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Chapter 1 Introduction
In our society being literate is of crucial importance. Written text is used for
many different purposes. For example, if we want to acquire new knowledge or
learn a specific skill, we usually have to struggle through written text. Besides,
written text is an important means of communication, especially since the
introduction of e‐mail and mobile text messages. To prevent children who
experience difficulties in learning to read from lagging behind in the
development of other cognitive skills and in using written text as a means of
communication, it is crucial that reading problems are detected as early as
possible. In children, success in learning to read can be predicted by their skills in
processing the sounds of a language, i.e., phonological processing. The present
thesis focuses on determining optimal tests to assess phonological processing in
preschool children from clinical populations.
Two phonological prerequisites will be addressed: phonemic discrimination
and auditory rhyme processing. In order to find adequate assessment paradigms
that can be used in children, the two phonological processes are studied in
adults. In addition, assessment paradigms for phonemic discrimination
processes will be examined in children from two clinical populations: children
with specific language impairment and children with cerebral palsy. Before going
into the outline of the present thesis, the literature on phonological prerequisites
in learning to read will be shortly reviewed. Attention is also given to
phonological processing problems in the clinical groups just mentioned. In
addition, two different kinds of assessments will be discussed which were used in
the present thesis: traditional active behavioral tasks and relatively new passive
paradigms involving measurement of event‐related brain potentials.

1.1 Phonological prerequisites of learning to read
During the process of learning to read, children have to learn which sound,
or phoneme, belongs to an ambiguous visual sign, a grapheme (in most cases,
this corresponds to a letter). In order to do this, it is important that stable and
precise grapheme‐phoneme correspondences are constructed that can be
quickly accessed. As this process gets automatized, the new challenge is reading
words. A word is a string of graphemes. All the graphemes have to be translated
into phonemes that have to be put together in the correct order before
pronouncing it. The process of learning to read can be very difficult for young
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Dutch children, since the correspondence rules between phonemes and letters
are not always clear. In Dutch, there are more phonemes than letters in the
alphabet. This ‘problem’ is solved by using graphemes that consist of two
consecutive letters (e.g., /ui/ or /oe/). These two letters correspond to one single
phoneme that is pronounced differently than when both phonemes belonging to
the two separate letters or graphemes are concatenated. In addition, some
letters correspond to more than one phoneme. In some cases, the surrounding
graphemes in a word give information about how a specific letter should be
pronounced. In other cases, previously acquired knowledge about words might
help to determine which phoneme belongs to a specific letter. So, while
grapheme‐phoneme correspondence rules are applied, the child also has to pay
attention to the combination of consecutive letters and graphemes and has to
rely on previously acquired word knowledge.
There are several prerequisites of the process of learning to read in
preschool children. A crucial and basic prerequisite of learning the grapheme‐
phoneme correspondences is being able to distinguish different phonemes.
Typically developing children are born with an accurate phonemic discrimination
system (Jusczyk, 2002). If children are unable to perceive differences between
phonemes, it will be difficult for them to develop phonemic representations that
can be easily accessed. These poorly specified phonemic representations may
lead to deficits in learning the relationship between graphemes and phonemes.
Ziegler and Goswami (2005) refer to this as the availability problem. Many
children with language‐learning impairments (e.g., specific language
impairment and dyslexia) suffer from a phonological deficit which refers to the
availability problem; that is, their language, reading, and spelling problems
result from poorly specified phonemic representations that are not easily
accessible (Goswami, 2000; Snowling, 2000; Tallal, 2004).
Another prerequisite of learning to read is phonological awareness, i.e., the
ability of being aware of the sounds of a language by recognizing, identifying, or
manipulating them (Bradley & Bryant, 1983; Bryant, MacLean, Bradley, &
Crossland, 1990; Hoien, Lundberg, Stanovich, & Bjaalid, 1995; Schneider,
Kuspert, Roth, & Vise, 1997; Wagner & Torgesen, 1987). In normally developing
children, success in learning to read is strongly predictable by phonological
awareness, that consists of several skill levels (for an overview see Adams, 1990;
Anthony & Francis, 2005; Ziegler & Goswami, 2005). The higher levels of
awareness can be described as an explicit awareness of phonemes that are the
smallest units of a language. When a child has reached awareness about
phonemes, usually described as phonemic awareness, he or she can identify the
first (or last) phoneme in a word, segment and blend all the phonemes in a word,
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and manipulate words by deleting a phoneme. The higher levels of phonological
awareness normally develop alongside explicit reading instruction. In children
who already started with learning to read, phonemic awareness has a high
predictive value in their future reading success.
The lower levels of phonological awareness can be described as an implicit
awareness of large units such as onset‐rime. The onset of a word is the initial
consonant or consonant cluster and rime is the remaining vowel and
consonant(s) (e.g., /bl/ and /ind/ in ‘blind’, respectively). When a child has
reached awareness about onset and rime, usually described as rhyme
awareness, he or she is able to recognize rhyming words (e.g., ‘blind’ and ‘mind’
are rhyming words, because they share the same rime). During normal language
acquisition, most children develop rhyme awareness automatically, without
explicit instruction, in their preschool years. Therefore, the lower levels of
phonological awareness can be seen as part of normal language development
(Gombert, 1992). Bradley and Bryant (1983) showed that auditory rhyme
recognition has predictive value in children who have not yet received reading
instruction in future success in learning to read.

