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Chapter 1
General introduction

Chapter 1

Becoming fluent in reading may be the most important challenge for a child during the early
school years as the acquisition of efficient reading skills forms the foundation of later academic
learning and economic success. Skilled readers decode words so automatically, they find it
almost impossible to see a word and not to read it. However, some children will never achieve
the effortless reading abilities of the skilled reader and these children are often diagnosed
with language disorders such as dyslexia (Snowling & Hulme, 2010). Although dyslexia has
become one of the most carefully investigated language disorders, both the nature and the
underlying cause of the phonological deficit in dyslexia are still poorly understood. Most
theories on dyslexia assume that the phonological representations in dyslexia are not properly
specified which may result in phonological processing difficulties. It is unclear, however, if
these phonological representations are either underspecified, indicated by a lack of distinctness
in representations, or overspecified, indicated by the processing of irrelevant phonological
information. A neurocognitive perspective may shed new light on this problem. Therefore,
the present thesis aims to investigate both the nature and specification of phonological
representations in dyslexia by using a combined behavioural and neurophysiological
approach. This introductory chapter first provides background information about dyslexia
and the behavioural and neurophysiological methods applied in this thesis, then presents an
overview of the research design and an outline of the present thesis.

Phonological deficit in dyslexia
The term dyslexia has its origin in 1887, when reading difficulty was first described by the
German ophthalmologist Rudolf Berlin (Smythe, 2011; Wagner, 1973). Historically, dyslexia
was described as a form of visual word blindness but since the seminal work by Liberman and
colleagues in the 1970s on speech perception (Liberman, 1973), this apparent visual difficulty
in dyslexia was reinterpreted as a difficulty in the processing of phonological information.
Since the 1970s reading difficulties in dyslexia have been understood as a difficulty in the
conscious manipulation of speech sounds, not a difficulty in identifying abstract visual
symbols.
However, more than a century after the discovery of dyslexia and despite decades of
intensive research, the aetiology of dyslexia is still debated. To date, dyslexia is described
as a hereditary reading disorder of neurobiological origin that affects about 5% of the global
population (about 4% in the Netherlands, Blomert, 2005) and is characterised by severe and
persistent reading and spelling difficulties that are not explained by sensory or cognitive
deficits, by ineffective classroom instruction or by social background (for reviews, see
Démonet, Taylor, & Chaix, 2004; Gabrieli, 2009; Habib, 2000; Shaywitz & Shaywitz, 2005).
There is now an impressive amount of evidence indicating that the majority of individuals
with dyslexia have a phonological deficit, that is, difficulties in the ability to access, process
and manipulate speech sounds (Ramus, 2003; Snowling & Hulme, 2010; Vellutino, Fletcher,
Snowling, & Scanlon, 2004; Wagner & Torgesen, 1987). At the behavioural level, phonological
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deficits are classically found for a triad of dimensions: phonological awareness, verbal shortterm memory and lexical retrieval (for reviews, see Castles & Coltheart, 2004; Melby-Lervåg,
Lyster, & Hulme, 2012; Pufpaff, 2009; Ramus, 2003). In addition, these phonological deficits
are also supported by a large number of functional neuroimaging and post-mortem studies
that have reported functional and structural anomalies in the left hemisphere of individuals
with dyslexia compared to typical readers (for reviews, see Galaburda, Sherman, Rosen,
Aboitiz, & Geschwind, 1985; Pugh et al., 2001; Ramus, 2004; Shaywitz & Shaywitz, 2008).
Two dominant theoretical frameworks have been invoked to explain phonological
deficits in dyslexia. On the one hand, the classical phonological theory of dyslexia postulates
the phonological difficulties as the core deficit of dyslexia (Snowling, 2000; Stanovich, 1988).
According to this view, phonological difficulties are the result of underspecified phonological
representations, and thus a specific processing deficit which is phonological in nature. On the
other hand, several alternative theories are proposed explaining the phonological difficulties
as secondary due to basic sensorimotor impairments in the auditory system (rapid temporal
processing deficit; Tallal, 1980), the visual system (magnocellular deficit; Livingstone, Rosen,
Drislane, & Galaburda, 1991) and the cerebellum (Nicolson & Fawcett, 1990). According to
this account, a deficit in basic auditory processing may result in underspecified phonological
representations and in turn affect phonological processing. These alternative theories have
been combined into the general magnocellular theory (Stein, 2001; Stein & Walsh, 1997), which
explains the phonological difficulties by taking auditory, motor and visual impairments
into account and postulates a general deficit in the neural pathways involved in the fast
transmission and processing of sensory information.
Because all the abilities that underlie the phonological deficit in dyslexia are related to
phonological representations, most theories on dyslexia assume that there is a problem in the
specification of these phonological representations. Accordingly, different theories assume
different effects on the specification of the phonological representations in dyslexia. For
instance, the phonological deficit can result from either suboptimal access to the phonological
representations (Ramus & Szenkovits, 2008) or from underspecified phonological
representations as a result of inefficient coding of phonological information (Elbro, 1996;
Snowling, 2000; Tallal, Miller, & Fitch, 1993). Conversely, the phonological deficit can also
result from overspecified phonological representations as a result of representations that
are not properly tuned to the ambient language (Bogliotti, Serniclaes, Messaoud-Galusi, &
Sprenger-Charolles, 2008; Serniclaes, van Heghe, Mousty, Carre, & Sprenger-Charolles, 2004).
Well-specified phonological representations ensure accurate and rapid access to phonological
information, whereas not properly specified phonological representations affect the accuracy
and the retrieval speed of phonological information and may impede fluent reading.
A child must learn to extract the underlying segmental structure of a word by detecting
relevant acoustic cues in the speech signal to efficiently develop phonological representations.
However, this is not as straightforward as one might think since speech is a continuous and
fleeting signal with no invariant cues that mark boundaries between words or individual
11
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phonemes. Despite this absence of clear boundaries, the speech signal contains certain
statistical regularities (for reviews, see Jusczyk, 1999; Kuhl, 2004). For example, each language
contains a unique statistical distribution of phoneme sequences: a phoneme sequence that
is common in one language may be rare or even illegal in another. The likelihood of the cooccurrence of speech sounds in the language is called phonotactic probability, and children
become sensitive to these distributional patterns in the ambient language at an early age. This
sensitivity may facilitate the acquisition, recognition and representation of spoken language
during language acquisition (for a review, see Auer & Luce, 2008). The way that individuals
with dyslexia process speech sounds might be critical to how they map graphemes to
phonemes.
Several studies have shown that individuals with dyslexia demonstrate difficulties in the
perception of phonemes (e.g., Adlard & Hazan, 1998; Manis et al., 1997; Mody, StuddertKennedy, & Brady, 1997; Studdert-Kennedy, 2002), whereas others demonstrated basic
auditory difficulties in the processing of short or rapidly changing non-speech stimuli (e.g.,
Farmer & Klein, 1995; Goswami et al., 2002; Hämäläinen, Salminen, & Leppänen, 2012; Tallal,
1980). Subsequently, it was suggested that either the poor representation of speech sounds
may lead to phonological processing difficulties or that deficits in basic auditory processing
may affect speech perception, and in turn lead to phonological processing difficulties. In order
to disentangle the precise nature of this auditory deficit in dyslexia, it is necessary to study
auditory processing difficulties in the same participants using speech and non-speech stimuli
that are comparable in stimulus complexity in identical experimental paradigms. However,
these type of studies are still very scarce (e.g., Vandermosten et al., 2010).

The allophonic perception hypothesis
The process of speech perception can be divided in at least two successive levels of processing:
acoustic-phonetic and phonological processing (Phillips, 2001; Serniclaes, 2011b). First, at
the acoustic-phonetic level, universal features such as voice-onset-time (VOT) and formant
transitions are extracted in the auditory system. Second, at the phonological level, these
features are grouped into language-specific features such as voicing and place-of-articulation
to form abstract phonological representations. Whereas the acoustic-phonetic level of
processing is largely innate, the development of phonological representations depends on
exposure to the language.
Although several studies have provided behavioural evidence of how infants change
from universal speech perception to language-specific speech perception, the underlying
mechanisms of how the initial universal phonetic representations transform into languagespecific phonological representations are less clear (Kuhl, 2004; Phillips, 2001). Given the
complexity of this process, it is possible that the reorganisation of the perceptual space from
universal to language-specific listeners does not occur to the same extent in children with
dyslexia, thus affecting the mapping between speech sounds and letters (Serniclaes, 2006;
Serniclaes & Geng, 2009).
12

General introduction

The classical theories of dyslexia have located the core deficit in dyslexia at the acousticphonetic level (e.g., Tallal, 1980), which may interfere with the development of efficient
phonological representations. However, according to the allophonic mode of speech
perception hypothesis (Serniclaes, 2011a; Serniclaes et al., 2004), the phonological difficulties
in dyslexia may be rooted in differences in phonological perception, without difficulties at the
acoustic-phonetic processing level.
The allophonic perception hypothesis postulates that individuals with dyslexia perceive
speech using allophonic rather than phonemic units and are thus not properly tuned to
the ambient language. That is, individuals with dyslexia are considered to be sensitive to
contextual variants within the same phoneme category which belong to different phoneme
categories in other languages. Furthermore, this hypothesis suggests that the complex
process of grouping allophones into phonemic categories during early development may
be abnormal in dyslexia (Serniclaes, 2011a; Serniclaes et al., 2004; Sprenger-Charolles, Colé,
& Serniclaes, 2006). Accordingly, the use of an allophonic mode of perception would have
major implications for the development of efficient grapheme-phoneme correspondences,
at least in alphabetic writing systems, because the phonological representations represent
more categories than are necessary in the ambient language. In other words, there is no oneto-one correspondence between graphemes and phonemes, even in a perfectly transparent
orthography. As the processing of written language requires well-defined phonological
representations, an allophonic mode of perception would in turn affect the reading process. In
contrast to written language, the processing of spoken language using allophonic rather than
phonemic categories would not be much affected because during normal communication
spoken language contains many redundant and contextual cues to enhance the intelligibility
of the speech signal (McQueen & Cutler, 2001). Still, the use of an allophonic mode of
perception to process spoken language would be more memory demanding by the processing
of irrelevant linguistic information.
Taken together, the development of efficient phonological representations not only
requires the extraction of relevant acoustical cues from the speech signal but also grouping
these cues into abstract phonological categories. The extent to which a listener has learned to
group linguistically-relevant cues into phonological categories can be measured with tasks
based on categorical perception. Thus, categorical perception measures may be an indicator
of the quality of the listeners’ phonological representations.

Categorical perception deficit in dyslexia
Individuals with dyslexia also demonstrate a deficit in categorical perception. They seem
to be less categorical than typical readers in the perception of phonemic contrasts (e.g.,
Chiappe, Chiappe, & Siegel, 2001; Manis et al., 1997; Vandermosten et al., 2010). In categorical
perception tasks, listeners are asked to categorise or label the stimuli along a continuum in
two or more categories (e.g., identification task), or to discriminate pairs of stimuli as being
same or different along a continuum (e.g., discrimination task). It is important to clarify that
13
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categorical perception refers to the relationship between discrimination and identification,
and is different from a shallower slope in the identification function or a smaller peak in the
discrimination data, which indicates less categorical precision (i.e., sharpness of the category
boundary). This distinction is important because many studies on speech perception have
claimed to investigate categorical perception by using only an identification or discrimination
task (Holt & Lotto, 2010; Serniclaes, 2006).
With respect to both identification and discrimination tasks, a deficit in categorical
precision is reflected by shallower slopes of the identification function or by poorer betweencategory discrimination scores. Several studies have reported that both adults and children
with dyslexia tend to have shallower slopes of the identification function or poorer betweencategory discrimination scores compared to age-matched typical readers (e.g., Chiappe et
al., 2001; Godfrey, Syrdal-Lasky, Millay, & Knox, 1981; Maassen, Groenen, Crul, AssmanHulsmans, & Gabreëls, 2001; Manis et al., 1997; Steffens, Eilers, Gross-Glenn, & Jallad, 1992; van
Beinum, Schwippert, Been, van Leeuwen, & Kuijpers, 2005; Vandermosten et al., 2010). These
observed deficits in categorical precision in individuals with dyslexia may suggest imprecise
or overlapping phonological categories and thus that their phonological representations are
not properly developed (e.g., Elbro, 1996; Snowling, 2000).
Note, however, that not all studies found significant differences in categorical precision
between individuals with dyslexia and age-matched typical readers (e.g., Brandt & Rosen,
1980) and that the finding of shallower slopes in young children are mixed (e.g., Boets,
Ghesquière, van Wieringen, & Wouters, 2007; Gerrits & de Bree, 2009). Differences in the slope
of the identification function between children with dyslexia and typically reading controls
may reflect a maturational delay because categorical precision is found to develop from
early infancy through adolescence (Hazan & Barrett, 2000; Hoonhorst et al., 2011; Medina,
Hoonhorst, Bogliotti, & Serniclaes, 2010). In contrast to categorical precision, categorical
perception does not change after early infancy and a deficit in categorical perception may be
specific to dyslexia (Hoonhorst et al., 2011; Serniclaes, 2011a).
A deficit in categorical perception, the relationship between identification and discrimination,
was first evidenced by Godfrey et al. (1981). Godfrey et al. (1981) demonstrated that children
with dyslexia not only had weaker categorical precision, but also that these children were
better in discriminating stimuli from the same category compared to the controls. Similar
results were found in subsequent studies, suggesting that a categorical perception deficit in
dyslexia is not only due to poorer performance of between-category discrimination but also
by the better discrimination of phonetic contrasts within the same category (Manis & Keating,
2004; Serniclaes, Sprenger-Charolles, Carre, & Démonet, 2001; Werker & Tees, 1987). These
findings suggested that individuals with dyslexia have a heightened sensitivity to variants of
the same phoneme category. More specifically, individuals with dyslexia may discriminate
sounds that cross allophonic boundaries within the same phonemic category (Bogliotti et
al., 2008; Serniclaes et al., 2004). For instance, French children with dyslexia demonstrated
reduced discrimination peaks at the phonemic boundary on different VOT continua and
14
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unexpected discrimination peaks at an allophonic boundary at approximately -30 ms VOT
(Bogliotti et al., 2008; Serniclaes et al., 2004). A sensitivity to (allophonic) VOT boundaries
located at approximately -30 and +30 ms VOT have also been found in pre-linguistic children
in Spanish (Lasky, Syrdal-Lasky, & Klein, 1975), English (Aslin, Pisoni, Hennessy, & Perey,
1981) and French (Hoonhorst et al., 2009) speaking environments. Furthermore, these ±30 ms
VOT boundaries are phonemic in three-voicing category languages, such as Thai (Lisker &
Abramson, 1970).
Not all previous studies have reported better within-category discrimination in individuals
with dyslexia (Breier, Fletcher, Denton, & Gray, 2004; van Beinum et al., 2005). This could be
due to different features of the speech continua that were used, as speech perception deficits
in dyslexia can be extremely subtle. In adults with dyslexia, allophonic perception may be
absent at the behavioural level due to cognitive mechanisms that may compensate the neural
processing of allophones (e.g., Dufor, Serniclaes, Sprenger-Charolles, & Démonet, 2009). In
addition, the continua used by Breier et al. (2004) and van Beinum et al. (2005) contained no
well-defined allophonic boundaries, which was in contrast to the full VOT continuum that
was used by Bogliotti et al. (2008). Thus, within-category differences in studies using continua
that lack well-defined allophonic contrasts (e.g., Breier et al., 2004; van Beinum et al., 2005)
might arise from the discrimination of merely any form of acoustic contrast rather than those
that straddle an allophonic boundary per se. For these reasons, the design of the stimulus
continuum is essential for demonstrating allophonic perception.
The most widely held explanation of dyslexia, the phonological core deficit theory of
dyslexia (Snowling, 2000), does not explain the observed heightened sensitivity to allophonic
variants within the same phonemic category. According to the phonological core deficit
theory, the underspecified phonological representations might result in the confusion of
similar speech sounds and thus can only explain the poorer perception between categories.
In contrast to the hypothesis of underspecified phonological representations, the allophonic
perception hypothesis provides a clear explanation about both the poorer perception between
categories and the heightened sensitivity to allophonic variants. Furthermore, the use of
allophones rather than phonemes has important implications for the development of efficient
grapheme-phoneme correspondences and hence for the development of a sublexical reading
route.

A neural perspective on phonological
representations in dyslexia
Behavioural versus neural measures
Most studies investigating auditory and phonological processing in dyslexia used tasks
based on behavioural measures, however, it is argued that individuals with dyslexia may
have problems with certain task demands rather than problems related to the complexity of
15
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the stimuli (Banai & Ahissar, 2006; Roach, Edwards, & Hogben, 2004). Indeed, behavioural
measures require processing demands beyond language processing, such as motivation,
attention and memory. A limitation of most behavioural measures is thus that the results
of these measures are indirect and reflect only the outcome of several underlying cognitive
processes (e.g., reaction time or accuracy). Given these limitations, overt behavioural
measures may not reliably capture subtle underlying deficits in speech processing. Unlike
behavioural measures, measuring neural activity such as electroencephalography (EEG) is
a more appropriate method for investigating online phonological processing difficulties. In
addition, neural measures may reflect pre-attentive auditory processing, which is hard to
probe using behavioural measures.
Measuring EEG has several advantages, it not only provides a useful method to explore
the temporal development of cognitive processes in a non-invasive way, but it also provides
a direct and continuous measure of changes in neural activity associated with a specific event
with a millisecond precision. Another advantage is that EEG can provide an online measure
of the automatic processing of stimuli even in the absence of a behavioural response. This
latter advantage makes the measurement of EEG a suitable method to investigate the neural
processing in clinical populations and young children.
Several event-related potential (ERP) components are related to various linguistic
processes, including the mismatch negativity and N400. The mismatch negativity is an early
ERP component reflecting auditory change detection irrespective of attention. The N400
is a later ERP component associated with semantic and phonological processing (Kutas &
Hillyard, 1980) and reflects the degree to which a written or spoken word is expected.

Mismatch negativity as a marker of auditory discrimination
Mismatch negativity (MMN), first described by Näätänen, Gaillard, and Mäntysalo (1978),
is an ERP component that is elicited by any noticeable change that violates some regularity
in the preceding auditory stimulus sequence, irrespective of attention or the behavioural
task (for reviews, see Bishop, 2007; Näätänen, Paavilainen, Rinne, & Alho, 2007; Näätänen &
Winkler, 1999; Winkler, 2007).
Besides acoustic change detection, the MMN may also indicate the presence of languagespecific long-term memory traces in the auditory system. Several studies have shown that
typical examples of a phoneme category in a given language elicit larger MMN amplitudes
in speakers of that language, whereas the MMN to the exact same sounds was reduced in
participants whose language lacks a matching phoneme category (Cheour et al., 1998;
Dehaene-Lambertz, 1997; Dehaene-Lambertz & Baillet, 1998; Näätänen et al., 1997; Winkler
et al., 1999). For example, Näätänen et al. (1997) found that the MMN amplitude was larger
in healthy adults when the infrequent deviant stimulus reflected a relevant contrast in the
participant’s native language (Finnish) rather than an irrelevant foreign language (Estonian).
Furthermore, studies have demonstrated that in addition to the reflection of languagespecific phoneme traces, the MMN may also indicate higher order linguistic processes such
16
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as phonotactic probability (Bonte, Mitterer, Zellagui, Poelmans, & Blomert, 2005; Bonte,
Poelmans, & Blomert, 2007) or abstract phonological features (e.g., Eulitz & Lahiri, 2004).
Taken together, the above-mentioned findings of larger MMN amplitudes in response
to familiar speech sounds compared to unfamiliar speech sounds suggests that the MMN
is sensitive to fine-grained changes in the speech signal and may indicate the presence of
language-specific memory traces. This approach provides an excellent tool to investigate the
specification of phonological representations in dyslexia.
With respect to dyslexia, MMN studies have revealed diminished MMN amplitudes
for basic auditory stimuli in adults (tone frequencies: e.g., Baldeweg, Richardson, Watkins,
Foale, & Gruzelier, 1999; Kujala, Lovio, Lepistö, Laasonen, & Näätänen, 2006); children (tone
duration: Corbera, Escera, & Artigas, 2006) and children and infants with a familial risk for
dyslexia (tone duration: Leppänen et al., 2002; tone frequencies: Maurer, Bucher, Brem, &
Brandeis, 2003). Nevertheless, normal MMNs were observed for changes in tone duration
in adults with dyslexia (Baldeweg et al., 1999; Kujala, Halmetoja, et al., 2006). Furthermore,
impaired cortical discrimination is also reported for speech stimuli in children and adults with
dyslexia for changes in consonants (e.g., Lachmann, Berti, Kujala, & Schröger, 2005; SchulteKörne, Deimel, Bartling, & Remschmidt, 1998, 2001; Sharma et al., 2006) and in children and
infants with a familial risk for dyslexia for changes in consonants (Maurer et al., 2003; van
Leeuwen et al., 2008) and vowels (e.g., Lovio, Näätänen, & Kujala, 2010). Moreover, studies
relating the brain responses of infants and children to their later language performance
suggested that problems with the processing of speech and non-speech sounds interfere
with the development of stable phonological representations and thus with a prerequisite for
becoming literate (Espy, Molfese, Molfese, & Modglin, 2004; Guttorm et al., 2005; Leppänen
et al., 2010; Molfese, 2000).
Similar to the earlier reported behavioural findings on auditory processing in dyslexia,
neural data demonstrated diminished MMN responses to both basic auditory stimuli and
speech stimuli, and added fuel to the debate as to whether the auditory deficit is restricted
to speech stimuli or to a more basic auditory processing deficit. Although many studies have
shown the MMN to be an excellent tool to investigate auditory and speech processing in
dyslexia, the processing of allophonic variants was not investigated in these studies.

N400 as a marker of phonological overlap
A later ERP component that is typically elicited during neural processing of written and
spoken words is the N400, first described by Kutas and Hillyard (1980). The amplitude of
the N400 is assumed to reflect the ease with which conceptual knowledge associated with
a preceding word or sentence can be retrieved (Duncan et al., 2009; Kutas & Federmeier,
2000). Typically, the N400 amplitude is reduced when words are semantically primed (i.e.,
for target words that are anticipated based on the context in which the words are presented;
Kutas & Federmeier, 2011; Kutas & Hillyard, 1980). In addition, the N400 amplitude can also
be reduced when words are phonologically primed, for example, by alliteration (shared word
17
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onsets; e.g., Praamstra, Meyer, & Levelt, 1994), rhyme (shared word offsets; e.g., Rugg, 1984)
or different degrees of word-final overlap (Dumay et al., 2001).
With respect to dyslexia, several studies investigated phonological overlap in children
and adults with dyslexia and found aberrant N400 effects (e.g., Ackerman, Dykman, &
Oglesby, 1994; Desroches, Newman, Robertson, & Joanisse, 2012; McPherson & Ackerman,
1999; McPherson, Ackerman, Holcomb, & Dykman, 1998; Rüsseler, Becker, Johannes, &
Münte, 2007), suggesting that these ERP correlates may reflect difficulties with phonological
processing. However, a disadvantage of relatively late ERP components such as the N400
is that the interpretation of these components is less straightforward as processing at this
stage not only involves basic phonological processes but also processes over and above word
recognition.
Taken together, it is suggested that the phonological N400 may reflect neural correlates
of phonological processing and that the phonological N400 amplitude is a reflection of the
degree of phonological overlap. Furthermore, abnormal N400 responses in individuals with
dyslexia may reflect neural correlates of difficulties in phonological processing. Based on the
results of previous studies in typical readers and individuals diagnosed with dyslexia it is
not yet clear how beginning readers at risk for developing dyslexia process different types
of phonological overlap, whereas phonological difficulties during early literacy acquisition
might explain later reading problems.

The present thesis
In the Netherlands, the diagnoses of dyslexia is commonly made in children that already
received a substantial amount of reading instruction. By this time, these children already
lag considerably behind in reading skills compared to their classmates. Early detection of
difficulties that could prohibit the development of efficient reading skills might prevent or
at least diminish later reading deficits. Although it is widely agreed that reading problems
are related to phonological deficits, it is yet unclear whether the underlying phonological
representations are either underspecified, by a lack of distinctness in representations, or
overspecified, by the processing of irrelevant phonological information.
Because previous studies mainly dealt with children and adults that were already
diagnosed with dyslexia, these studies do not tell us whether or not auditory problems
may be causally related to reading problems (Rosen, 2003; White et al., 2006). Yet, evidence
for an allophonic mode of speech perception has only been found in children and adults
diagnosed with dyslexia. Therefore, a heightened sensitivity to allophonic variants in
individuals diagnosed with dyslexia does not—in and of itself—demonstrate a possible
causal relationship between speech perception problems and dyslexia. Because good speech
perception abilities were found to be related to better phonological processing and reading
abilities, the presence of an allophonic mode of speech perception in pre-reading children
at risk for dyslexia would suggest that the allophonic mode of speech perception may not
18
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merely be the result of lacking reading experience. In order to examine whether auditory
problems precede the onset of reading instruction rather than result from a lack of reading
experience, it is most useful to conduct a longitudinal study that starts before children receive
formal reading instruction and continues up to the point where they have developed early
reading skills. Such a longitudinal design would provide important new insights about the
development of phonological representations in dyslexia.
Because the development of efficient reading skills hinges on well-defined phonological
representations, the main aim of the present thesis was to disentangle whether phonological
representations in dyslexia are either underspecified or overspecified. Another aim of this
thesis was to investigate whether auditory difficulties associated with dyslexia are restricted
to speech or whether these are secondary to a more basic auditory processing deficit.

Design of the present research
In the present thesis, a longitudinal design was used in which pre-reading children at risk
for dyslexia were selected by identifying children from families where a first order relative,
i.e., the mother or the father, was known to have dyslexia. This longitudinal study started in
the second year of kindergarten, with an initial group of 33 children at risk for dyslexia and a
control group of 40 children with no family history of dyslexia. These children were followed
from the second year of kindergarten, the year before formal reading instruction, up to first
grade where they received reading instruction. The results with respect to underspecified or
overspecified phonological representations of the children that participated in this longitudinal
study are presented in the Chapters 3, 4 and 5. In addition to the studies conducted in children
at risk for dyslexia, it was also examined whether deficits in the processing of speech sounds
persist into adulthood. These results are presented in the Chapters 2 and 6.
Both the nature and specification of phonological representations in dyslexia were
investigated using a radial sine-wave continuum ranging from /bə/ to /də/ with well-defined
allophonic boundaries (Serniclaes, 2011b; Serniclaes & Geng, 2009; see Appendix A). The
stimuli along this continuum differed in the place-of-articulation by manipulating the initial
frequencies of both the F2 and F3. Both a speech and a non-speech version of this continuum
were constructed with a one-to-one correspondence between phonetic and acoustic cues.

Outline of the present thesis
In the present thesis, the research regarding the specification of phonological representations
in dyslexia is presented from the perspective of phonological development, with regard to
sensitivity to phonological cues for the extraction of large phonological units from the speech
signal (phonotactic probabilities and rhyme), to an awareness of the smallest phonological
units (phonemes) which are necessary for the development of efficient reading skills.
In Chapter 2, the neural processing of phonotactic probabilities in adults with dyslexia
was examined using the MMN. So far, the neural processing of phonotactic probabilities in
dyslexia has been investigated in children only (Bonte et al., 2007). However, difficulties in
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the neural processing of phonotactic probabilities might also be an underlying factor in adults
with dyslexia, but it still remains unclear whether such difficulties can persist into adulthood.
Therefore, the neural processing of stimuli that differed in phonotactic probabilities was
studied in adults with dyslexia and typically reading age-matched controls in order to
examine the tuning to language-specific phonological regularities in adults with dyslexia.
In Chapter 3, the neural processing of spoken word pairs that differed in phonological
overlap during a rhyme judgement tasks were examined in first graders at risk for dyslexia
and age-matched controls. These results were obtained during the second measurement of
the longitudinal study that started in kindergarten. The rhyme judgement task consisted
of word pairs with different types of phonological overlap: rhyming (e.g., wall-ball), nonrhyming overlapping (e.g., bell-ball) and non-rhyming unrelated (e.g., sock-ball) word pairs.
It was examined how children at risk for dyslexia processed more complex non-rhyming
overlapping word pairs, which required a more analytical approach rather than a comparison
of overall sound similarity.
In Chapters 4 and 5, the behavioural and neurophysiological results regarding allophonic
perception of the longitudinal study are reported. In Chapter 4, the longitudinal results of the
categorical perception abilities in children at-risk for dyslexia and age-matched controls from
kindergarten to first grade are reported. Both identification and discrimination responses were
obtained to examine the nature of the auditory deficit in dyslexia as well as whether auditory
problems in dyslexia preceded the onset of reading instruction. Moreover, it was examined
whether speech perception in at-risk children would be allophonic rather than phonemic.
In Chapter 5 neurophysiological results of the discrimination of speech sounds using the
MMN are described, which were obtained when the children in the longitudinal study were
in first grade. To gain more insight in phonological processing difficulties and allophonic
perception in dyslexia, neural responses recorded for stimuli belonging to the same phoneme
category (acoustic variants of /bə/) or to different phoneme categories (/bə/ and /də/) were
compared between the children at risk for dyslexia and controls.
In Chapter 6, speech processing abilities in adults with dyslexia using both behavioural
and neural measures are reported. At the behavioural level, both identification and
discrimination responses for stimuli along a /bə-də/ place-of-articulation continuum were
obtained to examine their categorical perception abilities. At the neural level, MMNs were
recorded for speech sounds belonging to either the same phoneme category (acoustic variants
of /bə/) or different phoneme categories (/bə/ and /də/). These neural responses as well as the
behavioural responses to speech sounds were compared between adults with dyslexia and
age-matched controls.
In the general discussion, in Chapter 7, the main findings of the research presented in
this thesis are discussed from a phonological development perspective. Finally, Chapter 7
addresses some limitations of the studies in this thesis and provides suggestions for future
research.
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Chapter 2

Abstract
During language acquisition in the first year of life, children become sensitive to phonotactic
probabilities such as the likelihood of speech sound co-occurrences in the ambient language.
Because this sensitivity is acquired at an early age, the extent to which the neural system that
underlies speech processing in adults is tuned to these phonological regularities can reflect
difficulties in processing language-specific phonological regularities that can persist into
adulthood. Here, we examined the neural processing of phonotactic probabilities in 18 adults
with dyslexia and 18 non-dyslexic controls using mismatch negativity (MMN), a pre-attentive
neurophysiological response. Stimuli that differed in phonotactic probability elicited similar
MMN responses among the adults with dyslexia, whereas the controls responded more
strongly to stimuli with a high phonotactic probability than to stimuli with a low phonotactic
probability, suggesting that controls—but not adults with dyslexia—are sensitive to the
phonological regularities of the ambient language. These findings suggest that the underlying
neural system in adults with dyslexia is not properly tuned to language-specific phonological
regularities, which may partially account for the phonological deficits that are often reported
in dyslexic individuals.
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Introduction
Accurate phonological representations are required for the proper development of efficient
reading and writing skills. Difficulty mapping letters to sounds can be associated with language
disorders such as developmental dyslexia (Snowling & Hulme, 2010). Developmental dyslexia
is defined as a specific reading disorder characterised by severe and persistent impaired
reading and spelling and is not explained by either sensory or cognitive deficits or by a lack
of effective instruction (Démonet, Taylor, & Chaix, 2004). It is widely accepted that the most
commonly occurring cognitive deficit in dyslexia is difficulty representing and processing
speech (Vellutino, Fletcher, Snowling, & Scanlon, 2004). Furthermore, several neuroimaging
studies in dyslexia have provided evidence for functional anomalies in brain areas not only
associated with phonological processing but also with orthographic processing (e.g., Habib,
2000; Kast, Elmer, Jancke, & Meyer, 2010; Kronschnabel, Schmid, Maurer, & Brandeis, 2013;
Pugh et al., 2001). Although such additional orthographic deficits may contribute to poor
reading skills in dyslexia, longitudinal studies show that phonological processing in young
children predict later reading success (Snowling & Hulme, 2010; Vellutino et al., 2004).
However, to date, neural studies that investigate impaired processing of relatively higher level
phonological information in dyslexia such as phonotactic probabilities—i.e., the likelihood
of speech sound co-occurrences in a language—have been performed in children only
(Bonte, Poelmans, & Blomert, 2007). Thus, difficulties in the neural processing of phonotactic
probabilities might also be an underlying factor in adults with dyslexia; however, the question
of whether such difficulties can persist into adulthood has remained unanswered. Therefore,
we focused on the neural processing of phonotactic probabilities both in adults with dyslexia
and in typically reading controls.
During language acquisition, infants become sensitive to the phonological regularities of
the ambient language in the first year of life, and this sensitivity then facilitates the acquisition,
recognition and representation of spoken language later in life (Jusczyk, 1999). Because every
language contains specific phonological regularities, learning these statistical regularities
requires exposure to the language. Because of this requirement, studying the extent to which
the neural system that underlies speech processing is tuned to these statistical language
regularities can provide a fruitful method to investigate the specification of phonological
representations. In individuals with dyslexia, such representations may not be properly tuned
to the ambient language, and this lack of tuning can affect the processing of phonological
regularities.
Phonological processing in dyslexic individuals is usually measured using behavioural
tasks that require overt responses. However, a limitation of this approach is that these tasks
will inherently reflect attentional, motivational and task-related artefacts and therefore may
not reliably capture subtle underlying deficits in speech processing. In contrast to behavioural
measures, measurement of event-related potentials (ERP) is a more appropriate method
for investigating online phonological processing difficulties. Therefore, we used mismatch
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negativity (MMN) to measure the neural processing of phonological regularities in normalreading adults and dyslexic adults. The MMN reflects an automatic change detection response
and is typically recorded using an oddball paradigm in which the MMN is elicited by any
noticeable change in the preceding auditory stimulus sequence, irrespective of attention or the
behavioural task (for a review, see Näätänen, Paavilainen, Rinne, & Alho, 2007). Furthermore,
the MMN can provide an index of experience-dependent memory traces and is sensitive to
language-specific phoneme representations (Näätänen et al., 2007; Winkler et al., 1999).
In the present study, an oddball paradigm was used in which syllables that differed in
phonotactic probability were used once as a standard and once as a deviant to minimise the
contribution of acoustic processes (Bonte et al., 2007; Eulitz & Lahiri, 2004). Based on a previous
study of children with dyslexia and control children (Bonte et al., 2007), we hypothesised
that typically reading controls would exhibit an asymmetric MMN response pattern with
larger amplitudes for a high phonotactic probability syllable, thus indicating sensitivity to
phonotactic probabilities. In contrast, if insensitivity to phonotactic probabilities persists
into adulthood, adults with dyslexia should exhibit deviant neural processing in response to
syllables with high versus low phonotactic probabilities.

Methods
Participants
Eighteen dyslexic adults (15 females and 3 males) with a mean age of 20.95 years (SD =
2.61) participated in this study. A second group of 18 adults (12 females and 6 males) with a
mean age of 21.28 years (SD = 2.56) served as a control group. Each adult with dyslexia was
diagnosed by a qualified psychologist using an extensive standardised cognitive behavioural
procedure. At the time of testing, the reading skills of the participants were assessed using
standardised word- and non-word-reading tasks (Brus & Voeten, 1999; van den Bos, Lutje
Spelberg, Scheepstra, & de Vries, 1994). The performance of the adults with dyslexia was
significantly lower than the controls with respect to both the word-reading (p < 0.001) and
non-word-reading (p < 0.001) tasks. All participants were right-handed according to selfreport and native Dutch speakers with normal hearing and no history of brain damage, longterm hearing loss or vision problems. Each participant provided informed consent prior to
the start of the experiment, and all procedures were conducted in accordance with the ethical
guidelines of the Behavioural Science Institute at Radboud University Nijmegen.

Stimuli
The standard and deviant stimuli were sine-wave analogues of the speech sounds /bə/ and
/də/ (consonants /b/ and /d/ followed by the neutral vowel /ə/; schwa) and were generated
using parallel formant synthesis (for further details, see Noordenbos, Segers, Serniclaes,
Mitterer, & Verhoeven, 2012; see Appendix A). The phonotactic probability of the stimuli was
determined by computing the type and token frequency using CELEX (Baayen, Piepenbrock,
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& Gulikers, 1995), a corpus based on 42 million Dutch words. The log frequencies of the
sequence /də/ were higher with respect to both type (4.85) and token (6.69) than the respective
log frequencies of the sequence /bə/ (type: 4.22, token: 5.91). Note that the 0.78 difference in
token log frequency reflects the 6-fold difference in the number of Dutch words containing
the sequence /də/ compared to the number of Dutch words that contain the sequence /bə/. The
syllable /bə/—which had a low phonotactic probability (LPP)—had rising F2 and F3 transitions
(rising F2: from 1094 to 1500 Hz; rising F3: from 2024 to 2500 Hz), whereas the syllable /də/—
which had a high phonotactic probability (HPP)—had falling F2 and F3 transitions (falling
F2: from 1853 to 1500 Hz; falling F3: from 3429 to 2500 Hz). The end frequencies of the F2 and
F3 transitions were fixed at 1500 and 2500 Hz, respectively. The initial and end frequencies of
the first formant (F1) were 300 and 500 Hz, respectively. The voice onset time (VOT) was -80
ms, the duration of each frequency transition was 40 ms, and the duration of the stable vocalic
segment was 80 ms; thus, the total duration of each stimulus was 200 ms.

