth, Wilcock, Newton, & Butler, 2008; Wei, Chan, & Luo, 2002), there appeared 
to be two time windows of interest: An early time window between 150 and 220 ms 
after stimulus onset (DRN1) and a later time window between 240 to 320 ms 
(DRN2). 
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Table 1. Mean area amplitudes and one sample t-test values per occipital electrode 
(Oz, O1 and O2) for both time windows of interest and per condition in the visual only 
experiment. 
Visual experiment  grand average waves  one sample t-test 
    amplitude   t p 

DRN1: 
Letter  Oz -1.96   -5.2 <.001 
   O1 -2.19   -5.2 <.001 
   O2 -2.26   -5.1 <.001 
Non-letter  Oz -1.77   -2.9 =.015 
   O1 -1.93   -3.0 =.011 
   O2 -2.01   -3.1 =.011 
DRN2: 
Letter  Oz -1.91   -5.6 <.001 
   O1 -1.94   -4.9 <.001 
   O2 -1.89   -5.7 <.001 
Non-letter  Oz -3.17   -6.7 <.001 
   O1 -3.21   -6.4 <.001 
   O2 -3.19   -6.9 <.001 

 
To assure a typical vMMN in the visual only experiment, a one sample t-test of the 
difference wave mean area amplitudes was performed per occipital electrode (Oz, 
O1 and O2) per condition (letter and non-letter) and per time window (DRN1 and 
DRN2). All difference wave mean area amplitudes differed significantly from zero 
(Table1), justifying a closer look at the data to check for an effect of speech sounds 
on the vMMN to letter deviants and/or non-letter deviants. 

DRN1 time window 

1. Grand average waves 
Mean area amplitudes of grand average waves in the DRN1 time window were first 
analyzed using a 3 (condition: standard letter, deviant letter and deviant non-letter) 
x 11 (electrode sites: Fz, Cz, Pz, Oz, FC3, FC4, T3, T4, O1, O2, CP3 and CP4) repeated 
measures ANOVA with experiment (visual and audiovisual experiment) as a be-
tween subject variable. There was no significant three-way interaction, F(20, 440) = 
.89, p = .445, but an interaction between condition and electrode, F(20, 440) = 
10.14, p < .001. Further analysis on the three occipital electrodes where the devi-
ancy-effect was expected to be most prominent (Czigler, Balazs, & Pato, 2004) re-
vealed no significant three-way interaction, F(4, 88) = 2.09, p = .140, no significant 
interaction between condition and electrode sites, F(4, 88) = 1.22, p = .304, no sig-
nificant interaction between experiment and electrode sites, F(2, 44) <1, and no 
significant interaction between condition and experiment, F(2, 44) = 1.60, p = .218. 
There was a significant main effect of condition, F(2, 44) = 16.16, p < .001. Pairwise 
comparisons revealed a significant difference between the standard and the non-
letter deviant condition, p < .001, and between the letter deviant and the non-letter 
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deviant condition, p = .001, but not between the standard and the letter deviant 
condition, p = 1. Amplitudes to the non-letter deviant were more negative in com-
parison with amplitudes to the letter deviant and the standard letter. However, 
there was no main effect of experiment, F(1, 22) < 1, indicating no effect of speech 
sounds on letter or non-letter processing in this early time window.  
 
A repeated measures ANOVA of the latencies of the grand average waves’ peaks 
with condition (3) and electrode sites (11) as within subject factors and experiment 
(2) as a between subject factor revealed no significant three-way interaction, F(20, 
440) < 1, but a marginally significant two-way interaction between electrode sites 
and experiment, F(10, 220) = 2.32, p = .059. Further analysis on only the three oc-
cipital electrodes revealed no significant three-way interaction, F(4, 88) = 1.31, p = 
.277, no significant interaction between condition and electrode sites, F(4, 88) < 1, 
no significant interaction between experiment and electrode sites, F(2, 44) = 1.04, p 
= .342, and no significant interaction between condition and experiment, F(2, 44) = 
1.60, p = .218. There was no significant main effect of experiment, F(1, 22) < 1, but a 
significant main effect of condition, F(2, 44) = 11.14, p < .001. Pairwise comparisons 
revealed a significant difference between the standard and the letter deviant condi-
tion, p = .011, and between the letter deviant and the non-letter deviant condition, 
p = .001, but not between the standard and the non-letter deviant condition, p = 1. 
The peak latency in the letter deviant condition was up to 30 ms delayed in com-
parison with the peak latency of the non-letter deviant and the standard letter. 
However, again there was no significant main effect of experiment, F(1, 22) < 1. 
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Figure 2. Grand-average waves observed at ten electrodes (Fz, Fc3, Fc4, Cz, T3, T4, Cpz, P3, P4 and Oz) in 
the visual experiment (A) and the audiovisual experiment (B).  
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2. Difference waves  
Since there was no effect of experiment on either the mean area amplitude or la-
tency of the grand averages waves in this early time window, no effect of experi-
ment on the mean area amplitudes of the difference waves is to be expected. 
Analysis of the mean area amplitudes of the difference waves using repeated meas-
ures ANOVA with two within subject factors (condition: Letter and non-letter devi-
ant, and occipital electrode sites: O1, Oz and O2) and one between subject factor 
(visual and audiovisual experiment) revealed no significant three-way interaction 
between condition, electrode sites and experiment, F(2, 44) < 1, no significant two-
way interaction between condition and electrode, F(2, 44) < 1, no significant two-
way interaction between electrode and experiment, F(2, 44) = 2.51, p = .098, and no 
significant two-way interaction between condition and experiment, F(2, 2) = 5.96, p 
= .334, indicating no different effect of experiment on either letter or non-letter 
processing. Moreover, there was no main effect of experiment, F(2, 44) = 1.09, p = 
.306, indicating no effect of experiment regardless of condition. These results cor-
roborate the results obtained from the grand average waves’ analysis. 

DRN2 time window 

1. Grand average waves 
Mean area amplitudes of grand average waves in the DRN2 time window were first 
analyzed using repeated measures ANOVA (3 conditions x 11 electrode sites x 2 
experiments). There was a significant three-way interaction, F(20, 440) = 9.09, p < 
.001. Further analysis was therefore performed on the three occipital electrodes 
where the deviancy-effect was expected to be most prominent (Czigler, Balazs, & 
Pato, 2004). This 3 x 3 x 2 analysis revealed no significant three-way interaction, F(4, 
88) = 1.18, p = .32, but a two-way interaction between condition and experiment, 
F(2, 44) = 15.63, p < .001, indicating differential influences of the speech sound on 
letter and non-letter processing. Analysis per condition revealed no difference be-
tween the two experiments considering the amplitude of the standard, F(1, 22) = 
2.26, p = .147 and the letter deviant condition, F(1, 22) = 1.17, p = .29, but a signifi-
cantly less negative amplitude to the non-letter deviant in the audiovisual experi-
ment in comparison with the visual experiment, F(1, 22) = 7.98, p = .010, indicating 
a suppression of non-letter processing when the non-letter was presented simulta-
neously with a speech sound (Table 2). 
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Figure 3. Difference waves observed at ten electrodes (Fz, Fc3, Fc4, Cz, T3, T4, Cpz, P3, P4 and Oz) in the 
visual experiment (A) and the audiovisual experiment (B).  
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A 3 by 11 by 2 repeated measures ANOVA of the latencies revealed a marginally 
significant three-way interaction, F(20, 440) = 1.98, p = .052. A subsequent analysis 
with only the three occipital electrodes revealed no three-way interaction, F(4, 88) < 
1, and no two-way interactions; F(4, 88) < 1, for condition x electrode sites, F(4, 88) 
< 1, for electrode sites x experiment, and F(2, 44) = 2.99, p = .060, for condition x 
experiment. There was a main effect of condition, F(2, 44) = 4.17, p = .022. Post hoc 
comparisons revealed only a difference between the standard and the letter deviant 
condition, p = .032, and not between the standard and the non-letter deviant condi-
tion, p = .214, or the letter and the non-letter condition, p = .956. There was no 
significant main effect of experiment, F(1, 22) < 1, indicating no effect of speech 
sounds on latency of either letter or non-letter processing. 
 

Table 2. Mean area amplitude and peak latency measures of the grand average waves and the difference 
waves with standard errors of the mean for DRN1 and DRN2 averaged over the three occipital electrodes 
Oz, O1 and O2. 