1.2 Phonological processing problems in children from clinical populations
Language and reading problems can be a primary processing problem,
which is the case in children with specific language impairment (and dyslexia), or
can be secondary to another impairment, as is the case in children with cerebral
palsy. In this section, phonemic discrimination skills in children with specific
language impairment and children with cerebral palsy are discussed.
1.2.1

Children with Specific Language Impairment

Children with Specific Language Impairment (SLI) fail to develop normal
language, which can not be explained by a generalized deficient intelligence,
hearing problems, major neurological abnormalities, and/or abnormal behavior
(Bishop, 1992; Leonard, 1998). Because of these language problems, they have a
higher risk of developing reading problems and impaired phonological
awareness skills (e.g., Bishop & Adams, 1990; Carroll & Snowling, 2004). The
estimated prevalence of children with SLI, previously also referred to as
developmental aphasia or developmental dysphasia, is about 5% (Law, Boyle,
Harris, Harkness, & Nye, 1998). The population of SLI consists of more boys than
girls (Robinson, 1991).
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Children with SLI often have problems in speech comprehension, such as
phonological processing of auditory information (Bishop, 1997; Leonard, 1998).
For instance, children with SLI have difficulties in discriminating stimuli that are
minimal pairs (e.g., /ba/ vs. /da/). Whether these discrimination problems are
primarily speech specific, or whether they relate to central auditory processing
difficulties has been studied both in children with SLI and in children with
dyslexia, since phonological problems are present in both groups (Bishop &
Snowling, 2004). Several behavioral studies have obtained evidence for a
primarily phonological and speech specific deficit in children with SLI and/or
dyslexia (e.g., Mody, Studdert‐Kennedy, & Brady, 1997; Snowling, 2000;
Studdert‐Kennedy, 2002; Studdert‐Kennedy & Mody, 1995). However, other
studies have suggested that the phonological deficit is caused by a more general
problem in central auditory processing (e.g., Farmer & Klein, 1995; McAnally,
Castles, & Stuart, 2000; Stein & Walsh, 1997; Tallal & Piercy, 1973a, 1973b, 1974,
1975). These contrasting behavioral studies indicate that the question about the
nature of auditory discrimination needs more attention.
1.2.2