EEG recording and procedure
The electroencephalogram (EEG) was amplified using a BrainAmp DC amplifier, band-pass
filtered at 0.1–200 Hz and sampled at a rate of 500 Hz. The EEG was recorded using Ag/AgCl
electrodes that were placed at 26 scalp sites in accordance with the International 10-20 system
(ActiCap system, Brain Products GmbH, Gilching, Germany). Each electrode was referenced
online to the tip of the nose. Additional electrodes were placed on the left and right mastoids.
The horizontal and vertical electro-oculograms (EOG) were monitored using electrodes
placed at the left and right external canthi of the eyes (for the horizontal EOG) and above and
below the left eye (for the vertical EOG). The impedance of each electrode was less than 10
kΩ. The EEG was recorded while the individual participant was seated comfortably in a semisoundproof room. Each participant watched a self-selected silent movie and was instructed
to ignore the auditory stimuli. The stimuli were presented using an oddball paradigm in
which a sequence of identical stimuli (i.e., standards) was interrupted by a rare stimulus (i.e.,
deviant) with a probability of 0.12. The experiment was divided into four blocks containing
400 stimuli each (48 deviants and 352 standards), in which the stimuli were presented with
a stimulus-onset asynchrony (SOA) of 600 ms. To control for potential acoustic effects of the
stimuli, the standard and deviant stimuli were reversed in half of the blocks (i.e., in half of the
blocks, the deviant became the standard and the standard became the deviant). The stimuli
were presented in a pseudorandom order with the following restrictions: the first 16 stimuli in
each block were always standard stimuli, and at least three standard stimuli were presented
between two successive deviant stimuli. For each participant, a unique stimulus presentation
list was created. The stimuli were binaurally delivered using Sennheiser model HD 555
headphones set at a comfortable hearing level of approximately 65 dB. The presentation of
the stimuli was controlled by Presentation software (Neurobehavioral Systems, Inc., Albany,
CA, USA).
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Data analysis
The continuous EEG data were pre-processed and analysed using the open source Fieldtrip
toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011). Ocular artefacts in the EEG data
were removed using independent component analysis (ICA; Jung et al., 2000). Any residual
artefacts in the EEG data that exceeded a voltage change of ±75 µV at any electrode were
excluded from further analysis (3% of the trials met this criterion). The EEG data were rereferenced to the mean of the two mastoid electrodes, and ERPs were calculated by averaging
the data from -100 ms through +600 ms relative to the stimulus onset for the standards and
deviants. The epochs were digitally filtered using a 1-30 Hz band-pass filter and baselinecorrected with respect to the 100 ms pre-stimulus interval. Only the standard immediately
preceding the deviant was included in the analysis, thereby yielding a signal-to-noise ratio
that was similar between the standard and deviant.
The MMN was obtained by subtracting the ERPs that were elicited by the standard from
the ERPs that were elicited by the deviant for physically identical stimuli. The grand-mean
MMN peak was identified from the difference waveform at electrode Fz (Duncan et al., 2009;
Näätänen et al., 2007) as the most negative peak occurring between 150-400 ms after the
stimulus onset. At Fz the MMN response was visibly detectable in both groups, as was an
inverted polarity below the Sylvian fissure (at the mastoid electrodes). The individual mean
MMN amplitudes were averaged across a 50 ms time window surrounding the grand-mean
MMN peak latency at Fz. To test whether the MMN mean amplitudes differed significantly
from baseline (measured from -100 ms to 0 ms), a cluster-based random permutation procedure
that included all EEG channels was applied to minimise the likelihood of a Type I error in the
case of multiple comparisons. In particular, the data was randomised between conditions for
several iterations (in this study, 1000 times). For each of these randomisations, cluster-level
statistics were computed based on t-scores, and the largest cluster-level statistic was entered
into the null distribution. The p-value was estimated as the proportion of randomisations
with a more extreme test statistic than the observed test statistic (for more details, see Maris
& Oostenveld, 2007).

Results
As shown in Fig. 2.1a, the HPP syllable elicited a large MMN response in both the adults
with dyslexia and the controls; in contrast, the LPP syllable elicited an MMN response in the
adults with dyslexia but not in the controls. The cluster-based random permutation analysis
revealed that the MMNs for the HPP syllable in both the adults with dyslexia and the controls
differed significantly (t(17)sum = 80.84, p < 0.001 and t(17)sum = 42.02, p = 0.005, respectively)
from baseline at several fronto-central electrodes (these electrodes are shown as white stars in
the topographies in Fig. 2.1). With respect to the LPP syllable, cluster-based statistics revealed
a significant MMN in the adults with dyslexia (t(17)sum = 37.69, p = 0.02) but not in the controls;
in the control group, no clusters for the LPP syllable differed significantly from baseline.
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Next, for both the HPP and LPP syllables, the ERP responses of the adults with dyslexia
were compared with the control responses (Fig. 2.1b). With respect to the HPP syllable, clusterbased statistics did not reveal any significant clusters. In contrast, with respect to the LPP
syllable, cluster-based statistics revealed a frontally distributed cluster that was significant
(t(34)sum = 15.81, p = 0.02); specifically, the adults with dyslexia exhibited larger fronto-central
negativity for the LPP syllable.
No significant correlation was observed between the MMN amplitude and reading skill.
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Figure 2.1 Grand-mean event-related potentials (ERPs) in response to standard and deviant stimuli and
difference waves (MMN) at electrode Fz. (a) Grand-mean ERPs in response to standard and deviant
stimuli and difference waves (MMN) for both the HPP (upper panels) and LPP (lower panels) syllables
in adults with dyslexia (right panels) and controls (left panels). The inset within each subpanel shows the
topographic map of the MMN. The white stars in the topographies indicate the electrodes that showed
a significant MMN in the time interval indicated by the grey vertical bars. (b) Grand-mean difference
waves (MMN) for both the HPP (upper panel) and LPP (lower panel) syllables in the adults with dyslexia
versus the controls. The white stars in the topographies indicate the electrodes that showed a significant
difference in MMN activity between the controls and dyslexics in the time interval indicated by the
grey vertical bars. MMN, mismatch negativity; HPP, high phonotactic probability syllable; LPP, low
phonotactic probability syllable.
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Discussion
The findings of the present study revealed that high-functioning adults with dyslexia have
deviant pre-attentive brain responses to language-specific phonological regularities compared
to typically reading adult controls. The typically reading adults had higher MMN responses to
the sequence with high phonotactic probability relative to the sequence with low phonotactic
probability, and this finding is consistent with previous studies of typically reading adults
and children (Bonte, Mitterer, Zellagui, Poelmans, & Blomert, 2005; Bonte et al., 2007). More
importantly, the MMN responses of the adults with dyslexia did not reflect any sensitivity to
these language-specific phonological regularities. The adults with dyslexia had comparable
MMN responses to speech sound sequences with both high and low phonotactic probabilities.
These results support the hypothesis that the processing of language-specific phonological
information is impaired in dyslexic individuals.
However, other factors may account for the present findings and should be considered.
Because the MMN responses that are elicited by speech stimuli can reflect both acousticspecific and phoneme-specific processes (Winkler et al., 1999), it may be argued that our
results could have been influenced by low-level acoustic-related stimuli effects. However, we
used an oddball paradigm in which each stimulus was used once as a standard and once as
a deviant to minimise the contribution of acoustic processes. Furthermore, because only the
standard that immediately preceded the deviant was included in the analysis, the signal-tonoise ratio was similar for the standard and deviant stimuli. It is, therefore unlikely that the
differences in the ERP responses between the standard and deviant stimuli are a result of
differences in the physical stimuli.
Alternatively, our results may reflect the sparse phonological representations of coronals
(e.g., /d/) that has been found for typically reading individuals. According to this model of
underspecification, only contrastive or otherwise non-predictable information of speech
sounds is stored in the mental lexicon (Lahiri & Reetz, 2010). Thus, depending on the features
extracted from the speech signal and depending on the presence or absence of these features
in the mental lexicon, this model predicts asymmetric activation patterns (Lahiri & Reetz,
2010). The present results of the control group are consistent with these expectations in that
the coronal deviant /də/ elicited a larger MMN response than the non-coronal deviant /bə/.
However, such an explanation was previously proposed in a study of phonotactic probability
and the MMN (Bonte et al., 2005), which found a larger MMN for the coronal [s] than for the
labial [f] in typically reading adults when these sounds were embedded in their respective
sequences with high or low phonotactic probabilities. To disentangle phonotactic probability
and coronality, the authors tested whether this asymmetry persisted when [s] and [f] occurred
in sequences with similar phonotactic probability. The asymmetry did not persist, thereby
contradicting the predictions of phonological underspecification. Additionally, several eyetracking (Mitterer, 2011) and behavioural (Gaskell & Marslen-Wilson, 1996; Gow, 2001)
experiments contradict the predictions made by models of phonological underspecification,
34

Deviant neural processing of phonotactic probabilities in adults with dyslexia

thus making it difficult to consider coronal underspecification as a viable theory.
In conclusion, our finding of comparable MMN responses to phoneme sequences with
high and low phonotactic probability in adults with dyslexia provides evidence of a deficit
in the early neural processing of language-specific phonological information. Difficulties
in the neural reception and encoding of speech stimuli can negatively impact the implicit
learning of phonological regularities within the language, particularly in the first year of life,
during which children become sensitive to the statistical regularities present in the ambient
language. Although it is well-established that phonological deficits play a prominent role in
difficulties with the mapping of letters to sounds, recent neuroimaging results indicate that
additional processing deficits might also play a role in reading difficulties (Kronschnabel et
al., 2013). Based on the present findings, it is important to note that the cognitive difficulties
underlying the processing of language-specific phonological regularities can persist into
adulthood, even in high-functioning adults with dyslexia. Moreover, because phonological
skills are usually assessed using behavioural measures, these subtle phonological difficulties
can remain unnoticed in adults with dyslexia who have years of reading experience.
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Chapter 3

Abstract
It is widely accepted that dyslexia is associated with difficulties in phonological awareness
and that rhyme awareness in young children can predict later reading success. However,
little is known regarding the underlying phonological mechanisms of rhyme awareness
in dyslexia, as rhyme awareness is typically assessed using explicit behavioural measures
that represent only the endpoint of processing and often lack phonological distracters. We
examined event-related potentials (ERPs) in response to auditory word pairs that differed in
phonological overlap during a rhyme judgement task given to 6-year-old beginning readers
who were at risk for dyslexia (n = 30) and typical-reading age-matched controls (n = 29).
ERPs were recorded in response to word pairs with various types of phonological overlap,
including rhyming (e.g., wall-ball), non-rhyming overlapping (e.g., bell-ball) and non-rhyming
unrelated (e.g., sock-ball) word pairs. Both groups of participants exhibited N400 responses for
basic rhyme judgements versus unrelated targets. In the typical-reading controls, the neural
responses also differed between the rhyming targets and the non-rhyming overlapping
targets, whereas neural responses to these targets were similar in the group of children at risk
for dyslexia, indicating difficulties in their ability to process similar-sounding, non-rhyming
targets. These findings suggest that typical-reading children solve the rhyme judgement task
using a more analytical approach, whereas children who are at risk for dyslexia base their
judgments on a comparison of overall sound similarity.
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Introduction
Developmental dyslexia is a specific and persistent failure to acquire efficient reading and
spelling skills despite sufficient intelligence, education and social background (Démonet,
Taylor, & Chaix, 2004). The disorder typically persists into adulthood and is characterised
by slow, error-prone reading, poor non-word reading and poor spelling. Although the
underlying causes of dyslexia are debated, researchers generally agree that the majority of
individuals with dyslexia have a phonological deficit, i.e., difficulty in their ability to represent
and process speech sounds (Ramus, 2003; for a review see Vellutino, Fletcher, Snowling, &
Scanlon, 2004). However, little is known regarding the underlying phonological mechanisms,
as most studies have investigated phonological processing skills in dyslexia using explicit
behavioural measures, which by definition only provide an index of the endpoint of
processing. Therefore, in the present study, we measured event-related potentials (ERPs) in
response to auditory word pairs presented during a rhyme judgement task that was given to
beginning readers at risk for dyslexia and typical-reading age-matched controls.
It is generally believed that the phonological deficit in dyslexia encompasses problems in
three broad areas, including phonological awareness, verbal short-term memory and lexical
retrieval (e.g., Castles & Coltheart, 2004; Ramus, 2003; Wagner & Torgesen, 1987). Phonological
awareness is a primary predictor of early reading acquisition, and this awareness develops
along a continuum of increasing difficulty. For example, children generally master sensitivity
to large phonological units such as syllables before they become sensitive to smaller
phonological units such as phonemes (e.g., Anthony & Francis, 2005; Anthony, Lonigan,
Driscoll, Phillips, & Burgess, 2003; Ziegler & Goswami, 2005).
The ability to recognise rhyming patterns in one’s language can be seen as an important
milestone in the development of early literacy, as it facilitates the mapping of sounds onto
frequently occurring letter sequences (e.g., Castles & Coltheart, 2004; Ziegler & Goswami,
2005). Most children master basic rhyming skills before they begin learning to read (Bradley &
Bryant, 1983; Chard & Dickson, 1999). However, behavioural studies have shown that although
young children can perform well with respect to basic rhyme judgements (e.g., wall-ball), their
performance decreases dramatically when they must judge non-rhyming pairs that sound
globally similar (e.g., bell-ball; Cardoso-Martins, 1994; Carroll & Snowling, 2001; Wagensveld,
van Alphen, Segers, & Verhoeven, 2012). This so-called global similarity effect in young children
has been explained by their use of holistic lexical representations, which makes it extremely
difficult for the children to perform well in rhyme judgement tasks that contain phonological
distracters (Carroll & Snowling, 2001). Recently, this explanation has been challenged by the
identification of global similarity effects in older children and adults with respect to both
words and non-words (Wagensveld, Segers, van Alphen, & Verhoeven, 2013; Wagensveld,
van Alphen, et al., 2012). Based on these findings, it has been argued that the global similarity
effect may not originate from holistic lexical representations, but rather might result from
a more fundamental ability to detect acoustic similarities in phonological patterns. This
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sensitivity can be observed even in infants (Hayes, Slater, & Longmore, 2009). Along this line
of reasoning, it is believed that children can accomplish basic rhyme judgements without the
support of the mental lexicon by comparing the overall acoustic similarity between stimuli.
However, when the task’s demands are increased by adding non-rhyming overlapping pairs,
a more analytical strategy is required in which words are first segmented into their onset and
rime components, after which the rime components of distinct words can then be compared.
Difficulties with phonological awareness can generally predict reading problems later
in life. However, overt behavioural tasks that measure basic phonological awareness skills
might not differentiate between clinical groups and control groups due to the high accuracy
that both groups exhibit in performing these tasks (e.g., Cardoso-Martins, 1994; de Jong & van
der Leij, 2003; Desroches, Joanisse, & Robertson, 2006). Unlike behavioural measures, hightemporal neural recordings can accurately measure the temporal dynamics of the underlying
phonological processes in dyslexic individuals (for reviews, see Habib, 2000; Temple, 2002).
Impaired neural processing of phonological information in dyslexia has been indexed by
abnormal amplitudes of ERP components that reflect early neural processing (for example,
Mismatch Negativity [MMN]; e.g., Bonte, Poelmans, & Blomert, 2007; Noordenbos, Segers,
Serniclaes, Mitterer, & Verhoeven, 2012b; Schulte-Körne, Deimel, Bartling, & Remschmidt,
1998), as well as in later stages (for example, during word processing; e.g., Ackerman,
Dykman, & Oglesby, 1994; Desroches, Newman, Robertson, & Joanisse, 2012; McPherson
& Ackerman, 1999; McPherson, Ackerman, Holcomb, & Dykman, 1998; Rüsseler, Becker,
Johannes, & Münte, 2007). A later ERP component that is typically elicited during neural
processing of written and spoken words is the N400. The N400 is a negative ERP component
that peaks approximately 400 ms after the stimulus onset and usually reaches its maximum
amplitude over the central-parietal scalp (Duncan et al., 2009; Kutas & Federmeier, 2011;
Kutas & Hillyard, 1980). Typically, the N400 amplitude is reduced for words that are
semantically primed (i.e., for target words that are anticipated based on the context in which
the words are presented; Kutas & Federmeier, 2011; Kutas & Hillyard, 1980). In addition, the
N400 amplitude can also be reduced when words are phonologically primed, for example,
by alliteration (shared word onsets; e.g., Praamstra, Meyer, & Levelt, 1994) or rhyme (shared
word offsets; e.g., Rugg, 1984b).
This phonological N400 component—which was originally found to reflect a sensitivity
to rhyme overlap (sometimes called N450; Rugg, 1984a, 1984b)—is also sensitive to other
types of phonological overlap, including word-onset overlap (i.e., alliteration: Bonte &
Blomert, 2004; Praamstra et al., 1994) and various types of word-final overlap (Dumay et al.,
2001). For example, Dumay et al. (2001) examined phonological processing in typical-reading
French adults using words and non-words that differed in the degree of word-final overlap.
The authors demonstrated that the ERP responses became less negative with increasing
overlap, suggesting that the amplitude of the phonological N400 is a reflection of the degree
of phonological overlap. Furthermore, Coch, George, and Berger (2008) showed that visually
presented single lowercase and uppercase letters in a rhyme judgement task elicited a similar
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rhyme effect, independent of the visual features of the stimuli. These findings suggest that
the phonological N400 merely reflects phonological processing and is not influenced by
orthographic features.
Several studies investigated phonological overlap in dyslexic children and adults and
found that dyslexics showed delayed (e.g., Rüsseler et al., 2007) or reduced (e.g., Ackerman
et al., 1994; Desroches et al., 2012; McPherson & Ackerman, 1999; McPherson et al., 1998)
N400 responses compared to controls. For example, the onset latency of the N400 component
during a rhyme judgement task was delayed in adults with dyslexia compared to controls
(Rüsseler et al., 2007). Another study showed that children with dyslexia were less sensitive
to auditory rhyme distractors in a picture-word matching task (Desroches et al., 2012). These
abnormal phonological N400 responses in individuals with dyslexia may reflect difficulties
in phonological processing. However, although phonological difficulties during early
literacy acquisition might explain later reading problems, none of these studies investigated
the processing of phonological overlap in beginning readers who are at risk for developing
dyslexia.
In the present study, we investigated whether first-grade children who are at risk for
dyslexia differ from typical-reading age-matched controls with respect to their neural
responses to rhyming, overlapping and unrelated targets. Children were presented with
a rhyme judgement task and were asked to determine—as quickly and as accurately as
possible—whether the pairs of spoken words rhymed or not; during the task, their ERPs were
recorded. Neural correlates of phonological processing were examined using auditory—rather
than visual—stimuli, as deviant neural responses to visual stimuli might reflect difficulties in
phonological processing as well as inherently reflect reading-associated cognitive processes
(Kovelman et al., 2012). At the behavioural level, we expected to find a global similarity effect
for both groups, which would be in agreement with Wagensveld, van Alphen, Segers, Hagoort,
and Verhoeven (2013), who used the same materials in kindergartners and second-graders.
At the neural level, we expected the typical-reading controls to exhibit a lower phonological
N400 in response to rhyming targets relative to both non-rhyming overlapping and unrelated
targets (Wagensveld, van Alphen, et al., 2013). Furthermore, we expected to identify no
differences between non-rhyming overlapping and unrelated targets among typical-reading
children. Finally, based on previous rhyme awareness studies in children with dyslexia (e.g.,
Ackerman et al., 1994; de Jong & van der Leij, 2003; Desroches et al., 2012), we expected the atrisk children to exhibit less reduced and/or delayed phonological N400 responses to rhyming
targets relative to unrelated targets and difficulties in processing non-rhyming overlapping
targets.
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Experimental procedures
Participants
Thirty first-grade children (14 boys and 16 girls) who were at risk for dyslexia with a mean
age of 6.94 years (SD = 0.30, range 6.33 – 7.67 years) participated in this study. A second group
of 29 typical-reading first-grade children (16 boys and 13 girls) with a mean age of 6.94 years
(SD = 0.33, range 6.00 – 7.75 years) served as a control group. All of the children were native
Dutch speakers and were beginning readers who had received approximately six months of
formal reading instruction at the time of testing. These children were followed in the context
of a longitudinal study that began when they were in kindergarten (Noordenbos, Segers,
Serniclaes, Mitterer, & Verhoeven, 2012a; Noordenbos et al., 2012b). At the time of inclusion,
all of the children were in the year before formal reading instruction is initiated and children
at risk for dyslexia were selected based on the presence of at least one parent diagnosed
with dyslexia. Written informed consent was obtained from the parents of all the children.
Nonverbal intelligence was measured in kindergarten using the Raven Coloured Progressive
Matrices (Raven, 1965) and did not differ between the control children (M = 22.83, SD = 4.74)
and the at-risk children (M = 21.67, SD = 4.41; t(57) = 0.974, p = 0.33, d = 0.25). At the time of
testing, skills relevant to the development of reading were assessed using the behavioural
tests described in Noordenbos et al. (2012b).
Table 3.1 Descriptive statistics for the control participants and the children at risk for dyslexia
Controls
(n = 29)
M
Age (years)
vSTM

SD

At-risk
(n = 30)
M

SD

p

d

6.94

0.33

6.94

0.30

0.490

0.01

16.55

4.54

13.67

5.29

0.030

0.59

RAN (letters)

12.97

2.98

10.73

2.07

< 0.010

0.87

Standardised word reading

68.31

33.79

37.80

14.30

< 0.001

1.18

Standardised non-word reading

10.31

2.36

7.80

1.69

< 0.001

1.22

Note. vSTM = verbal Short-Term Memory; RAN = Rapid Automatic Naming.

The characteristics of the participants and their test scores are listed in Table 3.1. Because
multiple tests were performed, the obtained p-values were corrected using the HolmBonferroni step-down approach (Holm, 1979). Although the two groups were comparable
with respect to age and nonverbal intelligence, the at-risk children scored significantly lower
on the word and non-word reading tasks.

Stimuli
The stimuli used in the present study were the same stimuli that were used in previous studies
of typical-developing children and adults (Wagensveld, Segers, van Alphen, Hagoort, &
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Verhoeven, 2012; Wagensveld, van Alphen, et al., 2013). All of the stimuli were monosyllabic
CVC words spoken by an adult female Dutch speaker in a soundproof room. The stimuli
were digitally recorded at a sampling rate of 44.1 kHz (stereo) using a Sennheiser ME62
microphone. After recording, each stimulus was carefully edited using Praat (Boersma &
Weenink, 2007) to identify the precise sound onset and offset times. The stimuli consisted of 36
target words that were linked using the following three types of phonological overlap: rhyme,
consonant overlap and unrelated. For the rhyming pairs, each target word was linked to a
word that shared the rime constituent of the target word (e.g., wall-ball). For the overlapping
pairs, the target word was linked to a word that overlapped phonologically with the target
word (i.e., consonant overlap) but did not rhyme (e.g., bell-ball). For the unrelated pairs, the
target word was linked to a word that did not overlap phonologically with the target word
(e.g., sock-ball). In addition, a second set of 36 monosyllabic rhyming pairs was used as fillers
to yield a uniform response probability for the rhyming and non-rhyming pairs. For the filler
pairs, 12 unique target words were presented three times, but each time linked to a different
word that shared the rime constituent of the target word. This approach resulted in a set
of 72 rhyming pairs (i.e., rhyming and fillers) and 72 non-rhyming pairs (i.e., overlap and
unrelated). The rhyming pairs that were used as fillers were not included in the analyses. For
more information regarding the stimuli, see Wagensveld, van Alphen, et al. (2013).

Procedure
An electroencephalogram (EEG) was recorded from each participant in a mini-van that
was equipped with a custom-built EEG lab and parked near the child’s school. During the
experiment, the stimuli were binaurally presented through Sennheiser HD 555 headphones
at a comfortable hearing level of approximately 65 dB. The presentation of the stimuli was
controlled by Presentation (Neurobehavioral Systems, Inc., Albany, CA, USA).
The experimental trials were preceded by three practise trials in order to familiarise the
participants with the task and the response keys. In each trial, a fixation cross appeared in the
middle of the screen; 1000 ms after the beginning of the trial, the first word was presented,
and the second word, the target, was presented 1200 ms after the first word. The children were
instructed to indicate as quickly and as accurately as possible whether the presented pair of
words rhymed or not. The responses were indicated using the left and right hands, and the
appropriate response buttons were counterbalanced across the participants. The duration of
the rhyme judgment task was approximately 20 minutes. During the experiment, the stimuli
pairs where randomised and divided into three blocks containing 48 stimuli pairs each. The
number of trials that contained rhyming, overlapping, unrelated or fillers pairs was constant
in each block, with the constraint that a given target word was presented only once in each
block. Each block was separated by a short break. For more information regarding the rhyme
judgment task, see Wagensveld, van Alphen, et al. (2013). The procedure was approved by
the Central Committee on Research involving Human Subjects (CCMO), The Hague, the
Netherlands.
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EEG recording
The EEG (amplified by BrainAmp DC amplifier, band pass 0.1 – 200 Hz, sampling rate 500 Hz)
was recorded with Ag/AgCl-electrodes placed at 26 scalp sites according to the International
10-20 system with the ActiCap system (Brain Products GmbH, Gilching, Germany). The
following channels were used: Fp1, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FCz, FC2, FC6, C3,
Cz, C4, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, O1 and O2. Additional electrodes were placed
on the left and right mastoids. The ground electrode was placed at AFz. All electrodes were
referenced online to the left mastoid. The horizontal and vertical electro-oculograms (EOG)
were monitored using electrodes placed at the left and right external canthi (horizontal EOG)
and above and below the left eye (vertical EOG). The impedance of all the electrodes was
maintained below 20 kΩ (Ferree, Luu, Russell, & Tucker, 2001). The EEG and EOG signals
were recorded and digitised using Brain Vision Recorder software, version 1.03 (Brain
Products GmbH, Gilching, Germany).

Data analysis
Behavioural data
The mean error rates and reaction times of the overlapping and unrelated targets were tested
using repeated measures ANOVAs with Group (at-risk vs. control) as the between-subjects
variable and Condition (overlap and unrelated) as the within-subjects variable; mean error rate
or mean reaction time served as the dependent variable. Post-hoc comparisons (Bonferronicorrected) were used to determine whether the effects were significant.
Electrophysiological data
The continuous EEG data were pre-processed using Brain Vision Analyzer software, version
1.05 (Brain Products GmbH, Gilching, Germany) and analysed using the open-source Fieldtrip
toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011). The EEG data were corrected offline
for ocular artefacts (Gratton, Coles, & Donchin, 1983; the number of corrected blinks did not
differ between the groups, t < 1), re-referenced to the mean of the two mastoid electrodes
and digitally filtered using a 1-30 Hz band-pass filter. ERPs were calculated by averaging the
data from ‒200 ms through +1000 ms (relative to the onset of the second word in each pair)
and baseline-corrected with respect to the 200 ms pre-stimulus interval. Segments containing
voltage changes that exceeded ±100 µV at any electrode were excluded from further analysis
(9% of the trials met this criterion).
For each participant, separate ERPs were computed across all remaining trials for the
rhyming, overlapping and unrelated targets. The mean number (SD) of accepted trials for the
rhyming targets was 26.72 (5.80) for the control participants and 25.80 (6.28) for the at-risk
children; the mean number (SD) of accepted trials for the overlapping targets was 26.41 (6.89)
for the control participants and 24.97 (7.52) for the at-risk children; the mean number (SD) of
accepted trials for the unrelated targets was 28.41 (5.69) for the control participants and 28.60
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(5.68) for the at-risk children. A repeated measures ANOVA with Condition (rhyme, overlap
and unrelated) as the within-subjects factor and Group (at-risk and control children) as the
between-subjects factor revealed no significant main or interaction effects involving Group
(both F < 1). This analysis indicates that the number of accepted trials in each condition did
not differ significantly between the at-risk and control groups.
Based on previous research using the same rhyme judgement task, which revealed a
centro-parietal distribution of the phonological N400 effect (i.e., lower negativity in the
rhyming condition compared with the non-rhyming unrelated condition) in both children
and adults (Wagensveld, Segers, et al., 2012; Wagensveld, van Alphen, et al., 2013), and based
on other studies using auditory stimuli (e.g., Duncan et al., 2009; Kutas & Federmeier, 2011;
McPherson & Ackerman, 1999), our statistical analyses were performed using data collected
from the following 11 electrode sites: CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1 and O2. The
statistical significance of the planned contrasts (i.e., rhyme vs. unrelated, rhyme vs. overlap
and overlap vs. unrelated) was tested using a cluster-based random permutation procedure
(Maris & Oostenveld, 2007), which effectively dealt with the multiple comparisons problem.
Our study included 500 time points measured from 11 channels, resulting in a total of 5500
comparisons. Therefore, this permutation procedure was applied to minimise the likelihood
of a Type I error occurring in the case of multiple comparisons. First, t-test statistics were
computed for each individual time-electrode pair. Next, significant adjacent time-electrode
pairs were clustered, and for each cluster, a cluster-level test statistic was calculated by
summing all the individual t-test statistics within that cluster (tsum). The significance of each

cluster-level statistic was estimated by comparing the cluster statistic to a null distribution.
The null distribution was obtained by randomising the data between conditions across
participants for several iterations (in this study, 1000 times). For each of these randomisations,
cluster-level statistics were computed, and the largest cluster-level statistic was entered into
the null distribution. Finally, the actually observed cluster-level statistics were compared to
the null distribution. The p-value is defined as the proportion of randomisations with a more
extreme test statistic than the observed test statistic (for more details, see Maris & Oostenveld,
2007). Because previous research suggests the presence of both functional and structural brain
differences in individuals with dyslexia compared to controls (e.g., Pugh et al., 2001), as well
as deviant properties of neural measures with respect to spoken-word recognition (Helenius,
Salmelin, Richardson, Leinonen, & Lyytinen, 2002; Helenius, Salmelin, Service, et al., 2002),
the neural data collected from the at-risk and control groups were analysed separately (for a
similar approach, see Bonte & Blomert, 2004; Wagensveld, van Alphen, et al., 2013).

47

3

Chapter 3

Results
Behavioural results
The mean error rates and reaction times for each type of phonological overlap for both the
control and at-risk children are listed in Table 3.2. The significance of the differences in error
rates and reaction times between the overlapping and unrelated conditions1 was tested using
repeated measures ANOVAs with Group (at-risk vs. control) as the between-subjects variable
and Condition (overlap and unrelated) as the within-subjects variable; mean error rate or
mean reaction time was the dependent variable. With respect to the error rate, our analysis
revealed a significant main effect of Condition, F(1,57) = 28.46, p < 0.001, ηp2 = 0.33, no effect of

Group (F < 1) and no Group x Condition interaction, F(1,57) = 1.17, p = 0.28, ηp2 = 0.02. Post-hoc
analyses for the main effect of Condition revealed that the overlapping targets were judged
with less accuracy than the unrelated targets (p < 0.001). With respect to the reaction time, the
repeated measures ANOVA revealed a significant main effect of Condition, F(1,57) = 11.46,
p = 0.001, ηp2 = 0.17, no effect of Group (F < 1) and no Group x Condition interaction (F < 1).
Post-hoc analyses for the main effect of Condition revealed that the overlapping targets were
judged more slowly than the unrelated targets (p = 0.001). Thus, in summary, both groups
exhibited a global similarity effect, as indicated by the responses to overlapping targets being
less accurate and slower than to unrelated targets.
Table 3.2 Mean error rates and reaction times for rhyme, overlapping and unrelated targets for the
control participants and the children at risk for dyslexia
Controls (n = 29)

At-risk (n = 30)

M

SD

M

SD

Rhyme

10.20

12.65

10.77

12.89

Overlap

12.50

15.46

12.28

9.75

6.80

8.92

3.68

5.22

Rhyme

1632.19

418.05

1700.96

388.33

Overlap

1792.25

322.79

1840.71

347.20

Unrelated

1686.61

328.32

1764.18

343.26

Errors (%)

Unrelated
Reaction time (ms)

1 In order to avoid affecting the results by a possible response bias towards the rhyming targets (“yes”-responses)
compared to the non-rhyming overlapping and unrelated targets (“no”-responses), the mean error rates and reaction
times of the rhyming targets were excluded from the ANOVA analyses. Including all three conditions in the analyses
revealed comparable results. For the error rate, effect of Condition F(2,114) = 10.02, p < 0.001; Group: F < 1; Condition
x Group interaction: F < 1. Post-hoc analyses for the main effect of Condition: Overlapping and rhyming targets were
judged with less accuracy than unrelated targets (p < 0.01). For reaction time, effect of Condition: F(2,114) = 8.86, p <
0.001; Group: F < 1; Condition x Group interaction: F < 1. Post-hoc analyses for the main effect of Condition: Overlapping
targets were judged more slowly than unrelated and rhyming targets (p < 0.01).
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Figure 3.1 Grand-mean ERP responses in each condition for the control children (A‒C) and the children
at risk for dyslexia (D‒F). The panels represent the indicated contrasts: rhyme vs. unrelated (A and D),
rhyme vs. overlap (B and E) and overlap vs. unrelated (C and F). The lines represent the mean ERP
responses at electrode Pz. The grey shading represents the time interval of the cluster that contained
a significant effect between the two conditions. Note that the negative potentials are plotted above the
horizontal axis.

Electrophysiological results
The grand-mean ERP responses to the rhyming, overlapping and unrelated targets are
shown in Fig. 3.1; the upper panels (A‒C) depict ERP responses for the control participants,
and the lower panels (D‒F) depict the corresponding ERP responses for the children at
risk for dyslexia. To test the statistical significance of the differences between the various
targets (rhyme vs. unrelated, rhyme vs. overlap and overlap vs. unrelated), a cluster-based
random permutation procedure was applied to minimise the likelihood of a Type I error
during multiple comparisons (for a more detailed description of this procedure, see Data
analysis). We first determined whether the control children and at-risk children exhibited
a distinct rhyme effect, which would be indicated by a lower negativity in the rhyming
condition compared with the non-rhyming unrelated condition. The responses elicited by the
non-rhyming unrelated and rhyming conditions were analysed using cluster-based random
permutation. In the control group, our analysis revealed that the non-rhyming targets elicited
a more negative response than the rhyming targets from 460 to 696 ms, t(28)sum = -2065.53, p =
0.002. In the at-risk group, our analysis revealed that the non-rhyming targets also elicited a
more negative response than the rhyming targets, and this difference occurred from 476 to 612
ms, t(29)sum = -1079.15, p = 0.04. These results indicate that both the control and at-risk children
exhibited a typical rhyme effect when making basic rhyme judgements, but suggest that the
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control and at-risk children showed a different timing of the rhyme effect. To test whether the
timing of the observed clusters differed between the groups, difference waves were calculated
for both the at-risk and control children by subtracting the responses to rhyming targets from
the responses to unrelated targets. Our analysis of the difference waves revealed no significant
clusters between the at-risk and control children, t(57)sum = -266.63, p = 0.39.
Next, we examined whether the control and at-risk children processed non-rhyming
overlapping targets and rhyming targets differently. In the control group, our analysis
revealed that the non-rhyming overlapping targets elicited a more negative response than the
rhyming targets from 454 to 696 ms, t(28)sum = -1152.16, p = 0.02. However, the at-risk group

showed no significant clusters, t(29)sum = -234.01, p = 0.38, between the responses elicited by the
non-rhyming overlapping targets versus the rhyming targets. This result suggests that the
control children processed the non-rhyming overlapping targets differently than they
processed the rhyming targets, whereas the at-risk children processed these targets similarly.
Furthermore, cluster-based statistics revealed no significant clusters between the overlapping
targets and the unrelated targets in either the control children, t(28)sum = -594.51, p = 0.14 or the
at-risk children, t(29)sum = -334.37, p = 0.33, indicating that the ERP responses for these targets
were similar in both groups of children (Fig. 3.1 C and F). The temporal evolution of the
A Rhyme vs. Unrelated
(µV)

Controls

3

0

At-risk

-4

300-350 ms

350-400 ms

400-450 ms

450-500 ms

500-550 ms

550-600 ms

600-650 ms

B Rhyme vs. Overlap
(µV)

Controls

3

0

At-risk

-4

300-350 ms

350-400 ms

400-450 ms

450-500 ms

500-550 ms

550-600 ms

600-650 ms

Figure 3.2 Topographies of the temporal evolution of the N400 effect (mean difference between the
conditions) from 300 ms to 650 ms in 50-ms epochs. The electrodes that recorded a significant effect at
each time step are indicated as solid black dots. Panel A represents the contrast between rhyming and
unrelated targets, and panel B represents the contrast between rhyming and overlapping targets for the
control children (upper rows) and the children at risk for dyslexia (lower rows).
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contrasts between the N400 responses in both the control and at-risk children are shown in
Fig. 3.2, for the contrasts between rhyme vs. unrelated (Fig. 3.2A) and rhyme vs. overlap (Fig.
3.2B).
Because the aforementioned results suggest that the at-risk children processed the nonrhyming overlapping targets differently than the control children, the mean amplitudes of
the responses elicited by the non-rhyming overlapping targets within the 454-696 ms time
window were compared between the two groups. The analysis revealed that the responses
elicited by the non-rhyming overlapping targets differed significantly between the at-risk
children and the controls, t(57)sum = -10.51, p = 0.01, with more negative responses among the

controls. Furthermore, no differences in the responses elicited by the rhyming and unrelated
targets were observed between the two groups (rhyming targets: no clusters observed;
unrelated targets: t(57)sum = -2.39, p = 0.09). Fig. 3.3 summarises the amplitudes of the ERP
responses at electrode Pz in the 454-696 ms time window for the control and at-risk children.