Condition   grand average waves   difference waves 
    Amplitude  latency  amplitude  latency 

DRN1: 
Visual experiment 
 Standard letter  -1.2 ± 0.6  172 ± 6 
 Letter deviant  -1.2 ± 0.5  188 ± 9  -2.1 ± 0.4  217 ± 4 
 Non-letter deviant -2.8 ± 0.8  173 ± 7  -1.9 ± 0.4  168 ± 6 
Audiovisual experiment 
 Standard letter  -1.1 ± 0.6  173 ± 6 
 Letter deviant  -0.7 ± 0.6  203 ± 8  -2.6 ± 0.8  204 ± 8 
 Non-letter deviant -3.9 ± 1.1  168 ± 5  -3.2 ± 0.7  155 ± 6 
DRN2: 
Visual experiment 
 Standard letter   0.9 ± 0.5  319 ± 8 
 Letter deviant   0.02 ± 0.4  294 ± 7  -1.9 ± 0.4  291 ± 6 
 Non-letter deviant -1.0 ± 0.7  292 ± 8  -3.2 ± 0.5  277 ± 7 
Audiovisual experiment 
 Standard letter   0.02 ± 0.3  307 ± 6 
 Letter deviant  -0.6 ± 0.4  295 ± 6  -2.4 ± 0.8  263 ± 6 
 Non-letter deviant  1.6 ± 0.7  311 ± 7  -0.6 ± 0.6  243 ± 6 

 
2. Difference waves 

The mean area amplitudes of the difference waves were analyzed using repeated 
measures ANOVA with two within subject factors (condition: Letter and non-letter 
deviant, and occipital electrode sites: O1, Oz and O2) and one between subject 
factor: visual and audiovisual experiment. There was a significant three-way interac-
tion between condition, electrode sites and experiment, F(2, 44) = 3.59,  = .045. 
Because the three-way interaction indicated differential effects of the visual versus 
the audiovisual experiment for the letter versus the non-letter deviant, a two way 
repeated measures ANOVA (electrode and experiment) was conducted per condi-
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tion. For the letter deviant no main effect of experiment was found, F(1, 22) < 1. For 
the non-letter deviant, however, difference wave amplitudes in the audiovisual 
experiment were significantly lower in comparison with those in the visual only 
experiment, F(1, 22) = 11.09,  = .003 (Figure 4), corroborating the results obtained 
from the grand average waves’ analysis. 
 

 
Figure 4. Mean area amplitudes of the difference waves to letters and non-letters in DRN1 time window 
(left) and DRN2 time window (right) obtained in the visual experiment (V) versus the audiovisual experi-
ment (AV), averaged over the three occipital electrodes Oz, O1 and O2.  

Discussion 

To gain insight in the involvement of low level visual processing during letter – 
speech sound integration, we investigated the automaticity and time-course of the 
influence of speech sounds on letter processing. The visual counterpart of the audi-
tory MMN was measured to letter and non-letter deviants presented either in isola-
tion (visual only experiment) or simultaneously with speech sounds (audiovisual 
experiment). In the visual only experiment, a posterior negativity in both the letter 
and non-letter difference waves was observed between 150 and 320 ms, supporting 
the literature in favour of a deviance detection mechanism in the visual modality 
(Czigler, 2007; Pazo-Alvarez, Cadaveira, & Amenedo, 2003). In agreement with pre-
vious vMMN-studies (Alho, Woods, Algazi, & Naatanen, 1992; Kimura, Katayama, 
Ohira, & Schröger, 2009; Maekawa et al., 2005; Tales & Butler, 2006; Tales, Ha-
worth, Wilcock, Newton, & Butler, 2008; Wei, Chan, & Luo, 2002), we found two 
time windows of interest: An early time window between 150 and 220 ms after 
stimulus onset and a second time window between 240 and 320 ms. Kimura and 
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coauthors (2009) recently investigated the difference in functionality of the two 
negativities: the early negativity (DRN1) was suggested to reflect a refractory effect, 
i.e., lower adaptation of neurons specifically responsive to features of the infre-
quent deviant stimulus, while the later negativity (DRN2) was suggested to reflect a 
memory-comparison-based deviancy detection effect and to represent the visual 
counterpart of the auditory MMN.  
There were no influences of the speech sound on the morphology, amplitude or 
latency of DRN1 to letter or non-letter processing in the early time window. How-
ever, the non-letter deviant evoked a higher negativity in comparison with the letter 
deviant in both experiments. This might be explainable by the hypothesized func-
tionality of the early negativity (Kimura, Katayama, Ohira, & Schröger, 2009). That is 
because the non-letter deviant, ‘*’, deviates more in basic visual features from the 
standard letter, ‘a’, in comparison with the letter deviant, ‘o’, which resembles the 
standard letter in basic visual features. Consequently, the non-letter deviant shares 
a lower amount of responsive neurons with the standard letter, leaving the neu-
ronal population that is specifically responsive to the non-letter deviant largely 
unadapted during the presentation of the standard letter.  
More interestingly, in the DRN2 time window, speech sounds had a differential 
effect on letter and non-letter processing. While the speech sound had no effect on 
either standard or deviant letter processing, the grand average and difference wave 
amplitude to non-letter processing decreased significantly if accompanied with a 
speech sound. The latency of this second time window, between 240 and 320 ms 
after stimulus onset, actually coincides with the latency of the letter – speech sound 
congruency effect, i.e. between 250 and 500 ms, reported in the MEG-study by 
Herdman and coauthors (2006). We therefore propose that the latency as well as 
the broad topographical distribution (Figure 3) of this late negativity effect point to 
a content-related processing mechanism.  
However, this late effect of speech sounds on letter processing is not a reversal of 
the effects of letters on speech sounds that we reported previously (Froyen, Bonte, 
van Atteveldt, & Blomert, 2009; Froyen, van Atteveldt, Bonte, & Blomert, 2008). In 
these studies, we found a significantly increased amplitude of the auditory MMN in 
the audiovisual experiments in response to the double, cross-modal violation of the 
deviant letter with respect to both the standard letter and the standard speech 
sound. In the present study, the grand average waves to the standard and deviant 
letter as well as the difference waves to the deviant letter did not differ between 
the visual and the audiovisual experiment. This indicates that speech sounds do not 
automatically influence standard or deviant letter processing in a way comparable 
to the automatic modulation of speech sound processing by letters. The present 
results therefore shed more light on the role of low level visual processing during 
letter – speech sound integration. Whereas low level auditory processing is auto-
matically involved in letter – speech sound integration (Froyen, van Atteveldt, 
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Bonte, & Blomert, 2008), this does not seem to hold for low level visual processing 
as was also indicated by previous fMRI studies using a passive task design (Van Atte-
veldt, Formisano, Blomert, & Goebel, 2007; Van Atteveldt, Formisano, Goebel, & 
Blomert, 2004). Despite the use of a high temporal resolution method in the present 
study no automatic influences of speech sounds on letter processing were found, 
thus supporting an asymmetry in the involvement of low level auditory and visual 
areas during letter – speech sound integration.  
It might be that only when subjects have to actively process letter - speech sound 
pairs, interaction effects in low level visual areas can be recorded with a high tem-
poral resolution method (Herdman et al., 2006). The task used in the MEG study by 
Herdman and colleagues required the subjects to make a congruency decision on 
the presented letters and speech sounds. This active task design promotes both 
congruent and incongruent letters to immediate relevance, thereby not only recruit-
ing low level auditory areas, but also involving low level visual processing areas. 
Interestingly, in an ERP-study with newly learned meaningless audiovisual stimuli, 
similar task effects were reported (Fort & Giard, 2004). During a stimulus identifica-
tion task, requiring active processing of the auditory and the visual features of the 
stimulus, integration effects in visual areas were observed in three time windows, 
i.e. between 50 – 100, 100 – 150 and 150 – 200 ms. However, when subjects were 
asked to simply detect each stimulus, not requiring active processing of the stimulus 
properties, only early interactions (50 – 100 ms) were observed. Alternatively, at-
tention might play a crucial role in finding cross-modal integration effects in the low 
level visual system. In an audiovisual ERP-study with, again, meaningless stimuli in 
which attention was systematically manipulated, integration effects on the early 
P50 component amplitude were strongly reduced during the unattended condition 
(Talsma, Doty, & Woldorff, 2007). A superadditive integration effect was observed 
when both auditory and visual stimuli were simultaneously attended, while in the 
unattended condition the audiovisual P50 was smaller than the sum of the two 
unimodal P50s. In sum, it seems that processing arbitrarily linked audiovisual stimuli 
does not automatically involve low level visual processing. Note that these studies 
are either MEG (Herdman et al., 2006) or EEG (Fort & Giard, 2004; Talsma, Doty, & 
Woldorff, 2007) studies, supporting our suggestion that the usage of a high tempo-
ral resolution method might be critical for revealing the involvement of low level 
visual processing areas during audiovisual integration of arbitrarily related stimuli, 
like letters and speech sounds.  
These indications for an asymmetric involvement of low level sensory areas during 
letter – speech sound processing, and presumably also during audiovisual process-
ing of other arbitrarily linked stimuli, are in contrast with the indications for a sym-
metric involvement of both low level sensory cortices during audiovisual speech 
processing (Calvert et al., 1999; Calvert, Campbell, & Brammer, 2000; Macaluso, 
George, Dolan, Spence, & Driver, 2004). A plausible explanation for the difference in 
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the involvement of the low level visual areas is that audiovisual speech, but not 
letter – speech sound processing, is a natural product of phylogenetic and ontoge-
netic spoken language development. Consequently, a naturally evolved neural sys-
tem for processing and integrating letters and speech sounds is unlikely to exist 
(Gleitman and Rozin 1977; Liberman 1992). It has been suggested that reading para-
sites on speech (Mattingly 1972), making it plausible that information from the 
parasitic mechanism, in this case visual letter information, travels to the speech 
processing system and not vice versa (see also van Atteveldt et al., 2007a). Alterna-
tively, the nature of the link between the two modalities of a stimulus may be criti-
cal for the automaticity of the involvement of both low level sensory cortices (Cal-
vert, 2001). When we see and hear speech being spoken, the auditory speech signal 
shares time varying aspects with the concurrent lip movements (Amedi, von 
Kriegstein, Van Atteveldt, Beauchamp, & Naumer, 2005; Calvert, Brammer, & 
Iversen, 1998; Munhall & Vatikiotis-Bateson, 1998). These shared time varying as-
pects constitute a strong natural cross-modal binding factor. Letters, however, are 
culturally defined symbols without any natural relation with their corresponding 
speech sounds. A recent investigation of the development of letter – speech sound 
processing indicated that it takes years of reading instruction before letter – speech 
sound pairs are automatically integrated (Froyen, Bonte, van Atteveldt, & Blomert, 
2009), which stands in sharp contrast with the indications for audiovisual speech 
integration very early in development (Burnham & Dodd, 2004). The latter more 
general explanation hypothesizes that our neural system is well adapted to inte-
grate naturally linked cross-modal properties of a stimulus, while arbitrarily linked 
audiovisual properties probably recruit a different neural mechanism. 
Another indication for a different neural mechanism for letter – speech sound inte-
gration is the fact that the letter deviant in the present study does not evoke an 
auditory MMN when presented simultaneously with speech sounds. Previous 
audiovisual MMN studies revealed that a visual deviant can evoke an  auditory 
MMN, even if the physical properties of the auditory stimulus remain unaltered 
(Colin et al., 2002; de Gelder, Bocker, Tuomainen, Hensen, & Vroomen, 1999; Möt-
tönen, Krause, Tiippana, & Sams, 2002; Sams et al., 1991; Stekelenburg, Vroomen, & 
de Gelder, 2004). In order to check for this, we compared the negativities to the 
letter deviant,  observed in a typical aMMN time window at the frontocentral elec-
trodes, in the present audiovisual experiment (see Fz in figure 3B) with the aMMN 
evoked by a speech sound deviant in a previous auditory only experiment (Froyen, 
van Atteveldt, Bonte, & Blomert, 2008). This comparison revealed that the mor-
phology of the difference waves in the audiovisual experiment closely resembled 
those in the visual only experiment of the present study and not the aMMN in the 
previous auditory only experiment. The similarities between the difference waves at 
the frontocentral electrodes in the aMMN time window evoked in both the visual 
and the audiovisual experiment indicate that the observed negativities probably 
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reflect visual evoked potentials from occipital generators, instead of visual influ-
ences on auditory processing. The letter deviants in the present experiment thus did 
not invoke an aMMN. As pointed out by Besle and coauthors, all studies in which an 
aMMN was evoked by merely deviating the visual part of an audiovisual stimulus 
used an auditory illusion (Besle, Fort, & Giard, 2005). An aMMN has been evoked by 
the McGurk-illusion (Colin et al., 2002; Möttönen, Krause, Tiippana, & Sams, 2002; 
Sams et al., 1991), the ventriloquist-illusion (Stekelenburg, Vroomen, & de Gelder, 
2004), and in a face-voice emotion identification study (de Gelder, Bocker, 
Tuomainen, Hensen, & Vroomen, 1999). Our results support the suggestion that an 
illusion is necessary to evoke an aMMN by merely deviating the visual part in an 
audiovisual stimulus (Besle, Fort, & Giard, 2005). The present evidence that a letter 
cannot evoke an aMMN furthermore supports the suggested asymmetric involve-
ment of low level visual processing during passive letter – speech sound integration. 
Interestingly, it has been reported that subjects’ percept of the number of flashes 
can be strongly influenced by the number of concurrent beeps, indicating a strong 
auditory influence on vision (Andersen, Tiippana, & Sams, 2004). Remarkably, in 
contrast with for example the McGurk illusion in which vision dominates audition 
(McGurk & MacDonald, 1976), the flashes evoked no illusory change in the percept 
of the number of beeps when the task was to focus on the beeps. Again, this study 
used arbitrarily linked stimuli, supporting our suggestion that the nature of the link 
between the two modalities of a stimulus may be critical for the automaticity of the 
involvement of both low level sensory cortices. And again, the task employed was 
found to be critical, since in another condition in which the task required to focus 
on both the beeps and flashes illusions were reported in both modalities. 
The present findings, together with previous findings from our group, address the 
question posed by Naumer and colleagues in a study on the neural network in-
volved in processing object familiarity and semantic congruency (Hein et al., 2007). 
The authors wandered in the conclusions on p 7886 “…whether even sensory spe-
cific regions become involved in audiovisual integration of artificial object features if 
the respective associations are explicitly trained”. While low level visual processing 
seems not to be automatically involved during integration of artificially linked 
audiovisual stimuli (present study; Van Atteveldt, Formisano, Goebel, & Blomert, 
2004; Van Atteveldt, Formisano, Blomert, & Goebel, 2007), low level auditory proc-
essing is (Blau, van Atteveldt, Formisano, Goebel, & Blomert, 2008; Froyen, van 
Atteveldt, Bonte, & Blomert, 2008; Van Atteveldt, Formisano, Blomert, & Goebel, 
2007; Van Atteveldt, Formisano, Goebel, & Blomert, 2004), but requires multiple 
years of explicit training (Froyen, Bonte, van Atteveldt, & Blomert, 2009). 
Moreover, the presently described difference in the involvement of low level visual 
areas during letter – speech sound processing is interesting for further exploration 
in the light of normal and abnormal reading development. In developmental dys-
lexia, for example, it is remarkable how specific reading and writing skills are defi-
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cient while other skills are largely unaffected (Vellutino, Fletcher, Snowling, & Scan-
lon, 2004). The uniqueness of written language, considering its phylogenetic and 
ontogenetic development as well as its arbitrary link with phonology, might contrib-
ute to the specificity of the reading and writing deficit in people with dyslexia.  
The auditory MMN has been shown to be a valuable tool to investigate, non-
invasively and without the requirement of a task, auditory and phonological proc-
essing (Bishop, 2007; Bonte, Poelmans, & Blomert, 2007; Csépe, 2003; Kujala & 
Naatanen, 2001) as well as letter – speech sound processing (Froyen, Bonte, van 
Atteveldt, & Blomert, 2009; Froyen, Willems, & Blomert, submitted) in normal and 
reading impaired children. For the same reasons, the visual MMN might contribute 
to investigations of visual or crossmodal processing in normal or impaired reading 
adults or children. 
 