Children with Cerebral Palsy

Cerebral Palsy (CP) is described as “a group of disorders of the
development of movement and posture, causing activity limitation, that are
attributed to non‐progressive disturbances that occurred in the developing fetal
or infant brain. The motor disorders of CP are often accompanied by
disturbances of sensation, cognition, communication, perception, and/or
behavior, and/or by a seizure disorder” (Bax, Goldstein, Rosenbaum, Leviton, &
Paneth, 2005, p. 572). In the Netherlands, the diagnosis of CP also includes that
the brain damage causing CP must occur before the first birthday (Nederlandse
Vereniging van Revalidatieartsen [Dutch Association of Rehabilitation
Physicians], 2006). Classifications of CP can be made according to the type,
location, and severity of motor impairment. Three major types of CP can be
distinguished which are based on the predominant neuromotor abnormality:
spastic (characterized by increased muscle tone; most frequent type), dyskenetic
(characterized by involuntary/uncontrolled repetitive movements caused by
muscle tone changes), and ataxic (characterized by a loss of coordination; least
frequent type). Spastic CP can be subcategorized according to the location of
the motor impairment: hemiplegic (two extremities at the same side of the body
affected), diplegic (two lower extremities more affected than upper extremities),
or quadriplegic (all four extremities equally affected). Severity of the motor
impairment can be measured by the instrument Gross Motor Function
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Classification System (Palisano et al., 2000). Scores on this instrument vary from
level 1‐5 and a high score indicates a high level of motor impairment. The
prevalence of CP in the Netherlands has previously been estimated at 1.51 per
1000 (Wichers, Van der Schouw, Moons, Stam, & Van Nieuwenhuizen, 2001).
Children with CP are at risk of showing impairment in the development of
literacy. Clinical studies have shown that children with CP often are impaired in
spelling and reading skills (Berninger & Gans, 1986; Dahlgren Sandberg &
Hjelmquist, 1996, 1997; Foley, 1993; Peeters, Verhoeven, De Moor, & Van
Balkom, 2009; Smith, 2001). They frequently do not reach reading levels that
could be expected on the basis of their cognitive and other (receptive) language
skills. Whether phonological awareness is impaired in children with CP and
whether it has the same predictive value in future reading success as in typically
developing children, is still unclear. On the one hand, it has been shown that
children with CP suffer from impaired phonological awareness skills, which are
related to their reading problems (Peeters, Verhoeven, Van Balkom, & De Moor,
2008; Vandervelden & Siegel, 1999). On the other hand, several behavioral
studies found that children with CP are impaired in reading, but do not have a
phonological awareness deficit (Bishop & Robson, 1989; Dahlgren Sandberg,
2001; Dahlgren Sandberg & Hjelmquist, 1996, 1997). According to the latter
studies, phonological awareness has no predictive value in the reading success of
children with CP. Instead, they suggest that the cause of the reading problems in
speech‐impaired children with CP may be related to a deficit in subvocal
repetition of phonological information that is required for learning to read.
However, it is hard to compare the results from the abovementioned studies,
since characteristics of children with CP vary considerably between studies and,
in addition, the results were compared to different kinds of control groups.
To date, little research has been done on phonemic discrimination in
children with CP. Behavioral studies showed that young children with CP seem
to be impaired on phonemic discrimination as compared to typically developing
children, with children suffering from a cognitive impairment being especially
disadvantaged (Peeters et al., 2009; Peeters et al., 2008). The absence or
presence of speech problems does not seem to play a role in phonemic
discrimination in older children with CP (Bishop, 1985). In an interesting study of
Bishop, Byers Brown, and Robson (1990), two different behavioral tasks were
used to assess phonemic discrimination in children with CP with and without
speech problems (age 11‐19 years; low non‐verbal IQ). In the first task, children
had to indicate whether two auditorily presented non‐words were the same or
different. In the second task, children had to indicate whether an auditorily
presented word matched a visually presented picture. Whereas speech‐impaired
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children with CP performed below children with CP without speech problems on
the first task, no group differences were found on the second task. The authors
concluded that children with CP with speech problems are not more impaired in
phonemic discrimination than children with CP without speech problems, but
that they have more problems with the first task because it puts higher demands
on memory skills since no semantic representation could be accessed and
activated in the mental lexicon. Moreover, the authors concluded that “…
different procedures for assessing phoneme discrimination are not
interchangeable. The particular procedure used can have a dramatic effect on an
individual’s performance, and ability to do a same‐different judgment task may
be influenced by factors other than phoneme perception” (p. 33).

1.3 Assessment of phonological processing
As mentioned earlier, with the purpose of minimizing future reading
problems, early detection of phonological processing problems in clinical
populations is necessary for early intervention by means of specialized training.
In this section, assessment of phonological processing by means of active
behavioral tasks and by means of passive paradigms measuring event‐related
brain potentials are discussed.
1.3.1