Rhyme
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Unrelated

Potential (µV)

−4
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−1

0

Controls

At−risk

Figure 3.3 Mean amplitudes of the ERP responses in each condition at electrode Pz in the 454‒696 ms time
window for the control children (left) and the children at risk for dyslexia (right). The error bars represent
the standard error of the mean. Note that the negative potentials are plotted above the horizontal axis.

Discussion
In this study, we used a rhyme judgement task to examine the neural processing of various
types of phonological overlap in spoken word pairs in children who were at risk for
dyslexia; these results were compared with typical-reading age-matched controls. During
the rhyme judgement task, the following three types of word pairs with a consonant-vowelconsonant (CVC) structure were presented to the participants: rhyming pairs (e.g., wall-ball),
phonologically unrelated pairs (e.g., sock-ball), and—most importantly—overlapping word
pairs that sound similar but do not rhyme (i.e., overlap in the first and final consonants such
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as bell-ball). The behavioural data provided evidence for a global similarity effect in both the
controls and the at-risk children as reflected by the lower accuracy and slower responses
for the overlapping targets compared to the unrelated targets; this finding is consistent with
previous studies in children and adults (Cardoso-Martins, 1994; Wagensveld, Segers, et al.,
2013) and is in agreement with our expectations. The neural data provided evidence for a
distinct rhyme effect in the control children, an effect that was reflected by a lower negativity
for the rhyming targets compared to the unrelated targets. Interestingly, this effect was also
observed in the children who were at risk for dyslexia, suggesting that both the at-risk children
and the control children were fully capable of distinguishing rhyming targets from unrelated
targets at the neural level. Furthermore, the neural responses to the rhyming and unrelated
targets were similar between the at-risk children and the control children.
Differences between the two groups emerged when we examined the processing of
non-rhyming overlapping targets. In the control children, rhyming targets also elicited a
significantly lower negativity than the non-rhyming overlapping targets, suggesting that the
controls were able to differentiate between rhyming targets and non-rhyming overlapping
targets. A different pattern emerged for the children who were at risk for dyslexia, in which
the neural responses elicited by the rhyming targets did not differ from the responses elicited
by the non-rhyming overlapping targets, suggesting that children who are at risk for dyslexia
process rhyming targets and non-rhyming overlapping targets similarly.
Our finding of a lower N400 for rhyming targets compared to unrelated targets is
consistent with previous studies that used the same rhyme judgement task in typical-reading
older children and adults (Wagensveld, Segers, et al., 2012; Wagensveld, van Alphen, et al.,
2013), as well as other studies of typical-reading children and adults (Coch, Grossi, Skendzel,
& Neville, 2005; Praamstra et al., 1994; Radeau, Besson, Fonteneau, & Castro, 1998). Because
the amplitude of the phonological N400 is believed to reflect the degree of phonological
overlap, this finding might suggest that both the at-risk children and the control children
were able to integrate phonological information. Contrary to our expectations, the children
who were at-risk for dyslexia were able to perform basic rhyme judgements at the same
level as typical-reading controls. Although these results are in contrast to the findings of
Desroches et al. (2012), who found that children with dyslexia were less sensitive to the effects
of distracting auditory words that rhymed with the target word in a picture-word matching
task, the different outcomes between our studies could be due to the different paradigms that
were used. Desroches et al. (2012) used a picture-word matching task to implicitly examine
sensitivity to rhyme overlap; however, phonological N400 effects are primarily observed
in paradigms that require explicit phonological processing (Perrin & Garcia-Larrea, 2003).
Therefore, the nature of our rhyme judgement task—in which the children were instructed to
make explicit rhyme judgements rather than implicitly processing rhymes—may account for
our observed rhyme effect in the at-risk children.
Our study also revealed that group differences in neural processing were observed only
for the processing of non-rhyming overlapping targets. The control children exhibited a lower
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negativity for the rhyming targets than the non-rhyming overlapping targets, whereas these
same targets elicited comparable neural responses in the at-risk children. Thus, control firstgraders had neural responses that were similar to the neural responses that were elicited
in typical-reading second-graders and adults in previous studies (Wagensveld, Segers, et
al., 2012; Wagensveld, van Alphen, et al., 2013), whereas at-risk children had deviant neural
responses elicited by globally similar-sounding targets. Our finding of similar responses
to rhyming targets and non-rhyming overlapping targets in at-risk children is consistent
with previously reported behavioural data collected from typical-developing kindergarten
children (Cardoso-Martins, 1994; Carroll & Snowling, 2001; Wagensveld, van Alphen, et al.,
2012). However, given the results of a recent functional neuroimaging study (Kovelman et
al., 2012), it is unlikely that the comparability of the responses to rhyming targets and nonrhyming overlapping targets reflects a delay in maturation. Kovelman et al. (2012) reported
that children with dyslexia showed reduced activation in the left dorsolateral prefrontal cortex
during an auditory rhyme judgement task compared to age-matched controls and younger
children who were matched for phonological awareness. The authors concluded that the
reduced brain activation associated with phonological processing in dyslexic children may
be due to a difference in the strategies used to solve the rhyme judgement task, rather than
a delay in maturation. In addition, the dorsolateral prefrontal cortex is also activated in the
widely distributed neural network underlying the N400 response (Khateb et al., 2007; Kutas
& Federmeier, 2011) and has been associated with the maintenance of information in verbal
working memory (Curtis & D’Esposito, 2003; Petrides, Alivisatos, Meyer, & Evans, 1993).
Based on the association of the dorsolateral prefrontal cortex with verbal working memory
and both functional and structural brain differences in dyslexia (e.g., Pugh et al., 2001), it can
be speculated that difficulties in maintaining auditory word pairs in verbal working memory
in at-risk children (see also Table 3.1) may have prevented the at-risk children from using a
more analytical strategy in the rhyme judgement task and forced them to judge these pairs
using an alternative strategy based on overall acoustic similarity. In using a strategy based
on the overall acoustic similarity and perhaps leaving out phonological processing, at-risk
children can accomplish basic rhyme judgements, but in order to correctly judge the more
difficult non-rhyming overlapping pairs a more analytical strategy is required in which words
are first segmented into their onset and rime components, after which the rime components of
distinct words can be compared.
Although the behavioural data from the rhyme judgement task revealed no differences
between the groups and showed that both the at-risk and control children had more difficulty
judging the non-rhyming overlapping pairs, the neural data may suggest that the at-risk
children used a strategy based on overall sound similarity, whereas the control children used
a more analytical strategy. In order to use a more analytical strategy when solving rhyme
judgements, children must become consciously aware of the phonological units that are
the building blocks of words. Indeed, phonological awareness seems to develop gradually
with reading experience (Ziegler & Goswami, 2005). Furthermore, it has been suggested that
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the onset of reading instruction can change the strategy that a child uses in phonological
awareness tasks and that more stringent measures of phonological awareness are needed in
order to predict later reading performance (Carroll & Snowling, 2001; de Jong & van der Leij,
2003). Consistent with these findings, our results suggest that the typical-reading children—
who had better verbal working memory and decoding skills than children who are at risk for
dyslexia (see Table 3.1)—approached the rhyme judgement task using a different strategy
than the at-risk children. Therefore, our results suggest that phonological processing skills are
not properly developed in at-risk children and that the underlying mechanisms for processing
phonological information may differ between typical-reading children and children who are
at risk for dyslexia. The latter finding is consistent with eye-tracking and neural data collected
from phonological processing studies conducted in older children who were diagnosed with
dyslexia (e.g., Desroches et al., 2006; Desroches et al., 2012; Kovelman et al., 2012).
The notion of differences in the mechanisms that underlie the processing of phonological
information is strengthened by the observation that the very same children who were at risk
for dyslexia in the present study previously demonstrated a neural sensitivity to allophonic
variants (i.e., phonetic variation within phoneme categories) in first grade (Noordenbos
et al., 2012b). This sensitivity may have resulted from difficulties in the complex process
of grouping allophones into phonemic categories based on the relevance of phonological
information in the ambient language (Serniclaes, 2011; Serniclaes, van Heghe, Mousty, Carre,
& Sprenger-Charolles, 2004). Although heightened sensitivity to allophonic variants has
major implications for the development of efficient grapheme-phoneme correspondences,
the understanding of speech does not appear to be affected substantially apart from the
processing of redundant information. Thus, difficulties with verbal working memory might
be a direct consequence of allophonic perception as the number of allophones is much larger
than the number of phonemes in a given language. Nevertheless, these findings add to the
growing body of neural evidence suggesting that dyslexia may be associated with improper
tuning to the ambient language, thereby resulting in a variety of phonological difficulties.
Although this is the first study to examine neural processing during a rhyme judgement
task in children who are at risk for dyslexia, our findings should be interpreted with caution
due to some limitations. First, we studied a group of at-risk children rather than a well-defined
clinical group, and this may have contributed to the comparable behavioural responses that
we observed. Although the children in this study received reading instruction for an average
of six months, these children were not yet diagnosed with dyslexia. In the Netherlands,
the current practice for diagnosing dyslexia takes into account both the severity and the
persistence of reading difficulties, and children are not diagnosed until they score below
the 10th percentile on standardised reading and spelling tasks in at least three successive test
moments (i.e., after a 15 month period of reading instruction). To further disentangle the
development of phonological processing of spoken words in dyslexia, longitudinal studies
should be initiated even before the onset of formal reading instruction and should follow
the children until dyslexia has been diagnosed (e.g., Guttorm et al., 2005). Second, in order to
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examine the neural correlates of phonological processing, we used spoken words rather than
visually presented words to exclude the reflection of cognitive processes related to reading
(Kovelman et al., 2012). However, a rhyme judgement task based on auditory stimuli could be
completed by comparing the overall acoustic similarity of the stimuli (at least with respect to
basic rhyme judgements) and perhaps by leaving out phonological processing. To shed more
light on the specificity of phonological representations in dyslexia, future research should use
pictures instead of written or spoken words to ensure that participants use their phonological
representations to solve the rhyme judgement task. Nevertheless, future studies regarding
phonological processing in dyslexia should use sensitive on-line measures such as ERPs and/
or other imaging techniques in order to gain more insight in the phonological processing
(in)capacities in dyslexia.

Conclusions
In conclusion, our findings demonstrate that children who are at risk for dyslexia—who
performed significantly lower on word and non-word reading tasks than typical-reading agematched children—process non-rhyming overlapping targets differently than typical-reading
children. The use of different strategies for solving rhyme judgements between the at-risk
and control children might explain the observed differences in the neural processing of nonrhyming overlapping targets. Although these at-risk children had not yet been diagnosed with
dyslexia, the different neural patterns in these children in response to a rhyme judgement task
might serve as a possible risk factor for developing dyslexia. Finally, given that this is the first
study to explore the neural processing of various types of phonological overlap in a group of
children who were at risk for dyslexia, additional research is clearly needed.
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Chapter 4

Abstract
There is ample evidence that individuals with dyslexia have a phonological deficit. A growing
body of research also suggests that individuals with dyslexia have problems with categorical
perception, as evidenced by weaker discrimination of between-category differences and
better discrimination of within-category differences compared to average readers. Whether
the categorical perception problems of individuals with dyslexia are a result of their reading
problems or a cause has yet to be determined. Whether the observed perception deficit relates
to a more general auditory deficit or is specific to speech also has yet to be determined. To
shed more light on these issues, the categorical perception abilities of children at risk for
dyslexia and chronological age controls were investigated before and after the onset of formal
reading instruction in a longitudinal study. Both identification and discrimination data were
collected using identical paradigms for speech and non-speech stimuli. Results showed the
children at risk for dyslexia to shift from an allophonic mode of perception in kindergarten
to a phonemic mode of perception in first grade, while the control group showed a phonemic
mode already in kindergarten. The children at risk for dyslexia thus showed an allophonic
perception deficit in kindergarten, which was later suppressed by phonemic perception as a
result of formal reading instruction in first grade; allophonic perception in kindergarten can
thus be treated as a clinical marker for the possibility of later reading problems.
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Introduction
Learning to read is a complex process which requires children to map graphemes onto their
corresponding phonemes to establish stable phonological representations. This mapping of
graphemes onto phonemes develops normally in most children. However, about 5% of children
encounter difficulties learning to read despite average or above average intelligence, adequate
and effective classroom instruction and good socio-cultural opportunities (Démonet, Taylor,
& Chaix, 2004). The reading difficulties of these children typically persist into adulthood, as
characterized by slow and error-prone reading, poor non-word reading and weak spelling.
This impairment is referred to as developmental dyslexia or a specific reading disability
(Démonet et al., 2004; Snowling, 2000).
Although there is still no consensus on the causes of developmental dyslexia, there is
widespread recognition that the majority of individuals with dyslexia show a phonological
deficit (Elbro, Nielsen, & Petersen, 1994; Ramus, 2003; Snowling, 2000; Vellutino, Fletcher,
Snowling, & Scanlon, 2004). It is generally assumed that there are three facets of the
phonological abilities which are impaired in individuals with dyslexia (Castles & Coltheart,
2004; Ramus, 2003; Wagner & Torgesen, 1987). First, their phonological awareness, which
refers to conscious access and manipulation of the sound structure of language (e.g., phoneme
deletion, spoonerism) is impaired. Second, the process of lexical retrieval or, in other words,
the conversion of visual symbols into sound-based representations from long-term memory
(e.g., rapid automatic naming of familiar stimuli such as letters or objects) is impaired. And
third, verbal short-term memory (vSTM) or the ability to recode and maintain phonological
representations in working memory for a short period of time (e.g., digit span or sentence
repetition recall) is impaired.
There are two dominant theories to explain the observed phonological deficit in relation
to the reading problems of individuals with dyslexia. The first theory is the phonological
theory which postulates that the phonological deficit is primary and caused by a genetic
factor. This theory states that the nature of the phonological deficit lies in poorly specified
phonological representations (Snowling, 2000).
The second theory is the general magnocellular theory, which postulates a more general
deficit in the neural pathways involved in the fast transmission and processing of sensory
information (Stein, 2001; Stein & Walsh, 1997). According to this theory, the phonological
deficit observed in individuals with dyslexia is secondary to a more basic auditory impairment
of the processing of short, rapidly presented, dynamic, changing acoustic stimuli; this general
impairment leads to poorly specified phonological representations (Ramus, 2004; Tallal, 1980).
Deficits in the detection of acoustic speech cues may thus impair the establishment of stable
phonological representations (McBride-Chang, 1995; Studdert-Kennedy, 2002). However,
the exact nature of these auditory problems is still debated. There is evidence showing the
problems to be specific to speech (e.g., Mody, Studdert-Kennedy, & Brady, 1997; Serniclaes,
Sprenger-Charolles, Carre, & Démonet, 2001; White et al., 2006). Other evidence suggests a
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more general auditory deficit, however (e.g., Tallal, 1980; Vandermosten et al., 2010).
Although most studies find a phonological deficit in individuals with dyslexia, auditory
processing is not always impaired in such individuals (Ramus et al., 2003; Rosen, 2003).
Auditory deficits are therefore not considered a major cause of dyslexia. However, some
studies have shown a subgroup of individuals with dyslexia to have speech perception deficits
(Adlard & Hazan, 1998; Joanisse, Manis, Keating, & Seidenberg, 2000; Lieberman, Meskill,
Chatillon, & Schupack, 1985; Manis et al., 1997; Ramus et al., 2003). For example, Adlard
and Hazan (1998) found speech perception deficits in 30% of the individuals with dyslexia
in their study. Other studies have suggested that only those individuals with dyslexia and
low phonemic awareness or additional language impairments will show speech perception
deficits (Joanisse et al., 2000; Manis et al., 1997).
Another explanation for the poorly specified phonological representations in dyslexia
is provided by Serniclaes and colleagues (Serniclaes, 2011; Serniclaes, van Heghe, Mousty,
Carre, & Sprenger-Charolles, 2004), namely that children with dyslexia have an allophonic as
opposed to ‘phonemic’ mode of speech perception. In other words, individuals with dyslexia
may maintain the sensitivity to phonemic distinctions which all newborns have, irrespective
of their native language. Newborns have the ability to discriminate almost all of the phonemic
contrasts in the world’s languages, but this ability is quickly reorganized as the relevance of
certain contrasts and irrelevance of other contrasts in the language being acquired becomes
apparent (Kuhl, 2004; Werker & Tees, 1984). According to the allophonic explanation of
dyslexia, children with dyslexia maintain the inborn ability with a lack of the development of
one-to-one relationships between allophones and letters as a result and thus as the origin of
their reading problems (i.e., failure to master the alphabetic principle).
Speech perception abilities are often investigated with paradigms based on categorical
perception (CP), which has two main characteristics. First, identification functions exhibit
an abrupt change from one phonemic category to another at a certain point (i.e., categorical
boundary) along a continuous acoustic feature. Second, discrimination of acoustic differences
that straddle the categorical boundary tends to be easier than discrimination of equal acoustic
magnitude within categories. According to the original conceptualization of CP, listeners
perceive only differences between categories and not, thus, within categories (Liberman,
Cooper, Shankweiler, & Studdert-Kennedy, 1967; Liberman, Harris, Hoffman, & Griffith,
1957). This strong conceptualization of CP has not stood the test of time, however, as it has
become clear that listeners can—on certain tasks—discriminate between stimuli coming
from the same category (Schouten, Gerrits, & van Hessen, 2003); it has also become clear that
listeners sometimes use within-category differences for spoken word recognition (McMurray,
Aslin, Tanenhaus, Spivey, & Subik, 2008). Nevertheless, the discrimination of differences
between categories tends to be easier than the discrimination of differences within categories.
Given that CP is a matter of relationship between the observed discrimination scores and the
scores predicted on the basis of identification, the smaller the difference between the observed
and predicted scores the greater the CP (Harnad, 1987; Liberman et al., 1957). Speech cues that
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have received a great amount of attention in speech perception research are voice-onset-time
(VOT; e.g., distinguishing [p] from [b]) and place-of-articulation (e.g., distinguishing [b] from
[d]). VOT refers to the temporal relationship between the onset of laryngeal vibrations (i.e.,
voice) and the release of the vocal tract closure. In the voicing domain, three possible categories
across languages have been described, a negative VOT category (i.e., onset of voice before the
vocal tract closure release), and two positive VOT categories (onset of voice after the vocal
tract closure release), one with short positive VOTs and the other with long positive VOTs
(Lisker & Abramson, 1964). The other speech cue, place-of-articulation, refers to the location
where the airstream is obstructed in the vocal tract when a speech sounds is produced. In the
case of stop consonants, the place-of-articulation is defined by fast articulatory movements
or fast formant transition. The transition of the second and third formants are especially
important for the distinction in place-of-articulation of consonants (Mitterer & Cutler, 2006).
A large body of evidence has shown children with dyslexia to exhibit both weaker
discrimination across phoneme boundaries and better discrimination within phoneme
boundaries than children without dyslexia (Godfrey, Syrdal-Lasky, Millay, & Knox, 1981;
Manis et al., 1997; Serniclaes et al., 2001; Werker & Tees, 1987). Unfortunately, the evidence is
not as straightforward as it appears because the place-of-articulation continua used in these
studies and the positive VOT continuum used in the Manis et al. study do not contain wellspecified allophonic boundaries. Therefore, in our research, a place-of-articulation continuum
with well-specified allophonic boundaries is used to investigate the allophonic mode of
speech perception in children at risk for dyslexia with a Dutch linguistic background.
In addition to the observed deficit in the CP of individuals with dyslexia, various studies
have found the slope for the identification functions to be less steep for individuals with
dyslexia than for controls (e.g., Chiappe, Chiappe, & Siegel, 2001; Maassen, Groenen, Crul,
Assman-Hulsmans, & Gabreëls, 2001; Manis et al., 1997; Vandermosten et al., 2010). A
shallower slope for the identification function indicates less categorical precision (i.e., sharpness
of the category boundary), different from the one in categorical perception, which is a matter
of relationship between discrimination and identification irrespective of boundary precision
(for further specification see Medina, Hoonhorst, Bogliotti, & Serniclaes, 2010). The distinction
between categorical precision and CP is important because CP does not change after about the
age of two years while categorical precision develops from early infancy through adolescence
(Hazan & Barrett, 2000; Hoonhorst et al., 2011; Medina et al., 2010).
Straightforward support for the allophonic explanation of dyslexia comes from the
study of voicing perception. For stimuli varying along a VOT continuum, French children
with dyslexia showed a reduced discrimination peak at the phonemic boundary and an
unexpected discrimination peak at an allophonic boundary around -30 ms VOT (Bogliotti,
Serniclaes, Messaoud-Galusi, & Sprenger-Charolles, 2008; Serniclaes et al., 2004). Sensitivity
to allophonic VOT boundaries located at some -30 and +30 ms VOT has also been found
in experiments with infants irrespective of their linguistic backgrounds: from a Spanish
background, (Lasky, Syrdal-Lasky, & Klein, 1975); from an English background (Aslin,
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Pisoni, Hennessy, & Perey, 1981); and from a French background (Hoonhorst et al., 2009).
While these ±30 ms VOT boundaries are used to separate phonemes in languages with three
voicing categories (e.g., Thai: Lisker & Abramson, 1970), they are not relevant for languages
such as Spanish, English or French. In the study by Bogliotti et al., moreover, sensitivity to the
-30 ms VOT boundary was quite reliably associated with dyslexia (i.e., produced 80% correct
classification). However, sensitivity to the +30 ms VOT boundary was difficult to assess in
this particular study because it is so close to the French VOT boundary of +15 ms. The design
of the stimulus continuum is thus of critical importance for the demonstration of allophonic
perception.
There is also some counter-evidence for the assumption of an allophonic mode of speech
perception as characteristic of dyslexia. In a study with adults, van Beinum, Schwippert, Been,
van Leeuwen, and Kuijpers (2005) found no evidence for heightened sensitivity to acoustic
differences within the same phonemic category among those with dyslexia and therefore
suggested that allophonic perception may only be present in children. In another study of the
perception of long versus short positive VOT, which is phonemic in Korean but allophonic in
French, no over discrimination of the contrast by the French children with dyslexia was found
(Ramus & Szenkovits, 2008).
However, recent neuroimaging data suggest that when individuals with dyslexia do
not show heightened sensitivity to acoustic differences within the same phonemic category
behaviourally, it might still be present in the form of neural activation. In a PET study of
French adults with dyslexia using a ba/da continuum, for example, no behavioural differences
were detected while reduced neural activation across the phoneme boundary for those
with dyslexia as opposed to no dyslexia was found (Dufor, Serniclaes, Sprenger-Charolles,
& Démonet, 2009). This study also showed discrimination of between-category pairs to be
related to enhanced activation in the left inferior premotor cortex in non-dyslexic adults while
discrimination of within-category pairs was related to the same form of activation in dyslexic
adults (Dufor et al., 2009). This suggests that activation in this region, which is close to Broca’s
area, relates to phonemic perception in average readers and allophonic perception in dyslexic
readers.
In sum, there is growing evidence that individuals with dyslexia may have an allophonic
mode of speech perception. And while a growing body of evidence concerns the identification
of an allophonic mode of perception among children at risk for dyslexia, little is known about
the speech perception abilities of pre-reading (i.e., kindergarten) children at risk for dyslexia.
A heightened allophonic sensitivity in individuals diagnosed with dyslexia does not—in and
of itself—demonstrate a possible causal relationship between speech perception problems
and dyslexia (Bogliotti et al., 2008; Dufor et al., 2009; Serniclaes et al., 2004). The presence of
an allophonic mode of speech perception in pre-reading children at risk for dyslexia, would
suggest that the allophonic mode of speech perception may be a cause and not an effect of later
reading problems. Furthermore, the impact of formal reading instruction on the persistence of
such speech perception problems is also not clear.
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In the present study, we therefore investigated auditory perception problems in Dutch
children at risk for dyslexia before and after the receipt of formal reading instruction. In a
longitudinal study, we examined the speech perception of children in kindergarten (i.e., just
before the initiation of formal reading instruction) to see if children at risk for dyslexia indeed
show auditory perception problems including an allophonic mode of speech perception. One
year later, the same children were again examined to gain insight into the effects of formal
reading instruction on the persistence or nonpersistence of any speech perceptions problems.
The same paradigms were used in speech and non-speech tasks with stimuli which were
comparable with regard to acoustic complexity. Given that CP depends on the relationship
between discrimination and identification, we collected both discrimination and identification
data and assumed that the smaller the difference between the observed discrimination score
and the score predicted on the basis of identification, the greater the CP (Harnad, 1987;
Liberman et al., 1957). Both discrimination and identification tasks were used because of their
differential complexity. Discrimination tasks can be assumed to place greater demands on
working memory than identification tasks because of the more fine-grained discriminations
required, and it is suggested that discrimination tasks are thus more sensitive to potential
differences between groups than identification tasks (Manis et al., 1997).
The specific research questions were as follows.
1. Do kindergarten children at risk for dyslexia show an auditory deficit and, if so, is the
deficit specific to speech or more general?
2. Do kindergarten children at risk for dyslexia show an allophonic or phonemic mode
of perception for place-of-articulation information?
3. Does the onset of formal reading instruction influence the mode of speech perception
in control versus children at risk for dyslexia?
In order to answer the first question, we compared the identification and discrimination
of speech and non-speech stimuli. If the at-risk children show a general auditory deficit, then
the perception of both types of stimuli should be impaired. Conversely, if the at-risk children
show a speech-specific auditory deficit, then the perception of the non-speech stimuli should
not differ for the control versus at-risk children. In order to answer the second question, we
used a place-of-articulation continuum with clear allophonic boundaries, which is in contrast
to previous studies. We expected the children at risk for dyslexia to show an allophonic mode
of speech perception and thus be more sensitive to differences within a phoneme category
than the control children. In order to answer the third question, we compared the children’s
later speech perception. If the children indeed show an allophonic mode of speech perception
in kindergarten, then the start of formal reading instruction in first grade is not expected to
influence their speech perception because the allophonic mode of speech perception has been
found to persist in older school-aged children diagnosed with dyslexia.
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Methods
Participants
Eighty-three children attending kindergarten in the Netherlands2 participated in this study.
The children were divided into two groups: children with dyslexic relatives or the at-risk
group and children without dyslexic relatives or the control group. The control children were
recruited from the same schools as the at-risk children in order to control for the educational
environment. At the time of inclusion, all of the children were in the year before formal
reading instruction is initiated. The children were all born in the Netherlands and native
Dutch speakers. The at-risk children were selected for inclusion in this study based on the
presence of at least one first degree relative diagnosed with dyslexia (cf. Kuijpers et al., 2003).
Since dyslexia runs strongly in families, children with a first degree relative with dyslexia
have a high risk of developing reading problems. About 40 - 60% of the offspring of parents
with dyslexia is expected to develop reading problems (Grigorenko, 2001).
The initial at-risk group consisted of 41 children between 64 and 81 months (19 girls and
22 boys, Mage = 71.6 months). All children in the at-risk group had a parent with diagnosed

dyslexia or reading problems. As an extra control for the reading problems of the parents, they
were asked to perform three standardized reading tasks: (1) the one-minute-reading test which
requires respondents to read as many words as quickly and accurately as possible within one
minute (Brus & Voeten, 1999); (2) a non-word reading test which requires respondents to read
as many non-words as quickly and accurately as possible within two minutes (van den Bos,
Lutje Spelberg, Scheepstra, & de Vries, 1994); and (3) the subtest for Verbal Competence from
the Dutch version of the Wechsler Adult Intelligence Scale (WAIS, Uterwijk, 2000). If parents
performed too high on these tasks, the child was excluded from our study. The parents thus
had to meet one of the following criteria for their child to be included in our study (Kuijpers et
al., 2003): (i) score on the one-minute-reading test in the lowest 10% (i.e., raw score <= 70); (ii)
score on the non-word reading test in the lowest 10% (i.e., raw score <= 55); (iii) both scores on
the one-minute-reading and the non-word reading tests in the lowest 25% (i.e., raw score oneminute-reading <= 80 and raw score non-word reading <=74); or (iv) difference in percentiles
between Verbal Competence and one-minute-reading or non-word tests above 60%.
These criteria were applied successively, in the sense that criteria iii and iv were only
considered when criteria i and ii were not met. The parents of six children in the initial at-risk
group did not fulfil the above criteria and their children were thus excluded. An additional
four children (two at-risk and two control) were referred to special education schools during
the study and therefore excluded from further analysis. The remaining at-risk group of
kindergarten children consisted of 33 children between 64 and 80 months of age (17 girls
and 16 boys, Mage = 71.0 months). The initial control group with no family history of reading

2 Note that Dutch children go to school from an age of four. Reading instructions starts around the age of six. In line
with international conventions, we thus adopted kindergarten (i.e., the second year of Dutch school) and first grade (i.e.,
the third year of Dutch school) as our measurement times.
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problems consisted of 40 children between 60 and 81 months of age (21 girls and 19 boys, Mage
= 71.4 months). Both groups were comparable in age and nonverbal intelligence as shown in
Table 4.1.

Measurements
Kindergarten nonverbal intelligence
Nonverbal intelligence was assessed using the Raven Coloured Progressive Matrices (Raven,
1965). This task consists of 36 visual patterns of increasing difficulty. In each trial, a visual
pattern is presented with a missing piece of the pattern. The task of the child is then to select
the missing piece from six alternatives. Raw scores were converted into standard scores,
ranging from 0.5 to 9.5 (M = 5; SD = 2), using Dutch norms (van Bon, 1986).
Kindergarten lexical retrieval
Naming speed was assessed using Rapid Automatic Naming tasks (RAN: van den Bos & Lutje
Spelberg, 2007; van den Bos, Zijlstra, & Spelberg, 2002) for two cards containing different types
of stimuli each: objects and colours. The card with objects consists of pictures of five familiar
objects: boom (‘tree’), eend (‘duck’), stoel (‘chair’), schaar (‘scissors’) and fiets (‘bicycle’). The
card with colours consists of small rectangles of black, blue, red, yellow and green. The objects
or colours are represented on a card consisting of 50 items listed randomly in five columns.
The child must name the stimuli as fast and accurately as possible. The time to complete the
50 items of each type is measured and converted into standard scores. Performance on the
two tasks correlated highly (r(72) = 0.62, p < 0.001). The scores on the two tasks were therefore
summed to produce a raw RAN score which fulfilled the assumption of normality.
Kindergarten vSTM
The Woorden en zinnen nazeggen [Repeating Words and Sentences] subtest from the ESM-toets
([Test for children with Specific Language Impairment], Verhoeven, 2004) was used to assess
vSTM. The task consists of two parts. In the first part, the child is instructed to repeat an
increasing number of CVC words which can range from two words at the beginning to a
maximum of seven words at the end. Each correctly repeated group of words scores as one
point. The words are presented by the instructor at normal articulation speed. In the second
part, the child is instructed to repeat sentences of an increasing length, ranging from seven
words at the beginning to 17 words at the end. Once again, the sentences are presented by the
instructor. Each correctly repeated sentence counts as two points. If only one error is made
during the repetition of the sentence, one point is assigned. Both tasks are terminated when
the child makes four successive errors. The maximum score for this subtest was 36 (12 for
words and 24 for sentences). The Cronbach’s alpha reliability coefficient for the subtest, as
listed in the manual, was 0.88, which indicates good reliability.
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Kindergarten phonological awareness
Phonological awareness (PA) was assessed with the Screeninginstrument Beginnende Geletterdheid
([Screening Instrument for Emerging Literacy], Vloedgraven, Keuning, & Verhoeven, 2009;
Vloedgraven & Verhoeven, 2007); using three phonological tasks (phoneme identification,
phoneme segmentation and phoneme deletion); and using a letter knowledge task. Each
of the phonological tasks starts with the presentation of three response alternatives both
visually and auditory, followed by the auditory presentation of the target word. For phoneme
identification, the target word is pronounced along with the first phoneme of the target word.
The child must select that picture which starts with the same phoneme as the target word. For
phoneme segmentation, the individual phonemes of the target word are pronounced. The child
must select that picture which corresponds to the target word. For phoneme deletion, the target
word is pronounced along with a phoneme to be deleted. The child must select the picture of
the word which remains after deletion of the pronounced phoneme. All of the phonological
tasks consist of high-frequency monosyllabic words selected from the Dutch word frequency
list (Schaerlaekens & Kohnstamm, 1999). Each task is composed of 2 practice items and 10
test items. Finally, in the receptive letter knowledge task, four lower case letters are visually
presented on a computer screen during each trial. One of the letters is pronounced. The task
of the child is to select the correct letter. All of the letters in the Dutch alphabet are used,
except for the four infrequently occurring letters of ‘c’, ‘x’, ‘q’ and ‘y’. These letters have been
replaced by digraphs (e.g., ‘aa’,’oo’, etc.). The receptive letter knowledge task is composed of
5 practice items and 34 test items. Feedback is only given on the practice trials. The number of
correct items for the four tasks were summed to produce a raw PA score, which fulfilled the
assumption of normality.
First grade lexical retrieval
Naming speed was again assessed in first grade using the two RAN tasks (van den Bos &
Lutje Spelberg, 2007; van den Bos et al., 2002). In addition to the two cards with objects and
colours used in kindergarten, cards with numbers and letters were also now used. For the
numbers, the card consists of the numbers 2, 4, 5, 8 and 9 listed in five columns with ten items
each for a total of 50 items. The card with letters consists of the lower case letters ‘d’, ‘o’, ‘a’, ‘s’
and ‘p’. The child must name the items on the cards as quickly and accurately as possible. The
time to name the 50 items for each type of stimulus is measured and converted into standard
scores. The scores on the four tasks were summed to produce a raw score and this fulfilled the
assumption of normality.
First grade vSTM
Same task as in kindergarten (see Kindergarten vSTM).
First grade phonological awareness
PA was assessed in first grade using the same tasks as in kindergarten. However, the number
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of items used in each phonological task was increased with 5 difficult items in an attempt to
prevent ceiling effects (Vloedgraven & Verhoeven, 2007). The mean score for the first graders
on the letter knowledge task was found to be at ceiling level, which shows this skill to have
been mastered by the majority of these children. We therefore included only the scores for
phoneme identification, phoneme segmentation and phoneme deletion in the PA measure. The
composite PA score fulfilled the assumption of normality.
First grade word reading
The reading level of the first graders was assessed using a standardized Dutch reading test,
the Drie-Minuten-Toets (DMT, [Three-Minutes-Test], Verhoeven, 1995). The DMT consists of
three cards containing 150 words on cards 1 and 2 each and 120 words on card 3. The words
presented on the cards differ in their complexity. The children are instructed to read as many
words as possible in one minute out loud for each of the cards. The test score is the total number
of correctly produced words. For the present study, only the first card (DMT1: CVs, VCs or
CVCs) and the second card (DMT2: monosyllabic words containing consonant clusters) were
used to assess the reading levels of the children. The third card contains words with multiple
syllables and was thus considered too difficult for the first-grade children who were just
starting to receive reading instruction. The Cronbach’s alpha reliability coefficients for cards 1
and 2 when used for first grade, as listed in the manual, were 0.88 and 0.96, respectively. The
scores for the two cards were summed to produce a first grade word-reading score.
First grade non-word reading
The non-word reading ability of the first graders was assessed using the Klepel (van den Bos
et al., 1994). The Klepel is a standardized Dutch non-word reading test consisting of 116 nonwords of increasing difficulty. The children are instructed to read the non-words as quickly
as possible without making errors aloud. The score on this task is the number of non-words
read correctly in two minutes. The Cronbach’s alpha reliability coefficient for the non-word
task, as listed in the manual, was 0.93, suggesting excellent reliability.