In closing it should be noted that, while there was no direct effect of speech sounds 
on letter processing, the speech sounds suppressed non-letter processing. One rea-
son might be that, because the experimental stimulus context existed almost en-
tirely of letter – speech sound pairs, an attention set was build up in which non-
letter processing in this context was suppressed as distracting. In another audiovis-
ual MMN-study with meaningless stimuli, the visual deviant in the audiovisual ex-
periment was also found to evoke a lower visual MMN amplitude in comparison 
with that same visual deviant in the visual only experiment (Besle, Fort, & Giard, 
2005). Although a content-related feedback mechanism is not a likely explanation 
for this effect, considering their use of meaningless stimuli, it at least implies that 
such audiovisual interactions can be measured with the vMMN. This re-assures that 
the visual MMN is an appropriate tool to investigate the involvement of lower level 
visual processing during passive audiovisual integration.  
Independent of the exact nature of the suppression mechanism, our findings imply 
that whereas low level auditory processing seems to constitute a standard ingredi-
ent in letter - speech sound processing (Froyen, Bonte, van Atteveldt, & Blomert, 
2009; Froyen, van Atteveldt, Bonte, & Blomert, 2008; Van Atteveldt, Formisano, 
Blomert, & Goebel, 2007; Van Atteveldt, Formisano, Goebel, & Blomert, 2004), this 
does not hold for low level visual processing. This does not mean that speech 
sounds cannot influence letter processing indirectly as evidenced in the present 
suppression effects for non-letter processing, but emphasizes that speech sound 
processing does not automatically impact on letter processing and therefore does 
not seem to constitute an integral part of the letter - speech sound integration net-
work. 
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Conclusion 

Although previous research revealed systematic influences of letters on speech 
sound processing, we did not find the reverse pattern; i.e., influences of speech 
sounds on letter processing in a cross-modal context. The results reveal that in con-
trast to well characterized natural audiovisual association processes like audiovisual 
speech processing, the network for letter - speech sound integration is character-
ized by an asymmetric role of low level sensory areas; auditory areas are automati-
cally recruited whereas low level visual processing is not directly involved. Only non-
letter processing was suppressed, when simultaneously presented with speech 
sounds, possibly pointing to regulatory feedback from audiovisual integration sites 
to visual cortex. The fact that written language is not naturally related to speech, 
may account for the finding that only low level auditory, but not low level visual 
cortex is involved in the automatic integration of letters and speech sounds, a nec-
essary prerequisite for developing reading fluency.  
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Chapter 6 

Letter-specificity of previously reported 
cross-modal effects on MMN to speech 

sounds 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on: 
Froyen, D., de Doelder, N., & Blomert, L. (in preparation). Letter-specificity of previously reported cross-
modal effects on MMN to speech sounds 
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Abstract 

Recently, a cross-modal MMN paradigm has been proposed to measure, pre-
attentively and with high temporal resolution, neural correlates of letter – speech 
sound processing. When letters were presented simultaneously with speech 
sounds, MMN amplitude to speech sounds was found to be enhanced in compari-
son with the MMN to speech sounds presented in isolation, indicating early and 
automatic letter – speech sound integration. Although there were strong indications 
for the letter - specificity of the previously reported effects, alternative explanations 
related to the difference in context, auditory only versus audiovisual stimulus pres-
entation, cannot be excluded. 
In the present study we carefully controlled for differences in visual stimulation by 
including an audiovisual non-letter condition besides an audiovisual letter condition. 
Furthermore, different letters and speech sounds were chosen to allow generaliza-
tion of the previous results. The present results revealed a clear enhancement of 
MMN amplitude when speech sounds were presented with letters as well as non-
letters. Additionally, MMN amplitude in the letter condition differed significantly 
from MMN amplitude in the non-letter condition. Remarkably, considering that the 
participants were all fluently reading adults without any history of reading prob-
lems, a correlation was found between the letter-specific MMN enhancement effect 
and reading fluency. 
These results clearly indicate that the previously reported letter – speech sound 
integration effect was genuine, can be generalized to other letter – speech sound 
pairs and, moreover, that it is strongly related with reading fluency. 
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Introduction 