Behavioral tasks

Most common and traditional tasks that are used in assessment of
phonological processing skills in children are behavioral tasks that require a
verbal or motor response from the participant. In a typical phonemic
discrimination task, two stimuli are presented and the child has to indicate
whether the two stimuli are the same or different. In a typical auditory rhyme
task, two rhyming or non‐rhyming (pseudo)words are presented to the child and
the child has to indicate whether the words rhyme or sound the same at the end.
Both tasks could also use visual information. In this case, the child has to indicate
whether a word matches an object shown on a picture or whether a word rhymes
or sounds the same at the end as the object, respectively.
Apart from the fact that behavioral tasks require a response from the
participant, they also require motivation, attention to the stimuli, an intact
short‐term memory, and the participant has to be able to understand the
instruction correctly which requires a certain level of cognitive skills. However,
children from clinical populations are likely to have problems with one or more of
6

these requirements of behavioral tasks. For example, around 35% of all children
with speech and language disorders have been shown to suffer from an
attention disorder (Beitchman, Hood, & Inglis, 1990). Also children with CP can
have difficulties in accomplishing behavioral tasks adequately, not only because
a motor response can be hard to give, but also because many of them experience
disorders in cognitive development (60%), problems in speech‐ and language
development (70‐80%), and/or attention problems (Aldenkamp, Renier, & Smit,
2003; Bax et al., 2005). As a result, children from clinical populations, such as
children with SLI and children with CP, may perform worse on a behavioral
discrimination task than could be expected. Therefore, optimal tasks to study
phonological processing in clinical populations should include a passive
paradigm, in which no motor or verbal response, instruction, or active attention
is needed. A suitable method for measuring cognitive processes passively is the
electro‐encephalography technique and in particular the measurement of event‐
related brain potentials.
1.3.2

Passive paradigms: measuring ERPs

Neurons in the central nervous system communicate by means of electrical
impulses. A large group of neurons, oriented in the same direction and activated
at the same moment, elicits an electric field that can be measured with
electrodes placed on the scalp. The electro‐encephalogram (EEG) accurately
shows how the electrical activity changes over time. An event‐related potential
(ERP) is the mean EEG signal that is related to a specific event, like an auditory
or visual stimulus. Since ERPs are very small, they seem to be ‘hidden’ in the
EEG. In order to measure ERPs, participants are presented with many
occurrences of a specific stimulus, while their EEG is registered (see Figure 1.1).
The electrical activity of the brain changes in reaction to the stimulus. When the
EEG signals in reaction to a specific stimulus are averaged, an ERP is visible. An
ERP consists of several positive and negative peaks, called ERP components.
An ERP component has four different features: amplitude, latency,
polarity, and topography. On the vertical axis of ERP figures amplitude is shown,
i.e., the degree of the electrical activity measured in microvolt (μV). On the
horizontal axis, time is shown in milliseconds (ms), referred to as latency.
Latency is measured from stimulus onset. Polarity refers to whether a
component or peak is positive or negative. Note that in ERP figures, negativity is
usually plotted upwards, as in Figure 1.1 and in the following ERP figures in the
present thesis. Topography indicates on which electrodes an ERP effect is
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recorded. By comparing each feature of a specific cognitive process between
groups, abnormalities can be detected.
The advantage of using ERPs is that it provides detailed information about
whether and how a specific cognitive process develops over time. Another
advantage is that paradigms can be used in which no attention, response, or
instruction is required. This makes it possible to measure how information is
automatically processed in the brain. Therefore, measuring ERPs seems to be a
suitable method for development of passive paradigms in order to study
phonological processing in children from clinical populations.