Categorical perception stimuli and tasks
Categorical perception stimuli
An eight-step radial continuum ranging from /bə/ to /də/ (consonants /b/ and /d/ followed
by the neutral vowel /ə/; schwa) varying along the place-of-articulation was used (Fig. 4.1).
This continuum was created with sinewave analogues of speech sounds and was based on
CP studies in French (Serniclaes, 2010). The stimuli were generated using parallel formant
synthesis and the software developed by Carré (2004). The endpoints were given appropriate
values for the perception of /də/ at S1 and /bə/ at S8, and successive stimuli were one Bark
apart. The difference in place-of-articulation between the stimuli was created by modifying
the onset of the initial frequency of the second and third formants (F2 and F3; Fig. 4.2). The end
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Figure 4.1 Spectrograms for the synthetic speech stimuli (upper panels) and non-speech stimuli (lower
panels). For the eight speech stimuli: S1 represents /də/ and S8 represents /bə/.
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Figure 4.2 Onset frequencies for the F2 and F3 from the /bə/ - /də/ place-of-articulation continuum.
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frequencies of the F2 and F3 transitions were fixed at 1500 Hz and 2500 Hz, respectively. The
initial frequency of the first formant (F1) was 300 Hz, and its end frequency was 500 Hz. The
VOT was -80 ms, the duration of all frequency transitions was 40 ms and the duration of the
stable vocalic segment was 80 ms, which results in a total duration of 200 ms for each stimulus.
In the context of the neutral vowel (schwa), the place boundaries of the continuum used in
the present study tend to correspond to the flat transitions of the F2 (between S2 and S3) and
F3 (between S6 and S7) and are related to natural psychoacoustic discontinuities (Serniclaes
& Geng, 2009; see Appendix A). These psychoacoustic discontinuities are phonologically
irrelevant in Dutch, a language with only two place-of-articulation categories for voiced stops
(/b/ and /d/), but phonologically relevant for a language like Hungarian, a language with four
place categories (Serniclaes & Geng, 2009; see Appendix B). Furthermore, the advantage of
a place-of-articulation continuum with well-specified allophonic boundaries for evidencing
sensitivity to allophonic contrasts, is that the location of these contrasts on the continuum are
known in advance.
Two different versions of this continuum were constructed. The versions differed only
with respect to synthesis method. There was a non-speech continuum (pure sinewave
synthesis) and a speech continuum (pitch-modulated sinewave synthesis). The non-speech
stimuli are similar to those known as sinewave speech (Remez, Rubin, Berns, Pardo, & Lang,
1994). For the speech continuum, a low frequency amplitude modulation was added to the
sinewave sounds (as in Serniclaes et al., 2001). These speech stimuli are similar to traditionally
Klatt-synthesized stimuli.
Categorical discrimination task
In the discrimination task, an AXB paradigm was used. In an AXB design, there is no need for
the participants to label the stimuli or remember associations between stimuli and response
buttons. Participants only need to compare the adjacent stimuli, and it is possible to make a
correct response on the basis of hearing just the first two stimuli (which will be either same
or different). The third stimulus simply provides confirmatory evidence. Such a paradigm is
suitable for children who tend to have difficulties on short-term memory tasks.
During the task, three dinosaurs were shown on the screen (cf. Bishop, Adams, Nation,
& Rosen, 2005). Two dinosaurs were located in the left and right corners at the bottom of the
screen (the ‘baby dinosaurs’), and one was located in the middle above the other two (the
‘mother dinosaur’). On each trial three sounds were presented, separated by 400 ms. The
corresponding dinosaur jumped when the sound was presented. The task for the child was
to indicate which of the two baby dinosaurs made the same sound as the mother dinosaur by
pressing the appropriate button on a response box. When the child pressed the button, the
corresponding baby dinosaur jumped again to confirm the choice. The next trial started 1500
ms after the response.
The experiment was self-paced. The task started with a demonstration screen to introduce
the child to the task. This was followed by eight practice trials in which only the endpoints
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of the continuum were randomly presented. To continue the experiment, the child had to
perform correctly on at least 6 out of 8 practice trials in a maximum of four practice rounds.
Feedback was provided only during the practice trials. The experimental materials were
divided into three blocks, and each block was separated by a short break. Stimulus pairs
consisted of two step differences (e.g., S1-S3-S3; S2-S2-S4), with a total of 24 AXB pairs per
block. A pilot study with 14 typically developing kindergarten children showed stimulus
pairs with one-step differences to be too difficult as the children performed at chance in this
condition. Stimulus pairs were presented in a pseudorandom order with the constraint that
no more than three identical answers could be expected in consecutive trials.
Categorical identification task
The identification responses were collected in a two alternatives forced choice task (2AFC). In
this task, two dinosaurs (the ‘babies’) were located in the middle of the screen in the vertical
dimension. In the horizontal dimension, one dinosaur was located on the left side of the screen
and another on the right side. On each trial, a sound was presented and the child had to press
the button of the correct dinosaur on a response box. The corresponding dinosaur jumped
after a button press. The task started with a demonstration screen to introduce the child to
the task, followed by a training sequence. During the training, each of the two baby dinosaurs
was linked to one of the endpoints of the continuum. Each dinosaur was presented on the
screen while the corresponding endpoint was played five times. In this way, the children
were familiarized with the endpoints of the continuum and the corresponding dinosaur.
After training, the task started with eight practice trials in which only the endpoints of the
continuum were randomly presented. To continue the experiment, the child had to perform
correctly on at least 6 out of 8 practice trials in a maximum of four practice rounds. Feedback
was provided only during the practice trials. The eight stimuli constituting the continuum
were presented five times in pseudorandom order, with the constraint that the same stimulus
was not presented twice in a row and no more than three identical answers could be expected
in consecutive trials.

Procedure
All of the children were tested individually in a quiet room at their schools. The phonological
awareness and categorical perception tasks were presented on a laptop (Dell Latitude D830).
During the categorical perception tasks, the stimuli were presented binaurally through
Sennheiser HD 555 headphones at a comfortable hearing level of approximately 65 dB. The
presentation and response registration was controlled by E-Prime 1.2 (Schneider, 2002).
In kindergarten, the speech condition was preceded by the non-speech condition because
previous studies showed that if naïve listeners are not instructed for listening to sinewave
speech, they perceive the sounds as whistles instead of speech (Dehaene-Lambertz et al.,
2005; Dufor et al., 2009; Remez, Rubin, Pisoni, & Carrell, 1981; Serniclaes et al., 2001). They
therefore listened to the sinewave stimuli in the non-speech mode. It is important to note,
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however, that for this reason, the non-speech task was only administered in kindergarten. The
duration of the categorical perception tasks was approximately 30 minutes: 20 minutes for
the discrimination task and 10 minutes for the identification task in both the non-speech and
speech conditions. In kindergarten, the non-speech and speech conditions were separated
by a few hours because of the relative short attention spans of children. Procedures were
approved by the Central Committee on Research Involving Human Subjects (CCMO), The
Hague, the Netherlands.

Data analyses
Discrimination scores
For each subject and each stimulus pair (e.g., S1S3), we calculated the mean percentage
correct for the four possible stimulus combinations (e.g., S1S1S3, S1S3S3, S3S1S1 and S3S3S1).
Differences in CP were determined by comparing the observed discrimination scores with
those which could be expected on the basis of the children’s identification scores, which
were calculated using the elementary probability formulas of Pollack and Pisoni (1971). The
percentage correct discrimination scores were arcsine transformed prior to statistical analysis.
Identification scores
For each subject, we calculated the percentage correct /bə/ responses for each stimulus and
the percentage correct sinewave /bə/ responses for the non-speech stimuli. The slope of the
identification data was assessed for each subject separately using logistic regression with the
identification response as the dependent variable and stimulus as the independent variable.
 p 
y = logit( p) = log 
 = I + S × Stimulus
1− p 
where I stands for the intercept and S for the slope of the identification function. The
Stimulus boundary is located at p = 0.5 or to logit(p) = 0 and is obtained as follows:
I + S × Stimulusboundary = 0,

Stimulusboundary = −

I
S

The slope is an index of identification consistency: The steeper the slope, the higher the
degree of consistency in the labelling of the continuum.
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Statistical tests
Identification and discrimination data were analysed in analyses of variance (ANOVAs).
The identification data was evaluated in two repeated measures ANOVAs with Group as
the between-subjects variable and Time (kindergarten vs. first grade) as the within-subjects
variable with either the slope or the boundary of the identification function as the dependent
variable. For the discrimination data, first the differences in CP (i.e., the relation between
the observed and expected discrimination scores) were analysed in a repeated measures
ANOVA with Group as the between-subjects variable and Task (observed vs. expected), Time
(kindergarten vs. first grade) and stimulus Pair (S1S3, S2S4, S3S5, S4S6, S5S7 and S6S8) as the
within-subjects variables. When a significant interaction involving Time and/or Group was
found, separate ANOVAs were performed. Greenhouse-Geisser corrections for violation of
the sphericity assumption were applied when appropriate; the original degrees of freedom
and p-values after the correction are reported (Greenhouse & Geisser, 1959).

Table 4.1 Means and group differences according to age, nonverbal memory, vSTM, RAN, PA and
reading skills for children at risk for dyslexia versus control children
Kindergarten
Controls
(n = 40)
Age (months)

First Grade

At-risk
(n = 33)

Controls
(n = 38)

At-risk
(n = 32)

M

SD

M

SD

d

M

SD

M

SD

d

71.38

4.19

71.00

3.61

0.10

83.61

4.11

83.09

3.63

0.13

Raven

6.67

2.06

6.53

1.97

0.07

vSTM

15.23

4.93

13.81

3.92

0.32

16.76

4.61

13.59

5.25**

0.64

RAN

20.54

4.45

17.79

4.59

0.61

45.47

7.82

40.59

8.72

*

0.59

PA

42.10

8.08

35.69

9.41**

0.73

39.58

3.53

37.75

3.37*

0.53

Word reading

69.32

35.03

37.22

14.11***

1.20

Non-word reading

10.34

2.30

7.84

1.76

1.22

*

***

Note. vSTM = verbal Short-Term Memory; RAN = Rapid Automatic Naming; PA = Phonological
Awareness.
*
p < 0.05. ** p < 0.01. *** p < 0.001.
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Results
Descriptive data
Table 4.1 displays the means and group differences for nonverbal intelligence, vSTM, RAN,
phonological measures and reading skills in kindergarten and first grade. From kindergarten
to first grade, one of the at-risk children and one of the control children repeated kindergarten
and were therefore excluded from the study. Another control child withdrew from the study
in first grade. In the end, the at-risk group consisted of 32 children between 76 and 92 months
of age (17 girls and 15 boys, Mage = 83.1 months); the control group consisted of 38 children
between 72 and 93 months of age (20 girls and 18 boys, Mage = 83.6 months).

Auditory processing of speech vs. non-speech
The non-speech tasks were only administered in kindergarten because repeated exposure to
sinewave stimuli can make participants perceive them as speech like. However, only about
half of the at-risk children and slightly more than half of the control children passed the
practice criterion in this condition. Furthermore, both the at-risk and control children scored
at or near chance level on both the non-speech identification and discrimination tasks. Given
that the non-speech tasks were found to be too difficult for the children in kindergarten, this
data was not analysed further (cf. Davids et al., 2011).

Speech identification in kindergarten versus first grade
Out of the 73 children initially included in the study, 56 completed the identification task in both
kindergarten and first grade (24 at-risk and 32 controls). The top left and right panels of Fig.
4.3 show the identification performance of the control versus at-risk children in kindergarten
(left) and first grade (right). Comparison of the figures shows steeper identification functions
for both the at-risk and control children in first grade compared to kindergarten but otherwise
very few differences between the groups. To analyse the differences in the mean slopes and
boundaries for the kindergarten versus first grade children and the at-risk versus control
children, two repeated measures ANOVAs with Time (kindergarten vs. first grade) as the
within-subjects variable and Group (at-risk vs. control) as the between-subjects variable were
performed. For the slope, these revealed a significant main effect of Time (F(1,54) = 4.44, p
= 0.04, ηp2 = 0.08), a nonsignificant Time x Group interaction and no Group effect (both Fs <

1). We thus found a general increase in the slope between kindergarten (Mslope = 0.012 logit;
SD = 0.02) and first grade (Mslope = 0.076 logit; SD = 0.24) but no significant differences in the
slope between the groups of children during each time period. For the boundary data, no
significant effects were found: the effects of both Time and Group were nonsignificant (both
Fs < 1) and the Time x Group interaction was also nonsignifcant (F(1,49) = 1.22, p = 0.28, ηp2 =
0.02). This result shows the boundary to be located at the same point along the continuum in
both kindergarten and first grade, namely between stimuli S3 and S4, which is just one step
before the midpoint.
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Figure 4.3 Mean identification functions (top panels) and discrimination functions (lower panels) for
at-risk and control children on speech stimuli in kindergarten versus first grade (left and right panels,
respectively).

Speech discrimination in kindergarten versus first grade
Out of the 73 children initially included in the study, 59 completed the discrimination task
in both kindergarten and first grade (26 at-risk and 33 controls). The lower left and right
panels of Fig. 4.3 show the discrimination performance of the control versus at-risk children
in kindergarten (left) and first grade (right). Comparison of the figures shows a discrimination
peak for the between category pairs (S2S4 and S3S5) for the control children in kindergarten
but peaks for both the stimuli pairs S1S3 and S5S7 for the at-risk children in kindergarten.
However, in first grade, both the control and at-risk children show discrimination peaks at the
between category pairs. Differences in CP were tested in a repeated measures ANOVA with
Group (at-risk vs. control) as the between-subjects variable and Task (observed vs. expected
discrimination scores), Time (kindergarten vs. first grade) and Pair (S1S3, S2S4, S3S5, S4S6,
S5S7 and S6S8) as the within-subjects variables. We found a significant main effect of Pair
(F(5,250) = 13.15, p < 0.001, ηp2 = 0.21), Time x Pair interaction (F(5, 250) = 3.13, p = 0.01, ηp2 =
0.06), Time x Pair x Group interaction (F(5,250) = 2.76, p = 0.02, ηp2 = 0.05) and a marginally
significant Task x Time x Pair x Group interaction (F(5,250) = 2.09, p = 0.067, ηp2 = 0.04) but
no effect of Group (F < 1). Given a significant Time x Pair x Group interaction, individual
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Pair x Group ANOVAs were conducted for kindergarten and first grade separately with the
observed and expected discrimination pairs taken together.
For kindergarten (lower left panel in Fig. 4.3), a repeated measures ANOVA with Group
(at-risk vs. control) as the between-subjects variable and Pair (S1S3, S2S4, S3S5, S4S6, S5S7 and
S6S8) as the within-subjects variable showed a significant Pair x Group interaction (F(5, 255) =
2.30, p = 0.046, ηp2 = 0.04), a significant main effect of Pair (F(5,255) = 3.33, p = 0.01, ηp2 = 0.06) and
no main effect of Group (F < 1). Planned contrasts for the significant Pair x Group interaction
indicated a significant difference in the discrimination of the phonemic contrast (i.e., between
stimulus pairs S2S4 and S3S5, which straddle the phoneme boundary, and the four other
pairs) by the at-risk versus control groups (F(1,59) = 5.69, p = 0.02, ηp2 = 0.10), with the control

group showing higher scores on the pairs crossing the phonemic boundary.
For the first-grade children (lower right panel in Fig. 4.3), a repeated measures ANOVA
with Group (at-risk vs. control) as the between-subjects variable and Pair (S1S3, S2S4, S3S5,
S4S6, S5S7 and S6S8) as the within-subjects variable indicated a significant main effect of Pair
(F(5,280) = 20.37, p < 0.001, ηp2 = 0.27), no significant Pair x Group interaction and no significant
effect of Group (F(5,280) = 1.70, p = 0.14, ηp2 = 0.03; F < 1, respectively). Planned contrasts
for the significant effect of Pair indicated a significant difference in the discrimination of the
phonemic contrast by the children in first grade (F(1,56) = 69.09, p < 0.001, ηp2 = 0.55).
To gain greater insight into the allophonic perception of particularly the children at risk
for dyslexia, the at-risk group was separated into subgroups on the basis of their first grade
PA scores. This produced a low PA subgroup of 9 children at-risk for dyslexia and scoring one
standard deviation or more below the group mean for the control group. For kindergarten, a
repeated measures ANOVA with Group (low PA at-risk subgroup vs. control) as the betweensubjects variable and Pair (S1S3, S2S4, S3S5, S4S6, S5S7 and S6S8) as the within-subjects
variable indicated a significant Pair x Group interaction (F(5, 175) = 2.70, p = 0.02, ηp2 = 0.07).
Planned contrasts for the significant Pair x Group interaction showed a significant difference
in the discrimination of the phonemic contrast (between stimulus pairs S2S4 and S3S5, which
straddle the phoneme boundary, and the four other pairs) for the low PA at-risk subgroup
versus control group (F(1,35) = 5.23, p = 0.03, ηp2 = 0.13), with the control group showing higher

scores on this contrast (Fig. 4.4). In addition, planned contrasts for the discrimination of the
F3 allophonic contrast (between the stimulus pairs S5S7 and S6S8, which straddles the F3
allophonic boundary, and the stimulus pair S4S6, which straddles neither a phonemic nor an
allophonic boundary) revealed a significant difference between the groups (F(1,35) = 4.50, p =
0.04, ηp2 = 0.11), with the low PA subgroup of at-risk children showing a higher score on this
contrast.
For the first grade children, a repeated measures ANOVA with Group (low PA at-risk
subgroup vs. control) as the between-subjects variable and Pair (S1S3, S2S4, S3S5, S4S6, S5S7
and S6S8) as the within-subjects variable indicated a significant main effect of Pair (F(5, 200)
= 8.73, p < 0.001, ηp2 = 0.18) and no significant Pair x Group interaction (F(5, 200) = 1.39, p =
0.25, ηp2 = 0.03) or main effect of Group (F(1, 40) = 1.51, p = 0.23, ηp2 = 0.04). Planned contrasts
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Figure 4.4 Mean discrimination functions for speech stimuli in kindergarten and first grade (left and
right panels, respectively) by children who are at risk for dyslexia and scored one standard deviation or
more below the group mean for the control children on phonological awareness and control children.

for the significant main effect of Pair showed a significant difference in the discrimination of
the phonemic contrast by children in first grade (F(1,40) = 28.88, p < 0.001, ηp2 = 0.42; Fig. 4.4).
The results can be summarized as follows. In kindergarten, the identification performance
for the speech stimuli was similar for the at-risk and control children with the boundary
placed one step before the midpoint of the continuum. Differences between the at-risk and
control children were found for the discrimination of speech stimuli, with the kindergarten
control children better discriminating stimuli crossing the phoneme boundary and the
kindergarten at-risk children with low phonological awareness better discriminating pairs
within the same category. There were no differences in the CP of the control versus at-risk
children, as evidenced by nonsignificant interactions involving Task (observed vs. expected
discrimination scores). In first grade, the identification of the speech stimuli was similar for the
control versus at-risk children, although the first-grade slopes were significantly steeper than
the kindergarten slopes. Furthermore, the absence of significant Pair x Group interactions in
the discrimination task indicated a similar discrimination strategy for both the control versus
at-risk children and the control versus at-risk children with low phonological awareness in
first grade.

Discussion
In the present study, we investigated the categorical perception of /bə-də/ syllables along a
place-of-articulation continuum in Dutch children at risk for dyslexia and chronological agematched controls in kindergarten and first grade. We examined whether children at risk for
dyslexia show an auditory deficit in kindergarten and attempted to disentangle its nature
and persistence after the start of formal reading instruction in first grade. We found, to start
with, that the at-risk children in kindergarten performed significantly lower on tasks tapping
into phonological awareness and the retrieval of phonological codes from long term memory
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(e.g., RAN) than the control children in kindergarten, which suggests a phonological deficit
in the at-risk children. In first grade, the at-risk children performed significantly lower on not
only the tasks tapping into phonological awareness but also on the standardized word and
non-word reading tasks. The results of the speech perception tasks showed an allophonic
mode of speech perception in the kindergarten children at risk for dyslexia as evidenced by
better discrimination of the within-category pair S5S7, which straddles the psychoacoustic
discontinuities associated with changes in the upward/downward direction of the F3
transition, while the control children displayed a phonemic mode of speech perception as
evidenced by better discrimination of the stimulus pairs straddling the phoneme boundary.
However, the performance of the same children later in first grade showed those at risk for
dyslexia to have shifted from an allophonic mode of speech perception towards a phonemic
mode of speech perception.
It should be noted that the non-speech perception tasks proved too difficult for the
kindergarten children in general, with both the control and at-risk children performing near
chance on both the identification and discrimination tasks with non-speech stimuli. The high
exclusion rates based on the threshold in the practice trials for the non-speech tasks also
indicated this.
How do these results relate to our three questions? Our first question was whether the
perceptual deficit often associated with developmental dyslexia is specific to speech or of
a more general nature. Some researchers claim that dyslexia may be related to a general
auditory deficit (e.g., Tallal, 1980; Vandermosten et al., 2010) while others claim that the
auditory processing deficits in individuals with dyslexia are specific to speech (e.g., Mody et
al., 1997; White et al., 2006). In the present study, the performance on the non-speech tasks
was only slightly above chance for both the control and at-risk children, which means that
the evidence was too minimal to allow any firm conclusions to be drawn with regard to the
speech-specific or general nature of the auditory problems in the children we studied.
Our second research question was whether children at risk for developmental dyslexia
show an allophonic mode of speech perception. First, we will discuss the speech identification
results; then we will discuss the speech discrimination results. For the speech stimuli, we found
the slope and location of the boundary of the identification functions to be comparable for
the at-risk versus control children in kindergarten and first grade. This finding is in line with
the findings of a study showing 5-year-old children at risk for dyslexia to not differ from
control children on the identification of a speech continuum ranging from /bAk/ to /dAk/ with
only marginal differences in discrimination (Boets, Ghesquière, van Wieringen, & Wouters,
2007). In contrast, a study comparing younger children at risk for dyslexia with 3- to 4-yearold control children showed better identification of speech sounds (/p/ - /k/) by the control
group (Gerrits & de Bree, 2009). Still other studies of school-aged children diagnosed with
dyslexia versus control children have reported mixed results when comparing the slopes
of the identification functions, shallower slopes are sometimes found for the children with
dyslexia (e.g., Joanisse et al., 2000; Maassen et al., 2001; Manis et al., 1997) while others report
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comparable slopes for individuals with dyslexia and controls (e.g., Blomert & Mitterer, 2004;
Bogliotti et al., 2008; Liu, Shu, & Yang, 2009). While Bogliotti et al. (2008) found differences
in the floor and ceiling effects (i.e., identification responses outside the boundary region) for
individuals with dyslexia versus controls, differences in the floor and ceiling effects were not
found for the children at risk for dyslexia versus control children in the present study. The
fact that we studied an at-risk group rather than a well-defined clinical group may account
for the comparable identification functions in the present study. Studying children at risk
for dyslexia versus children actually diagnosed with dyslexia may also explain the mixed
results for the identification of speech sounds found in other studies. Differences in the slope
of the identification function between dyslexic children and control children may only be a
matter of delay because there is ample evidence that the slope of the identification function
(i.e., boundary precision) increases with age (e.g., Burnham, 2003; Hazan & Barrett, 2000;
Medina et al., 2010). In the present study, we found a significant increase in the slope of
the identification function for the children in general from kindergarten to first grade (see
Fig. 4.3); this shows phonemic categorization to be developing in these children. Finally, the
location of the boundary was similar in kindergarten and first grade, which is consistent with
the results of Medina et al. (2010), and did not differ for the at-risk versus control children.
The results on the speech discrimination task showed kindergarten children at risk for
dyslexia with also particularly low phonological awareness to discriminate stimuli which
cross psychoacoustic discontinuities (i.e., the change in upward/downward directions of F2
or F3 transitions) and not stimuli which cross phonemic boundaries while children not at risk
for dyslexia (i.e., the control children) only discriminated stimuli which cross a phonemic
boundary. The answer to our second research question is thus positive: Children at risk for
dyslexia show signs of an allophonic mode of speech perception.
Contrary to our expectations, the sensitivity of the at-risk children to psychoacoustic
discontinuities did not affect the degree of categorical perception; the present results did not
reveal significant differences in the observed versus expected discrimination scores for the
at-risk versus control children. The important point, however, is the marked sensitivity of the
at-risk children to changes in the upward/downward direction of F2 or F3 transitions. This is
a hallmark of allophonic speech perception because these psychoacoustic discontinuities are
phonologically irrelevant in Dutch, a language with only two place-of-articulation categories
for voiced stops (/b/ and /d/), but phonologically relevant for a language like Hungarian, a
language with four place categories (Serniclaes & Geng, 2009). While our findings are in line
with those of previous studies showing an allophonic mode of speech perception in older
children diagnosed with dyslexia (e.g., Bogliotti et al., 2008; Serniclaes et al., 2004), our study
is the first to show an allophonic mode of speech perception in children at risk for dyslexia
and also well before the start of formal reading instruction. The fact that the allophonic versus
phonemic modes of speech perception were already present before the start of formal reading
instruction, moreover, suggests that the allophonic mode of speech perception may be a cause
and not an effect of later reading problems.
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This brings us to our third research question, which was whether the onset of formal
reading instruction influences the mode of speech perception or not. Our expectation, based on
evidence for an allophonic mode of speech perception in both children and adults diagnosed
with dyslexia, was that it would not. In contrast to what we expected, we found that the
children at risk for dyslexia in kindergarten had shifted from an allophonic mode of speech
perception to a more phonemic mode of speech perception in first grade, when formal reading
instruction begins. This loss of allophonic speech perception can be explained by the findings
of Burnham and colleagues (Burnham, 2003; Burnham, Earnshaw, & Clark, 1991), who have
shown children around the onset of reading to have a heightened perception of languagespecific speech contrasts. In these studies, phonologically relevant contrasts for English
and phonologically irrelevant contrasts (e.g., Thai and Hindi) were presented to subjects of
different ages and with different amounts of school experience. It was found around the onset
of reading that the perception of language-specific speech contrasts (i.e., native contrasts)
was maximal and the perception of both non-native and non-speech contrasts was minimal.
The authors suggested that around the onset of reading, children may adopt a strategy in
which the perception of all contrasts which are not phonologically relevant is suppressed. In
addition, they suggest that children who are taught to read using a phonics-based method
(i.e., grapheme-phoneme conversion rules), as is the case in the Netherlands, will have greater
language-specific speech perception than children who are taught using a whole-word
method. This explains how the allophonic mode of speech perception may be found in studies
of older children and adults diagnosed with dyslexia (e.g., Bogliotti et al., 2008; Dufor et al.,
2009; Serniclaes et al., 2001). After first grade, the heavy emphasis on decoding decreases
and the suppression of non-native speech contrasts in particularly children with dyslexia
may also therefore dissipate. Obviously, this account is somewhat speculative, but more data
collected in a similar manner for different ages should shed greater light on things and help
us determine if the allophonic mode of speech perception in at-risk and dyslexic children is
only briefly absent at the onset of reading or absent more permanently.
To conclude, the present study is the first to find evidence for an allophonic mode of
speech perception in children at risk for dyslexia in kindergarten. We also found these same
children to shift from an allophonic mode of speech perception to a phonemic mode of
perception, probably under the influence of a phonics-based instructional reading programme,
in first grade. It was speculated that the shift to a phonemic mode of speech perception
is only temporary and that the allophonic mode of speech perception returns in at least a
subgroup of children who are at risk for dyslexia. For these children, the use of an allophonic
mode of speech perception affects the process of mapping graphemes onto phonemes and
can thus be seen as a clinical marker of actual reading problems. Understanding written
language requires well-defined phonological representations. The use of more phonological
representations than are necessary to perceive phonemes in the ambient language is known
to result in a mismatch between grapheme and phoneme categories with major implications
for the development of reading skills, even in a transparent language. Although transparent
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languages have a one-to-one relationship between graphemes and phonemes (e.g., Italian),
there are still several allophones for each phoneme which results in a many-to-one relationship
when using an allophonic mode of speech perception. The impact of an allophonic mode of
speech perception on an opaque language such as English, is much greater as many-to-one
relationships are necessary for reading acquisition in these languages. Despite the growing
body of evidence regarding the causes of dyslexia, children at risk for dyslexia are still not
diagnosed until they show problems with learning to read. By that time, however, the reading
skills of these children lag considerably behind those of their classmates. We must therefore
find out more about the precursors to dyslexia and the markers of such in order to prevent or
at least diminish later reading deficits. And the present study has presumably contributed to
this enterprise.
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Chapter 5

Abstract
Learning to read is a complex process that develops normally in the majority of children and
requires the mapping of graphemes to their corresponding phonemes. Problems with the
mapping process nevertheless occur in about 5% of the population and are typically attributed
to poor phonological representations, which are—in turn—attributed to underlying speech
processing difficulties. We examined auditory discrimination of speech sounds in 6-year-old
beginning readers with a familial risk of dyslexia (n = 31) and no such risk (n = 30) using
the mismatch negativity (MMN). MMNs were recorded for stimuli belonging to either the
same phoneme category (acoustic variants of /bə/) or different phoneme categories (/bə/ vs.
/də/). Stimuli from different phoneme categories elicited MMNs in both the control and atrisk children, but the MMN amplitude was clearly lower in the at-risk children. In contrast,
the stimuli from the same phoneme category elicited an MMN in only the children at risk for
dyslexia. These results show children at risk for dyslexia to be sensitive to acoustic properties
that are irrelevant in their language. Our findings thus suggest a possible cause of dyslexia in
that they show 6-year-old beginning readers with at least one parent diagnosed with dyslexia
to have a neural sensitivity to speech contrasts that are irrelevant in the ambient language.
This sensitivity may hamper the development of stable phonological representations and may
lead to a significant reading impairment later in life.
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Introduction
Developmental dyslexia is a specific and persistent failure to acquire efficient reading and
spelling skills despite average or above average intelligence, adequate and effective classroom
instruction, and good socio-cultural opportunities (Démonet, Taylor, & Chaix, 2004). The
disorder typically persists into adulthood and is characterized by slow and error-prone
reading, poor non-word reading, and weak spelling. Although there is still no consensus on
the causes of developmental dyslexia, it is agreed that problems with phonological awareness
(i.e., the ability to identify and manipulate speech elements such as phonemes and syllables)
constitute the core deficit (Ramus, 2003; Snowling & Hulme, 2010; Vellutino, Fletcher,
Snowling, & Scanlon, 2004). Impaired phonological processing prohibits the establishment
of stable phonological representations, and thus affects the mapping of graphemes onto
their corresponding phonemes (Anthony & Francis, 2005; Elbro, Borstrom, & Petersen, 1998;
Goswami, 2002). And, indeed, deficits in the perception of contrastive speech sounds have
been found to positively relate to phonological awareness, reading ability, and speech-innoise perception (Hornickel, Skoe, Nicol, Zecker, & Kraus, 2009; McBride-Chang, 1995).
Speech perception involves the mapping of a spectrally complex and rapidly changing
acoustic signal onto discrete phonological units. A basic property of speech perception is that
listeners perceive speech sounds categorically. That is, most listeners attend to acoustical cues
that signal phonologically relevant speech contrasts and have learned to ignore cues that
signal irrelevant distinctions (Liberman, Harris, Hoffman, & Griffith, 1957). Deficits in the
detection of acoustic speech cues may thus play a role in difficulties with the development
of stable phonological representations (McBride-Chang, 1996; Studdert-Kennedy, 2002).
Numerous behavioral studies have shown that individuals at-risk or with dyslexia present
poorer categorization for consonants in both identification tasks (e.g., Boets et al., 2011; Breier
et al., 2001; Chiappe, Chiappe, & Siegel, 2001; Gerrits & de Bree, 2009; Joanisse, Manis, Keating,
& Seidenberg, 2000; Maassen, Groenen, Crul, Assman-Hulsmans, & Gabreëls, 2001; Manis et
al., 1997) and discrimination tasks (e.g., Bogliotti, Serniclaes, Messaoud-Galusi, & SprengerCharolles, 2008; Breier, Fletcher, Denton, & Gray, 2004; Maassen et al., 2001; Mody, StuddertKennedy, & Brady, 1997; Serniclaes, van Heghe, Mousty, Carre, & Sprenger-Charolles, 2004).
For example, Maassen et al. (2001) have shown children with dyslexia to have less sharply
defined phoneme boundaries along both voicing and place-of-articulation continua than
control children.
The reduced between-category discrimination in individuals with dyslexia suggests that
their phonological representations are not properly developed. It has been further suggested
that their phonological representations are over-specified, as reflected by better behavioral
discrimination of well-specified allophonic contrasts within the same phoneme category than
controls (Bogliotti et al., 2008; Serniclaes et al., 2004). Recent neuroimaging data suggest that
when individuals with dyslexia do not show heightened sensitivity to allophonic contrasts
behaviorally, it might still be present in the form of neural activation (Dufor, Serniclaes,
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Sprenger-Charolles, & Démonet, 2009). Note, however, that not all studies have found better
within-category discrimination in individuals with dyslexia (e.g., Breier et al., 2004; van
Beinum, Schwippert, Been, van Leeuwen, & Kuijpers, 2005). This could be due to the different
features of the speech continua being used, as the speech perception deficits in dyslexia are
quite subtle. For example, Breier et al. (2004) investigated within-category discrimination in
general and not specifically allophonic perception in English speaking children; they used a
continuum with only positive voice-onset-times (VOT) with the phonemic boundary placed
around +30 ms VOT, but allophonic boundaries for VOT continua are located around -30
and +30 ms VOT as evidenced by studies in infants (Aslin, Pisoni, Hennessy, & Perey, 1981;
Hoonhorst et al., 2009). These ±30 ms VOT boundaries are phonemic in a three voicing
category language, such as Thai (Lisker & Abramson, 1970). Furthermore, the continuum
used by Breier et al. contained no well-specified allophonic boundaries, contrary to the full
VOT continuum used in the study of Bogliotti et al. (2008). This means that discrimination of
within-category differences in studies without well-specified allophonic contrasts (e.g., Breier
et al., 2004; van Beinum et al., 2005) might arise from the discrimination of simply any kind of
acoustic contrast rather than those that straddle an allophonic boundary per se.
Studies showing better discrimination of stimuli crossing allophonic boundaries suggest
that individuals with dyslexia perceive speech using allophonic rather than phonemic units
and are thus sensitive to phonetic variation that is actually irrelevant for the ambient language.
The perception of speech using an allophonic mode is the same ability that all newborns
have—an ability that allows them to acquire the language that they hear (Kuhl et al., 2006;
Werker & Tees, 2002). This ability is reorganized during the first year of life in accordance with
the relevance of the allophonic contrasts within the language being acquired (Hoonhorst et
al., 2009; Kuhl, 2004). Stable grapheme-phoneme correspondences are then easily established
by most children when they start to read but not by children with dyslexia.
A heightened allophonic sensitivity in individuals diagnosed with dyslexia does not—
in and of itself—demonstrate a possible causal relationship between speech perception
difficulties and dyslexia (Bogliotti et al., 2008; Dufor et al., 2009; Serniclaes et al., 2004). In the
present study, we therefore examined auditory discrimination of speech sounds belonging to
either the same phoneme category (acoustic variants of /bə/) or different phoneme categories
(/bə/ vs. /də/) in 6-year-old beginning readers with a familial risk of dyslexia by means of
event-related potentials (ERP).
Event-related potentials have the advantage of being considerably less affected by
attentional, motivational, and task-related artifacts than behavioral tasks. The Mismatch
Negativity (MMN) is a negative deflection of the event-related potential and is elicited
by any noticeable change in the preceding auditory stimulus sequence—irrespective of
attention or the behavioral task (for reviews see Näätänen, Paavilainen, Rinne, & Alho, 2007;
Näätänen & Winkler, 1999). The MMN usually reaches its maximum amplitude on the frontocentral scalp about 100-250 ms after deviance onset, but its amplitude is enlarged and its
peak latency is shortened as the degree of stimulus change increases (Pakarinen, Takegata,
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Rinne, Huotilainen, & Näätänen, 2007; Sams, Paavilainen, Alho, & Näätänen, 1985; Tiitinen,
May, Reinikainen, & Näätänen, 1994). Several studies have also shown better pre-attentive
discrimination of phonetic contrasts to be reflected by larger MMN amplitudes (Cheour et
al., 1998; Dehaene-Lambertz & Baillet, 1998; Näätänen et al., 1997; Winkler, Lehtokoski, et al.,
1999). For example, Näätänen et al. (1997) showed the MMN amplitude to be larger in healthy
adults when the infrequent deviant stimulus reflects a relevant contrast in the participant’s
native language (Finnish) as opposed to an irrelevant foreign contrast (Estonian). In still other
cross-linguistic research using the MMN, Cheour et al. (1998) showed memory traces for
language-specific speech sounds to develop between 6 and 12 months of age. The finding of
larger MMN amplitudes to familiar speech sounds compared to unfamiliar sounds suggests
the activation of language-specific memory traces and is therefore increasingly being used in
research on developmental language disorders.
In dyslexia research, several studies have shown both children and adults with dyslexia
to have diminished MMN amplitudes for changes of consonants (Lachmann, Berti, Kujala,
& Schröger, 2005; Schulte-Körne, Deimel, Bartling, & Remschmidt, 1998, 2001; Sharma et al.,
2006) and tone frequencies (Baldeweg, Richardson, Watkins, Foale, & Gruzelier, 1999; Kujala,
Lovio, Lepistö, Laasonen, & Näätänen, 2006). Normal MMNs have been found for duration
changes in adults with dyslexia (Baldeweg et al., 1999; Kujala et al., 2006) but not in children
with dyslexia (Corbera, Escera, & Artigas, 2006). Studies of children and infants with a familial
risk for dyslexia have also shown diminished MMN responses for changes in consonants
(Maurer, Bucher, Brem, & Brandeis, 2003; van Leeuwen et al., 2008), vowels (Lovio, Näätänen,
& Kujala, 2010), and duration (Leppänen et al., 2002). However, the pre-attentive auditory
processing of allophonic variants was not investigated in these studies while such allophonic
processing may be an important marker for dyslexia.
In the present study, we therefore investigated the auditory discrimination of phonemic
and allophonic contrasts in 6-year-old beginning readers at risk for dyslexia using the
MMN. These children were tested after about six months of formal reading instruction,
the first moment that reading problems can be detected despite formal reading instruction,
because differences in reading performance at this time can be a possible indication of later
dyslexia. We recorded MMNs to speech sounds belonging to either the same or different
phoneme categories. If children at risk for dyslexia are sensitive to acoustic properties that
are irrelevant for their language, this can be hypothesized to cause more phonological
variants (i.e., allophones) to be used to process the ambient language than necessary, lead
to grapheme-phoneme mismatches, and thereby impair later reading. Furthermore, the only
neural evidence for an allophonic mode of speech perception so far comes from a PET study
with adults diagnosed with dyslexia (Dufor et al., 2009). These authors demonstrated that the
discrimination of within-category pairs was related to decreased activation in the left inferior
premotor cortex in non-dyslexic adults, whereas discrimination of the same pairs caused
enhanced activation in the same region in dyslexic adults. It has yet to be demonstrated,
however, that children at risk for dyslexia are similarly sensitive to such allophonic variants
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of phonemes. Neural evidence of an allophonic mode of speech perception in children at risk
for dyslexia is thus needed and, when found, suggests a possible explanation of later reading
problems.