In the present society, fluent reading and writing skills are crucial to obtain social 
and economic success. Most models describing the process of learning to read em-
phasize the acquisition of the association of letters with their corresponding speech 
sounds as a basic requirement for learning to read (Ehri, 2005; Frith, 1985). Re-
cently, the interest in letter – speech sound processing has increased dramatically. 
Several functional magnetic resonance imaging (fMRI) studies have found corrobo-
rating results indicating multisensory integration areas in the temporal lobes as well 
as low level auditory areas to be involved during letter – speech sound integration 
(Blau, van Atteveldt, Formisano, Goebel, & Blomert, 2008; Hashimoto & Sakai, 2004; 
Van Atteveldt, Formisano, Blomert, & Goebel, 2007; Van Atteveldt, Formisano, 
Goebel, & Blomert, 2004; Van Atteveldt, Formisano, Goebel, & Blomert, 2007). Two 
magnetoencephalography (MEG) studies confirmed the involvement of these areas 
and provided high temporal resolution information, indicating letter – speech sound 
integration effects within 250 to 300 ms after stimulus onset (Herdman et al., 2006; 
Raij, Uutela, & Hari, 2000). However, these MEG studies used an active task to en-
sure participants constant focus on the stimuli, i.e., subjects had to judge the con-
gruency of the letter - speech sound pair presented. In a recent fMRI study, it was 
shown that such an active congruency judgment task overruled the congruency 
effects found in previous studies using a passive design. This task effect was inter-
preted as a consequence of the fact that congruent as well as incongruent stimuli 
became equally relevant given the task. (Van Atteveldt, Formisano, Goebel et al., 
2007). This study indicated that the neural network involved in active letter - speech 
sound processing, might differ from passive/automatic letter – speech sound proc-
essing. 
Recently, a cross-modal MMN paradigm was proposed to investigate neural corre-
lates of letter – speech sound processing with a high temporal resolution method, 
but without an attention demanding task (Froyen, van Atteveldt, Bonte, & Blomert, 
2008). The MMN is known to reflect an automatic and purely auditory deviance 
detection mechanism (Alho, 1995; Giard, 1990). It is evoked between 100 and 200 
ms after stimulus onset when in a sequence of auditory stimuli a rarely presented 
sound (the deviant) deviates in one or more aspects from a frequently presented 
sound (the standard) (Näätänen, 1995; Schröger, 1998). In Froyen and coauthors 
(2008), the MMN evoked by a deviant speech sound violating a standard speech 
sound (auditory only condition) was compared with the MMN evoked by the same 
deviant speech sound but violating both the standard speech sound and the simul-
taneously presented standard letter (audiovisual condition). The MMN amplitude 
evoked in the audiovisual condition was found to be enhanced in comparison with 
the MMN amplitude in the auditory only condition. Given the early and automatic 
evocation of the MMN, this enhancement was interpreted to reflect early and 
automatic letter - speech sound integration in experienced adult readers. It was 
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suggested that the enhancement was caused by the double, cross-modal deviation 
of the deviant speech sound from the standard speech sound and the standard 
letter. Later, the exact same paradigm was successfully employed to investigate 
letter – speech sound processing in typically reading children (Froyen, Bonte, van 
Atteveldt, & Blomert, 2009) as well as in children with developmental dyslexia 
(Froyen, Willems, & Blomert, submitted). 
All MMN studies revealed robust effects of letters on speech sound processing, thus 
indicating that the observed modulation of the MMN very likely was letter-specific. 
It can however not been ruled out that these effects occurred as a consequence of 
other task or stimulus related aspects. In the previous fMRI studies employing a 
passive ‘task’ design it was shown that the congruency of the letter - speech sound 
pairs systematically modulated the brain response to speech sounds: i.e., when the 
pair was congruent the response was enhanced, when the pair was incongruent the 
response was suppressed (e.g. Van Atteveldt et al, 2004). The congruency manipula-
tion thus ensured the validity of the interpretation of the observed effects as letter-
specific. In contrast to such a design, the MMN paradigm does not allow a compa-
rable congruency manipulation. Indications for the effects of letters on speech 
sounds are based on the observation that the amplitude of the mismatch to speech 
sounds is modulated by the also presented deviant letter. The crucial evidence in 
this design thus consists of the comparison of the MMN in a unimodal auditory only 
condition with the MMN in a cross-modal audiovisual condition. Although the cross-
modal MMN paradigm appeared to be suitable for the investigation of letter - 
speech sound integration (Froyen et al., 2009; Froyen et al., 2008), it cannot be 
excluded that the MMN amplitude was affected by the presence of a visual stimulus 
as such. While in the auditory only condition participants were watching a silent 
movie, in the audiovisual condition letters were simultaneously presented with 
speech sounds. Furthermore, to ensure that the subjects were focusing the screen 
in the cross-modal condition, subjects had to press a button whenever a colored 
picture of a present appeared on the screen. It is possible that the unrelated task or 
the difference in visual stimulation had an unspecific effect on the MMN to speech 
sounds. An argument against such an explanation was the linear effect of stimulus 
onset asynchrony (SOA) observed in the adult study (Froyen et al., 2008). To investi-
gate the time window of integration, in the audiovisual condition the letter was 
presented either simultaneously or 100 or 200 ms before the speech sound. Al-
though the task was the same for all three SOA conditions, we observed a linear 
decrease in MMN amplitude with increasing SOA. At 200 ms SOA, the MMN did not 
differ in amplitude, or in any other aspect, from the MMN observed in the auditory 
only condition in which no task was required. We furthermore checked the brain 
waves in the audiovisual experiments before the onset of the auditory stimulus, to 
control for possible contaminations of the auditory evoked potentials by visual 
evoked onset potentials. The presented letter was identical in the standard and 
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deviant conditions and accordingly elicited comparable visual evoked responses, 
resulting in the absence of a difference potential prior to auditory stimulus onset at 
SOA 100 and 200 ms. This similarity in evoked responses in the standard and the 
deviant condition indicated the absence of a general modulation by overlapping 
visual and auditory evoked potentials at frontocentral electrodes at which the MMN 
was measured. Although these observations underline our interpretation of the 
MMN amplitude enhancement as letter-specific, a more direct investigation of the 
letter-specificity of the MMN effects seems warranted. 

The present study 

In the present study we aimed at explicitly investigating the letter-specificity of the 
previously found cross-modal amplitude enhancement of the MMN to speech 
sounds. Speech sounds were presented either in isolation or simultaneously with 
letters or non-letters, which were a scrambled version of the letters. Since in the 
previous studies always the speech sounds /a/ and /o/ were used (Froyen et al., 
2009; Froyen et al., 2008), we now used as a standard the speech sound /e/ and as 
a deviant the speech sound /u/ in order to be able to generalize the previously re-
ported effect to other letter - speech sound pairs. Furthermore, since the previous 
MMN studies employed a between subject design we now presented all conditions 
within subject to ensure optimal comparability of the conditions. This also made it 
possible to calculate a letter effect measure for each subject and to test for correla-
tions of this letter effect measure with behavioral reading measures. 
We expect first an enhancement of the MMN to speech sounds whenever a letter is 
presented with the speech sound and thus a replication of our earlier results with 
different stimuli. Furthermore, if this MMN modulation effect is letter-specific, we 
do not expect a comparable modulation if the non-letter is presented. 

Methods 

Participants 

Twenty-one subjects participated in the present experiment (14 female, range 19 to 
33, mean age 23 years and 4 months). Subjects gave informed written consent and 
were paid for their participation. All subjects were undergraduate university stu-
dents without any history of hearing or reading problems and with normal or cor-
rected to normal vision. Two data sets were discarded due to excessive head 
movements. 
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Figure 1. Designs of the auditory only (A), the audiovisual letter (B) and the audiovisual non-letter (C) 
condition. “A” represents auditory stimulus presentation, “V” represents visual stimulus presentation.
The arrow indicates the violation of the standard speech sound in the auditory only condition (A) and
the double cross-modal violation in the audiovisual conditions (B and C). 

Stimuli 

Stimuli were natural speech sounds, /e/ and /u/, the visually presented single letter 
“e”, and the visually presented non-letter “ ”. speech sounds were digitally re-
corded (sampling rate 44.1 kHz, 16 bit quantization) from a female speaker. Re-
cordings 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 and had a dura-
tion of 300 ms. The visual stimuli were presented in white on a black background in 
the centre of a computer screen for 500 ms, printed in lower case font “Arial” at 
letter size 40. The non-letter was a scrambled version of the letter “e”. Separate 
psychophysical tests were performed before the execution of the present experi-
ment in order to choose the optimal scrambled letter out of eight different scram-
bled versions of “e” and “u”. Between the presentations of the stimuli a white fixa-
tion cross was presented in the centre of the screen. 