Figure 1.1 During an ERP experiment, participants are presented with many occurrences of a
specific stimulus (s), while their EEG is registered (upper part of figure). The EEG signals in reaction
to the auditory stimulus are averaged, resulting in an ERP. An ERP consists of several positive and
negative peaks, called ERP components (lower part of figure).
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1.4 ERP component of phonemic discrimination: MMN
An ERP component often used for investigating auditory and phonemic
discrimination in a passive paradigm is the mismatch negativity (MMN), first
described by Näätänen et al. (1978). In a typical MMN task, participants passively
listen to a stream of standard stimuli that are intermixed with rare occurrences
of a deviant stimulus. When the ERP of the standard stimulus is subtracted from
the ERP of the deviant stimulus, the MMN can be observed as a peak between
100 and 250 ms after stimulus onset (for a review, see Näätänen, Paavilainen,
Rinne, & Alho, 2007). The MMN has been shown to reflect the brain’s automatic
response to an infrequent discriminable change in a stream of frequent auditory
stimuli. One major benefit of using the MMN in testing auditory discrimination is
that the ERP component can be elicited in the absence of attention to the
auditory stimuli; besides, no instruction or a motor or verbal response is required
to elicit the MMN (Näätänen, 1992). To illustrate, this ERP component has been
shown to be suitable for measuring the discrimination abilities of preterm infants
as well as of coma patients (for an overview, see Näätänen, 1992, 2003).
The traditional paradigm used for measuring the MMN is a passive oddball
paradigm, where standard stimuli are intermixed with one token of a deviant in
one sequence (e.g., …‐S‐S‐S‐S‐D‐S‐S‐S‐D‐S‐…; Näätänen, 1995; Schröger,
1998). When the purpose is to test both auditory and phonemic discrimination in
clinical populations, most studies used two different oddball series, one using
tone stimuli and the other using speech stimuli (Alonso‐Búa, Díaz, & Ferraces,
2006; Lachmann, Berti, Kujala, & Schröger, 2005; Meng et al., 2005; Schulte‐
Körne, Deimel, Bartling, & Remschmidt, 1998; Sharma et al., 2006; Uwer,
Albrecht, & von‐Suchodoletz, 2002). However, in clinical populations, it is
important to obtain as much information as possible in a short test session.
Therefore, for practical reasons, it would be beneficial to use a passive oddball
paradigm in which standard stimuli are intermixed with multiple deviants in one
sequence (e.g., …‐S‐D1‐S‐S‐S‐D2‐S‐S‐D3‐S‐…; Pettigrew et al., 2004). A great
advantage of such a paradigm, as compared to the classical paradigm with one
deviant stimulus, is that it does not require a lot of extra testing time, while more
information about the quality of auditory discrimination can be obtained.
However, prior to proper use of such a paradigm with multiple types of deviants
in clinical populations, it is important to know whether multiple phonemic
deviants and an acoustic deviant (same phoneme which differs on one acoustic
dimension) in a multi‐deviant design elicit MMNs in a normal population. This is
investigated in the present thesis and is described in Chapter 2.
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The MMN has been used before to study auditory and phonemic
discrimination skills in children from clinical populations. Studies that
investigated the nature of a phonological deficit in children with SLI or dyslexia
using the MMN mostly provided evidence for a phonological deficit that does not
coincide with a general auditory deficit (Meng et al., 2005; Schulte‐Körne et al.,
1998; Schulte‐Körne, Deimel, Bartling, & Remschmidt, 1999; Sharma et al.,
2006; Uwer et al., 2002). In contrast, recent findings from Lachmann et al. (2005)
and Alonso‐Búa et al. (2006) provided evidence for a general auditory deficit.
However, in the abovementioned MMN studies the non‐linguistic contrasts were
acoustically far less complex than the linguistic contrasts. Therefore, a direct
comparison between the phonemic and auditory discrimination abilities using
these contrasts is not warranted (cf. Bishop, 2007; Serniclaes, Sprenger‐
Charolles, Carre, & Demonet, 2001). In order to further study the nature of
auditory discrimination problems in preschool children with SLI, we used
linguistic and non‐linguistic contrasts that were equal in acoustic complexity. To
compare behavioral and neural measures, an active behavioral task and a
passive MMN paradigm was administered. This study is described in Chapter 4.
To our knowledge, the MMN has not yet been used as an indicator of
phonemic discrimination abilities in children with CP. As mentioned earlier,
young children with CP were found to have difficulties with performing a
behavioral phonemic discrimination task (Peeters et al., 2009; Peeters et al.,
2008). However, it has also been shown that the requirements of a task may
influence the participant’s performance critically (Bishop et al., 1990). Therefore,
it is important that a discrimination task places minimal demands on other
(cognitive) abilities children with CP are known to be impaired on. This means
that the poor performance of children with CP on the behavioral discrimination
task could be due to impaired phonemic discrimination skills or to impaired
additional (cognitive) skills that are required by the task. In order to answer this
question, phonemic discrimination was studied in preschool children with CP by
means of both an active behavioral task and a passive MMN paradigm. This
study is described in Chapter 5.