Methods
Participants
Sixty-one first-grade children that were followed up in the context of a longitudinal study
that started in kindergarten participated in this study. At the time of inclusion, all of the
children were in the year before formal reading instruction is initiated and children at risk for
dyslexia were selected based on the presence of at least one parent diagnosed with dyslexia.
At the time of testing, these children received about six months of formal reading instruction
and 31 (15 boys and 16 girls) were at risk for dyslexia. As an extra control for the reading
problems of the parents of the at-risk children, the reading skills of these parents were tested
using a standardized word reading task (Brus & Voeten, 1999) and a standardized non-word
reading task (van den Bos, Lutje Spelberg, Scheepstra, & de Vries, 1994). All the parents of the
at-risk children scored below the 10th percentile on both reading tasks. Thirty children (15
boys and 15 girls) with parents who reported no familial history of reading problems served
as a control group. All children were native Dutch speakers. Written consent was obtained
from the parents of all the children after the nature of the study was explained. Nonverbal
intelligence was measured in kindergarten using the Raven Coloured Progressive Matrices
(Raven, 1965) and did not differ for the control (M = 22.93, SD = 4.74) versus at-risk children
(M = 21.94, SD = 4.59; t(59) = 0.84, p = 0.41, d = 0.21). Skills relevant for the development of
reading were assessed using the following behavioral tests.

Behavioral measures
Verbal short term memory
The Woorden en zinnen nazeggen [Repeating Words and Sentences] subtest from the
standardized ESM-toets ([Test for children with Specific Language Impairment], Verhoeven,
2004) was used to assess verbal short term memory (vSTM). The task consists of two parts.
In the first part, the child is instructed to repeat an increasing number of CVC words that can
range from two words at the beginning to a maximum of seven words at the end. Each correctly
repeated group of words scores as one point. The words are presented by the instructor at
normal articulation speed. In the second part, the child is instructed to repeat sentences of
an increasing length, ranging from seven words at the beginning to 17 words at the end.
Once again, the sentences are presented by the instructor. Each correctly repeated sentence
counts as two points. If only one error is made during the repetition of the sentence, one
point is assigned. Both tasks are terminated when the child makes four successive errors. The
maximum score for this subtest was 36 (12 for words and 24 for sentences). The Cronbach’s
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alpha reliability coefficient for the subtest, as listed in the manual, is 0.88 (Verhoeven, 2004).
Phonological awareness
Phonological awareness (PA) was assessed using the Screeninginstrument Beginnende
Geletterdheid ([Screening Instrument for Emerging Literacy], Vloedgraven, Keuning, &
Verhoeven, 2009; Vloedgraven & Verhoeven, 2007). Two phonological tasks were used
(phoneme segmentation and phoneme deletion). Each phonological task starts with the
presentation of three response alternatives both visually and auditorily, followed by the
auditory presentation of the target word. For phoneme segmentation, the individual phonemes
in the target word are pronounced. The child must then select the picture that corresponds to
the target word. For phoneme deletion, the target word is pronounced along with a phoneme to
be deleted. The child must then select the picture of the word that remains after deletion of the
pronounced phoneme. Both of the phonological tasks consist of high-frequency monosyllabic
words selected from the Dutch word frequency list (Schaerlaekens & Kohnstamm, 1999). Each
task is composed of 2 practice items and 15 test items. Feedback is only given on the practice
trials. The number of correct items for both tasks were summed to produce a raw PA score,
which fulfilled the assumption of normality.
Rapid Automatic Naming
Naming speed was assessed using a Rapid Automatic Naming task for letters (RAN; van den
Bos & Lutje Spelberg, 2007). The card with letters consists of 50 randomly listed lowercase
letters in five columns (‘d’, ‘o’, ‘a’, ‘s’ and ‘p’). The child must name the letters as fast and
accurately as possible. The time to complete the 50 items is measured and converted into
standard scores.
Standardized word and non-word reading tasks
The word reading level of the children was assessed using a standardized Dutch word
reading test, the Drie-Minuten-Toets (DMT, [Three-Minutes-Test], Verhoeven, 1995). The DMT
consists of three cards: two containing 150 words each and one containing 120 words. The
words presented on the cards differ in complexity. The children are instructed to read as
many words out loud as possible in one minute for each of the cards. The test score is the
total number of correctly produced words. For the present study, only the first card (DMT1:
CVs, VCs, or CVCs) and the second card (DMT2: monosyllabic words containing consonant
clusters) were used. The third card contains words with multiple syllables and was thus
considered too difficult for the children who were just starting to receive reading instruction.
The Cronbach’s alpha reliability coefficients for cards 1 and 2 in first grade, as listed in the
manual, are 0.88 and 0.96, respectively. The scores for the two cards were summed to produce
a word-reading score. Non-word reading was assessed using a standardized Dutch non-word
reading test (Klepel; van den Bos et al., 1994). The test consists of 116 non-words of increasing
difficulty. The children are instructed to read the non-words out loud as quickly as possible
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without making errors. The score on this task is the number of non-words read correctly in
two minutes. The Cronbach’s alpha reliability coefficient of the non-word task, as listed in the
manual, is 0.93.
The characteristics of the participants and their test scores are displayed in Table 5.1.
As multiple tests were performed, the obtained p-values were corrected using the HolmBonferroni step-down approach (Holm, 1979). While the groups were comparable with
regard to age and nonverbal intelligence, the at-risk children performed significantly lower
on the reading tasks and all of the skills relevant for the development of reading.
Table 5.1 Descriptive statistics for the sample
Controls
(n = 30)
M
Age (years)
vSTM

SD

At-risk
(n = 31)
M

SD

p

d

6.93

0.33

6.94

0.30

0.460

0.03

16.90

4.69

13.77

5.24

0.030

0.63

RAN

13.07

2.70

10.84

2.11

< 0.010

0.92

Phonological awareness

25.00

3.54

23.26

2.93

0.040

0.54

Standardized word reading

67.97

32.56

37.71

14.07

< 0.001

1.21

Standardized non-word reading

10.47

2.19

7.90

1.76

< 0.001

1.29

Note. vSTM = verbal Short-Term Memory; RAN = Rapid Automatic Naming.

Stimuli and procedure
Stimuli were the sinewave analogues of speech sounds that consisted of the consonants /b/
and /d/ followed by the neutral vowel /ə/. The stimuli were generated using parallel formant
synthesis (Carré, 2004). The difference in the place-of-articulation was created by modifying
the onset of the initial frequencies for F2 and F3. The end frequencies for the F2 and F3
transitions were fixed at 1500 Hz and 2500 Hz, respectively. The initial frequency of the first
formant (F1) was 300 Hz; the end frequency was 500 Hz. The voice onset time was -80 ms; the
duration of all frequency transitions was 40 ms; and the duration of the stable vocalic segment
was 80 ms. Each stimulus thus had a total duration of 200 ms.
Two stimulus conditions—a between-category condition and a within-category
condition—were administered with the order of presentation counterbalanced across
participants. The standard stimulus in the two conditions was the syllable /bə/ with rising
transitions of the F2 and F3 (rising F2: from 1094 to 1500 Hz; rising F3: from 2024 to 2500
Hz) and a probability of 0.88. In the between-category condition, two stimuli from different
phoneme categories were presented. The deviant stimulus was thus the syllable /də/ with
falling transitions of F2 and F3 (falling F2: from 1853 to 1500 Hz; falling F3: from 3429 to 2500
Hz). In the within-category condition, two acoustically different stimuli that nevertheless
belong to the same phoneme category were presented. The deviant stimulus was thus an
acoustically different exemplar of the syllable /bə/ with a rising F2 transition (from 1033 to
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1500 Hz) and a falling F3 transition (from 2692 to 2500 Hz). The contrast between the two /
bə/ syllables is allophonic because it crosses a natural psychoacoustic boundary (i.e., a change
in the rising/falling direction of the F3 transition), which is nevertheless relevant for the
operative phoneme distinctions in other languages (Serniclaes & Geng, 2009; see Appendix B).
The probability of the deviant stimulus in each condition was 0.12. Each condition contained
two blocks of 400 stimuli (48 deviants and 352 standards) with a stimulus-onset asynchrony
of 600 ms. Each block had a duration of approximately 4 minutes and was separated by a
short break. The participants had a longer break in between conditions. The stimuli were
presented in a pseudorandom order with the restriction that the first 16 stimuli in each block
were always a standard and at least three standard stimuli occurred between two deviant
stimuli. For each participant, a unique stimulus presentation list was created.
In a mini-van equipped with a custom-built EEG lab and parked near the children’s
school, the children individually watched a self-selected silent movie while auditory stimuli
were binaurally presented through a set of Sennheiser HD 555 headphones at a comfortable
hearing level of approximately 65 dB. The children were instructed to ignore the auditory
stimuli while EEG recordings were made. The procedure was approved by the Central
Committee on Research Involving Human Subjects, the Netherlands.

EEG recording
The EEG (amplified by BrainAmp DC amplifier, band pass 0.1 – 200 Hz, sampling rate 500
Hz) was recorded with Ag/AgCl-electrodes from 26 scalp sites according to the International
10-20 system using the ActiCap system (Brain Products GmbH, Gilching, Germany). In
addition, electrodes were placed on the left and right mastoids while the ground was placed
on AFz. The electrodes were referenced to the left mastoid. The horizontal and vertical
electro-oculograms (EOG) were monitored by electrodes placed on the left and right external
canthi of the eyes and above and below the left eye. For all of the electrodes, impedances were
kept below 20 kΩ, which is the default setting for active electrodes. The EEG and EOG were
recorded and digitized using Brain Vision Recorder software (1.03, Brain Products GmbH,
Gilching, Germany).

Data analysis
The continuous EEG was corrected offline for ocular artifacts (Gratton, Coles, & Donchin,
1983) and analyzed using the Matlab-based FieldTrip toolbox (Oostenveld, Fries, Maris, &
Schoffelen, 2011). The EEG was re-referenced to the mean of the two mastoid electrodes, and
the ERPs were calculated by averaging the epochs of 600 ms including a 100 ms pre-stimulus
interval separately for the standards and deviants in each condition. Epochs containing
voltage changes exceeding ± 100 µV at any electrode were omitted for averaging. The epochs
were digitally filtered using a 1-30 Hz band pass filter and baseline-corrected with respect to
the 100 ms pre-stimulus interval. Only the standard immediately preceding the deviant was
included in the analysis to thereby obtain a similar signal-to-noise ratio for both the standard
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and deviant. Data from one participant was discarded from further analysis due to technical
problems during the measurement.
The mean number (s.d.) of accepted epochs for the control and at-risk children was 93 (3)
and 94 (2) for the deviants and 93 (3) and 94 (2) for the standards in the between condition; 94
(2) and 94 (2) for the deviants and 94 (2) and 94 (2) for the standards in the within condition.
The number of accepted epochs in each condition did not differ significantly for the control
versus at-risk participants (Fs < 1).
For each participant, the average ERPs were computed across all remaining trials per
condition. The MMN was obtained by subtracting the ERPs elicited by the standard stimuli
from those elicited by the deviant stimuli separately for each condition. As there is ample
evidence that the amplitude of the MMN is maximal over fronto-central scalp locations and
particularly at Fz, F3, and F4 (Duncan et al., 2009; Kujala, Tervaniemi, & Schröger, 2007;
Näätänen et al., 2007), these recording sites were included in the analyses. The MMN was
identified at electrode Fz where the MMN response was clearly detectable in both groups and
also with an inverted polarity below the Sylvian fissure, at the mastoid electrodes. For each
participant, the MMN peak latencies were determined within a 65 ms time window defined
by the grand-mean latency of the most negative peak occurring between 150-300 ms post
stimulus-onset at the F3, Fz, and F4 electrodes for each group and each stimulus condition. The
individual mean MMN amplitudes were averaged across a 50 ms time window surrounding
the individual MMN peak latency. One-tailed t-tests, corrected for multiple comparisons
using the Holm-Bonferroni step-down approach (Holm, 1979), were conducted to determine
whether the MMN mean amplitudes at F3, Fz, and F4 significantly differed from zero at the
group level.

Table 5.2 Mean MMN amplitude (µV) and peak latencies (ms) at F3, Fz, and F4
Amplitude
Controls

Latency
At-risk

Controls

At-risk

M

SD

M

SD

M

SD

M

SD

F3

-4.0***

3.4

-1.8*

3.8

232

20

259

20

Fz

-4.1***

3.1

-1.5*

4.1

236

18

260

21

F4

-3.8

3.6

-1.6

3.7

229

19

263

23

F3

-0.2

2.9

-2.5***

2.9

219

25

240

22

Fz

-0.5

3.5

-2.0***

3.2

216

26

249

23

F4

-0.4

3.4

-2.0

3.1

221

21

243

24

Condition
Between

***

*

Within

***

Note. The amplitudes significantly differing from zero are marked with asterisks (one-tailed t-tests).
*
p < 0.05. ** p < 0.01. *** p < 0.001.
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The mean MMN amplitudes and peak latencies were analyzed in separate three-way
repeated measures analyses of variance (ANOVAs) with Electrode (F3, Fz, F4) and Condition
(between, within) as within-subjects factors and Group (control, at-risk) as the betweensubjects factor. Significant group differences were analyzed further in two-way repeated
measures ANOVAs with Electrode (F3, Fz, F4) as the within-subjects factor and Group
(control, at-risk) as the between-subjects factor. Greenhouse-Geisser corrections for violations
of the sphericity assumption were applied when appropriate; the uncorrected degrees of
freedom and p-values after the correction are reported.

Results
We first determined if the deviant stimulus in each condition elicited significant MMNs. In the
between-category condition, the phonemic deviant elicited MMNs that differed significantly
from zero in both the control and at-risk children (Table 5.2, Fig. 5.1). In the within-category
condition, the allophonic deviant elicited only a significant MMN in the children at risk.
Three-way repeated measures ANOVAs (Group x Condition x Electrode) were next
conducted and showed a significant main effect of Condition (F(1,58) = 7.12, p = 0.01, ηp2 = 0.11)
and a Group x Condition interaction (F(1,58) = 13.28, p = 0.001, ηp2 = 0.19) for MMN amplitude
and significant main effects of both Condition (F(1,58) = 24.30, p < 0.001, ηp2 = 0.30) and Group
(F(1,58) = 54.88, p < 0.001, ηp2 = 0.49) and a Group x Condition x Electrode interaction (F(2,116)
= 3.51, p = 0.03, ηp2 = 0.06) for peak latency.
The control versus at-risk children were next compared in two-way repeated measures
ANOVAs (Group x Electrode) for MMN amplitude and peak latency per condition. In the
between-category condition, a clearly lower MMN amplitude for the phonemic deviant was

A

−3 µV

F3

Fz

LM

F4

RM

600 ms

B

−3 µV

F3

Fz

LM

F4

RM

600 ms
Contr
At−risk

Figure 5.1 Grand-average difference waves at frontal and mastoid electrodes. MMN responses at the
mastoids were re-referenced to the average of all electrodes in order to illustrate the polarity reversal
at the mastoid electrodes. A. In the between-category condition, the phonemic deviant stimulus elicited
significant MMN responses in both the control and at-risk children. B. In the within-category condition,
a significant MMN was only present in the children at risk for dyslexia.
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Figure 5.2 MMN topography at grand-average peak latency. A. Higher MMN activation at fronto-central
scalp locations for phonemic deviant stimulus in control children compared to children at risk for dyslexia
in the between-category condition. B. MMN activation present only in children at risk for dyslexia in the
within-category condition.

Table 5.3 Pearson’s correlations between MMN amplitude, latency and reading and phonological
measures for all participants
Amplitude

Peak latency

Betweencategory

Withincategory

Betweencategory

Withincategory

vSTM

-0.10

-0.01

-0.20

-0.24b

RAN

-0.14

Phonological awareness

-0.03

-0.24

b

-0.24b

-0.12

0.09

-0.24b

-0.25a

Standardized word reading

-0.18

0.00

-0.35

**

-0.29*

Standardized non-word reading

-0.17

0.01

-0.38**

-0.31*

Note. vSTM = verbal Short-Term Memory; RAN = Rapid Automatic Naming.
a
p < 0.06. b p < 0.07.
*
p < 0.05. ** p < 0.01.
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found in the at-risk children (mean -1.63 µV; Table 5.2) when compared to the control children
(mean -3.97 µV; F(1,58) = 7.03, p = 0.01, ηp2 = 0.11). Furthermore, the MMN peaked significantly
earlier in the control children (mean latency: 232 ms; Table 5.2) than in the at-risk children
(mean latency: 260 ms; F(1,58) = 38.90, p < 0.001, ηp2 = 0.40); the at-risk children thus needed
significantly more time to process the speech stimuli. No differences in the MMN amplitudes
and peak latencies at the frontal electrodes F3, Fz, and F4 were further observed for the groups
in the between-category condition (both Fs < 1; Fig. 5.2a).
In the within-category condition, the difference in MMN amplitudes and peak latencies
for the allophonic deviant was significant for the at-risk versus control children (F(1,58) =
6.15, p = 0.02, ηp2 = 0.10; F(1,58) = 25.88, p < 0.0001, ηp2 = 0.31, respectively). However, the MMN
amplitude in the within-category condition only differed significantly from zero for those
children at-risk (see Table 5.2). No differences in the MMN amplitudes (F(2,60) = 1.22, p = 0.30,
ηp2 = 0.04; Fig. 5.2b) or peak latencies (F(2,60) = 2.14, p = 0.13, ηp2 = 0.07) at the frontal electrodes
F3, Fz, and F4 were further observed for the at-risk children on the allophonic deviant in the
within-category condition.
Given that only the at-risk children showed a significant MMN in the within-category
condition, the phonemic and allophonic contrasts were next compared for only these children.
The MMN amplitudes were comparable (F < 1) while the latencies differed significantly
(F(1,60) = 12.68, p = 0.001, ηp2 = 0.18) with the MMN peaking significantly earlier for the
allophonic contrast than for the phonemic contrast (Table 5.2).
Correlations between MMN amplitudes and peak latencies averaged over the frontal
channels for each condition and the reading and phonological measures for the whole sample
are displayed in Table 5.3. Significant correlations were observed between peak latencies and
standardized word and non-word reading tasks, but not for MMN amplitude. Within-group
correlations for both MMN amplitude and peak latencies were not significant.

Discussion
In the present study, we investigated the pre-attentive discrimination of speech sounds in
children at risk for dyslexia and children without such risk by comparing MMN responses to
well-defined phonemic and allophonic contrasts. Stimuli from different phoneme categories
elicited MMNs in both the control and at-risk children while the stimuli from the allophonic
contrast elicited an MMN in only the children at risk for dyslexia. These results provide neural
evidence for the pre-attentive discrimination of speech sounds within the same phoneme
category by children at risk for dyslexia.
Children at risk for dyslexia showed a significantly lower MMN amplitude for the
phonemic deviant, which is in agreement with previous MMN results for not only children
and adults with dyslexia when exposed to changes in consonants (Schulte-Körne et al., 1998,
2001; Sharma et al., 2006) but also children and infants with a familial risk for dyslexia when
exposed to changes in both consonants (Maurer et al., 2003; van Leeuwen et al., 2008) and
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vowels (Lovio et al., 2010). Furthermore, the MMN for the phonemic deviant peaked earlier
in the control children than in the at-risk children, which shows the at-risk children need
significantly more time to process the speech stimuli than the control children (SprengerCharolles, Colé, Lacert, & Serniclaes, 2000). These findings are in agreement with a large body
of behavioral studies showing that individuals with dyslexia are less categorical in how they
perceive phonemic contrasts (e.g., Chiappe et al., 2001; Joanisse et al., 2000; Maassen et al.,
2001) and suggesting that the phonological representations needed for effective graphemephoneme mapping are not properly acquired by children at risk for dyslexia. It can be
concluded that the phonological representations of the control children in the present study
were more accurate, as reflected by their significantly better performance on the skills relevant
for the development of reading, leading to more rapid selection of the relevant cues in the
auditory signal. Accurate phonological representations allow fast, automatic discrimination
of speech sounds resulting in significantly higher MMN amplitude and earlier latency
(Pakarinen et al., 2007; Sams et al., 1985). In contrast, inaccurate phonological representations
lead to small or even absent MMNs (e.g., Dehaene-Lambertz, 1997; Näätänen et al., 1997).
According to the allophonic explanation of dyslexia, children with dyslexia maintain a
sensitivity to phonemic distinctions that are irrelevant in their native language and a lack of
a one-to-one relationship between allophones and graphemes is the origin of such children’s
failure to master the alphabetic principle. These deficiencies may cause later reading problems
as processing a written language using more phonological categories (i.e., allophones) than is
necessary in the ambient language can generate grapheme-phoneme mismatches and thereby
impair the reading process.
Behavioral studies have shown that children with dyslexia have a greater sensitivity
to the fine-grained acoustic properties of the acoustic signal than children without dyslexia
(Bogliotti et al., 2008; Goswami, Fosker, Huss, Mead, & Szűcs, 2011). In addition, children
with dyslexia have been shown to have better within-category discrimination for wellspecified allophonic contrasts compared to controls (Bogliotti et al., 2008; Serniclaes et al.,
2004). Nevertheless, some studies have not found better within-category discrimination in
individuals with dyslexia (e.g., Breier et al., 2004; van Beinum et al., 2005), which is probably
due to the use of continua that did not contain well-specified allophonic boundaries. In the
present study, allophonic perception in children at-risk for dyslexia was investigated using
carefully designed stimuli (i.e., a continuum with well-defined allophonic boundaries). And
we showed a significant MMN for the allophonic contrast to be elicited in only the children
at-risk for dyslexia. This finding is thus in agreement with the notion that individuals with
dyslexia use an allophonic as opposed to phonemic mode of speech perception (Serniclaes et
al., 2004).
Our results and the reflection of language-specific memory traces by the MMN, in
particular, are supported by the results of other research showing the MMN amplitude to be
larger in healthy adults when the infrequent deviant stimulus reflects a relevant contrast in the
participant’s native language as opposed to an irrelevant foreign contrast (Dehaene-Lambertz,
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1997; Näätänen et al., 1997). Furthermore, we found that the MMN for the allophonic contrast
to peak significantly earlier than the MMN for the phonemic contrast in at-risk children when
compared to control children. As previous research has shown that an increased degree of
stimulus change is associated with a higher MMN amplitude and shorter latency (Pakarinen
et al., 2007; Sams et al., 1985), our findings suggest that the allophonic contrast was more
easily discriminated by the children at risk for dyslexia than the phonemic contrast that
requires accurate representation of the native language for discrimination. Furthermore,
peak latencies in both the between and within-category condition were negatively correlated
with word and non-word reading performance. That is, children with higher scores on the
standardized word or non-word reading tasks showed shorter MMN latencies, indicating
that they needed less time to process the speech stimuli.
Several studies have shown that MMN amplitude and behavioral parameters such as
reaction time and discriminability are highly correlated (for a review see Kujala et al., 2007).
This shows that a difference between sounds is usually not behaviorally detected in the
absence of an MMN (Winkler, Kujala, et al., 1999). Behavioral performance and MMN are
nevertheless not identical processes. The MMN mainly reflects pre-attentive central auditory
processing whereas behavioral performance also includes more higher-order processes,
such as those involved in attention and decision making. Given that the MMN is thought
to reflect an automatic change detection process in the brain, it is considerably less affected
by attentional, motivational, and task-related artifacts than behavioral tasks. This makes the
MMN a suitable tool for the clinical evaluation of auditory discrimination in especially young
children and special populations (see e.g., Davids et al., 2011).
The finding of pre-attentive discrimination of a within-category contrast by children at
risk for dyslexia shows that our results are robust as only about half of the children at risk for
dyslexia actually develop dyslexia (Grigorenko, 2001). Studies relating the brain responses
of children to their later language performance (Espy, Molfese, Molfese, & Modglin, 2004;
Guttorm et al., 2005; Leppänen et al., 2010; Molfese, 2000), moreover, suggest that problems
with auditory processing indeed interfere with the development of stable phonological
representations and thus with a prerequisite for becoming literate. Still other studies have
reported deviant cortical discrimination of speech sounds by not only infants and children
at risk for dyslexia (Maurer et al., 2003; Schulte-Körne et al., 1998) but also adults with
dyslexia (Schulte-Körne et al., 2001). However, the processing of allophonic variants was not
investigated in these studies. Prior to the present study, which has shown children at risk
for dyslexia to pre-attentively discriminate allophonic variants within the same phoneme
category, the only neural evidence for an allophonic mode of speech perception was for adults
diagnosed with dyslexia (Dufor et al., 2009). Our findings point to a possible cause of dyslexia
and supplement the neural evidence for deviant brain responses to speech sounds already at
birth (Guttorm et al., 2005) and also later in adulthood (Dufor et al., 2009) for individuals who
are either at risk for dyslexia or later diagnosed with dyslexia.
Note that the present study has some limitations. To begin with, we investigated auditory
101

5

Chapter 5

perception in beginning first-grade readers at risk and not at risk for dyslexia. To further
disentangle the allophonic mode of speech perception in children at risk for dyslexia and shed
greater light on the auditory development of young children, however, longitudinal studies
that start even before the initiation of formal reading instruction should be undertaken,
and follow the children until dyslexia has been evidenced. Furthermore, the present study
provides neural evidence of allophonic perception in children at risk for dyslexia for stimuli
differing in the place-of-articulation but allophonic boundaries are present on both placeof-articulation and VOT continua. Future studies should extend the present evidence of a
heightened sensitivity to allophonic contrasts in at-risk children to include VOT continua
with well-specified allophonic boundaries. Finally, in future research, behavioral measures
should be included to extend the results of neural measures, but care must be taken when
comparing these measures as the pre-attentive processing and behavioral measures do not
reflect identical processes. It can nevertheless be hypothesized that children with no risk of
dyslexia will not detect an allophonic contrast behaviorally (cf. Bogliotti et al., 2008; Serniclaes
et al., 2004).
Our research provides direct neurophysiological evidence for an allophonic mode
of speech perception in individuals at risk for dyslexia. The results show children at risk
for dyslexia to be sensitive to contrasts that are irrelevant in the ambient language and
thus a sensitivity that can hamper the development of stable phonological representations.
Additionally, the reduced sensitivity to relevant speech contrasts by these children may be a
consequence of allophonic perception. Therefore, an allophonic mode of speech perception
possibly leads to significant reading impairment later in life.
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Chapter 6

Abstract
Objective: A growing body of evidence suggests that individuals with dyslexia perceive speech
using allophonic rather than phonemic units and are thus sensitive to phonetic variations that
are actually irrelevant in the ambient language. This study investigated speech perception
difficulties in adults with dyslexia using behavioural and neural measurements with stimuli
along a place-of-articulation continuum with well-defined allophonic boundaries. Adults
without dyslexia served as control participants.
Methods: Categorical perception of a /bə - də/ place-of-articulation continuum was evaluated
using both identification and discrimination tasks. In addition to these behavioural measures,
mismatch negativity (MMN) was recorded for stimuli that came from either similar or
different phoneme categories.
Results: The adults with dyslexia exhibited less consistent labelling than controls, but no
heightened sensitivity to allophonic contrasts was observed at the behavioural level. Neural
measurements revealed that stimuli from different phoneme categories elicited MMNs in
both the adults with dyslexia and controls, whereas stimuli from the same category elicited
an MMN in the adults with dyslexia only.
Conclusions: The finding that adults with dyslexia have heightened sensitivity to allophonic
contrasts in the form of neural activation supports the allophonic explanation of dyslexia.
Significance: Sensitivity to allophonic contrasts may be a valuable marker for dyslexia.
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Introduction
In everyday communication, people use the ability to segment a spectrally complex and
rapidly changing speech signal into discrete phonological categories. This complex process
is essential for developing efficient reading and writing skills. Most people perform the task
of mapping letters to sounds without problems, whereas others fail to adequately develop
phonological skills, which can be associated with language disorders such as dyslexia
(Snowling & Hulme, 2010). Dyslexia is a hereditary reading disorder of neurobiological origin
that is characterised by severe and persistent reading and spelling difficulties that are not
explained by sensory or cognitive deficits or by ineffective classroom instruction (Démonet,
Taylor, & Chaix, 2004; Shaywitz & Shaywitz, 2005).
It is now widely accepted that problems with phonological awareness—i.e., the inability
to identify and manipulate sublexical units of speech—constitute the core deficit in dyslexia
(Ramus, 2003; Snowling & Hulme, 2010; Vellutino, Fletcher, Snowling, & Scanlon, 2004).
Indeed, phonological awareness is one of the best predictors of reading acquisition, and it
has been suggested that difficulties in phonological processing can perturb the development
of efficient phonological representations (Anthony & Francis, 2005; Bradley & Bryant, 1983;
Castles & Coltheart, 2004; Muter & Snowling, 2009; Ziegler & Goswami, 2005). Two primary
hypotheses have been proposed to explain the inefficient phonological representations
experienced by individuals with dyslexia. On one hand, phonological representations in
dyslexia may be underspecified (e.g., Elbro, 1996; Metsala & Walley, 1998). According to this
hypothesis, a lack of specificity can result in confusion between similar speech sounds and
thereby cause phonological processing difficulties. On the other hand, a growing body of
evidence suggests that the phonological representations in dyslexia are overspecified by the
processing of allophones (i.e., phonetic variations within phoneme categories) rather than
phonemes (Bogliotti, Serniclaes, Messaoud-Galusi, & Sprenger-Charolles, 2008; Noordenbos,
Segers, Serniclaes, Mitterer, & Verhoeven, 2012a; Serniclaes, 2011; Serniclaes, van Heghe,
Mousty, Carre, & Sprenger-Charolles, 2004). Both of these hypotheses support the view that
deficits in the accurate detection of relevant acoustical cues in the speech signal may play a
role in the difficulty mastering the alphabetic principle (McBride-Chang, 1995; Metsala, 1997;
Studdert-Kennedy, 2002).
Given that individuals with dyslexia exhibit deficits in speech perception (e.g., Joanisse,
Manis, Keating, & Seidenberg, 2000; Manis & Keating, 2004; see Table 1 in Vandermosten
et al., 2011; Ziegler, Pech-Georgel, George, & Lorenzi, 2009), the reading deficit in dyslexia
may in fact be due to subtle deficits in speech perception. However, despite a considerable
amount of research, the mechanisms that underlie the development of efficient phonological
representations—and the specificity of these representations in dyslexia—remain a subject of
debate. The goals of the present study were to examine speech perception difficulties in adults
with dyslexia and to uncover the specificity of phonological representations in dyslexia using
both behavioural and neural measurements.
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Speech perception and phonological representations in dyslexia
A fundamental property of speech perception is that speech sounds are perceived categorically.
In other words, listeners are more likely to discriminate differences between categories than
within categories. This is accomplished by focusing on acoustical cues that signal phonologically
relevant speech contrasts and ignoring cues that signal irrelevant distinctions (Liberman,
Harris, Hoffman, & Griffith, 1957). For example, the continuous acoustic difference in placeof-articulation between the initial consonants of a continuum ranging from /ba/ through /da/
is typically perceived categorically. Accordingly, speech perception abilities can serve as an
indicator of the quality of the underlying phonological representations.
Speech perception abilities of contrastive speech sounds are often investigated using
paradigms that are based on categorical perception (CP), which has several important
characteristics. First, there is an abrupt change in the identification function from one phonemic
category to the next (e.g., from /b/ to /d/) at a specific point (i.e., the category boundary)
along a continuous acoustic parameter. Secondly, discriminating acoustic differences between
categories tends to be easier than discriminating the same acoustic magnitude within categories
(Liberman et al., 1957), which is reflected by a peak in the discrimination function. Finally, the
discrimination function can be predicted from the identification function.
Note that a shallower slope in the identification function indicates less categorical precision
(i.e., sharpness of the category boundary). This differs from categorical perception, which is
the relationship between discrimination and identification, irrespective of boundary precision
(for further details, see Medina, Hoonhorst, Bogliotti, & Serniclaes, 2010).
With respect to both identification and discrimination tasks, many behavioural studies
have identified deficits in the perception of contrastive speech sounds in individuals with
dyslexia (e.g., Maassen, Groenen, Crul, Assman-Hulsmans, & Gabreëls, 2001; Noordenbos et
al., 2012a; Serniclaes et al., 2004; see Table 1 in Vandermosten et al., 2011). For example, Maassen
et al. (2001) found that individuals with dyslexia to have less sharply defined phoneme
boundaries along both voicing and place-of-articulation continua than controls. The observed
shallower slopes and weaker between-category discrimination in individuals with dyslexia
suggest that perception is less categorical in these individuals and that their phonological
representations have not developed properly. A plausible explanation for this observed
deficit in categorical perception is the under-specification of phonological representations.
However, the phonological explanation of dyslexia cannot explain the observed heightened
sensitivity to well-defined allophonic contrasts in individuals with dyslexia (Bogliotti et
al., 2008; Serniclaes et al., 2004). In contrast to the phonological explanation, the allophonic
hypothesis may shed new light on the origin of dyslexia.