Procedure 

Each condition consisted of 12 experimental blocks with 400 trials. Trial length was 
always 1250 ms. There were three types of blocks: The auditory blocks (A) in which 
participants were watching a silent movie while the speech sounds /e/ (90%) and 
/u/ (10%) were presented, or one of the two audiovisual blocks in which simultane-
ously with the speech sounds /e/ (90%) and /u/ (10%) either the letter “e” (AVL) or 
the non-letter “ ” (AVNL) was presented. To ensure that subjects were at all times 
focusing the screen during the audiovisual blocks, we interspersed the experimental 
trials with a non-related color picture. Subjects had to press a button when they saw 
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the picture. Trials within the blocks were randomly presented. Blocks were pseudo 
randomly presented. 

Recording 

EEG data were recorded with NeuroScan 4.2 from 0.01 to 50 Hz with a sampling 
rate of 250 Hz in a sound-attenuating and electrically shielded room from 30 elec-
trode positions (Extended International 10–20 system) relative to a nose reference. 
Eye-movements and blinks were measured with bipolar VEOG/HEOG channels. All 
electrode impedance levels (EEG and EOG) were kept below 5 kΩ. EEG data were 
band pass filtered (1–30 Hz) with NeuroScan 4.2, epoched from -100 to 1000 ms 
relative to stimulus onset and baseline corrected (100 ms pre-stimulus interval). 
Epochs containing data exceeding a maximum voltage criterion of 75 μV were re-
jected. Standards immediately following deviants were not included in the analyses, 
as were the trials with target pictures. The raw EEG data were corrected for vertical 
eye-movements (i.e. blink artifacts). In the auditory condition we included 176 
(88%) of the standard trials and 173 (86.5 %) of the deviant trials. In AVL we re-
tained respectively 174 (87%) and 178 (89%), and in AVNL 178 (89%) and 180 (90%) 
of the trials. Epochs were averaged separately for each condition and each partici-
pant from the onset of the auditory stimulus. Difference waves were calculated by 
subtracting the ERPs to the standard speech sound from ERPs to the deviant speech 
sound. 

Statistical analysis 

Amplitude measures were obtained by taking the mean amplitude of the grand 
average and difference waves from the 50 ms time window around the individual 
peak latency. The individual peak latency was determined separately for each sub-
ject, condition and electrode site between 50 and 250 ms after stimulus onset, the 
time-window typically reported in MMN-studies (Schröger, 1998). 
First the mean area amplitudes of the grand average waves in the three conditions 
were investigated to assure differences between standards and deviants reflecting a 
MMN-like response to deviants. Statistical analyses were performed first on the 
grand average waves of eleven electrode sites covering the fronto-central (Fz, Cz, 
FC3 and FC4), temporal (T3 and T4), parietal (CP3, CP4), and occipital (O1, O2 and 
Oz) regions of the brain. When there was an interaction with electrode sites, subse-
quent analyses were performed on the four frontocentral electrodes (Fz, Cz, FC3 
and FC4) where the MMN effect was most prominent. 
Subsequently, difference waves’ amplitudes were analyzed with a repeated meas-
ures ANOVA with the frontocentral electrodes (Fz, Cz, FC3 and FC4) and condition 
(A, AVL and AVNL) as within subject factors to check for an effect of the visual stim-
uli on MMN amplitude and latency. All results are Greenhouse-Geiser corrected. 
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Because we had a-priori expectations about the direction of the differences in MMN 
amplitude between the conditions, we calculated contrasts to analyze these differ-
ences in detail. 
Finally, since we collected behavioral reading scores to ensure that all subjects have 
proficient reading skills, it was possible to check for correlations with reading flu-
ency and an individually calculated letter - specific MMN enhancement measure. In 
a previous study of letter – speech sound processing in dyslexic children, a strong 
correlation was found with word reading fluency and a somewhat lower correlation 
with non-word reading fluency (Froyen et al., 2009). Since we have strong predic-
tions about the direction of this correlation, namely a stronger effect of letters on 
speech sound processing in subjects with better word and non-word reading flu-
ency, a one-tailed correlation was performed. 

Results 

Typical MMN in all conditions 

In all three conditions (A, AVL and AVNL) the deviant speech sound stimulus elicited 
a negativity around 200 ms after auditory stimulus onset with a typical topographi-
cal distribution of the MMN (Figures 2 and 3). Average peak latencies (averaged 
over the four frontocentral electrodes) were 177 ms (range: 167 – 187 ms) for A, 
202 ms (range: 195 – 210 ms) for AVL, and 206 ms (range: 199 – 212 ms) for AVNL 
after the onset of the auditory stimulus deviation. 
A repeated measures ANOVA was performed with three within subject factors; 
stimulus (standard versus deviant), condition (A, AVL and AVNL) and electrode sites 
(Fz, Cz, FC3, FC4, T3, T4, CP3, CP4, O1, O2 and Oz). There was a trend towards a 
three-way interaction, F (20, 360) = 2.4, p = 0.083. Since we expected an interaction 
due to differential effects of stimulus type depending on the electrode measured, a 
subsequent analysis was performed on only the four fronto-central electrodes (Fz, 
Cz, FC3 and FC4) were the MMN is expected to be most pronounced. A repeated 
measures analysis with stimulus, condition and only the four fronto-central elec-
trode sites revealed no three way interaction, F (6, 108) = 1.5, p = 0.199, no two-
way interaction between condition and electrode sites, F (6, 108) = 1.5, p = 0.220 
and no two-way interaction between stimulus and electrode sites, F (3, 54) = 1.6, p 
= 0.196. Interestingly, there was a significant interaction between stimulus and 
condition, F (2, 36) = 13.6, p < .001, indicating a different effect of speech sound 
deviants depending on the condition. 
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Figure 2. Grand average waves to the standard and deviant sounds and difference waves as observed on
the midline electrodes (Fz, Cz, Pz and Oz) in the auditory only condition (A), the audiovisual letter condi-
tion (B) and the audiovisual non-letter condition (C). The MMN time window is indicated with a rectan-
gle. Below, topographical maps at the peak of the difference wave in the MMN time window. 

 
A repeated measures ANOVA with stimulus (standard versus deviant) and electrode 
sites (Fz, Cz, FC3 and FC4) performed per condition separately revealed no two-way 
interaction and a significant main effect of stimulus in each condition; F (3, 54) = 1.8, 
p = .158 and F (1, 18) = 10.4, p = .005, for the auditory only condition F (3, 54) = 2.1, 
p = .117 and F (1, 18) = 29.3, p < .001, for the audiovisual letter condition, and, F (3, 
54) < 1 and F (1, 18) = 4.6, p = .045, for the audiovisual non-letter condition. The 
speech sound deviant evoked more negative grand average wave amplitudes in 
comparison with the standard speech sound in each condition separately, indicating 
a typical MMN in all conditions. 
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Figure 3. Difference waves as observed on Fz, Cz, Pz, Oz, Fc3, Fc4, T3, T4, M1 and M2 in the auditory only 
condition (solid line), the audiovisual letter condition (dotted line) and the audiovisual non-letter condi-
tion (dashed line). The MMN time window is indicated with a rectangle. 

Effect of visual stimulus on MMN to speech sounds 

In order to check for an effect of letters on early speech sound processing, the 
MMN evoked in the auditory condition was compared with the MMN in both audio-
visual conditions (AVL and AVNL). The mean area amplitudes of the difference 
waves were analyzed with a repeated measures ANOVA with condition (A, AVL and 
AVNL) and electrode sites (Fz, Cz, FC3 and FC4) as within subject factors. There was 
a significant main effect of condition, F (2, 36) = 9.3, p = .001. Predefined contrasts 
revealed a significant difference considering the difference wave amplitude be-
tween A and AVL, t (18) = 3.9, p = .001, but also between A and AVNL, t (18) = 2.4, p 
= .027, and between AVL and AVNL, t (18) = -2.1, p = .048. This indicates a general 
effect of the visual stimulus on speech sound processing, but additionally a letter-
specific effect when this visual stimulus is a letter as compared to a scrambled let-
ter. 

Correlation with reading fluency 

Single measures of the letter and the non-letter effect on MMN amplitude were 
calculated per individual to allow checking for correlations with reading fluency. The 
amplitude of the MMN in the audiovisual letter condition was subtracted from the 
amplitude of the MMN in the audiovisual non-letter condition, to control for non-
specific audiovisual effects and thus obtain a letter effect measure reflecting purely 
the letter-specific effect on speech sound processing. A correlation was found be-
tween the letter effect measure and word reading as measured by a word reading 
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test (Brus & Voeten, 1973), r = -.421; p = .041, and by a computerized word reading 
test (Blomert & Vaessen, 2009), r = -.400; p = .050 (Figure 4). A slightly lower corre-
lation was found with non-word reading (KLEPEL), r = -.254; p = .155. Lower MMN 
amplitude means stronger effect of letter on speech sound processing. Conse-
quently, a negative correlation with reading performance indicates that a high read-
ing level coincides with stronger letter – speech sound integration effects. 
 

Figure 4. Correlation of the performance on a combined word/pseudoword reading task (left), and an 
additional word reading (right, solid line, full dots) and pseudoword reading (right, dashed line, empty 
dots) with the individually calculated letter-specific effect. 