1.5 ERP component of auditory rhyme: phonological N400 effect and
anterior positive effect
A number of studies have used the ERP technique to investigate rhyme
recognition in the context of an active task. When participants make rhyme
judgments, non‐rhyming word pairs elicit more negative ERPs at posterior sites
10

than rhyming word pairs (Barrett & Rugg, 1990; Rugg, 1984a, 1984b; Rugg &
Barrett, 1987; Sanquist, Rohrbaugh, Syndulko, & Lindsley, 1980). This effect is
called the phonological N400 effect, sometimes also referred to as the N450
effect, and can be elicited in both children and adults (Coch, Grossi, Coffey‐
Corina, Holcomb, & Neville, 2002; Coch, Grossi, Skendzel, & Neville, 2005). In
addition to the posterior phonological N400 effect, a longer‐lasting reversal of
this effect at anterior sites in a latency window around 300‐900 ms can also be
elicited by an active rhyme paradigm (Coch et al., 2002; Coch et al., 2005). At
anterior sites non‐rhyming pseudoword targets elicited a more positive ERP
than rhyming pseudoword targets. Similar to the phonological N400 effect, this
effect was present in both adults and children. Khateb et al. (2007) showed that
the anterior positivity and the posterior phonological N400 effect are distinct
cerebral responses that involve different cognitive processes. However, it
remains unclear what functional interpretation can be assigned to the two
effects.
Perrin and García‐Larrea (2003) found that the phonological N400 effect
could only be elicited in an active rhyme task and not in a passive rhyme task (in
which participants were asked to attentively listen to spoken words). This led
them to conclude that rhyme processing, and the elicitation of the phonological
N400 effect, is not automatic in all contexts, but only when phonological
processing is relevant for execution of the task. However, other studies showed
that the phonological N400 effect can be elicited when participants are not
explicitly attending to whether words rhyme or not, but when they have to
indicate whether they heard a real word or not, indicating that attention to
rhyme is not mandatory in eliciting the phonological N400 effect (Dumay et al.,
2001; Praamstra, Meyer, & Levelt, 1994; Praamstra & Stegeman, 1993). No
anterior positivity has been described in the abovementioned studies. In the
present thesis, we investigated in more detail whether rhyme perception can be
tested by means of a passive ERP paradigm. We focused both on the
phonological N400 effect and the anterior positivity. Note that when rhyme
detection is measured by means of a passive task, such a test measures implicit
rhyme detection, which can be seen as a precursor of explicit rhyme awareness
(e.g., Ziegler & Goswami, 2005). This study is described in Chapter 3.

1.6 The present thesis
The aim of this thesis is to determine optimal tests to assess phonological
processing in preschool children from clinical populations. The thesis consists of
11

four chapters which were written as independent articles. In the first part of the
thesis (Chapters 2 and 3), phonemic discrimination and auditory rhyme
perception is studied in healthy adults in order to find adequate passive
paradigms that can be used in children from clinical populations. Chapter 2
focuses on the optimal paradigm for simultaneous assessment of auditory and
phonemic discrimination in clinical populations. The experiment described seeks
to validate (a) whether pitch and phonemic deviants presented together in one
sequence are able to elicit MMNs in healthy adults and (b) whether an MMN
elicited by a change in pitch is modulated by the presence of the phonemic
deviants. A multi‐deviant oddball paradigm was presented using two different
contexts: in which either one pitch deviant was presented together with
phonemic deviants or in which only pitch deviants were presented. In order to
answer the first research question, it was tested whether the deviants in each
context elicited an MMN effect. The second research question was answered by
comparing the MMNs elicited by a pitch deviant in the two different contexts,
indicating whether the pitch contrast was influenced by the presence of the
phonemic contrasts.
Chapter 3 describes an investigation of whether implicit rhyme detection,
as a precursor of phonological awareness, can be assessed using a passive ERP
paradigm. Pseudoword pairs were presented to healthy adults while their EEG
was recorded. Participants were either instructed to (a) indicate by means of a
button press after each pseudoword pair whether the words rhymed or not
(active paradigm) or (b) ignore the speech stimuli (passive paradigm). It was
tested whether both paradigms elicit reliable ERP effects, a typical phonological
N400 effect and/or an anterior positive effect.
In the second part of the thesis (Chapters 4 and 5), phonemic discrimination
is studied in children from clinical populations. Chapter 4 focuses on the nature
of auditory discrimination problems in children with SLI. It presents an
investigation of whether these discrimination problems are speech specific or of
a general auditory nature. This was studied by using a linguistic and a non‐
linguistic contrast that were matched for acoustic complexity in an active
behavioral task and a passive ERP paradigm, known to elicit the MMN. In
addition, attention skills and a variety of language skills were measured. In this
study, 25 five‐year‐old Dutch children with SLI having receptive as well as
productive language problems and 25 control children with typical speech‐ and
language development participated. The research question was answered by
comparing behavioral results to MMN results. In addition, correlations were
measured between the performance on the behavioral discrimination task and
on the attention task and various language tasks.
12