Allophonic speech perception
According to the allophonic hypothesis of dyslexia, individuals with dyslexia perceive speech
using allophonic rather than phonemic units and are thus sensitive to phonetic variation that
is actually irrelevant to the ambient language. In other words, individuals with dyslexia may
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maintain the sensitivity to phonemic distinctions that all newborn children have, irrespective
of their native language. This ability is essential, as it allows a newborn child to acquire the
language that they hear. During the first year of life, this ability is reorganised in accordance
with the relevance of the allophonic contrasts within the language that is being acquired
(Hoonhorst et al., 2009; Kuhl, 2004; Kuhl et al., 2006; Werker & Tees, 2002). However, it is
possible that this reorganisation does not occur to the same extent in children with dyslexia,
thus placing the development of stable grapheme-phoneme correspondences at risk.
Support for the allophonic explanation of dyslexia comes from the study of voicing
perception. French children with dyslexia have a reduced discrimination peak at the
phonemic boundary and an unexpected discrimination peak at an allophonic boundary at
approximately -30 ms voice onset time (VOT; Bogliotti et al., 2008; Serniclaes et al., 2004).
Sensitivity to allophonic VOT boundaries located at approximately -30 and +30 ms VOT have
also been found in infants irrespective of their linguistic background: for Spanish (Lasky,
Syrdal-Lasky, & Klein, 1975), English (Aslin, Pisoni, Hennessy, & Perey, 1981) and French
(Hoonhorst et al., 2009) children. These ±30 ms VOT boundaries are phonemic in threevoicing category languages, such as Thai (Lisker & Abramson, 1970). In a study by Bogliotti et
al. (2008), sensitivity to the -30 ms VOT boundary was associated reliably with dyslexia (i.e., it
yielded 80% correct classification of the children in the dyslexic and control groups), whereas
sensitivity to the +30 ms VOT boundary was difficult to assess in this particular study as it was
close to the French VOT boundary of +15 ms.
Not all previous studies have reported better within-category discrimination in
individuals with dyslexia (Breier, Fletcher, Denton, & Gray, 2004; van Beinum, Schwippert,
Been, van Leeuwen, & Kuijpers, 2005). This discrepancy could be due to the different features
of the speech continua that were used, as the speech perception deficits in dyslexia can be
extremely subtle. For example, Breier et al. (2004) investigated within-category discrimination
in general—but not allophonic perception specifically—in English-speaking children; they
used a continuum with only positive VOT, with the phonemic boundary placed at +30 ms
VOT. However, possible allophonic boundaries for VOT continua are located around -30
and +30 ms VOT, as demonstrated by studies of infants (Aslin et al., 1981; Hoonhorst et al.,
2009). Furthermore, van Beinum et al. (2005) found no behavioural evidence of heightened
sensitivity to acoustic differences within the same phonemic category among adults with
dyslexia and therefore suggested that allophonic perception may be present only in children.
It should be noted, however, that the continua used by Breier et al. (2004) and van Beinum et
al. (2005) contained no well-defined allophonic boundaries, which was in contrast to the full
VOT continuum that was used by Bogliotti et al. (2008). Thus, within-category differences
in studies using continua that lack well-defined allophonic contrasts (e.g., Breier et al., 2004;
van Beinum et al., 2005) might arise from the discrimination of merely any form of acoustic
contrast rather than those that straddle an allophonic boundary per se. Thus, the design of the
stimulus continuum is essential for demonstrating allophonic perception.
Because the behavioural evidence of an allophonic mode of speech perception in dyslexia
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is inconclusive, neural measures—which are affected to a lesser extent than behavioural
tasks by attentional, motivational, and task-related artefacts—may be more suitable for
disentangling the specificity of the phonological representations in dyslexia. Therefore, to
gain more insight in the subtle underlying speech perception difficulties in dyslexia, in the
present study both behavioural and neural measurements were used.
Recent neuroimaging data suggest that although some individuals with dyslexia do not
exhibit heightened sensitivity to allophonic contrasts at the behavioural level, this increased
sensitivity can still manifest in the form of neural activation (Dufor, Serniclaes, SprengerCharolles, & Démonet, 2009). Dufor et al. (2009) demonstrated that the discrimination of
within-category pairs was related to decreased activation in the left inferior premotor cortex
in non-dyslexic adults, whereas discrimination of the same pairs caused enhanced activation
in the same region in dyslexic adults. To investigate the neural correlates of speech stimuli
reception and encoding, which are early processes, it is necessary to perform measurements
at a high temporal resolution, for example, using EEG. The advantage of using EEG is that it
measures brain activity directly and detects changes in brain activity on a scale of milliseconds;
in contrast, PET is an indirect measure of brain activity, as it records changes in metabolic
activity in the brain and therefore has a much lower time resolution. Therefore, in the present
study, auditory processing of speech sounds was examined using EEG-based event-related
potentials (ERPs) to extend our investigation of the allophonic mode of speech perception in
adults with dyslexia to the neural level.

Mismatch negativity and language-specific memory traces
Mismatch negativity (MMN) is a negative deflection in the ERP and is elicited by any
noticeable change in the preceding auditory stimulus sequence, irrespective of attention or
the behavioural task (for reviews, see Bishop, 2007; Näätänen, Paavilainen, Rinne, & Alho,
2007; Näätänen & Winkler, 1999). According to the most common interpretation of MMN, the
underlying mechanism of this early marker for change detection is a mismatch between the
incoming, infrequent stimulus and a neural representation based on the regularities of the
preceding, frequent stimulus. MMN usually reaches its maximum amplitude at the frontocentral scalp approximately 100-250 ms after deviance onset, but its amplitude is increased
and its peak latency is shortened as the degree of stimulus change increases (Pakarinen,
Takegata, Rinne, Huotilainen, & Näätänen, 2007; Sams, Paavilainen, Alho, & Näätänen, 1985;
Tiitinen, May, Reinikainen, & Näätänen, 1994). The MMN is typically obtained by subtracting
the ERPs that were elicited by the frequent stimulus from the ERPs that were elicited by the
infrequent stimulus.
Several studies have shown that MMN amplitude is correlated strongly with behavioural
parameters such as reaction time and discrimination threshold (for review, see Kujala,
Tervaniemi, & Schröger, 2007). However, behavioural performance and MMN do not reflect
identical processes. MMN is believed to reflect an early discrimination process in the brain,
whereas behavioural performance also includes other cognitive processes. MMN may be
112

Neural evidence of the allophonic mode of speech perception in adults with dyslexia

dissociated from behavioural performance for several reasons. First, MMN is affected to
a considerably lesser extent than behavioural tasks by attentional, motivational, and taskrelated artefacts. Secondly, MMN reflects early stages of processing, whereas behavioural
performance—such as identification and discrimination of contrastive speech sounds—
represents the endpoint of processing. Finally, stimulus processing either preceding or
following the MMN can be impaired, and this can have a differential effect on the MMN or
behavioural outcome.
MMN can be used to measure how accurately speech sounds are processed by the central
auditory system. Previous studies have shown that the reflection of larger MMN amplitudes
provides better pre-attentive discrimination of between-category contrasts than comparable
within-category contrasts of the same magnitude (Cheour et al., 1998; Dehaene-Lambertz,
1997; Dehaene-Lambertz & Baillet, 1998; Näätänen et al., 1997; Winkler et al., 1999). For
example, Näätänen et al. (1997) found that MMN amplitude was larger in healthy adults
when the infrequent deviant stimulus reflected a relevant contrast in the participant’s native
language (Finnish) rather than an irrelevant foreign language (Estonian). Furthermore, larger
MMN amplitudes also occurred when a VOT change crossed a categorical boundary, /da/
versus /ta/, compared to an identical VOT change within the /ta/ category (Sharma & Dorman,
1999). The above-mentioned findings of larger MMN amplitudes in response to familiar,
between-category speech sounds compared to unfamiliar, within-category sounds suggests
that the language-specific memory traces are activated. This approach is therefore being
used increasingly in research regarding developmental language disorders. With respect
to dyslexia, studies of adults with dyslexia have revealed diminished MMN amplitudes for
changes in consonants (/da/ vs. /ga/; Schulte-Körne, Deimel, Bartling, & Remschmidt, 2001)
and tone frequencies (Baldeweg, Richardson, Watkins, Foale, & Gruzelier, 1999; Kujala,
Lovio, Lepistö, Laasonen, & Näätänen, 2006). Nevertheless, normal MMNs were observed for
changes in tone duration in adults with dyslexia (Baldeweg et al., 1999; Kujala, Halmetoja, et
al., 2006). However, although the pre-attentive auditory processing of allophonic variants may
serve as an important marker for dyslexia, this allophonic processing was not investigated in
the above-mentioned studies.

The present study
The purpose of the present study was to examine speech perception difficulties in adults with
dyslexia and shed more light on the specificity of phonological representations using welldefined phonemic and allophonic contrasts. To investigate the specificity of phonological
representations in adults with dyslexia, two experiments were conducted using behavioural
and neural measures. In Experiment 1, the auditory perception of well-defined phonemic
and allophonic contrasts was investigated using both identification and discrimination tasks.
As suggested by recent neuroimaging data, sensitivity to allophonic contrasts may not be
present behaviourally but might still be present in the form of neural activation (Dufor et
al., 2009). Therefore, neural responses to phonemic and allophonic contrasts were tested in a
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second experiment. In Experiment 2, the neural correlates of the reception and encoding of
speech stimuli, both of which are early processes, were investigated using the high temporal
resolution of EEG.
Two specific research questions were addressed in the present study. The first question
addressed whether adults with dyslexia exhibit signs of an allophonic mode of speech
perception as opposed to phonemic speech perception. Based on previous behavioural
evidence (Dufor et al., 2009), we hypothesised that the allophonic mode of speech perception
would be absent in the behavioural measures, as adults with years of reading experience
may have developed top-down strategies, such as the reliance on context and semantic
knowledge, to compensate for their inefficient lower-level bottom-up processing. The second
research question addressed whether inefficient processing of speech sounds is still present
in the early neural reception and encoding that precede the behavioural response. Morton
and Frith (1995) stated that the behavioural performance of individuals with dyslexia can
change and—to some extent—can even approach normal levels of reading, even though the
underlying cognitive deficit remains. We therefore hypothesised that if adults with dyslexia
use an allophonic mode of perception (as opposed to a phonemic mode), this would not be
visible in the behavioural data but could still be present and measurable in the form of neural
activation (e.g., Dufor et al., 2009; Stoodley, Hill, Stein, & Bishop, 2006).
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Experiment 1
Methods
Participants
Thirty-eight undergraduate students of the Radboud University Nijmegen participated in
this study for course credits or a financial compensation. Nineteen of the participants (16
female and 3 male) with a mean age of 20.86 years (SD = 2.56, range 18.31 – 27.66 years)
were diagnosed with dyslexia by a qualified educational psychologist using an extensive
battery of standardised cognitive and behavioural procedures. Individuals with dyslexia
were diagnosed based on evidenced phonological problems, persistent reading and spelling
difficulties indicated by scores below the 10th percentile on standardised reading and spelling
tasks on three consecutive measurements and resistance to remedial instruction and practice
despite a cognitive score within normal ranges (IQ > 85; Blomert, 2006). The remaining 19
participants (13 female and 6 male) with a mean age of 21.36 years (SD = 2.52, range 18.18 –
25.22 years) served as a control group. All participants were university students and native
Dutch speakers with no history of brain damage, long-term hearing loss or vision problems.
To confirm the presence or absence of reading problems in each participant, their reading
skills were assessed using a standardised word reading task (Brus & Voeten, 1999) and a
standardised non-word reading task (van den Bos, Lutje Spelberg, Scheepstra, & de Vries,
1994). The characteristics of the participants and the scores of the standardised reading tasks
are shown in Table 6.1.

6

Table 6.1 Descriptive statistics for the controls and adults with dyslexia
Controls
(n = 19)

Dyslexics
(n = 19)

M

SD

M

SD

t(36)

p

d

Age (years)

21.36

2.52

20.86

2.56

0.60

0.550

0.20

Word reading (words/min)

95.79

14.79

75.79

13.57

4.34

<0.001

1.41

Non-word reading (words/min)

49.08

8.09

33.87

7.20

6.12

<0.001

1.99

Word reading (standard score)

5.21

2.84

2.32

1.56

3.89

0.001

1.26

Non-word reading (standard score)

5.63

2.99

1.63

1.38

5.30

<0.001

1.72

Note. Standard reading scores are based on norms for higher education with a mean of 5 and a standard
deviation of 2 (Kuijpers et al., 2003).
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Stimuli
An eight-step radial continuum ranging from /bə/ to /də/ (consonants /b/ and /d/ followed
by the neutral vowel /ə/; schwa) and varying along the place-of-articulation was used
(Noordenbos et al., 2012a). The stimuli were generated by parallel formant synthesis using
software developed by Carré (2004). The endpoints were assigned appropriate values for
the perception of /də/ at S1 and for the perception of /bə/ at S8, and successive stimuli were
separated by one Bark. A difference in place-of-articulation between the stimuli was created
by modifying the onset of the initial frequency of the second and third formants (F2 and F3;
see Fig. 6.1). The end frequencies of the F2 and F3 transitions were fixed at 1500 and 2500
Hz, respectively. The initial and end frequencies of the first formant (F1) were 300 and 500
Hz, respectively. The VOT was -80 ms, the duration of each frequency transitions was 40 ms,
and the duration of the stable vocalic segment was 80 ms, resulting in a total duration of 200
ms for each stimulus. In the context of the neutral vowel (schwa), the place boundaries of
the continuum used tended to correspond to the flat transitions of the F2 (between S2 and
S3) and F3 (between S6 and S7) and were related to natural psychoacoustic discontinuities
(Serniclaes & Geng, 2009; see Appendix A). These speech stimuli are similar to traditional
Klatt-synthesised stimuli.

S3

17

S2

S4

S1

16.5

F3 (Bark)

/də/

S5

16
15.5
15

120

S6

8

30

/ə/

180

0

210

S7

330
240

13.5
13

60

150

14.5
14

90

S8
9

270

300

/bə/
10

11
F2 (Bark)

12

13

14

Figure 6.1 Onset frequencies for F2 (on the x-axis) and F3 (on the y-axis) for the /bə/ - /də/ place-ofarticulation continuum. The stimuli are defined by their location in degrees on the radial continuum.
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Procedure
Each participant performed an identification task, followed by a discrimination task.
Identification responses were collected using a two-alternatives forced-choice task (2AFC) in
which the participant had to indicate, using a response box (Psychology Software Tools, Inc.,
Pittsburgh, PA, USA), whether the presented stimulus was the syllable /bə/ or /də/. Responses
were given with the left and right index finger and the appropriate response buttons on the
response box were counterbalanced across the participants. The task began with 10 practice
trials in which only the endpoints of the continuum were presented (i.e., S1 and S8). To continue
with the task, each participant had to perform correctly in at least 75% of the practice trials.
During the identification task, the eight stimuli were presented five times in a pseudorandom
order, with the constraints that the same stimulus was not presented twice in a row and that
no more than three identical answers were expected in consecutive trials. The discrimination
task (AX paradigm) began with 12 stimuli pairs consisting of only the endpoint stimuli (i.e.,
S1S8, S8S1, S1S1 and S8S8). Again, the participant had to perform correctly in at least 75% of
the practice trials to continue with the task. During the discrimination task, the stimuli were
presented in pairs consisting of either different stimuli—in which each stimulus was paired
with the adjacent stimulus of the continuum (in two different orders: e.g., S1S2 or S2S1)—or
same stimuli in which the same stimulus was presented twice (e.g., S1S1, S2S2, etc.). The 22
stimuli pairs (14 different and 8 same pairs) were presented with a stimulus-onset asynchrony
(SOA) of 600 ms, and the participant had to indicate, using a response box, whether each pair
consisted of the same or different stimuli. Again, responses were given with the left and right
index finger and the appropriate response buttons on the response box were counterbalanced
across the participants. Each pair was presented three times in a pseudorandom order, with
the constraints that no more than three identical answers were expected in consecutive trials.
In both the identification and discrimination tasks, the stimuli were binaurally presented
through Sennheiser HD 555 headphones at a comfortable hearing level of approximately 65
dB. The presentation of the tasks was controlled by E-Prime 1.2 (Schneider, 2002).
Data analysis
Identification. For each participant, the slope of the identification function was assessed
using a generalised logistic regression model (Richards, 1959) with the identification response
as the dependent variable and the stimulus as the independent variable. The stimuli were
defined by their location in degrees on the radial continuum (see Fig. 6.1). The generalised
logistic regression is defined as
p(response ) = K1 +

(K

2

− K1 )

(1 + e )
y

where y = logit( p) = log( p / 1 − p) = S × (Stimulus − B) , in which B represents the boundary
and S represents the slope of the identification function. K1 and K2 represent the lower and
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upper asymptotes respectively. The interest of the generalised logistic model is that it does
not only capture differences in slope of the identification function but also differences in
asymptotic values. According to Treisman (1999), such asymptotic differences are caused by a
larger perceptual weighting of secondary acoustic cues which contribute to the perception of
a phonological feature. The boundary of the identification function is the location on the curve
where responses are not consistently /bə/ or /də/ (i.e., the location of the 50% identification
score). The slope of the identification function reflects the consistency in labelling of the
continuum. A shallower slope indicates a lower degree of consistency and less sharp
boundaries between categories.
Discrimination. For each participant and each stimulus pair (e.g., S1S2), the observed
and expected discrimination (d’) scores were calculated. These expected discrimination
scores were based on the identification responses of the adults and were calculated using
elementary probability formulas (Pollack & Pisoni, 1971). For each pair (e.g., S1S2), d’ scores
were calculated by summing the normal deviate (z-value) corresponding to the proportional
“same” responses to the “same” pairs (e.g., S1S1 and S2S2) and the z-value corresponding to
the proportional “different” responses to the “different” pairs (e.g., S1S2 and S2S1). As the
z-value reaches infinity when response rates correspond to 0 or 100%, response rates were
adjusted by reducing or increasing response rates by 4.2% for response rates above or below
50% respectively, prior to the calculation of the z-values (Macmillan & Creelman, 2005).
The magnitude of the discrimination peaks for both the observed and expected
discrimination scores was computed as the difference between the pair with the maximum
discrimination score of all pairs and the mean discrimination score of the other pairs. The
location of the discrimination peak was defined as the pair that corresponded with the
maximum discrimination score (see Medina et al., 2010).
Identiﬁcation
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Figure 6.2 Mean identification and discrimination functions for the adults with dyslexia (dashed lines)
and controls (solid lines). The error bars represent standard errors.
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Results
Identification
The individual identification functions for the /bə/ to /də/ place-of-articulation continuum
showed a gradual increase in the overall percentage of /bə/ responses, with the exception of
one dyslexic participant who reported /bə/ to all of the stimuli and was therefore excluded
from further analysis. The identification functions of the remaining control and dyslexic adults
are displayed in the left panel of Fig. 6.2. The left panel of Fig. 6.2 indicates that the boundary
for both groups is located between stimuli S3 and S4 and that the slopes of the identification
functions are quite similar around this boundary region. However, the asymptotes of the
curves differed between the groups, with the lower asymptote being higher and the upper
asymptote being lower for adults with dyslexia compared to controls.
To analyse these findings statistically, logistic regression was used to obtain an estimate
of the slope, boundary and asymptotes (Richards, 1959). Differences in slope, boundary and
asymptotes between the groups were tested using a one-way analysis of variance (ANOVA)
with Group as the factor and with mean slope, mean boundary or mean asymptotes (lower
and upper asymptotes) as the dependent variable. For both the slope and the boundary, these
analyses revealed no differences between the groups (Fs < 1)3. The mean boundary for both
groups combined was between stimuli S3 and S4 (M = 105 degrees, SD = 14), one step before
the midpoint of the continuum.
Differences in the identification of the stimuli outside the boundary region were assessed
using the upper and lower asymptotes of the identification functions. The analysis revealed a
significant difference in the upper asymptote between the groups (F(1,36) = 4.28, p = 0.046, ηp2 =
0.11), but no difference in the lower asymptote (F(1,36) = 1.93, p = 0.17, ηp2 = 0.05). Furthermore,
the difference between the upper and lower asymptotes (K2 – K1) was significantly smaller in
the adults with dyslexia compared to the controls (F(1,36) = 7.17, p = 0.01, ηp2 = 0.17).
Discrimination
The discrimination data of one control participant was excluded from further analysis because
the performance of this particular participant was purely random for all stimuli pairs. The
mean observed and expected discrimination scores combined are given in the right panel of
Fig. 6.2 and show a large discrimination peak at stimulus pair S3S4 for both the adults with
dyslexia and the controls. Differences in CP were tested using a repeated-measures ANOVA
with Group (Controls vs. Dyslexics) as the between-subjects variable and Task (observed vs.
expected discrimination scores) and Pair (S1S2, S2S3, S3S4, S4S5, S5S6, S6S7 and S7S8) as the
within-subjects variables. This analysis revealed a significant main effect of Pair (F(6,210) =
15.55, p < 0.001, ηp2 = 0.31) and a marginally significant Task x Pair interaction (F(6,210) = 2.26,
3 In using a more simple logistic regression approach without taking the asymptotes in the data into account, the
most common approach reported in the literature, revealed a significantly shallower slope for the adults with dyslexia
compared to the controls (F(1,36) = 4.37, p = 0.04, ηp2 = 0.11).
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p = 0.06, ηp2 = 0.06). However, the Group x Pair and Group x Task x Pair interactions were not
significant (F < 1; F(6,210) = 1.14, p = 0.34, ηp2 = 0.03), suggesting no reliable CP differences
between the adults with dyslexia and the controls. The remaining effect of Task (F(1,35) = 1.42,
p = 0.24, ηp2 = 0.04), Group (F < 1) and the Task x Group interaction (F < 1) were not significant.
Pairwise comparisons (Bonferroni-corrected) for the main effect of Pair revealed that pair
S3S4 differed significantly from all other pairs (ps < 0.001), with the exception of pair S2S3 (p
= 0.86), and revealed that pair S2S3 was significantly different from pairs S5S6 and S7S8 (ps <
0.05). The other pairs did not differ from each other.
Differences in CP between the adults with dyslexia and the controls were investigated
further based on more specific characteristics of the discrimination function such as the
magnitude and location of the discrimination peaks. Differences in the magnitude and location
of the discrimination peaks were tested using two repeated-measures ANOVAs with Group
(Controls vs. Dyslexics) as the between-subjects variable and Task (observed vs. expected
scores) as the within-subjects variable for either the magnitude or the location. For both the
magnitude and location, this analysis revealed no significant effects (magnitude: Task: F(1,35)
= 1.16, p = 0.29, ηp2 = 0.03; Group and Group x Task Fs < 1; location: Fs < 1). The mean location

of the discrimination peak for both groups combined was at pair S3S4.

Conclusions
The finding of a significant difference in the upper asymptote suggests that the adults
with dyslexia were less consistent in identifying /bə/, but no differences were found in the
consistency in identifying /də/ as reflected by the non-significant difference in the lower
asymptote. Furthermore, the smaller difference between the upper and lower asymptotes
for the adults with dyslexia indicates that these adults were less consistent in labelling the
stimuli. With respect to the discrimination task, a large peak was observed at the categorical
boundary for both the adults with dyslexia and the controls. There were no differences
between the observed and expected discrimination scores, i.e., in CP. In conclusion, these
findings revealed less consistent labelling of stimuli by adults with dyslexia despite no
difference in the discrimination of the stimuli between the groups. Therefore, the behavioural
data provided no evidence of a heightened sensitivity to allophonic variants.
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Experiment 2
Methods
Participants
The same participants as in Experiment 1 were tested, except for the excluded dyslexic and
control participant.
Stimuli
In this experiment, three stimuli from the same continuum as in Experiment 1 were used (cf.
Noordenbos, Segers, Serniclaes, Mitterer, & Verhoeven, 2012b). Two of these stimuli were
the endpoints of the continuum, namely, S1 with falling transitions of F2 and F3 (falling F2:
from 1853 to 1500 Hz; falling F3: from 3429 to 2500 Hz) and S8 with rising transitions of F2
and F3 (rising F2: from 1094 to 1500 Hz; rising F3: from 2024 to 2500 Hz). These stimuli were
in different phoneme categories (/də/ and /bə/ for S1 and S8, respectively). The third stimulus
was S6, with a rising F2 transition (from 1033 to 1500 Hz) and a falling F3 transition (from 2692
to 2500 Hz), which was identified behaviourally as belonging to the same phoneme category
as stimulus S8 (i.e., /bə/) by all of the included participants in Experiment 1. In addition,
the contrast between S6 and S8 crosses a natural psychoacoustic boundary (i.e., a change in
the rising/falling direction of the F3 transition), which is relevant to the operative phoneme
distinctions in other languages (Serniclaes & Geng, 2009; see Appendices A and B).
Procedure
The electroencephalogram (EEG) was recorded from participants who were seated comfortably
in a semi-soundproof room. The participants watched a self-selected silent movie and were
instructed to ignore the auditory stimuli. The stimuli were presented using an oddball
paradigm in which a sequence of identical stimuli (i.e., standards) was interrupted by an
infrequent stimulus (i.e., deviant) with a probability of 0.12. The experiment was divided into
two conditions that were counterbalanced across the participants. In the between-category
condition, two stimuli from different phoneme categories were presented (S1 and S8); in the
within-category condition, two acoustically different stimuli belonging to the same phoneme
category were presented (S6 and S8). Each condition consisted of four blocks of 400 stimuli
each (48 deviants and 352 standards), in which the stimuli were presented with a SOA of 600
ms. Each block was approximately 4 min in duration (McGee et al., 2001), and the four blocks
were separated by a short break; between conditions the participants had a longer break.
To control for potential exogenous stimuli effects, the stimuli that were used as standards
and deviants were reversed in half of the blocks (i.e., in half of the blocks, the deviant
became the standard and the standard became the deviant). The stimuli were presented
in a pseudorandom order with the following restrictions: the first 16 stimuli in each block
were always a standard, and that at least three standard stimuli were presented between
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6

Chapter 6

two successive deviant stimuli. For each participant, a unique stimuli presentation list was
created. The stimuli were binaurally presented through Sennheiser HD 555 headphones
at a comfortable hearing level of approximately 65 dB. The presentation of the stimuli was
controlled by Presentation software (Neurobehavioral Systems, Inc., Albany, CA, USA).
EEG Recording
The EEG (amplified using a BrainAmp DC amplifier, band pass 0.1–200 Hz, sampling
rate 500 Hz) was recorded using Ag/AgCl electrodes placed at 26 scalp sites according to
the International 10-20 system with the ActiCap system (Brain Products GmbH, Gilching,
Germany). The following channels were used: Fp1, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FCz,
FC2, FC6, C3, Cz, C4, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, O1 and O2. All electrodes were
referenced online to the tip of the nose. The ground electrode was placed at AFz. Additional
electrodes were placed on the left and right mastoids. The horizontal and vertical electrooculograms (EOG) were monitored using electrodes placed at the left and right external
canthi (horizontal EOG) and above and below the left eye (vertical EOG). The impedance of
all electrodes was maintained below 10 kΩ (Ferree, Luu, Russell, & Tucker, 2001). The EEG
and EOG signals were recorded and digitised using Brain Vision Recorder software, version
1.03 (Brain Products GmbH, Gilching, Germany).
Data analysis
The continuous EEG data was preprocessed and analysed using the open source Fieldtrip
toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011). Ocular artefacts in the EEG data
were removed using independent component analysis (ICA; Jung et al., 2000). After visual
inspection of the ICA components, components containing ocular artefacts were identified
and removed from the EEG data. Residual artefacts in the EEG data that exceeded a voltage
change of ±75 µV at any electrode were excluded from further analysis (2% of the trials met
this criterion). The EEG data was re-referenced to the mean of the two mastoid electrodes,
and ERPs were calculated by averaging the epochs of 100 ms before and 600 ms after stimulus
onset for the standards and deviants in each condition. The epochs were digitally filtered
using a 1-30 Hz band-pass filter and baseline-corrected with respect to the 100 ms pre-stimulus
interval. Only the standard immediately preceding the deviant was included in the analysis,
thereby yielding a signal-to-noise ratio that was similar for both the standard and deviant.
For each participant, average ERPs were calculated across all remaining trials per
condition. The MMN was obtained by subtracting the ERPs that were elicited by the standard
from the ERPs that were elicited by the deviant for physically identical stimuli.
The grand-mean MMN peak was identified from the difference waveform at electrode Fz
(see Table 6.2; Duncan et al., 2009; Näätänen et al., 2007) as the most negative peak occurring
between 150-400 ms post stimulus onset. At Fz the MMN response was visibly detectable in
both groups, as was an inverted polarity below the Sylvian fissure (at the mastoid electrodes).
The individual mean MMN amplitudes were averaged across a 50 ms time window
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Table 6.2 MMN amplitude and peak latency at electrode Fz
Amplitude (µV)
Controls
M
Between-category

-1.4

Within-category

-0.3

*

Latency (ms)

Dyslexics

SD

M

Controls

Dyslexics

SD

M

SD

M

SD

2.2

-1.6

*

1.6

289

15

288

15

1.8

-1.5*

2.0

353

17

315

17

Note. The amplitudes significantly differing from the baseline are marked with asterisks (one-tailed
t-tests).
*
p < 0.01.
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Figure 6.3 Grand-mean difference waves and topographies in each condition for the adults with dyslexia
(right panels) and controls (left panels). The upper panels represent the between-category condition, and
the lower panels represent the within-category condition. The solid blue lines represent the mean MMN
activity of the electrodes that showed a significant effect in the indicated time interval (striped area); these
electrodes are indicated as solid dots in the topographies. The dashed grey lines represent the grandmean difference wave at electrode Fz. Note that negative values are plotted above the horizontal axis.
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surrounding the grand-mean MMN peak latency at Fz. To test whether the MMN mean
amplitudes differed significantly from baseline (measured from -100 ms to 0 ms), a clusterbased random permutation procedure including all EEG channels was applied to effectively
minimise the Type I error rate in the case of multiple comparisons (Maris & Oostenveld,
2007). First, t-test statistics were computed for each individual time-electrode pair (yielding
uncorrected p-values). Next, significant adjacent time-electrode pairs were clustered, and for
each cluster, a cluster-level test statistic was calculated by summing all the individual t-test
statistics within that cluster. The significance of each cluster-level statistic was estimated by
comparing the cluster statistic to a null distribution. The null distribution was obtained by
randomising the data between conditions across participants for several iterations (in this
study, 1000 times). For each of these randomisations, cluster-level statistics were computed,
and the largest cluster-level statistic was entered into the null distribution. Finally, the actually
observed cluster-level statistics were compared to the null distribution. The p-value is defined
as the proportion of randomisations with a more extreme test statistic than the observed test
statistic (for more details, see Maris & Oostenveld, 2007).

Results
The grand-mean difference waves for each condition are shown in Fig. 6.3. The upper-left
and upper-right panels of Fig. 6.3 show the grand-mean difference waves of the phonemic
contrast for the adults with dyslexia (right) and controls (left). A comparison of the upper
panels reveals large mismatch negativities for both the adults with dyslexia and the controls.
The lower panels in Fig. 6.3 show the grand-mean difference waves of the allophonic contrast
for both the adults with dyslexia and the controls. A comparison of the lower panels shows
large mismatch negativity for only the adults with dyslexia. Although the MMNs at electrode
Fz (see Fig. 6.3) had several peaks in each condition, the MMN in each condition and for each
group was identified as the most negative peak occurring between 150-400 ms post stimulus
onset (Duncan et al., 2009; Näätänen et al., 2007).
We first determined whether the deviant stimulus in each condition (between-category
and within-category) elicited significant MMNs. In the between-category condition, clusterbased statistics revealed that the phonemic deviant elicited MMNs that differed significantly
from baseline at several fronto-central electrodes in both the adults with dyslexia (t(17)sum =

80.84, p < 0.001) and the controls (t(17)sum = 42.02, p = 0.006). In the within-category condition,
cluster-based statistics revealed that the allophonic deviant elicited a significant MMN in only
the adults with dyslexia (t(17)sum = 50.79, p = 0.005); with respect to the controls, no significant
clusters for the allophonic deviant differed from baseline. The grand-mean responses to the
standard and deviant for each condition are shown in Fig. 6.4.
Next, for each condition we compared the EEG activity of the controls to the adults with
dyslexia. For the between-category condition, cluster-based statistics did not reveal any
significant clusters. This finding reveals that the MMN amplitudes for the phonemic contrast
were similar between the adults with dyslexia and the controls. For the within-category

124

Neural evidence of the allophonic mode of speech perception in adults with dyslexia

Controls

Dyslexics

−3

−1

Potential (µV)

Between-category

−2

1
2
3
4
−3

−1

Time (ms)

−100

100

Potential (µV)

Within-category

−2

200

300

400

500

600

−100

Time (ms)
100

200

300

400

500

600

1
2
3

Standard
Deviant

4

Figure 6.4 Grand-mean ERPs to standards and deviants in each condition for the adults with dyslexia
(right panels) and controls (left panels). The upper panels represent the between-category condition,
and the lower panels represent the within-category condition. The lines represent the ERP responses
of the electrodes that showed a significant MMN. In the within-category condition the ERPs at Fz of the
standard and deviant are plotted for the controls.
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Figure 6.5 MMN in the within-category condition for the adults with dyslexia and controls. The
topography (right) shows differences in MMN activity for the adults with dyslexia compared to the
controls. The electrodes that showed a significant effect in the indicated time interval (striped area) are
indicated as solid dots. The left panel shows the mean MMN activity for the significant electrodes for both
the adults with dyslexia and the controls.
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condition, cluster-based statistics revealed a significant frontally distributed cluster (t(34)sum
= 36.90, p = 0.002), with the adults with dyslexia exhibiting larger fronto-central negativity for
the allophonic contrast (see Fig. 6.5).
To test whether the MMN amplitude was related to reading skills or speech perception,
we examined the correlations between the MMN amplitude (averaged over the significant
channels in the selected time windows for each condition), standardised reading tasks
and speech perception performance. Table 6.3 shows the resulting correlation matrix. The
analysis revealed significant relationships for only the adults with dyslexia between the slope
of the identification function and the MMN amplitude in the between-category condition,
the discrimination magnitude and the MMN amplitude in the between-category condition
and between the slope of the identification function and the discrimination magnitude. This
suggests that a larger discrimination magnitude and a steeper slope of the identification
function were associated with a larger MMN peak in the between-category condition and
that a steeper slope was associated with a higher discrimination magnitude.
Conclusions
In the between-category condition, significant MMNs were observed in both the adults
with dyslexia and the controls, indicating that the adults with dyslexia and the controls preattentively detected differences between stimuli from different phonemic categories. In the
within-category condition, a significant MMN was elicited in the adults with dyslexia but not
in the controls. In conclusion, the neural data provided evidence of a heightened sensitivity to
allophonic variants in the adults with dyslexia.