Discussion 

The validity of the claim that the modulation of the auditory MMN to speech sounds 
found in previous cross-modal MMN studies (Froyen et al., 2009; Froyen et al., 
2008) was attributed to the influence of a simultaneously presented letter was in-
vestigated. This claim is central to the interpretation of these effects as reflecting 
letter - speech sound integration processes. More specifically, the letter-specificity 
of the amplitude enhancement of the MMN to speech sounds was tested by includ-
ing a condition in which a scrambled version of the same letter were presented. 
Additionally, all conditions were presented within subject, making it possible to 
calculate an individual letter-specific effect measure and to investigate its relation 
with reading fluency. First we investigated if the earlier reported MMN modulation 
was replicated with a different letter - speech sound pair. To this aim the MMN to 
speech sounds presented in isolation was compared with the MMN to speech 
sounds presented simultaneously with letters. Secondly, we tested for a letter-
specific influence on the MMN by comparing the effects of the letter with the ef-
fects of the non-letter. 
We replicated our earlier results and found a significant MMN amplitude enhance-
ment if the speech sound oddball was combined with a letter. Although both letters 
and non-letters seemed to have an effect on the MMN amplitude to speech sound 
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deviants, MMN amplitude to speech sounds presented simultaneously with letters 
was significantly higher in comparison with MMN amplitude to speech sounds pre-
sented with non-letters. This is a strong indication for a letter-specific, in stead of a 
more general, cross-modal effect of visual stimuli on speech sound processing. This 
interpretation of a letter-specific effect was further supported by the finding of 
significant correlations between the individual letter effect measures and reading 
fluency: higher reading fluency was clearly positively related with a higher letter-
specific effect on the MMN to speech sounds. This is all the more remarkable, since 
the participants were all fluently reading adults without any history of reading prob-
lems. That is because it is a founding assumption of the Dual Route theory of read-
ing that letter - speech sound processing is no longer relevant for adult fluent read-
ing (Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001). Together, these results 
strongly support the previously reported effects of letters on speech sound process-
ing and the claim that these effects reflect basic features of genuine letter – speech 
sound integration. The fact that we now used different letters than in the previous 
studies further supports this generalization. Therefore, the previous conclusion still 
holds: Letters and speech sounds are automatically integrated in the brain of flu-
ently reading adults within 200 ms after stimulus onset (Froyen et al., 2008).  
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Summary 

Written language is used to communicate in an exact manner across boundaries of 
place and time. In this way information and knowledge is preserved much longer 
than when passed on by oral communication. Thanks to written language, our 
knowledge of the world grows exponentially. In the present knowledge based soci-
ety, reading and writing becomes crucial to obtain social and economic success. 
Reading and writing is not learned spontaneously. That is because the relation be-
tween letters and their corresponding speech sounds is not natural, but is based on 
an arbitrary consensus. Nevertheless do most children learn to read and write 
within a few years. About four percent of all children, however, never manage to 
read and/or write fast and accurately. If there is no external cause for these reading 
problems, for example a history of psychological problems, a low IQ or insufficient 
education, those children are considered to be dyslexic.  
In order to obtain more insight in the process of normal and abnormal reading, it is 
necessary to investigate all aspects of reading. In this thesis a very basic aspect, 
namely the automaticity and time course of letter – speech sound processing, is 
investigated in adults, in normally developing readers and in dyslexic children. Neu-
ral correlates of letter – speech sound processing were measured with event related 
potentials (ERP), a method which records brain activity with a millisecond precision. 
More specifically, the mismatch negativity (MMN), a well established ERP-
component, was used which is known to be evoked pre-attentively and without the 
requirement of a task. 
In chapter 2, a cross-modal MMN paradigm, used in all studies presented in this 
thesis, is proposed as a tool to investigate automatic letter – speech sound process-
ing with high temporal resolution. The MMN is known to reflect a specifically audi-
tory deviance detection mechanism when in a train of standard sounds infrequently 
a deviant sound is presented. Experienced adult readers were presented with 
speech sound standards and deviants appearing either in isolation (auditory) or with 
a standard letter (audiovisual). Rationale was that if letters and speech sounds are 
automatically integrated, this should be represented in an effect of letters on the 
MMN to speech sounds due to a double cross-modal violation of the deviant speech 
sound /o/ towards the standard speech sound /a/ and the standard letter “a”. To 
furthermore investigate the temporal window of integration, letters were presented 
either simultaneously or preceded the speech sounds by 100 or 200 ms. Results 
showed that the MMN amplitude to the speech sound deviant presented with let-
ters was found to be enhanced in comparison with the same speech sound deviant 
presented in isolation, however only when letters and speech sounds were pre-
sented simultaneously. The MMN amplitude enhancement by letters diminished 

Thesis_Froyen_v3.pdf   117 17-9-2009   17:06:03



 118

linearly with increasing stimulus onset asynchrony (SOA). Considering the early and 
automatic evocation of the MMN, these results strongly indicate that letters and 
speech sounds are early and automatically integrated in the experienced readers’ 
brain, within a narrow temporal window of integration. 
Since in the previous study (chapter 2) speech sounds were only presented either in 
isolation or simultaneously with letters, it cannot be excluded that merely the pres-
ence of a visual stimulus evoked the previously observed effect on the MMN ampli-
tude. We therefore aimed at explicitly investigating the letter-specificity of the pre-
viously found cross-modal MMN amplitude enhancement. In a replication study 
(Chapter 6) speech sounds were presented in isolation or simultaneously with let-
ters as well as non-letters. The non-letter was a scrambled version of the letter, and 
thus contained the same basic visual features as the letter but not its letter-specific 
content. Results revealed that in both audiovisual conditions the MMN amplitude 
was enhanced in comparison with the auditory only condition. However, the MMN 
amplitude in the audiovisual letter condition was enhanced even more in compari-
son with the audiovisual non-letter condition. Additionally, a correlation was found 
between reading fluency and the letter-specific MMN enhancement. These results 
clearly indicate that the previously reported letter - speech sound integration effect 
was genuine and, moreover, that it is strongly related with reading. 
The validation of this cross-modal MMN paradigm, suited to investigate pre-
attentive letter – speech sound processing with high temporal resolution, provided 
us with a tool to investigate the development of letter – speech sound processing 
during the first years of reading instruction (chapter 3). Learning the correspon-
dences between letters and their corresponding speech sounds is considered a 
crucial step during reading acquisition. However, neural correlates of letter – speech 
sound processing in developing readers have not been reported before. Eight and 
eleven year old children, with respectively one and four years of reading instruction, 
were presented with the exact same letter – speech sound MMN paradigm as used 
with adults (chapter 1). Results reveal that in eight year old beginner readers, de-
spite having full letter – speech sound knowledge, no early integration effect was 
observed. Surprisingly, even in eleven year old advanced readers this early integra-
tion effect was only present when the letter preceded the speech sound by 200 ms 
and not, like in adults, at simultaneous letter – speech sound presentation. To-
gether, these results indicate that early and automatic letter – speech sound inte-
gration takes years to develop. Interestingly, whenever there was no early integra-
tion effect, there was an influence of letters on speech sound processing at 650 ms 
after speech sound onset. Considering the fact that, in a semi-transparent language 
like Dutch, children learn all letter – speech sound associations within a few months 
of reading instruction, it was suggested that this late effect reflects less automated 
letter – speech sound association. In sum, these results indicate a transition from 
mere association in beginner readers to more automatic, but still not “adult-like”, 
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integration in advanced readers. In contrast to general assumptions, the present 
study provides evidence for an extended development of letter – speech sound 
processing. 
Unstable letter – speech sound associations are assumed to be the missing link 
between evident phonological problems and reading problems in people with de-
velopmental dyslexia. Therefore, in chapter 4, once more the same cross-modal 
MMN paradigm is employed to investigate letter – speech sound processing, now in 
a group of eleven year old dyslexics. Their results were compared with those of the 
advanced readers (age matched controls) as well as beginner readers (reading level 
controls) who participated in the developmental study (chapter 3). Remarkably, 
even after four years of reading instruction, children with dyslexia showed no sign 
of early and automatic integration. Although they showed letter – speech sound 
association effects in a later time window (around 650 ms), this effect resembled 
that of the reading level controls and not that of their age matched peers. To con-
trol for letter – specificity of this late effect, we calculated correlations with behav-
ioural reading measures. We found strong correlations of the late letter effect with 
word reading, somewhat lower correlations with pseudo word reading, but no cor-
relation with rapid naming or phoneme deletion. Interestingly, the dyslexics showed 
very similar speech sound processing as their age matched controls when speech 
sounds where presented in isolation. In sum, this indicates that dyslexics do exhibit 
problems when processing letter - speech pairs, however, in the context of intact 
processing of the same speech sounds when processed in isolation. Consequently, 
in the present study, letter – speech sound processing problems cannot be ex-
plained by phonological problems only. We therefore advance the possibility that 
severe letter - speech sound processing problems may actually constitute one of the 
generic and proximal causes of reading problems in dyslexia. 
Letter – speech sound pairs are multisensory, audiovisual objects. However, their 
visual and auditory properties are merely linked by an arbitrary, culturally defined 
consensus. This stands in contrast with for example audiovisual speech, in which 
visual and auditory information share time varying aspects. Recent brain imaging 
results have indicated that, like in audiovisual speech processing, heteromodal ar-
eas in superior temporal cortex and modality-specific auditory cortex are involved in 
letter – speech sound processing. Although low level visual areas are found to be 
involved during audiovisual speech processing as well, their roll during letter – 
speech sound processing remains unclear. In chapter 5 the visual counterpart of the 
auditory mismatch negativity is used to investigate the influences of speech sounds 
on letter processing. Letter and non-letter deviants were infrequently presented in 
a train of standard letters, either in isolation or simultaneously with a speech sound. 
Although the findings reported in the previous chapters showed that letters sys-
tematically modulate speech sound processing, the reverse does not hold: speech 
sounds do not automatically influence letter processing. This asymmetric recruit-
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ment of low level sensory processing during letter - speech sound integration, con-
trasts with the symmetric involvement in, for example, audiovisual speech. The 
present results establish that low level visual processes do not constitute a basic 
ingredient of the cortical network responsible for the automatic integration of let-
ters and speech sounds, probably due to the arbitrary, culturally defined link be-
tween them. 
In all studies presented in this thesis a crossmodal MMN paradigm is used. Although 
the MMN is considered a purely auditory deviance detection mechanism, it has 
been used before to investigate neural correlates of audiovisual integration. Until 
now, however, these studies investigated audiovisual processing in which a deviant 
visual stimulus evoked an MMN by illusorily changing the percept of the standard 
sound. In the studies presented in this thesis the MMN amplitude enhancement 
reflects a more subtle crossmodal influence on speech sound processing. While a 
letter deviant did not evoke an auditory MMN in a series of standard speech sounds 
(no illusory change in auditory perception), a standard letter did influence the MMN 
evoked by a deviant speech sound in a series of standard speech sounds. The advan-
tage of this crossmodal MMN paradigm is that it enables us to investigate letter – 
speech sound processing directly, without participants having to perform a task. In 
this way task-related disturbing effects are avoided and it is ascertained that we do 
not measure, for example, the retrieval of phonological codes or the articulation of 
the sounds. In order to increase our insights in this crossmodal MMN, it would be 
interesting to investigate the exact location of the crossmodal MMN generator 
mechanism. It is known that deviations in different auditory attributes evoke MMNs 
with partially different generator mechanisms in auditory cortex. Possibly the loca-
tion of the crossmodal letter – speech sound MMN partly converges with the brain 
areas in which fMRI studies revealed letter – speech sound integration effects. 
To conclude, the work presented in this thesis demonstrates a tool to investigate, 
pre-attentively and with a high temporal resolution, letter – speech sound process-
ing in adults, in developing readers and in dyslexics. Main conclusions are that flu-
ent readers automatically integrate letters with speech sounds when these are 
presented in close temporal proximity. Secondly, development towards adult letter 
– speech sound processing takes multiple years and evolves from mere association 
into automatic integration of letter – speech sound pairs. And finally, letter - speech 
sound processing problems, and not (solely) phonological problems, may constitute 
one of the generic and proximal causes of dyslexic reading problems. 