The study presented in Chapter 5 seeks to validate whether phonemic
discrimination is adequately developed in children with CP. This was studied by
using an active behavioral task and a passive ERP paradigm, known to elicit the
MMN. Participants were 19 Dutch preschool children with CP who were
compared to 19 age‐ and gender‐matched control children with typical
development. The research question was answered by comparing behavioral
results to MMN results. In addition, correlations were measured between the
performance on the behavioral discrimination task and on the non‐verbal IQ task
and various language tasks.
Finally, in Chapter 6 the main findings of each chapter are summarized and
practical implications are discussed.
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Chapter 2 Towards neurophysiological assessment of phonemic
discrimination: context effects of the mismatch negativity*

Abstract
Objective: This study focuses on the optimal paradigm for simultaneous assessment of auditory
and phonemic discrimination in clinical populations. We investigated (a) whether pitch and
phonemic deviants presented together in one sequence are able to elicit mismatch negativities
(MMNs) in healthy adults and (b) whether MMN elicited by a change in pitch is modulated by the
presence of the phonemic deviants.
Methods: Standard stimuli [i] were intermixed with small, medium, or large pitch deviants or with
pitch deviants of the same magnitude together with small and large phonemic deviants, [y] and
[u], respectively.
Results: When pitch and phonemic deviants were presented together, only the large pitch and
phonemic contrasts elicited significant MMNs. When only pitch deviants were presented, the
medium and large pitch contrasts elicited significant MMNs. The MMNs, in response to the
medium and large pitch contrasts, were of similar magnitude across the two contexts.
Conclusions: Pitch and phonemic deviants can be tested together provided the pitch contrast is
relatively large.
Significance: A combined neurophysiological test of phonemic and pitch discrimination, as
measured by the MMN, is a time‐effective tool that may provide valuable information about the
underlying cause of poorly specified phonemic representations in clinical populations.

*

This chapter is a slightly modified version of: Davids, N., Van den Brink, D., Van
Turennout, M., Mitterer, H., & Verhoeven, L. (2009). Towards neurophysiological
assessment of phonemic discrimination: context effects of the mismatch negativity.
Clinical Neurophysiology, 120(6), 1078‐1086.
15