Table 6.3 Correlation matrix between reading skills, speech perception performance and MMN amplitude
1. Slope
2. Boundary
3. Discrimination magnitude

1

2

--

-0.46

-0.45

--

3
a

4

5

6

0.09

0.16

-0.21

-0.29

-0.34

-0.68**

-0.11

0.00

0.39

-0.29

--

0.18

0.14

0.25

4. Word reading

-0.19

-0.13

-0.12

--

0.55*

0.24

5. Non-word reading

-0.06

-0.19

-0.16

0.77

--

0.15

6. MMN Between-category

-0.57*

0.44

-0.52*

0.28

0.20

--

0.10

-0.04

0.04

-0.23

-0.29

-0.06

7. MMN Within-category

**

Note. Correlations for controls (n = 18) are presented above the diagonal and correlations for dyslexics
(n = 18) are presented below the diagonal. Word reading and non-word reading correlations are based
on standard scores.
a
p < 0.06 (two-tailed).
*
p < 0.05 (two-tailed). ** p < 0.01 (two-tailed).
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General discussion
In the present study, we examined speech perception difficulties in adults with dyslexia to
identify the specificity of phonological representations in dyslexia. A place-of-articulation
continuum with well-defined allophonic boundaries was used to investigate the allophonic
mode of speech perception in adults with dyslexia. In addition to behavioural measures of
speech perception, the auditory discrimination of speech sounds was also examined using
EEG to extend the investigation of the allophonic mode of speech perception in adults with
dyslexia to the neural level. The behavioural measures revealed less consistent labelling of
stimuli for adults with dyslexia compared to controls, indicating weaker categorical precision
for adults with dyslexia. Differences in CP (i.e., the relationship between the observed
discrimination scores and those predicted by the identification responses) between adults
with dyslexia and controls were not observed. An examination of the neural measurements
revealed differences in brain activity between adults with dyslexia and controls. In the
between-category condition, the phonemic contrast elicited a significant MMN in both
groups, indicating that adults with dyslexia and controls pre-attentively detect differences
between stimuli in different phonemic categories. With respect to the allophonic contrast, a
significant MMN was elicited in the adults with dyslexia but not in controls. Although the
behavioural data revealed a lack of heightened sensitivity to allophonic variants, the results
provide neural evidence for the discrimination of speech sounds within the same category by
adults with dyslexia.
A large number of behavioural studies have shown that individuals with dyslexia have
a deficit in the perception of contrastive speech sounds that was reflected by less consistent
labelling and a smaller discrimination peak (for example, see Table 1 in Vandermosten et
al., 2011). These findings suggest that the phonological representations required for efficient
grapheme-phoneme conversion are not acquired correctly by individuals with dyslexia, and
this in turn negatively influences the reading process. Our finding of less consistent labelling
by adults with dyslexia is supported by other studies (van Beinum et al., 2005; Vandermosten
et al., 2010) and indicate a deficiency in the development of phonological representations.
A likely explanation of the speech perception difficulties in individuals with dyslexia
is that the underlying phonological representations are underspecified (e.g., Boada &
Pennington, 2006; Elbro, 1996; Metsala & Walley, 1998). However, this hypothesis of
underspecified phonological representations cannot explain the heightened sensitivity to
well-defined allophonic contrasts in individuals with dyslexia (Bogliotti et al., 2008; Serniclaes
et al., 2004). Although a heightened sensitivity to allophonic contrasts was not found in the
behavioural data, the present study provides neural evidence of the discrimination of speech
sounds within the same category exclusively by adults with dyslexia, which is in agreement
with a recent PET study (Dufor et al., 2009). Furthermore, our results, including the reflection
of language-specific memory traces by the MMN, are supported by other studies that showed
a larger MMN amplitude in healthy adults when the infrequent deviant stimulus reflects
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a relevant contrast in the participant’s native language in contrast to an irrelevant foreign
contrast (Dehaene-Lambertz, 1997; Näätänen et al., 1997). Therefore, the neural evidence
of heightened sensitivity to allophonic contrasts in adults with dyslexia suggests that the
phonological representations in dyslexia are overspecified by the use of allophones rather
than phonemes.
Although dyslexia is related to phonological difficulties that can persist into adulthood,
some adults with dyslexia may compensate for their reading difficulties in everyday life
situations. However, these so-called “compensated adults with dyslexia” still perform worse
on phonological processing tasks such as non-word reading (Gallagher, Laxon, Armstrong, &
Frith, 1996; Snowling, Nation, Moxham, Gallagher, & Frith, 1997). The results of the present
study are in agreement with these previous findings and show that adults with dyslexia—who
were in fact university students with several years of extensive reading experience—likely
managed, at least to a large extent to behaviourally compensate for their reading difficulties
in everyday life situations. Nevertheless, these adults still performed worse on timed word
and non-word reading tasks, as shown in Table 6.1. It should be noted, however, that based
on the word and non-word reading skills assessed in the present study and the absence of a
complete reading and spelling history of the adults with dyslexia, we can only speculate that
these adults have compensated (at least partly) for their reading difficulties given that they
were enrolled in higher education.
Several studies have reported that MMN amplitude is strongly correlated with
behavioural parameters such as reaction time and discrimination threshold (for review, see
Kujala et al., 2007). Here, we found that larger MMN amplitudes in the between-category
condition were related to better labelling and discrimination of phonemic contrasts, but only
in adults with dyslexia. However, caution must be applied when comparing these measures
because the MMN and behavioural measures do not reflect identical processes. A major
difference between the MMN and behavioural performance is that the MMN reflects the
early stages of processing, whereas behavioural performance—such as the identification and
discrimination of contrastive speech sounds—represents the endpoint of processing. Given
that the neural reception and encoding of speech stimuli are early processes that precede
the behavioural response, the discrepancy between the behavioural and neural data among
adults with dyslexia could be explained by enhanced top-down processing at higher cognitive
levels that can compensate for their inefficient lower-level bottom-up processing (Chiarello,
Lombardino, Kacinik, Otto, & Leonard, 2006).
The present study has some limitations. First, we found neural evidence of the allophonic
mode of speech perception in adults with dyslexia for stimuli differing in the place-ofarticulation, yet allophonic boundaries were present along both the place-of-articulation
and VOT continua. Future studies should extend the examination of heightened sensitivity
to allophonic contrasts in adults with dyslexia to include VOT continua with well-defined
allophonic boundaries. Furthermore, the adults with dyslexia in the present study appear
to have compensated (at least partially) for their reading difficulties, given that they were
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enrolled in higher education. However, many individuals with dyslexia might not even
consider higher education due to their experience with reading failure despite other cognitive
abilities being sufficient (Alexander-Passe, 2006). Therefore, future studies should include
adults with persistent dyslexia to investigate speech perception difficulties in dyslexia.
In the present study, allophonic perception in adults with dyslexia was investigated using
carefully designed stimuli (i.e., a continuum with well-defined allophonic boundaries). The
results revealed that adults with dyslexia who have years of reading experience are sensitive
to contrasts that are irrelevant in the ambient language and thus to a sensitivity that affects the
development of efficient phonological representations. Normally, this sensitivity to allophonic
contrasts is reorganised during the first year of life in accordance with the relevance of these
contrasts within the language being acquired (Kuhl, 2004; Kuhl et al., 2006). Direct mappings
between orthography and phonology are then easily established by most children when
they first learn to read; however, this is not the case for children with dyslexia. In dyslexia,
for unknown reasons the reorganisation process fails and allophonic rather than phonemic
representations are the result. A recent study showed that pre-reading-age children who are
at risk for dyslexia discriminated an allophonic contrast, whereas allophonic perception by
these same children was suppressed by phonemic perception in the first grade as a result of
the initiation of formal reading instruction (Noordenbos et al., 2012a). Furthermore, children
who are diagnosed with dyslexia seem to maintain their ability to perceive irrelevant contrasts
(Bogliotti et al., 2008; Serniclaes et al., 2004). Although a heightened sensitivity to allophonic
contrasts might not be observed behaviourally during adulthood (possibly due to top-down
compensation strategies), this sensitivity might still be present in the form of neural activation
(Dufor et al., 2009).
The results of the present study suggest that adults with dyslexia who have several
years of reading experience can behaviourally compensate to a large extent for their reading
difficulties, but the heightened sensitivity to allophonic contrasts remains in the form of
neural activation. Furthermore, these results suggest that individuals with dyslexia perceive
speech in allophonic rather than phonemic units. According to the allophonic explanation
of dyslexia, individuals with dyslexia maintain a sensitivity to phonemic distinctions that
correspond to universal boundaries that are present at birth (Serniclaes, 2011). The use of
allophones rather than phonemes suggests that the phonological representations in dyslexia
are overspecified and that the lack of a one-to-one relationship between allophones and
graphemes is the source of their inability to master the alphabetic principle.
In conclusion, behavioural manifestations of allophonic perception may be subject to the
regular and systematic use of decoding skills. Although the underlying cognitive deficit in the
early reception and encoding of speech can persist into adulthood, the regular and systematic
use of decoding skills may relieve the perception of relevant contrasts and thereby suppress
the perception of irrelevant contrasts. Prolonged and intensive training in the discrimination
of relevant contrasts—particularly during the years of reading acquisition—may be the key to
remediate both allophonic perception and dyslexia.
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The research presented in this thesis focused on the specification of phonological
representations in dyslexia. In particular, the specification of phonological representations
at different grain sizes in children at risk for dyslexia and adults with dyslexia were
examined by using a combination of behavioural and neurophysiological measures. In this
final chapter the main findings of the present thesis are discussed from the perspective of
phonological development, with regard to sensitivity to phonological cues for the extraction
of large phonological units from the speech signal (phonotactic probabilities and rhyme) to
an awareness of the smallest phonological units (phonemes) which are important for the
development of reading skills. This general discussion will end with suggestions for future
research and concluding remarks.

Evidence of underspecified phonological
representations in dyslexia
To successfully learn to read in an alphabetic writing system, a child must first learn to
segment words accurately from the speech signal. However, this is a complex process, as the
speech signal lacks invariant cues that reliably signals word boundaries. Nevertheless, most
infants become sensitive to the sequences of speech sounds that are allowed in the language
at an early age. This sensitivity allows them to make predictions about where one word ends
and another begins (for reviews see, Jusczyk, 1999; Kuhl, 2004). The ability to recognise the
likelihood of speech sound co-occurrences in syllables and words of the ambient language, i.e.,
phonotactic probability, may index the extent to which an individual is tuned to the ambient
language. In Chapter 2, the neural sensitivity to such phonotactic probabilities in adults with
dyslexia was examined. Typical-reading adults were found to have larger mismatch negativity
(MMN) responses to a sequence with high phonotactic probability relative to a sequence
with low phonotactic probability, a finding which was consistent with previous studies of
typical-reading adults and children (Bonte, Mitterer, Zellagui, Poelmans, & Blomert, 2005;
Bonte, Poelmans, & Blomert, 2007). More importantly, the MMN responses of the adults with
dyslexia did not reflect any sensitivity to these language-specific phonological regularities.
Thus, adults with dyslexia had comparable MMN responses to speech sound sequences with
both high and low phonotactic probabilities. These results suggest that the underlying neural
system in adults with dyslexia may not be properly tuned to language-specific phonological
regularities, which may partially account for the phonological deficits that are often reported
in dyslexic individuals.
An important milestone in the development of early literacy is when children start to
recognise rhyming patterns in the language. This sensitivity may facilitate the mapping of
speech sounds onto frequently occurring letter sequences. In Chapter 3, the awareness of
large phonological units such as rhyme, which is generally mastered before children start
learning to read (Bradley & Bryant, 1983; Ziegler & Goswami, 2005), was examined in
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children at risk for dyslexia. Event-related potentials to auditory word pairs during a rhyme
judgement task in beginning readers at risk for dyslexia and typical-reading age-matched
controls were applied in order to examine the underlying neural processing of different
types of phonological overlap. Both children at risk for dyslexia and controls showed typical
reduced N400 responses for rhyming word pairs versus unrelated word pairs, suggesting
that both groups were fully capable of distinguishing rhyming pairs from unrelated pairs.
Furthermore, the neural responses to rhyming or unrelated word pairs did not differ between
the at-risk and control children. However, for more difficult non-rhyming word pairs that
overlapped in the first and final consonants, the neural patterns of at-risk children and
controls were different: control children showed a reduced N400 for rhyming pairs compared
to non-rhyming overlapping pairs, whereas these pairs elicited comparable N400 responses
in the children at risk for dyslexia. Moreover, the neural responses to the non-rhyming
overlapping pairs were more reduced in at-risk children compared to the controls. Based on
these findings, it may be suggested that the controls used a more analytical strategy to solve
rhyme judgements, whereas children at risk for dyslexia may have used a strategy based on
the overall sound similarity between word pairs. This latter strategy would suggest a reduced
sensitivity to large phonological units in the language which might have consequences for the
development of an awareness of the more fine-grained phonological units necessary for the
development of efficient reading skills.
Both Chapter 2 and 3 provide evidence of underspecified phonological representations
in adults with dyslexia as well as in children at risk for dyslexia, by showing a reduced
sensitivity to phonological regularities and large phonological units that form patterns in the
ambient language. By using sensitive neural measures it was revealed that subtle phonological
difficulties can persist into adulthood but remain largely unnoticed as phonological skills in
adults with dyslexia are often assessed using behavioural measures. Furthermore, the reduced
sensitivity to large phonological units in children at risk for dyslexia possibly reflects a
maturational delay, although this seems unlikely based on both the persistence of phonological
difficulties into adulthood and recent functional neuroimaging results (Kovelman et al., 2012).
Kovelman et al. (2012) demonstrated that children with dyslexia had reduced activation in
brain areas that were associated with phonological processing in both age-matched controls
and in younger children matched for phonological awareness. The authors suggested that the
reduced brain activation associated with phonological processing in children with dyslexia
may be the result of compensation mechanisms rather than a maturational delay. These
findings suggest that the underlying neural system is not properly tuned to language-specific
phonological information in both adults with dyslexia and children at risk for dyslexia.
The development of a sensitivity to language-specific phonological information at an
early age may facilitate the acquisition, recognition and representation of speech sounds
during literacy development, whereas difficulties with the processing and extraction of
relevant phonological information may have important consequences for the development
of an awareness of phonemes, and in turn can negatively influence the mapping of letters
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to sounds. In addition, the existence of phonological difficulties in dyslexia is supported
by a large number of neuroimaging studies indicating both structural and functional brain
anomalies, mainly in the left posterior temporal areas (e.g., Pugh et al., 2001; Ramus, 2004).
Such brain anomalies, which are associated with dyslexia, may hamper the neural adaptation
required in order to enhance a sensitivity to language-specific information, with inadequate
tuning to the ambient language as a result (e.g., Kronschnabel, Schmid, Maurer, & Brandeis,
2013; Perrachione, 2012).

Evidence of overspecified phonological
representations in dyslexia
In Chapter 4, the nature of the auditory deficit was examined using speech and non-speech
stimuli with a one-to-one correspondence between phonetic and acoustic cues. To control for
task complexity, both speech and non-speech stimuli were tested using identical paradigms
(cf. Vandermosten et al., 2010). Furthermore, the non-speech condition preceded the speech
condition in that the children were naïve about the nature of the stimuli in the non-speech
condition. Using such a specific design, both task and stimuli complexity were controlled
in order to carefully examine the nature of the auditory deficit. However, the non-speech
perception tasks proved to be too difficult for both at-risk and control children in kindergarten,
as both groups performed near chance level (cf. Davids et al., 2011). As a consequence, no
conclusions with regard to the speech-specific or general nature of the auditory deficit in
dyslexia could be drawn.
To examine the specification of phonological representations at a more fine-grained level
in individuals either at risk for or diagnosed with dyslexia, categorization and discrimination
abilities of speech sounds were assessed using behavioural measures. Moreover, the cortical
discrimination of speech sounds in these individuals was assessed using sensitive EEG
measures. With respect to the categorization abilities of speech stimuli of children at-risk
for dyslexia and controls in kindergarten and first grade, no differences in the slope of the
identification function were observed (Chapter 4). Furthermore, the location of the categorial
boundary was similar in pre-readers and first-graders as well as in adults (Chapter 4 and 6
respectively), and did not differ between individuals at-risk for or diagnosed with dyslexia
and typical-developing age-matched controls.
Previous studies of at-risk children and children diagnosed with dyslexia reported mixed
results regarding differences in the slope of the identification function, shallower slopes are
sometimes related to dyslexia while others reported comparable slopes between groups
(e.g., Boets, Ghesquière, van Wieringen, & Wouters, 2007; Bogliotti, Serniclaes, MessaoudGalusi, & Sprenger-Charolles, 2008; Gerrits & de Bree, 2009; Robertson, Joanisse, Desroches,
& Ng, 2009). However, categorical precision is found to develop as a function of age from
early infancy through adolescence (Burnham, 2003; Hazan & Barrett, 2000; Hoonhorst et al.,
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2011; Medina, Hoonhorst, Bogliotti, & Serniclaes, 2010). Consistent with categorical precision
development, a general increase in the slope of the identication function from kindergarten
to first grade was observed for both at-risk and control children (Chapter 4). This indicates
that the categorization of speech stimuli was more consistent in first grade, which supports
the previous evidence of a maturational development in categorical precision. Furthermore,
in Chapter 6, it was found that adults with dyslexia showed weaker categorical precision
abilities compared to the controls (as in van Beinum, Schwippert, Been, van Leeuwen, &
Kuijpers, 2005; Vandermosten et al., 2010). Therefore, differences in categorical precision
might not only suggest a developmental delay but also a deficit in categorization. However,
differences in categorical precision were also shown between children with cochlear implants
and normal hearing children matched for auditory experience (Bouton, Serniclaes, Bertoncini,
& Colé, 2012), suggesting that a categorical precision deficit may not be specific to dyslexia.
In addition to measures of categorization, discirimination abilities of speech sounds
were also examined. The results of the speech discrimination task in Chapter 4 showed that
pre-reading children at risk for dyslexia discriminated stimuli that crossed an allophonic
boundary rather than stimuli that crossed the language-specific phonemic boundary. In
contrast, pre-readers with no family history of dyslexia discriminated only the stimuli that
crossed the language-specific phonemic boundary. Pre-reading children at risk for dyslexia
thus showed a heightened sensitivity to changes in formant transitions that are irrelevant in
Dutch, a language with only two place-of-articulation categories for voiced stops (/b/ and
/d/), but phonologically relevant for a language with four place categories, like Hungarian
(Serniclaes & Geng, 2009; see Appendix B). This finding may have theoretical implications for
the allophonic perception hypothesis, as it shows that a heightened sensitivity to changes in
formant transitions precedes the onset of reading instruction. As a consequence, this finding
also suggests that the previously observed allophonic perception in older children with
dyslexia (Bogliotti et al., 2008; Serniclaes, van Heghe, Mousty, Carre, & Sprenger-Charolles,
2004) cannot merely be the result of a lack of reading experience.
Subsequently, at the onset of reading instruction in first grade, allophonic perception
was absent in the behavioural data of children at risk for dyslexia (Chapter 4). Therefore, the
behavioural data suggests that these children had shifted from an allophonic mode of speech
perception in kindergarten to a more phonemic mode of speech perception in first grade.
However, when more sensitive neural measures were applied to examine the discrimination
of allophonic and phonemic contrasts using the MMN in the same first-grade children, the
children at risk for dyslexia still showed a neural sensitivity to the same allophonic boundary
as in kindergarten (Chapter 5). Thus, although allophonic perception was absent in the
behavioural data at the onset of reading, the more sensitive neural responses revealed a
heightened sensitivity to allophonic contrasts.
Furthermore, the MMN amplitude of the phonemic contrast was significantly lower in
the at-risk children. This finding is consistent with previous research not only in children and
adults with dyslexia, but also in children and infants at risk for dyslexia (e.g., Lovio, Näätänen,
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& Kujala, 2010; Maurer, Bucher, Brem, & Brandeis, 2003; Schulte-Körne, Deimel, Bartling, &
Remschmidt, 1998, 2001; Sharma et al., 2006; van Leeuwen et al., 2008). Another finding was
that the MMN for the phonemic contrast peaked earlier in the control children than in the atrisk children, which suggests that the at-risk children needed more time to process the speech
stimuli than the control children (Sprenger-Charolles, Colé, Lacert, & Serniclaes, 2000). Both
larger MMN amplitude and earlier peak latency in the control children suggested that their
phonological representations were more accurate, as accurate phonological representations
allow fast, automatic discrimination of speech sounds resulting in larger MMN amplitude
and earlier latency (Pakarinen, Takegata, Rinne, Huotilainen, & Näätänen, 2007; Sams,
Paavilainen, Alho, & Näätänen, 1985). In contrast, inaccurate phonological representations
can lead to small or even absent MMNs (e.g., Dehaene-Lambertz, 1997; Näätänen et al.,
1997). Hence, a reduced sensitivity to a native speech contrast, which does not coincide with
universal boundaries, might thus be a direct consequence of an allophonic mode of speech
perception.
To find out whether a heightened neural sensitivity to allophonic contrasts may also
remain in adults with dyslexia, the early processes of speech sound discrimination in adults
with dyslexia were examined in Chapter 6 using EEG measures. Consistent with previous
studies in adults with dyslexia, a heightened sensitivity to allophonic contrasts was absent
at the behavioural level, as adults with years of reading experience may have developed topdown strategies to (at least partly) compensate for their inefficient lower-level bottom-up
processing in everyday life situations (e.g., Chiarello, Lombardino, Kacinik, Otto, & Leonard,
2006; Dufor, Serniclaes, Sprenger-Charolles, & Démonet, 2007). Similarly to the results
obtained in children at the onset of reading instruction (Chapter 5), the phonemic contrast
elicited a significant MMN in both adults with dyslexia and controls, indicating that both
groups detected differences between stimuli in different phonemic categories. In comparison
to our findings in at-risk children, the allophonic contrast elicited a significant MMN in the
adults with dyslexia but not in the controls. These results provided neural evidence for the
discrimination of speech sounds within the same category by children at risk for dyslexia as
well as adults with dyslexia.
Although a heightened sensitivity to allophonic contrasts was absent in the behavioural
data, both during the onset of reading instruction and in adults, neural data provided evidence
for the discrimination of speech sounds within the same phoneme category by either children
at risk for dyslexia or adults with dyslexia. These apparently conflicting results might be
explained by differences in sensitivity of behavioural versus neural measures. Neural
measures accurately reflect the temporal development of the underlying processes, whereas
overt behavioural responses only reflect the endpoint of processing and may abstract away
from subtle underlying processing deficits.
Furthermore, behavioural findings by Burnham and colleagues suggest that around the
onset of reading, children may adopt a strategy in which the perception of all contrasts which
are not phonologically relevant is suppressed, and thus a strategy that may assist the mapping
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of graphemes to their corresponding phonemes (Burnham, 2003; Burnham, Earnshaw,
& Clark, 1991; Horlyck, Reid, & Burnham, 2012). The authors presented phonologically
relevant contrasts for English and phonologically irrelevant contrasts (e.g., Thai and Hindi) to
typical-developing Australian children of different ages and with different amounts of school
experience. It was found that the perception of language-specific speech contrasts (i.e., native
contrasts) increased steadily from 4 to 8 years of age, but that around the onset of reading at
6 years of age the perception of non-native contrasts was minimal (Burnham, 2003). Thus,
typical-developing children around the onset of reading had heightened perception only of
language-specific speech contrasts. In a more recent study, Horlyck et al. (2012) reported that
the perception of language-specific speech contrasts was related to phonological awareness,
whereas the attenuation of irrelevant non-native contrasts was related to experience with
grapheme-to-phoneme correspondences. These findings might explain the absence of
allophonic speech perception in the behavioural responses at the onset of reading instruction,
but not the heightened neural sensitivity to allophonic variants in these children as revealed
by sensitive neural measures.
The children in our research also received their first formal reading instruction at 6 years
of age. As a result of the heavy emphasis on decoding skills in first grade, children at risk for
dyslexia may have become (temporally) more aware of the language-specific speech contrasts,
which might explain their increased phonemic perception at the behavioural level (Chapter
4). However, due to the allophonic nature of their phonological representations as revealed
by pre-attentive neural responses in Chapter 5, accompanied by evidence of structural
and functional brain abnormalites in language areas and neural adaptation deficits (e.g.,
Kronschnabel et al., 2013; Perrachione, 2012; Pugh et al., 2001), the mapping between speech
sounds and graphemes still involves many-to-one correspondences in these children and thus
can lead to a significant reading impairment. Subsequently, when the heavy emphasis on
decoding skills decreases during the following school years, children at risk for dyslexia may
return to their default allophonic mode of speech perception. This might also explain how
the allophonic mode of speech perception was found in studies of older school-aged children
diagnosed with dyslexia (e.g., Bogliotti et al., 2008; Serniclaes et al., 2004). Obviously, this
account is somewhat speculative, but future studies of data collected at different ages should
shed more light on the allophonic mode of speech perception in children at risk for dyslexia
and in dyslexic children.

Phonological representations in dyslexia revisited
The results of this thesis provide the first evidence of a heightened sensitivity to allophonic
variants in children at risk for dyslexia and also well before the onset of reading instruction
(Chapters 4 and 5). The presence of an allophonic mode of speech perception before the onset
of reading instruction suggests that a sensitivity to irrelevant speech contrasts may be related
to later reading problems and that these reading problems may not be merely the result of
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a lack of reading experience. During the early stages of reading acquisition, well-specified
phonological representations are important in order to efficiently map graphemes to their
corresponding phonemes. However, when children come to the task of learning to read using
more categories than are necessary to perceive phonemes in the native language, this can
result in a mismatch between grapheme and phoneme categories with major implications
for the development of reading skills, even in a fairly transparent language such as Dutch.
Accordingly, it can be expected that the impact of an allophonic mode of speech perception
may be much greater on languages where many-to-one relationships are necessary for reading
acquisition, such as English.
Furthermore, the research presented in this thesis extends previous evidence of a
heightened sensitivity of universal VOT boundaries (Bogliotti et al., 2008; Serniclaes et al.,
2004) to a heightened sensitivity to universal formant transitions in dyslexia (Chapters 4, 5
and 6). Although most theories about native speech perception development assume that
phonological categories are based on universal boundaries (e.g., Kuhl, 2004; Werker & Tees,
1984), the exact underlying mechanisms in reorganizing the perceptual space from universal to
language-specific listeners are still unclear. According to the allophonic perception hypothesis,
the complex reorganization process is abnormal in dyslexia, resulting in allophonic rather
than phonemic representations (Serniclaes, 2011). Accordingly, allophonic representations
in dyslexia should allow fast, automatic discrimination of allophonic contrasts, resulting
in larger MMN amplitude and shorter latency (Pakarinen et al., 2007; Sams et al., 1985). In
line with this prediction, the results in Chapter 5 showed that the MMN for the allophonic
contrast peaked significantly earlier than the MMN for the phonemic contrast in children at
risk for dyslexia, suggesting that the allophonic contrast was more easily discriminated by the
children at risk for dyslexia than the phonemic contrast, which requires accurate languagespecific representations for discrimination.
The research presented in this thesis suggests that the language system of individuals
either at-risk for or with dyslexia is not properly tuned to their native language, as indicated
by underspecified representations for identifying coarse phonological units (Chapters 2
and 3) and overspecified representations at the phoneme level as the result of overspecified
universal features and underspecified phonological features (Chapters 4, 5 and 6). Despite
some lack of allophonic evidence in behavioural measures, the evidence presented in this
thesis suggests that an allophonic mode of speech perception in dyslexia may be constantly
present at the neural level and that the underlying cognitive deficit in the processing of speech
sounds can persist into adulthood (Chapter 6). Interestingly, the neural data of the first-grade
children at risk for dyslexia in our longitudinal study showed both a reduced sensitivity to
phonological overlap (Chapter 3) and a heightened sensitivity to allophonic variants (Chapter
5). Although these results were obtained using different neural measures (N400 vs. MMN)
and in different paradigms (explicit vs. implicit), the neural activity associated with languagespecific phonological information indicated that inadequate tuning to the ambient language,
leads to poorly-specified phonological representations at both coarse and fine-grained levels.
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However, the research presented in this thesis suggests that the underspecified phonological
features at the fine-grained level are a direct consequence of the processing of allophones
rather than phonemes (Chapters 4, 5 and 6). Yet, for unknown reasons the reorganisation
process fails in dyslexia with underspecified representations at coarse phonological levels
and allophonic rather than phonemic representations at fine-grained levels as a result. This
inadequate tuning to the ambient language may indicate a general dysfunction in the neural
reorganization to language-specific information (Kronschnabel et al., 2013; Perrachione, 2012).
Consequently, the reduced tuning to language-specific phonological information in dyslexia
may preclude the complex mapping of abstract phonological representations of speech
sounds onto abstract orthographic representations of written symbols. Future studies should
explore the specification of phonological representations at different grain sizes further and
extend this research to the individual level by using comparable measures and paradigms
that can probe underspecified as well as overspecified phonological representations in the
same participants.
In sum, consistent with the widely held view of underspecified phonological
representations in dyslexia, both Chapters 2 and 3 provided evidence of reduced sensitivity
to relevant phonological information necessary to extract large phonological units from the
speech signal. However, at the more fine-grained phoneme level, the level most relevant for
the acquisition of reading, phonological representations were found to be overspecified by the
processing of allophones rather than phonemes (Chapters 4, 5 and 6), which was in contrast to
the underspecified representations found at coarser phonological levels but was in agreement
with the notion that individuals with dyslexia have an allophonic mode of speech perception
(Serniclaes, 2011; Serniclaes et al., 2004).

Clinical implications
Besides the theoretical implication of our research, the combined use of behavioural and
neurophysiological measures also provided some clinical implications. A number of different
speech perception tasks, including non-speech as well as speech stimuli, were administered
in young children. Compared to adults, it is more difficult to obtain reliable data from
young children using psychoacoustic procedures because of their limited cognitive load and
attention span as well as the dull and repetitive nature of the tasks involved. Although a
child-friendly speech perception paradigm that minimised memory demands was used, preattentive neural responses proved to be more sensitive and suitable for examining speech
perception difficulties in these children. Nevertheless, the results of the present thesis provide
new insights regarding possible early diagnosis of reading problems in dyslexia. Although the
present thesis provides behavioural evidence of allophonic perception in kindergartners who
are at risk for dyslexia at the group level, these new insights can be used as a starting point
for the development of adaptive behavioural procedures to screen children in kindergarten
to establish their individual levels of allophonic perception. These behavioural measures
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should preferably be complemented with sensitive neural measures to overcome task-related
artefacts such as attention and motivation. Neural measures such as the MMN provide a
non-invasive tool for the assessment of auditory processing deficits in clinical populations,
even in the absence of a behavioural response. However, there are still some difficulties in
applying the MMN as a clinical tool, especially at the individual level (Bishop & Hardiman,
2010; Lew, Gray, & Poole, 2007; Martin, Tremblay, & Korczak, 2008). First, the MMN has a
relative small amplitude, resulting in a poor signal-to-noise ratio after extraction from the
large amplitude spontaneous EEG. Furthermore, although the MMN is quite reliable at the
group level, at the individual level its reliability is rather low (Näätänen, Paavilainen, Rinne,
& Alho, 2007). Finally, recording the MMN in an oddball paradigm can be time-consuming,
but new paradigms that measure MMNs in relation to several stimuli in a single session can
be seen as promising in this respect (Näätänen, Pakarinen, Rinne, & Takegata, 2004; Pakarinen
et al., 2009). Therefore, one of the major challenges for future research is to improve the
sensitivity and reliability of both behavioural and neural measures at the individual level in
order to implement these measures as diagnostic tools in clinical research. At the same time,
it is highly important to develop training programmes in order to remediate the phonological
difficulties in dyslexia.

Limitations and directions for future research
In order to disentangle outstanding questions in research regarding dyslexia, such as whether
auditory problems precede the onset of reading instruction rather than resulting from a
lack of reading experience, a longitudinal study was undertaken which started well before
the initiation of formal reading instruction. At this time, it is not yet clear whether a child
would develop dyslexia or not, so pre-reading children at risk for dyslexia were selected by
identifying children from families where a first order relative was known to have dyslexia.
Despite the fact that these children were carefully selected, the findings of our longitudinal
study may be interpreted with some limitations. To begin with, the fact that an at-risk group
was studied rather than a well-defined clinical group may account for some comparable
behavioural responses (such as judgements about rhyme in Chapter 3 and categorization
functions in Chapter 4). Although the beginning readers in Chapter 3, 4 and 5 received on
average 6 months of reading instruction, these children had not yet been diagnosed with
dyslexia. Current practice in the Netherlands for the diagnosis of dyslexia takes both the
severity and the persistence of reading difficulties into account and children are not
diagnosed until they score below the 10th percentile on standardised reading and spelling
tasks on at least 3 successive test moments, i.e., after a 15 month period of reading instruction.
Therefore, following these children until the criteria of persistent reading problems are met is
recommended, as this information will allow further exploration regarding the causal relation
between speech perception difficulties and reading problems.
Another limitation of this thesis is that the evidence with regard to the speech-specific or
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general nature of the auditory deficit in dyslexia was too minimal to allow any firm conclusions
to be drawn. Therefore, the question of whether the auditory deficit in dyslexia is speechspecific or more general in nature remains unanswered. Future research with regard to speech
and non-speech perception of pre-reading and beginning readers should use sensitive neural
measures to disentangle this issue by overcoming the attentional and task-related artefacts
of behavioural measures. Due to the practical and technical constraints of MMN recordings,
which require a large number of repetitions, it was not feasible to investigate the nature of
the auditory deficit in dyslexia at the neural level in the present thesis. Furthermore, this
research provided behavioural as well as neural evidence of allophonic perception in Dutch
children at risk for dyslexia and adults with dyslexia for stimuli along a /bə-də/ continuum
which differed in the place-of-articulation. Future research should extend our evidence of a
heightened sensitivity to allophonic contrasts in at-risk children and adults with dyslexia, to
include different contrasts on both VOT and place-of-articulation continua with well-specified
allophonic boundaries.
Finally, to disentangle further the specification of phonological representations in
individuals who are at risk for or are diagnosed with dyslexia and to gain more knowledge
about the development of these representations, more longitudinal studies that start even
before the initiation of formal reading instruction need to be undertaken, and they need to
follow the children until dyslexia has been evidenced. Moreover, these future studies should
examine both behavioural and neural measures at the individual level to address the causality
between inadequate tuning to the ambient language and persistent reading problems, but
care must be taken when comparing these measures, as the early neural processing and
behavioural measures do not reflect identical processes.

Conclusions
The main aim of the current thesis was to shed more light on the specification of phonological
representations in both children at risk for dyslexia and adults diagnosed with dyslexia
using a combined behavioural and neurophysiological approach. New insights into the
specification of phonological representations at different grain sizes in dyslexia were obtained.
Both children at risk for dyslexia and adults with dyslexia showed a reduced sensitivity to
the phonological information necessary to extract large phonological units from the speech
signal, whereas at the more fine-grained phoneme level, phonological representations were
found to be overspecified by the processing of allophones rather than phonemes. Although
these subtle phonological difficulties may persist into adulthood, the presence of an
allophonic mode of perception before the start of formal reading instruction suggests that an
allophonic mode of perception may not merely be the result of a lack of reading experience.
Thus, inadequate tuning to the ambient language can preclude the development of efficient
phonological representations for grapheme-phoneme conversion, which in turn may result in
difficulties in reading. In addition, phonological abilities in dyslexia are typically measured
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using behavioural measures which may fail to differentiate between individuals with dyslexia
and controls, as behavioural responses reflect only the endpoint of processing and thus may
abstract away from subtle underlying processing difficulties in dyslexia. Individuals with
dyslexia may have similar behavioural responses but different underlying neural networks as
a result of possible compensation mechanisms. These underlying differences remain largely
unnoticed if behavioural responses are examined. Therefore, to unravel the underlying causes
of dyslexia, future investigation of phonological processing difficulties in dyslexia using
sensitive online neural measures is needed.
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Appendix A: The radial /bə-də/ continuum
The speech and non-speech stimuli used in this thesis were drawn from a radial sine-wave
continuum that differed in the place-of-articulation by manipulating the initial frequencies of
the second and third formant transitions (F2 and F3, respectively; see Fig. A.1). Transitions
of the F2 and F3 provide important cues for the perception of place-of-articulation between
stop consonants (Diehl, Lotto, & Holt, 2004). Transitions in the first formant (F1) provide
information about the voiced or voiceless status of consonants. Although the pattern of
formant transitions associated with a specific place-of-articulation varies with the vowel
context, in a neutral vowel context (/ə/; schwa) place boundaries tend to correspond to the flat
F2 and F3 transitions and different categories are defined by rising versus falling transitions of
the F2 and F3 (horizontal and vertical dashed lines in Fig. A.1; Serniclaes, 2011). This suggests
that universal place boundaries are based on four possible combinations of changes in the
rising and falling directions of the F2 and F3 transitions and that specific combinations of
these universal boundaries are used for the perception of place-of-articulation in different
languages (Serniclaes & Geng, 2009). For example, in a language like Hungarian, four place
categories are phonologically relevant (labial, alveolar, palatal and velar) for voiced stops,
whereas in Dutch only two place categories (labial and alveolar) are phonologically relevant.
The eight stimuli (S1-S8) used in this thesis ranged from /də/ to /bə/ and were extracted
from the fully circular continuum centred around the neutral vowel, /ə/, with F2: 1500 Hz
and F3: 2500 Hz (see Fig. A.1). This fully circular continuum consisted of 16 stimuli in total
and successive stimuli were separated by one Bark. The onset frequencies of the F2 and F3
transitions were defined as:

F2 = 11.2 + r × sin(α )
F3 = 14.5 + r × cos(α )
n!
where r represents the radius of the circular continuum (for this continuum, r = 16 / 2π)
r !( n − r ) !
and α represents the angle with the positive x-axis in a counter clockwise direction.
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Appendix A: The radial /bə-də/ continuum
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Figure A.1 Onset frequencies for F2 (on the x-axis) and F3 (on the y-axis) for the radial place-ofarticulation continuum around the neutral vowel (/ə/; schwa). The horizontal and vertical dashed lines
tend to correspond to universal place boundaries in a neutral vowel context. Stimuli S1 to S8 ranged from
/də/ to /bə/ and were used in the present thesis.
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Appendix B: Place-of-articulation boundaries in Dutch
and Hungarian
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Figure B.1 Discrimination peaks for Dutch pre-reading children at risk for dyslexia and controls
(yellow squares and triangle, respectively; Chapter 4) and discrimination peaks for Hungarian adults
(red triangles; calculated from Geng et al, 2005). Language-specific place-of-articulation boundaries
are reflected by triangles: in red for Hungarian and in yellow for Dutch. The yellow squares reflect
the discrimination peaks of Dutch pre-reading children at risk for dyslexia. These place-of-articulation
boundaries are relevant in Hungarian (red triangles) but allophonic in Dutch.
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Reading is a complex cognitive process in which many different brain areas are involved. Later
academic learning and economic success often hinges on efficient reading skills. Therefore,
becoming fluent in reading may be the most important challenge for a child during the early
school years. In order to successfully learn to read in an alphabetic writing system, a child
must learn to map abstract visual symbols to their corresponding speech sounds to establish
stable phonological representations. Most children perform this task without problems,
whereas others fail to acquire efficient reading skills and these children are often diagnosed
with language disorders such as dyslexia (Snowling & Hulme, 2010). Although both the
nature and the underlying cause of dyslexia are still poorly understood, it is widely accepted
that individuals with dyslexia have a phonological deficit (Ramus, 2003; Vellutino, Fletcher,
Snowling, & Scanlon, 2004; Wagner & Torgesen, 1987). Most theories on dyslexia assume
that the phonological representations in dyslexia are not properly specified which may result
in phonological processing difficulties. It is unclear, however, whether these phonological
representations are either underspecified, indicated by a lack of distinctness in representations,
or overspecified, indicated by the processing of allophones rather than phonemes. A better
understanding of how individuals with dyslexia process speech sounds might be the key
to unlock the complex process of mapping graphemes to phonemes in dyslexia. Therefore,
the main aim of the present thesis was to investigate the specification of phonological
representations in dyslexia by using a combined behavioural and neurophysiological
approach. The context, methodology and aims of this thesis are described in more detail in
Chapter 1.
In order to examine whether speech perception problems precede the onset of reading
instruction rather than result from a lack of reading experience, a longitudinal design was
used in which pre-reading children at risk for dyslexia were selected by identifying children
from families where the mother or the father was known to have dyslexia. This longitudinal
study started in the second year of kindergarten, with an initial group of 33 children at risk
for dyslexia and a control group of 40 children with no family history of dyslexia. These
children were followed from the second year of kindergarten, the year before formal reading
instruction, up to first grade where they received reading instruction. In addition to the
studies conducted in children at risk for dyslexia, it was also examined whether deficits in the
processing of speech sounds persist into adulthood.
This thesis can be divided into two major parts: Studies that focus on the extraction of
large phonological units from the speech signal (Chapter 2 and 3), and studies that focus on
the extraction of the smallest phonological units from the speech signal (Chapter 4 through 6).
In Chapter 2, a study is reported in which the neural processing of phonotactic
probabilities in 18 adults with dyslexia and 18 non-dyslexic controls was examined using
the mismatch negativity (MMN), a pre-attentive neural response. Phonotactic probability
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refers to the likelihood of speech sound co-occurrences in a language and each language
contains a unique statistical distribution of phoneme sequences; a phoneme sequence that
is common in one language may be rare or illegal in another. Children become sensitive to
these distributional patterns in the ambient language at an early age, which may facilitate the
acquisition, recognition and representation of spoken language during language acquisition
(Auer & Luce, 2008). Because a sensitivity to phonotactic probabilities is acquired at an early
age, the extent to which the neural system that underlies speech processing in adults is tuned
to these phonological regularities can reflect difficulties in processing language-specific
phonological regularities that can persist into adulthood. Consistent with previous studies
in typical-reading adults and children, non-dyslexic adults exhibited larger MMN responses
to sequences with high phonotactic probabilities relative to sequences with low phonotactic
probabilities. More importantly, the MMN responses of the adults with dyslexia did not
reflect any sensitivity to these language-specific phonological regularities. The adults with
dyslexia had comparable MMN responses to speech sound sequences with both high and
low phonotactic probabilities. These findings suggest that the underlying neural system in
adults with dyslexia is not properly tuned to language-specific phonological regularities and
that cognitive difficulties in the processing of language-specific phonological information can
persist into adulthood.
Chapter 3 reports a study on the neural processing of rhyme awareness in thirty
6-year-old first graders at risk for dyslexia and twenty-nine age-matched controls, which
was obtained during the second measurement of the longitudinal study that started in
kindergarten. As rhyme awareness in children is typically assessed using explicit behavioural
measures that represent only the endpoint of processing, little is known regarding the
underlying phonological mechanisms of rhyme awareness in dyslexia. In this study, 6-yearold beginning readers who were at risk for dyslexia and typical-reading age-matched controls
were presented with a rhyme judgement task and were asked to determine—as quickly and
as accurately as possible—whether the pairs of spoken words rhymed or not, while their
electroencephalogram (EEG) was recorded. Event-related potentials (ERPs) were recorded in
response to word pairs with various types of phonological overlap, including rhyming (e.g.,
wall-ball), non-rhyming overlapping (e.g., bell-ball) and non-rhyming unrelated (e.g., sock-ball)
word pairs. The behavioural data provided evidence for a global similarity effect in both the
controls and the at-risk children as reflected by the lower accuracy and slower responses
for the overlapping targets compared to the unrelated targets. The neural data provided
evidence for a rhyme effect in both the control and the at-risk children, an effect that was
reflected by a lower N400 response for the rhyming targets compared to the unrelated targets.
Furthermore, the neural responses to the rhyming and unrelated targets were similar between
the at-risk children and the control children. Examination of the non-rhyming overlapping
targets revealed that in the control children rhyming targets also elicited significantly lower
N400 responses than the non-rhyming overlapping targets, whereas the neural responses to
these targets were similar in the children at risk for dyslexia, suggesting that children who are
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at risk for dyslexia process rhyming targets and non-rhyming overlapping targets similarly.
These findings suggest that typical-reading children solve the rhyme judgement task using a
more analytical approach, whereas children who are at risk for dyslexia base their judgments
on a comparison of overall sound similarity.
In Chapters 4 and 5, behavioural and neurophysiological results regarding the
longitudinal study from kindergarten to first grade are reported. Chapter 4 focused on
categorical perception abilities in 40 children at-risk for dyslexia and 33 age-matched controls
before and after the onset of formal reading instruction. Moreover, it was investigated
whether speech perception in at-risk children was allophonic rather than phonemic. In
addition, more light was shed on the nature of the auditory deficit in dyslexia using speech
and non-speech stimuli with a one-to-one correspondence between acoustic cues and
phonetic features. In order to examine these issues both identification and discrimination data
were collected using identical paradigms for speech and non-speech stimuli. Children were
asked to label stimuli along a /bə - də/ place-of-articulation continuum in different categories
(e.g., identification task) and to discriminate pairs of stimuli from the same continuum as
being same or different (e.g., discrimination task). With respect to the nature of the auditory
deficit, the non-speech perception tasks proved to be too difficult for both at-risk and control
children. As a consequence, no conclusion with regard to the speech-specific or general nature
of the auditory deficit could be drawn. With respect to the speech perception tasks, the results
showed that in kindergarten the pre-reading children at-risk for dyslexia discriminated
stimuli that crossed an allophonic boundary rather than stimuli that crossed the languagespecific phonemic boundary, whereas the control group of pre-readers discriminated only
stimuli that crossed the language-specific phonemic boundary. Pre-reading children at risk
for dyslexia thus showed a heightened sensitivity to changes in formant transitions that are
irrelevant in Dutch, a language with only two place-of-articulation categories for voiced
stops (/b/ and /d/), but phonologically relevant for a language with four place categories, like
Hungarian (Serniclaes & Geng, 2009; see Appendix B). Subsequently, at the onset of reading
instruction in first grade, an allophonic mode of perception was absent in the behavioural
data of children at risk for dyslexia and both groups showed a phonemic mode of perception.
These behavioural findings not only provide the first evidence of a heightened sensitivity to
allophonic variants in pre-reading children at risk for dyslexia, but also suggest that the atrisk children had shifted from an allophonic mode of speech perception in kindergarten to a
more phonemic mode of speech perception in first grade.
Chapter 5 reports neurophysiological data of the discrimination of phonemic and
allophonic contrasts using the MMN when the children in the longitudinal study were in
first grade. MMNs were recorded for stimuli belonging to either the same phoneme category
(acoustic variants of /bə/) or different phoneme categories (/bə/ vs. /də/). The results showed
that stimuli from different phoneme categories elicited MMNs in both the control and the
at-risk children, but the MMN amplitude was significantly lower in the at-risk children. In
contrast, the stimuli from the same phoneme category elicited MMNs only in the children
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at risk for dyslexia. These neurophysiological results show that children at risk for dyslexia
are sensitive to acoustic properties that are irrelevant in their language and thus a sensitivity
that may hamper the development of stable phonological representations and can lead to
a significant reading impairment later in life. Although an allophonic mode of perception
was absent in the behavioural data at the onset of reading instruction (Chapter 4), the more
sensitive neural responses revealed a heightened sensitivity to allophonic contrasts.
In order to examine whether deficits in the processing of speech sounds persist into
adulthood, Chapter 6 presents a study in which both behavioural and neural measures are
used to examine speech processing abilities in 19 adults with dyslexia. A group of 19 adults
without dyslexia served as controls. Categorical perception abilities of a /bə - də/ place-ofarticulation continuum were examined using both identification and discrimination tasks.
In addition, MMNs were recorded for speech sounds belonging to either the same phoneme
category (acoustic variants of /bə/) or different phoneme categories (/bə/ and /də/). The
results of the categorical perception tasks showed that the adults with dyslexia exhibited less
consistent labelling than controls, but no heightened sensitivity to allophonic contrasts was
observed. The neural measurements revealed that stimuli from different phoneme categories
elicited MMNs in both the adults with dyslexia and controls, whereas stimuli from the same
category elicited an MMN in the adults with dyslexia only. Although the behavioural data
revealed a lack of heightened sensitivity to allophonic variants, the results provide neural
evidence for the discrimination of speech sounds within the same category by adults with
dyslexia.
In Chapter 7, the most important findings and conclusions that can be drawn from the
studies in this thesis are discussed and placed in a wider perspective. It was concluded that
the language system of individuals either at-risk for or with dyslexia is not properly tuned to
their native language, as indicated by underspecified representations for identifying coarse
phonological units (Chapters 2 and 3) and overspecified representations at the phoneme level
as the result of overspecified universal features and underspecified phonological features
(Chapters 4, 5 and 6). Although these subtle phonological difficulties may persist into
adulthood, the presence of an allophonic mode of perception before the start of formal reading
instruction suggests that an allophonic mode of perception may not merely be the result of
a lack of reading experience. Furthermore, phonological abilities in dyslexia are typically
measured using behavioural measures which may fail to differentiate between individuals
with dyslexia and controls, as behavioural responses reflect only the endpoint of processing
and thus may abstract away from subtle underlying processing difficulties in dyslexia.
Therefore, to unravel the underlying causes of dyslexia, future investigation of phonological
processing difficulties in dyslexia using sensitive online neural measures is needed.
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Lezen is een complex cognitief proces waarbij veel verschillende hersengebieden betrokken
zijn. Goede en efficiënte leesvaardigheden helpen een kind bij het ontwikkelen van latere
academische vaardigheden en economisch succes. Om deze reden kan vloeiend leren
lezen gezien worden als één van de grootste uitdagingen voor een kind tijdens de eerste
schooljaren. Om succesvol te leren lezen in een alfabetisch schriftsysteem, moet een kind
leren om abstracte visuele symbolen te koppelen aan de bijbehorende spraakklanken, zodat
stabiele fonologische representaties gevormd kunnen worden. Bij de meeste kinderen
verloopt dit proces zonder problemen, maar een kleine groep kinderen heeft hier veel moeite
mee. Deze kinderen worden vaak op latere leeftijd gediagnosticeerd met een taalstoornis
zoals dyslexie (Snowling & Hulme, 2010). Hoewel vele jaren van intensief onderzoek nog
steeds geen duidelijkheid geven over de onderliggende oorzaken van dyslexie, heerst er een
brede consensus over het feit dat de meerderheid van de mensen met dyslexie problemen met
fonologische vaardigheden laten zien (Ramus, 2003; Vellutino, Fletcher, Snowling, & Scanlon,
2004; Wagner & Torgesen, 1987). De meeste theorieën over dyslexie veronderstellen dat de
fonologische representaties bij dyslexie niet nauwkeurig gespecificeerd zijn, wat kan leiden
tot fonologische verwerkingsproblemen. Het is echter niet duidelijk of deze fonologische
representaties ondergespecificeerd zijn door een gebrek in onderscheid tussen representaties,
of overgespecificeerd door het verwerken van allofonen4 in plaats van fonemen. Onderzoek
naar de manier waarop mensen met dyslexie spraakklanken verwerken geeft mogelijk meer
inzicht in het ingewikkelde proces van het koppelen van klanken en letters. Het doel van dit
proefschrift is het onderzoeken van de specificatie van fonologische representaties bij dyslexie
aan de hand van zowel gedragsmetingen als neurale metingen. De context, methodologie en
doelen van het onderzoek worden uitgebreider beschreven in Hoofdstuk 1.
Om te onderzoeken of spraakperceptieproblemen voorafgaan aan de start van formeel
leesonderwijs in plaats van dat deze problemen het gevolg zijn van een gebrek aan
leeservaring, werd een longitudinale studie uitgevoerd bij kleuters met een risico op dyslexie.
Deze kinderen werden geselecteerd op basis van de aanwezigheid van dyslexie bij de vader
of moeder. Gedurende de longitudinale studie werden 33 kinderen met een risico op dyslexie
en 40 controlekinderen zonder dyslexie in de familie gevolgd van groep 2, vóór de start van
formeel leesonderwijs, tot en met groep 3, waar de kinderen formeel leesonderwijs kregen.
Naast het onderzoeken van kinderen met een risico op dyslexie werd in dit proefschrift
ook onderzocht of problemen in het verwerken van spraakklanken blijven aanhouden bij
volwassenen met dyslexie.
4 Een allofoon is een uitspraakvariant van een bepaalde klank die niet relevant is in de eigen taal. Normaal gesproken
worden alleen relevante klankverschillen in de eigen taal opgemerkt, niet relevante klankverschillen worden genegeerd.
In het Nederlands is bijvoorbeeld het verschil tussen de klanken /r/ en /l/ relevant omdat deze klanken een onderscheid
in betekenis maken, rok-lok. In het Japans zijn deze klanken echter varianten van dezelfde klank en dus niet relevant.
Daarom zijn de klanken /r/ en /l/ in het Nederlands fonemen en in het Japans allofonen.
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Dit proefschrift kan verdeeld worden in twee delen: Studies gericht op het verwerken van
grote fonologische segmenten in het spraaksignaal, zoals het herkennen van rijm (Hoofdstuk
2 en 3), en studies gericht op het verwerken van fonemen, de kleinste fonologische segmenten
in het spraaksignaal (Hoofdstuk 4 tot en met 6).
In Hoofdstuk 2 wordt een studie beschreven waarin de neurale verwerking van
fonotactische probabiliteit bij 18 volwassenen met dyslexie en 18 volwassenen zonder
dyslexie werd onderzocht door het meten van de mismatch negativity (MMN), een
onbewuste neurale respons die het detecteren van verschillen tussen geluiden weerspiegelt.
Fonotactische probabiliteit verwijst naar de waarschijnlijkheid dat twee opeenvolgende
spraakklanken voorkomen in een taal. Iedere taal heeft een unieke rangschikking van
opeenvolgende fonemen, een volgorde van fonemen die gebruikelijk is in een bepaalde taal
kan zeldzaam of onmogelijk zijn in een andere taal. In het proces van taalverwerving zijn de
fonotactische regels van de moedertaal één van de eerste dingen die kinderen leren, namelijk
het herkennen van welke klanken elkaar wel op mogen volgen en welke niet. Het leren van
deze regels vergemakkelijkt de verdere verwerving van taal (Auer & Luce, 2008). Aangezien
de gevoeligheid voor fonotactische probabiliteit al op jonge leeftijd wordt verworven, kan
de mate waarin de hersengebieden voor spraakverwerking bij volwassenen zijn afgestemd
op fonologische regelmatigheden inzicht geven in problemen met het verwerken van taalspecifieke fonotactische regels. In overeenstemming met eerdere studies met volwassenen
en kinderen die op gemiddeld niveau lezen, lieten de volwassenen zonder dyslexie in deze
studie ook een grotere MMN-respons zien voor opeenvolgende spraakklanken met een
hoge fonotactische probabiliteit (/də/) dan voor opeenvolgende spraakklanken met een lage
fonotactische probabiliteit (/bə/). Belangrijker was het resultaat dat de volwassenen met
dyslexie geen verschil lieten zien in MMN-responsen voor opeenvolgende spraakklanken
met een hoge of een lage fonotactische probabiliteit. Deze bevindingen suggereren dat het
onderliggende neurale systeem voor het verwerken van spraakklanken bij volwassenen
met dyslexie niet goed is afgestemd op taal-specifieke fonologische regelmatigheden en dat
cognitieve problemen in het verwerken van taal-specifieke fonologische informatie mogelijk
ook een rol blijft spelen bij volwassenen.
Hoofdstuk 3 beschrijft een onderzoek naar de neurale verwerking van rijm bij 30 6-jarige
kinderen met een risico op dyslexie en 29 leeftijdsgenoten zonder een risico op dyslexie. Deze
studie, het tweede meetmoment van de longitudinale studie, werd uitgevoerd in groep 3.
Het herkennen van rijm wordt bij kinderen meestal gemeten met expliciete gedragstaken.
Aangezien deze taken alleen het eindpunt van het cognitieve verwerkingsproces
weerspiegelen, is er maar weinig bekend over de onderliggende fonologische mechanismen
van rijmherkenning bij kinderen met (een risico op) dyslexie. In deze studie kregen
6-jarige beginnende lezers een rijmtaak waarin ze, zo snel en zo nauwkeurig mogelijk,
moesten aangeven of gesproken woordparen rijmden of niet. Tijdens deze taak werd hun
elektro-encefalogram (EEG) gemeten. Event-related potentials (ERPs) werden berekend
voor woordparen met verschillende soorten fonologische overlap, zoals rijmende paren
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(wal-bal), niet-rijmende overlappende paren (bel-bal) en niet-rijmende ongerelateerde paren
(mes-bal). De gedragsdata lieten zien dat zowel de kinderen met een risico op dyslexie als de
controlekinderen een zogenaamd globaal gelijkenis-effect vertoonden. Dit betekende dat beide
groepen meer fouten maakten en langzamer reageerden op de niet-rijmende overlappende
paren dan op de niet-rijmende ongerelateerde paren. De resultaten van de neurale metingen
lieten zowel bij de controlekinderen als bij de kinderen met een risico op dyslexie een
rijmeffect zien. Dit effect werd weerspiegeld door een lagere N400-respons in de rijmconditie
vergeleken met de niet-rijmende ongerelateerde conditie. Bovendien verschilden de neurale
responsen in de rijm- en de niet-rijmende ongerelateerde conditie niet tussen de risico- en
de controlekinderen. Verder lieten de controlekinderen ook een lagere N400-respons zien in
de rijmconditie vergeleken met de niet-rijmende overlappende conditie, terwijl de neurale
responsen van de risicokinderen voor deze condities niet verschilden. Kinderen met een risico
op dyslexie verwerken rijmende en niet-rijmende overlappende stimuli dus mogelijk op een
vergelijkbare manier. De bevindingen van deze studie suggereren dat de controlekinderen
de rijmtaak benaderen vanuit een meer analytische benadering, terwijl de kinderen met een
risico op dyslexie de rijmtaak mogelijk oplossen op basis van een globale gelijkenis tussen
klanken.
In Hoofdstuk 4 en 5 worden de gedrags- en neurofysiologische resultaten van de
longitudinale studie gerapporteerd. In Hoofdstuk 4 worden de categorische perceptievaardigheden vóór en tijdens de start van formeel leesonderwijs van 40 kinderen met een
risico op dyslexie en 30 controlekinderen van dezelfde leeftijd beschreven. In deze studie werd
niet alleen onderzocht of kinderen met een risico op dyslexie spraak mogelijk waarnemen op
basis van allofonen in plaats van fonemen, maar ook werd de aard van auditieve problemen
nader onderzocht. Dit werd gedaan met behulp van spraak- en niet-spraak-stimuli die
een één-op-één relatie hadden tussen akoestische kenmerken en fonetische kenmerken. Er
werden zowel identificatie- als discriminatiegegevens verzameld met behulp van identieke
paradigma’s voor de spraak- en niet-spraak-stimuli. De kinderen moesten stimuli op een
continuüm dat geleidelijk overging van /bə/ naar /də/ labelen in verschillende categorieën
(identificatietaak) en paren stimuli van hetzelfde continuüm discrimineren als zijnde
hetzelfde of verschillend (discriminatietaak). De resultaten lieten zien dat de niet-spraak
perceptietaken te moeilijk waren voor zowel de risico- als de controlekinderen, waardoor
er geen uitspraken gedaan konden worden over de aard van de auditieve problemen. De
resultaten van de spraakperceptietaken in groep 2 lieten zien dat de kleuters met een risico
op dyslexie minder goed waren in het onderscheiden van een fonemisch contrast, maar dat
ze juist beter waren in het onderscheiden van een allofonisch contrast in vergelijking met
de controlekinderen. De controlekinderen maakten enkel onderscheid tussen stimulusparen
die de foneemgrens overschreden. Dit betekent dat ongeletterde kinderen met een risico op
dyslexie gevoelig zijn voor veranderingen in de plaats-van-articulatie die niet relevant zijn in
het Nederlands. Het Nederlands kent slechts twee categorieën van plaats-van-articulatie voor
stemhebbende plofklanken (/b/ en /d/), terwijl bijvoorbeeld het Hongaars daar vier categorieën
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voor kent (Serniclaes & Geng, 2009; zie Bijlage B). In groep 3 bleek dat de kinderen met een
risico op dyslexie op het gedragsniveau alleen onderscheid maakten tussen de relevante
spraakklanken, net als de kinderen uit de controlegroep. Deze bevindingen laten niet alleen
voor het eerst zien dat ongeletterde kinderen met een risico op dyslexie gevoelig zijn voor
niet relevante veranderingen in het spraaksignaal, maar ook dat de start van leesonderwijs in
groep 3 mogelijk een positief effect heeft op de spraakperceptie van deze kinderen.
Hoofdstuk 5 beschrijft een studie naar de neurale verwerking van fonemische en
allofonische contrasten bij de kinderen uit de longitudinale studie in groep 3. MMN-responsen
werden gemeten voor stimuli uit dezelfde foneemcategorie (akoestische varianten van /bə/)
en voor stimuli uit verschillende foneemcategorieën (/bə/ en /də/). Het verschil tussen de
stimuli in de allofonische conditie is niet relevant in het Nederlands, aangezien deze stimuli
in het Nederlands tot dezelfde foneemcategorie behoren. Voor het fonemische contrast lieten
zowel de risicokinderen als de controlekinderen een MMN zien. Echter, de amplitude van
de MMN bleek lager te liggen voor de risicokinderen, wat mogelijk betekent dat het voor
de risicokinderen moeilijker was om een verschil tussen de stimuli te detecteren. Voor het
allofonische contrast lieten alleen de kinderen met een risico op dyslexie een MMN zien.
In tegenstelling tot de gedragsmetingen in groep 3 (Hoofdstuk 4), lieten de zeer gevoelige
neurale metingen zien dat kinderen met een risico op dyslexie nog steeds gevoelig waren
voor akoestische verschillen die niet relevant zijn in het Nederlands. Het gebruik van een
allofonische spraakperceptie kan van grote invloed zijn op het leren lezen. Voor het leren
lezen zijn namelijk nauwkeurige fonologische representaties noodzakelijk, waarbij iedere
foneem is gekoppeld aan de bijbehorende letter. Bij het gebruik van allofonen in plaats van
fonemen zijn er meerdere fonologische representaties die gekoppeld kunnen worden aan een
bepaalde letter, waardoor verkeerde samenvoegingen van klanken en letters kunnen ontstaan,
met grote gevolgen voor de ontwikkeling van lees- en spellingsvaardigheden.
Om te onderzoeken of problemen met het verwerken van spraakklanken een rol
blijven spelen bij volwassenen, zijn in Hoofdstuk 6 de spraakperceptievaardigheden van
19 volwassenen met en zonder dyslexie onderzocht op zowel gedrags- als op neuraal
niveau. Met behulp van identificatie- en discriminatietaken werden hun categorische
perceptievaardigheden van stimuli op een /bə-də/ continuüm onderzocht. Daarnaast werd
door middel van het meten van de MMN de neurale verwerking van spraakklanken uit dezelfde
foneemcategorie (akoestische varianten van /bə/) en uit verschillende foneemcategorieën (/bə/
en /də/) onderzocht. De resultaten van de categorische perceptietaken lieten zien dat de groep
volwassenen met dyslexie minder consistent was in het labelen van de stimuli in vergelijking
met de controlegroep. Echter, op het gedragsniveau werden er geen aanwijzingen gevonden
voor een allofonische perceptie. De resultaten van de neurale metingen lieten zien dat zowel
de volwassenen zonder dyslexie als de volwassenen met dyslexie een MMN lieten zien voor
het fonemische contrast, terwijl alleen de volwassenen met dyslexie ook een MMN lieten zien
voor het allofonische contrast. Ondanks dat een allofonische perceptie niet werd gevonden
op het gedragsniveau bij de volwassenen met dyslexie, lieten de neurale metingen zien dat
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ook volwassenen met dyslexie gevoelig zijn voor akoestische verschillen die niet relevant zijn
in het Nederlands.
In Hoofdstuk 7 worden de belangrijkste bevindingen en conclusies van de studies in dit
proefschrift bediscussieerd en in een breder perspectief geplaatst. Geconcludeerd kan worden
dat het taalsysteem van personen zowel met een risico op dyslexie als met dyslexie niet goed is
aangepast aan de eigen taal, door ondergespecificeerde representaties voor het verwerken van
grote fonologische segmenten (Hoofdstuk 2 en 3) en overgespecificeerde representaties voor
het verwerken van de kleinste fonologische segmenten als gevolg van overgespecificeerde
universele kenmerken en ondergespecificeerde fonologische kenmerken (Hoofdstuk 4,
5 en 6). Hoewel deze subtiele fonologische problemen mogelijk bij volwassenen ook nog
steeds een rol spelen, suggereert de aanwezigheid van een allofonische spraakperceptie bij
kinderen met een risico op dyslexie nog voor de aanvang van formeel leesonderwijs dat een
allofonische spraakperceptie niet alleen het gevolg kan zijn van een gebrek aan leeservaring.
Verder worden fonologische vaardigheden bij dyslexie doorgaans gemeten aan de hand van
gedragsmaten die alleen het eindpunt van het cognitieve verwerkingsproces weerspiegelen
en daardoor niet in staat zijn om subtiele onderliggende verwerkingsproblemen van dyslexie
te detecteren. Het is daarom noodzakelijk dat toekomstige onderzoeken naar de fonologische
verwerkingsproblemen bij dyslexie ook gebruik maken van gevoelige neurale metingen om
de onderliggende oorzaken van dyslexie verder te ontrafelen.
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Na het werven van een groot aantal kinderen en volwassen, het programmeren van
experimenten, het afnemen van verschillende gedragstaken en EEG metingen, het rijden van
een paar duizend kilometer in de EEG-bus, het bezoeken van tientallen scholen, het analyseren
van vele gigabytes aan data, het presenteren van resultaten, het schrijven van artikelen, heel
veel kopjes koffie en uren werk, kan ik nu zeggen: “Mijn proefschrift is af!”
Nu is het tijd om terug te blikken op een leuke, leerzame en inspirerende periode waarin
ik meestal met veel plezier aan dit onderzoek heb gewerkt. Ondanks dat alleen mijn naam op
de kaft van dit proefschrift staat gedrukt, was deze promotie niet mogelijk geweest zonder
de hulp van een groot aantal mensen. Graag wil ik nu van de gelegenheid gebruik maken om
iedereen die een rol heeft gespeeld bij de totstandkoming van dit proefschrift ontzettend te
bedanken voor hun bijdrage en steun tijdens dit project.
Om te beginnen mijn promotoren Ludo Verhoeven en Willy Serniclaes, en copromotor
Eliane Segers. Dankzij jullie kon in promoveren op een zeer interessant en complex onderzoek
over spraakperceptie en dyslexie. Jullie hebben er voor gezorgd dat ik dit promotieonderzoek
kon uitvoeren en mede dankzij jullie is dit project tot een goed einde gekomen.
Ludo, jouw begeleiding en positieve instelling heb ik als zeer prettig ervaren. Je maakte de
artikelen beter door er met een kritische blik naar te kijken en de focus vast te houden. En was
er een tegenslag, dan wist je me altijd weer op weg te helpen zodat ik verder kon. Daarnaast
hield je goed het grotere geheel voor ogen. Bedankt voor je vertrouwen en begeleiding in de
afgelopen jaren.
Eliane, je hebt me de vrijheid gegeven om mijn eigen weg te kunnen bewandelen tijdens
het onderzoek. Ik vond dat erg prettig omdat dit goed bij mijn zelfstandige werkhouding
past. Gelukkig kon ik wel altijd even binnenlopen om het een of ander te bespreken. Bedankt
voor jouw kritische vragen en opmerkingen, deze hielden mij scherp.
Willy, you were asked to collaborate on this project because of your extensive knowledge
of speech perception and categorical perception. You not only contstructed the complex
place-of-articulation continuum that was used in this thesis, but you also teached me a lot
about categorical perception, speech perception and advanced statistical methods. I am very
grateful for your support and contributions to this project and I hope that we will continue
our collaboration in the future.
Holger, hoewel je niet heel nauw betrokken was bij dit project hebben we toch regelmatig
overleg gehad over het analyseren van EEG data en ingewikkelde theoretische kwesties zoals
de (on)mogelijke onderspecificatie van coronalen in fonologische representaties. Bedankt
voor je advies en bijdrage aan dit project.
Verder wil ik de leden van de manuscriptcommissie James McQueen, Peter de Jong en
Petra van Alphen bedanken voor jullie interesse en bereidheid om dit proefschrift in zijn
geheel te lezen en van commentaar te voorzien.
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Uiteraard wil ik ook graag alle studenten, kinderen, ouders en scholen bedanken die
hebben deelgenomen aan dit onderzoek. Het zijn er teveel om hier op te sommen, maar
zonder jullie medewerking was dit project niet tot stand gekomen.
Gedurende het onderzoek hebben verschillende studenten geholpen met het verzamelen
van data. Carmen, Sander, Nicole, Caressa, Dionne, Paulien, Eshter, Karien, Lotte en Jasmijn
ontzettend bedankt voor jullie inzet en enthousiasme tijdens de intensieve perioden van
dataverzameling. Voor mij was het erg leerzaam om jullie hierin te begeleiden. Ik hoop dat
jullie er ook veel van hebben geleerd. Wat ik in ieder geval zeker weet is dat jullie de /bə/ en /də/
kunnen onderscheiden! Graag wil ik Carmen, Sander, Nicole en Caressa extra bedanken voor
jullie inzet aan het begin van dit project toen ik plotseling een acute blindedarmontsteking
kreeg met bijkomende complicaties. Jullie hebben er toen voor gezorgd dat het selecteren
van proefpersonen en de eerste meting van de longitudinale studie door konden gaan. Jullie
inzet en doorzettingsvermogen in deze periode heeft vast en zeker bijgedragen aan het feit dat
Carmen, Nicole en Caressa inmiddels collega’s zijn geworden. De studenten van de research
master ‘EEG research in behavioral research’: Ellie, Tracy, Katie, Caressa, Gesa, José, Stijn,
Wendy, Inge en Joëlle bedankt voor het assisteren met de EEG metingen in de bus.
Onderzoek kan niet uitgevoerd worden zonder de belangrijke rol van de ondersteunende
staf. Daarom wil ik ook de dames van het secretariaat Keeny, Mieke, Lanneke en Anne-Els,
de mensen van het ERG Pascal, Jos en Gerard en Ronny van het BSI-lab bedanken voor hun
vakkundige hulp en ondersteuning tijdens dit project.
De afdeling Orthopedagogiek was een fijne werkplek met veel leuke collega’s waarvan
de samenstelling regelmatig veranderde. Al mijn collega’s van deze afdeling bedankt voor
de gezellige momenten, lunches, borrels, uitjes en congresbezoeken. Ook alle mensen van
de EEG meetings (op het BSI en Donders) en de literacy group bedankt voor de inspirerende
discussies. In het bijzonder wil ik de promovendi van ‘mijn’ generatie bedanken voor de
inspiratie, het delen van frustraties, samenwerking en vooral voor de gezelligheid (Arjan,
Barbara, Brigitte, Carmen, Ellen, Esther, Eva, Fred, Gerrit-Jan, Gesa, Jos, Judith, Karien,
Karly, Kathrin, Kim, Kors, Linda, Loes, Margje, Marieke, Marijt, Merel, Mieke, Nienke, Nina,
Nina, Pascal, Sabine, Silvi, Sophieke, Tijs en vele anderen). Tijs, we hebben het grootste deel
van ons onderzoek een kamer gedeeld en ik heb genoten van onze gesprekken en de vele
koppen koffie. Natuurlijk wil ik ook de promovendi van de ‘volgende’ generatie (o.a. Roy,
Stijn, Arjan, Nicole, Nathalie en Suzan) en andere leden van de staf (o.a. Mathijs, Hans, Anna,
Janet, Margriet, Gabriele, Marijtje, Bert, Hein, Jan, Marco, Marion en Marjolijn) bedanken.
Ingar bedankt voor het overnemen van de coördinatie van het mobiele en vaste BSI EEG lab.
Ook wil ik Arjen bedanken voor de gesprekken en discussies over onze onderzoeken en vele
andere onderwerpen. Arjen, ik ken je natuurlijk al sinds onze studie Bewegingswetenschappen
in Groningen waar we vaak samen hebben gereisd op het traject Leeuwarden-Groningen. Het
toeval heeft ervoor gezorgd dat we allebei ons promotieonderzoek uitvoeren in Nijmegen, jij
bij het Donders en ik bij het BSI. Bedankt voor je hulp en tips bij het analyseren van (neurale)
data in Matlab en Fieldtrip en de heerlijke koffie. Ik hoop dat we nog vaak samen met Loes en
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Annelies zullen genieten van een hapje en een drankje!
Een speciaal woord van dank voor Ellen en Pascal voor het beschikbaar stellen van hun
back-to-basic vakantiehuisje in de bossen van Heumen. Op deze manier hoefde ik in het begin
van mijn promotietraject niet op-en-neer te reizen tussen Britsum (Friesland) en Nijmegen.
Hoewel er in de wintermaanden geen stromend water was, was het ontzettend fijn om een
plek te hebben in de buurt van de universiteit. Ook Jasper bedankt dat ik gebruik mocht
maken van een kamer bij jou in Nijmegen. Ondanks dat ik er weinig gebruik van heb kunnen
maken vanwege mijn blindedarmontsteking was het erg gezellig. Na ruim anderhalf jaar uit
elkaar te hebben gewoond, hebben Annelies en ik na het afronden van Annelies haar studie
een woning gevonden in Malden.
Ook al leek ik mijn onderzoek vaak te beschouwen als een uit de hand gelopen hobby
in plaats van werk, vond ik het fijn dat er ook tijd was voor ontspanning met familie en
vrienden. Bedankt voor jullie interesse, steun en afleiding tijdens de afgelopen jaren. Een
leuke bijkomstigheid van onderzoek vond ik de congressen die ik kon combineren met
onvergetelijke reizen naar o.a. Amerika, Canada en New York.
Hoewel mijn ouders, broers, opa’s, oma’s, ooms, tantes en mijn schoonfamilie wel weten
hoe belangrijk ze voor mij zijn en voor dit proefschrift zijn geweest, wil ik jullie toch bedanken
voor jullie interesse en steun de afgelopen jaren. Jullie hebben mij gevormd tot de persoon
die ik nu ben. Als eerste mijn ouders, Cees en Ria-Wilma, zonder jullie was dit proefschrift
er natuurlijk nooit geweest. Bedankt voor jullie onvoorwaardelijke steun, liefde en trots.
Iedereen is natuurlijk enorm trots op mijn promotie, maar waarschijnlijk is er niemand zo
trots als jullie. Erwin en Kim, wat ontzettend leuk om zo te kunnen meegenieten van het
opgroeien van mijn neefjes Tiemen en Silvan. Wilmar, bedankt voor de uren van ontspanning
door inspanning tijdens de krachttrainingen, duiklessen en het uitproberen van nieuwe Krav
Maga technieken de afgelopen jaren. Veel succes met je opleiding op de KMA in Breda. Ook
al zien we elkaar niet vaak, als ik en mijn broers samen zijn hebben we altijd dikke lol. Ik
ben dan ook erg gelukkig met jullie als mijn broers! Dan mijn schoonouders, Oepke en Elly,
wat heb ik het toch ontzettend getroffen met jullie! Bedankt voor jullie steun, betrokkenheid,
gezelligheid en relaxte kijk op het leven. Mede dankzij jullie rijden we nu geen auto maar een
Saab! Ook wil ik mijn zwagers Arjen, Jan en Durk bedanken voor jullie interesse en afleiding
tijdens bijvoorbeeld wintersport en fietstochten. Jan en Durk, ondanks dat de wereld van de
wetenschap een eind van jullie afstaat, waren jullie altijd erg nieuwsgierig en geïnteresseerd.
Iedere keer waren jullie weer benieuwd in welk ‘krantje’ mijn artikel zou komen!
De laatste en voornaamste woorden van dank zijn voor mijn vrouw Annelies. Lieve
Annelies, jij bent degene die mijn hele promotietraject van dichtbij heeft meegemaakt inclusief
de pieken en dalen. Gelukkig zorg je voor veel liefde, rust en afleiding en houd je me met
beide benen op de grond. Zonder jou onvoorwaardelijke steun, geduld en vertrouwen had ik
dit proefschrift niet kunnen schrijven. We hebben samen al vele bergen beklommen, dus met
jou aan mijn zijde kan ik de hele wereld aan!
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Mark Noordenbos werd geboren op 26 juni 1983 te Leeuwarden. In 2001 behaalde hij zijn
Atheneum diploma aan de Openbare Scholengemeenschap Piter Jelles, Montessori in
Leeuwarden, waarna hij in datzelfde jaar begon met de studie Lucht- en Ruimtevaarttechniek
aan de Technische Universiteit in Delft. Deze studie bracht echter niet wat hij ervan verwachtte
en enkele maanden later begon hij als datamedewerker bij de Divisie Macro-Economische
Statistieken en Publicaties van het Centraal Bureau voor de Statistiek (CBS) in Voorburg. In 2002
startte hij met de studie Bewegingswetenschappen aan de Vrije Universiteit van Amsterdam
en is vervolgens overgestapt naar Bewegingswetenschappen aan de Rijksuniversiteit
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Bewegingswetenschappen met als specialisatie Motorisch herstel en Revalidatie aan de
Rijksuniversiteit Groningen, welke hij in 2007 afrondde. Zijn afstudeeronderzoek, uitgevoerd
onder begeleiding van Prof. dr. Theo Mulder, Prof. dr. Bert Otten en drs. Sjoerd de Vries, was
gericht op het meten van veranderingen in neurofysiologische activiteit tijdens de mentale
rotatie van handen. Nog voordat hij zijn Masterdiploma in 2007 in ontvangst nam, werd hij
aangenomen als promovendus aan het Behavioural Science Institute (BSI) van de Radboud
Universiteit Nijmegen. Hier heeft hij zijn promotieonderzoek uitgevoerd onder begeleiding
van Prof. dr. Ludo Verhoeven, Prof. dr. Willy Serniclaes en dr. Eliane Segers. Naast zijn
promotieonderzoek heeft hij verschillende andere werkzaamheden verricht, waaronder
labcoördinator van het BSI EEG lab, het trainen van studenten in het meten en analyseren van
EEG en het begeleiden van masterstudenten bij hun afstudeeronderzoek.
Mark is getrouwd met Annelies Wassenaar en woont in Malden.
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