Thesis_Froyen_v3.pdf   120 17-9-2009   17:06:03



 121 

Samenvatting 

Geschreven taal laat toe om over de grenzen van de tijd heen op een exacte manier 
te communiceren met elkaar. Hierdoor gaat opgedane kennis minder snel verloren 
dan wanneer deze enkel mondeling werd doorgegeven. Dit toont zich in onze huidi-
ge kennismaatschappij die exponentieel ontwikkeld. Bijgevolg wordt lezen en schrij-
ven steeds belangrijker om succesvol te worden in onze samenleving. Kinderen 
leren niet spontaan lezen en schrijven. Dat is omdat de relatie tussen letters en 
spraakklanken niet natuurlijk is, maar berust op een onnatuurlijke consensus. Toch 
ondervinden de meeste kinderen hier weinig problemen mee en kunnen zij na enke-
le jaren vlot lezen en schrijven. Echter, ongeveer vier procent van alle kinderen 
hebben het moeilijk om snel en accuraat te leren lezen en/of schrijven, zonder dat 
ze een lager IQ of psychologische problemen hebben of zonder dat ze minder goede 
scholing genieten. Hier is sprake van dyslexie. 
Om meer te weten te komen over de normale en abnormale leesontwikkeling is het 
nuttig alle aspecten van het lezen te onderzoeken. In deze thesis heb ik me gericht 
op een zeer basaal aspect, namelijk hoe snel en automatisch letters aan spraakklan-
ken gekoppeld worden in de hersenen van ervaren, minder ervaren en dyslectische 
lezers. Letters en spraakklanken zijn de bouwstenen van onze taal. Als het reeds 
misgaat in het vlot gebruik van letter – spraakklank koppelingen, heeft dat bijgevolg 
verstrekkende gevolgen voor de verdere leesontwikkeling. 
In hoofdstuk 2 wordt een methode beschreven waarmee de snelheid en het auto-
matisme van letter – spraakklank koppelingen kan worden onderzocht. Deze me-
thode werd succesvol getest op een groep volwassen en dus ervaren lezers. Met 
behulp van event related potentials (ERP) kunnen hersensignalen gemeten worden 
die ontstaan na aanbieding van een bepaalde stimulus of tijdens het uitvoeren van 
een taak, en dit met een zeer nauwkeurige tijdsindicatie. Een welomschreven ERP 
component is de mismatch negativity (MMN). Deze component treedt op als er in 
een reeks van steeds dezelfde klanken af en toe een afwijkende klank wordt aange-
boden. Het brein detecteert deze afwijking snel (binnen 250 ms) en automatisch, 
dus zonder dat er een taak hoeft te worden uitgevoerd door de proefpersoon. In 
het experiment dat gepresenteerd wordt in hoofdstuk 2, werd een reeks van 
spraakklanken aangeboden zonder meer, of samen met de letter “a”. De reeks 
spraakklanken bestond uit steeds dezelfde, standaard spraakklank /a/, sporadisch 
afgewisseld met de afwijkende spraakklank /o/. Als nu letter – spraakklank paren 
automatisch geïntegreerd worden in het brein (hetgeen we verwachtten bij een 
ervaren lezer), dan zou dit te zien moeten zijn in een effect op de MMN door de 
dubbele, crossmodale afwijking van de spraakklank /o/ ten opzichten van de 
spraakklank /a/ én de letter “a”. Om ook nog na te gaan hoe groot de tijdsspanne is 
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waarbinnen letters en spraakklanken automatisch worden geïntegreerd, werd de 
letter ofwel gelijktijdig, of 100 of 200 ms voor de spraakklanken aangeboden. Resul-
taten toonden dat de MMN amplitude gemeten bij letter – spraakklank paren hoger 
was dan wanneer gemeten bij spraakklanken alleen, maar dit was enkel het geval 
als de letters gelijktijdig met de spraakklanken gepresenteerd werden. Het effect op 
de MMN amplitude verminderde lineair wanneer de tijdsspanne tussen de letter en 
spraakklank aanbieding vergrootte. Gezien het bekend is dat de MMN altijd vroeg 
en automatisch optreedt, kunnen we uit deze resultaten afleiden dat letters en 
spraakspraakklanken vroeg en automatisch geïntegreerd worden in het brein van de 
ervaren lezer, zolang de tijdsspanne tussen beiden zeer beperkt is. 
Vermits in de studie in hoofdstuk 2 spraakklanken slechts gepresenteerd werden of 
samen met letters of in isolatie, kon niet uitgesloten worden dat het gewoon de 
aanwezigheid was van een visuele stimulus waardoor er een effect gemeten werd 
op de MMN. Als het effect op de MMN veroorzaakt kan worden door eender welke 
visuele stimulus, zou dit niets zeggen over de letter – spraakklank koppelingen 
waarin we geïnteresseerd zijn. Er werd daarom een controle studie uitgevoerd om 
de letter specificiteit van de invloed van letters op de MMN te testen. In de studie 
beschreven in hoofdstuk 6 werden spraakklanken ofwel in isolatie ofwel gelijktijdig 
met letters of pseudoletters gepresenteerd. De pseudoletter was een onherkenbare 
versie van de letter, en had dus dezelfde basale visuele eigenschappen zonder de 
letter specifieke inhoud. De resultaten lieten zien dat er in beide audiovisuele condi-
ties een verhoging van de MMN amplitude te zien was in vergelijking met wanneer 
enkel de spraakklanken aangeboden werden. Maar de MMN verhoging was groter 
wanneer de spraakklank samen met een letter werd aangeboden dan wanneer de 
spraakklank samen met de pseudoletter werd aangeboden. Verder werd er ook een 
correlatie gevonden tussen de letter specifieke verhoging en leesvaardigheid. Deze 
resultaten laten duidelijk zien dat het voorheen gevonden letter – spraakklank inte-
gratie effect echt letter specifiek is en zelfs bij ervaren lezers samenhangt met lees-
vaardigheid. 
De validatie van deze crossmodale MMN methode, geschikt om letter – spraakklank 
verwerking te meten zonder de noodzakelijkheid van een taak en met een hoge 
tijdsresolutie, liet toe de ontwikkeling van letter – spraakklank koppelingen te on-
derzoeken bij schoolgaande kinderen (hoofdstuk 3). Het leren welke letters bij wel-
ke spraakklanken horen wordt verondersteld cruciaal te zijn in de leesontwikkeling. 
Desondanks heeft niemand ooit onderzocht hoe deze letter – spraakklank koppelin-
gen verwerkt worden in het brein van beginnende lezers. Kinderen van acht en elf 
jaar oud, met respectievelijk een en vier jaar leeservaring, werden onderzocht met 
exact dezelfde crossmodale MMN methode als eerder beschreven in hoofdstuk 2. 
De resultaten lieten zien dat er in acht jaar oude beginnende lezers geen vroege 
integratie effecten te zien waren, ondanks het feit dat ze op die leeftijd reeds alle 
letters van het alfabet aan de juiste spraakklank kunnen koppelen. Nog verrassen-

Thesis_Froyen_v3.pdf   122 17-9-2009   17:06:03



 123 

der was de bevinding dat er in elf jaar oude gevorderde lezers wel een effect van de 
letter op spraakklank verwerking te zien was, echter niet wanneer beiden gelijktijdig 
werden aangeboden zoals bij volwassenen, maar enkel wanneer de letter 200 ms 
eerder kwam dan de letter. Deze twee bevindingen tonen aan dat het jaren duurt 
voordat letter – spraakklank verwerking zo snel en automatisch plaatsvindt als bij 
ervaren lezers. Verder werd er, zowel bij de beginnende als de gevorderde lezers, 
een interessant effect van de letter op spraakklank verwerking waargenomen later 
in tijd, namelijk rond 650 ms na stimulus aanbieding. Gezien in een semitransparan-
te taal zoals het Nederlands (dit wil zeggen: met weinig ambigue letter – spraak-
klank koppelingen), de meeste kinderen alle koppelingen tussen letters en spraak-
klanken binnen enkele maanden kennen, werd er verondersteld dat dit late effect 
een soort minder geautomatiseerde letter – spraakklank associatie representeerde. 
Alles samen duiden deze resultaten op een overgang van associatie in beginnende 
lezers naar automatische, maar nog steeds niet volledig ontwikkelde, integratie bij 
gevorderde lezers. In tegenstelling tot eerdere aannames, lijkt de ontwikkeling naar 
een volwassen letter – spraakklank verwerking jarenlang te duren.  
Zoals eerder aangegeven hebben moeilijkheden met lezen en schrijven een grote 
impact op het functioneren in onze huidige kennismaatschappij. Bijgevolg trachten 
we in hoofdstuk 4 om meer inzicht te verwerven in de oorzaak van dyslexie. Er 
wordt verondersteld dat dyslexie veroorzaakt wordt door een afwijkende spraak-
klankverwerking. Hierdoor zou de koppeling van spraakklanken aan letters negatief 
beïnvloed worden, hetgeen tot gevolg heeft dat de leesontwikkeling verstoord 
wordt. Hoe deze letter – spraakklank koppeling precies gebeurt in de hersenen van 
kinderen met dyslexie is nog niet eerder onderzocht. In hoofdstuk 4 werd er een 
studie uitgevoerd met exact dezelfde MMN methode als eerder beschreven (hoofd-
stuk 2), maar nu met een groep van elf jaar oude dyslectische kinderen. De resulta-
ten werden vervolgens vergeleken met die van de beginnende (zelfde leesniveau) 
en gevorderde (zelfde leeftijd) lezers uit de ontwikkelingsstudie beschreven in 
hoofdstuk 3. Zelfs na vier jaar leeservaring vertoonden de dyslectische kinderen 
geen enkele indicatie van vroege en automatische integratie. Hoewel ze letter – 
spraakklank associatie effecten vertoonden rond 650 ms na stimulus presentatie, 
leek dit effect op dat van de kinderen met hetzelfde leesniveau als henzelf en niet 
op dat van hun leeftijdsgenoten. Om na te gaan of dit latere associatie effect letter 
specifiek was, werden correlaties berekend met gedragsmaten van leesvaardigheid. 
Er werd een sterke correlatie gevonden met woord lezen, een minder sterke corre-
latie met pseudowoord lezen, maar geen correlatie met scores op de benoemtaken 
of de foneem deletie taak. Verder vertoonden dyslectische kinderen eenzelfde 
MMN als hun leeftijdsgenoten wanneer de spraakklanken in isolatie werden aange-
boden. Dit duidt erop dat dyslectische kinderen problemen ondervinden met het 
verwerken van letter – spraakklank paren, terwijl het verwerken van deze spraak-
klanken wanneer aangeboden zonder de letters niet problematisch is. Bijgevolg 
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kunnen de afwijkingen in letter – spraakklank koppelingen zoals geobserveerd in 
deze studie niet enkel verklaard worden door spraakklankverwerkings problemen. 
Daarom indiceren deze resultaten dat moeilijkheden met letter – spraakklank kop-
pelingen, en dus niet alleen moeilijkheden met spraakklankverwerking, tot de echte 
oorzaken van de leesproblemen bij mensen met dyslexie behoren. 
De link tussen een letter en zijn bijhorende spraakklank is gebaseerd op een onna-
tuurlijke, maatschappelijke afspraak. Toch zien we dat letter – spraakklank paren bij 
ervaren lezers automatisch geïntegreerd worden tot een audiovisueel samengesteld 
object (hoofdstuk 2 en 6). Andere audiovisuele stimuli, zoals audiovisuele spraak 
(bestaande uit lip bewegingen en spraakklanken), delen echter natuurlijke eigen-
schappen. De bron van een spraakklank (de mond) beweegt namelijk op een manier 
die samenhangt met onder andere het ritme en het volume van de spraakklank. Het 
is daarom interessant om na te gaan of en hoe de verwerking van letter – spraak-
klank paren in onze hersenen verschilt van de verwerking van andere audiovisuele 
stimuli. Recente functional magnetic resonance (fMRI) studies hebben aangetoond 
dat de hersengebieden die ingeschakeld worden bij het verwerken van letter – 
spraakklank paren gedeeltelijk overeenkomen met de hersengebieden die actief 
worden bij het waarnemen van audiovisuele spraak. Er is echter nog discussie over 
de betrokkenheid van de visuele gebieden bij de verwerking van letter – spraak-
klank paren, terwijl de betrokkenheid van deze gebieden bij audiovisuele spraak 
verwerking algemeen aanvaard wordt. In hoofdstuk 5 werd daarom de invloed van 
spraakklanken op letter verwerking onderzocht met behulp van de visuele MMN. 
Dit is een soortgelijke ERP component als de MMN, maar dan in het visuele domein. 
Afwijkende letters en pseudoletters werden gepresenteerd in een stroom van stan-
daard letters, ofwel in isolatie of gelijktijdig met spraakklanken. Hoewel de studies 
in alle voorgaande hoofdstukken letter specifieke effecten vonden van letters op 
spraakklanken, blijkt het omgekeerde niet het geval: spraakklanken beïnvloeden 
niet automatisch de visuele MMN veroorzaakt door letters. De asymmetrische be-
trokkenheid van basale hersengebieden (auditief en niet visueel) bij letter – spraak-
klank integratie, verschilt dus van de symmetrische betrokkenheid van basale audi-
tieve én visuele hersengebieden zoals die terug te vinden is bij audiovisuele spraak 
verwerking. De vroege visuele verwerking is niet noodzakelijk betrokken bij de au-
tomatische integratie van letter – spraakklank paren, waarschijnlijk door de onna-
tuurlijke, maatschappelijk bepaalde relatie tussen beiden. 
In deze thesis werd gebruik gemaakt van een crossmodaal MMN paradigma. Hoe-
wel ervan uitgegaan wordt dat de MMN enkel puur auditieve verwerking represen-
teert, werd deze component ook al eerder gebruikt om audiovisuele verwerking te 
onderzoeken. Maar tot nu toe werd enkel gerapporteerd dat er een MMN optrad 
doordat het percept van de auditieve stimulus denkbeeldig veranderde onder in-
vloed van een afwijkende visuele stimulus. In deze thesis wordt aangetoond dat de 
MMN ook meer subtiele crossmodale invloeden op spraakklank verwerking kan 
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representeren. Terwijl de afwijkende letter geen auditieve MMN veroorzaakte in 
een serie van standaard spraakklanken (dus geen denkbeeldige verandering in audi-
tieve perceptie), werd er wel gevonden dat een standaard letter de MMN, veroor-
zaakt door een afwijkende spraakklank in een serie van standaard spraakklanken, 
kan beïnvloeden. Het voordeel van deze methode is dat het toelaat letter – spraak-
klank verwerking rechtstreeks te onderzoeken zonder dat proefpersonen een taak 
dienen uit te voeren. Om meer te weten te komen over deze crossmodale MMN 
zou het interessant zijn om de locatie na te gaan van het neurale generator mecha-
nisme dat eraan ten grondslag ligt. Het is immers bekend dat afwijkingen in uiteen-
lopende auditieve eigenschappen MMNs veroorzaken met uiteenlopende neurale 
generator mechanismen in de auditieve cortex. Mogelijk komt de locatie van de 
crossmodale MMN overeen met de hersengebieden waar eerdere fMRI studies 
letter – spraakklank integratie effecten hebben gevonden. 
Ter conclusie: de studies die in deze thesis werden gepresenteerd demonstreren 
een methode om letter – spraakklank koppelingen te onderzoeken in de hersenen 
van ervaren en beginnende lezers alsook dyslectici. Een groot voordeel van deze 
methode is dat er met een hoge tijdsresolutie wordt gemeten en dat het niet nodig 
is een taak op te leggen aan de proefpersonen. Op die manier worden taak gerela-
teerde effecten uitgesloten, zodat we er zeker van kunnen zijn dat we niet het op-
halen van de spraakklank of het uitspreken ervan aan het meten zijn. De belangrijk-
ste conclusies zijn dat ervaren lezers vroeg en automatisch letter – spraakklank 
paren integreren wanneer ze gelijktijdig worden aangeboden. Ten tweede, de ont-
wikkeling tot een volwassen letter – spraakklank verwerking duurt ettelijke jaren en 
evolueert van associatie naar automatische integratie van letter – spraakklank pa-
ren. Ten derde, problemen met de verwerking van letter – spraakklank paren, en 
niet (enkel) problemen met spraakklank verwerking lijken ten grondslag te liggen 
aan leesproblemen van mensen met dyslexie.  
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