Introduction
A basic precursor of learning to read and spell is phonemic discrimination. If
children are unable to perceive differences between phonemes, it will be difficult
for them to develop phonemic representations that can be easily accessed.
These poorly specified phonemic representations, in turn, may lead to deficits in
the ability to segment phonemes, and in learning the relationship between
graphemes and phonemes. Ziegler and Goswami (2005) refer to this as the
availability problem. Many children with language‐learning impairments (e.g.,
specific language impairment and dyslexia) suffer from the availability problem;
that is, their language, reading and spelling problems result from poorly
specified phonemic representations that are not easily accessible (Goswami,
2000; Tallal, 2004). Early detection of the availability problem in clinical
populations is necessary for early intervention by means of specialized training,
with the purpose of minimizing future reading problems. The underlying cause
of the availability problem is still subject to debate (Ramus, 2001). On the one
hand, theories such as the phonological deficit theory state that the problem is
primarily phonological in nature. According to this theory, the processing of non‐
linguistic information is not affected. On the other hand, theories such as the
magnocellular theory suggest that poorly specified phonemic representations
are the result of a general (temporal) auditory deficit, which is caused by
magnocellular deficits of the auditory system. The magnocellular theory holds
that linguistic as well as non‐linguistic information processing is impaired.
Whether children suffer from deficits in the processing of (non‐)linguistic
information can be tested by means of an auditory or phonemic discrimination
task. This study focuses on the optimal test to assess auditory and phonemic
discrimination in clinical populations.
Assessment studies have mainly used behavioral tasks in investigating
auditory and phonemic discrimination abilities in clinical populations (e.g., Tallal
& Piercy, 1973a). Most commonly, participants listen to pairs of sounds or words
and are instructed to indicate by means of a verbal or motor response whether
the sounds or words are the same or different. To accomplish this behavioral
task, participants are required to be motivated and attentive. Moreover,
participants should be able to understand the instruction as well as provide a
verbal or motor response. Children from clinical populations, however, often
show difficulties in meeting these requirements, and may therefore perform
worse on a behavioral discrimination task than could be expected. As a
consequence, proper assessment of word or sound discrimination in clinical
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populations should include a passive task, in which no motor or verbal response,
instruction, or active attention is needed. A suitable method for assessing the
quality of auditory and phonemic discrimination in a passive task is the recording
of event‐related potentials (ERPs). An ERP is the averaged brain activity
(measured in microvolt) that is elicited in response to an event, such as a visual
or an auditory stimulus.
An ERP component often used for investigating auditory discrimination in a
passive task is the mismatch negativity (MMN), first described by Näätänen et al.
(1978). In a typical MMN task, participants passively listen to a stream of
standard stimuli that are intermixed with rare occurrences of a deviant stimulus.
When the ERP of the standard stimulus is subtracted from the ERP of the
deviant stimulus, the MMN can be observed as a peak between 100 and 250 ms
after stimulus onset (for a review, see Näätänen et al., 2007). The MMN has been
shown to reflect the brain’s automatic response to an infrequent discriminable
change in a stream of frequent auditory stimuli and can be elicited by changes in
frequency, intensity, spatial locus of origin, rise time, duration, phonetic
structure, and partial omission of an auditory stimulus (for an overview, see
Näätänen, 1992). It has also been shown to be sensitive to language‐specific
phoneme representations (Dehaene‐Lambertz, 1997; Näätänen et al., 1997).
One major benefit of using the MMN in testing auditory and phonemic
discrimination is that the ERP component can be elicited in the absence of
attention to the auditory stimuli; besides, no instruction or a motor or verbal
response is required to elicit the MMN (Näätänen, 1992). To illustrate, this ERP
component has been shown to be suitable for measuring the auditory
discrimination abilities of preterm infants as well as of coma patients (for an
overview, see Näätänen, 1992, 2003).
Previously, the MMN has also been used to study whether children with
language‐learning impairments have problems with the processing of linguistic
and/or non‐linguistic information (e.g., Alonso‐Búa et al., 2006; Lachmann et al.,
2005; Meng et al., 2005; Schulte‐Körne et al., 1998; Sharma et al., 2006; Uwer et
al., 2002). For example, Schulte‐Körne et al. (1998) found that a group of
dyslexic boys, around 12 years of age, showed significantly attenuated late
MMNs to synthesized speech stimuli (/da/ vs. /ba/) compared to a group of
control children. However, tone stimuli (1000 Hz vs. 1050 Hz) failed to show a
group difference. The authors concluded that dyslexics have a specific deficit in
processing speech, as opposed to non‐linguistic information, such as acoustic
tones. In a study by Uwer et al. (2002), two groups of children with specific
language impairment (one with receptive and the other with expressive
language problems; 5‐10‐year‐olds) were compared to a control group matched
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on age, gender, and handedness. Both these groups with specific language
impairment showed significantly reduced MMNs to speech contrasts (/da/ vs.
/ga/ and /ba/) compared to the control group. No significant differences in MMN
amplitudes were observed in the two clinical groups. In a non‐speech condition
with a frequency (1000 Hz vs. 1200 Hz) and duration (175 ms vs. 100 ms) contrast,
the three groups elicited similar MMNs. Here again, it was concluded that
children with specific language impairment do not have problems with simple
differences between tones, but have a specific problem in discriminating speech
stimuli.
The traditional paradigm used for measuring the MMN is a passive oddball
paradigm, where standard stimuli are intermixed with one token of a deviant in
one sequence (e.g., …‐S‐S‐S‐S‐D‐S‐S‐S‐D‐S‐…; Näätänen, 1995; Schröger,
1998). When the purpose is to test both auditory and phonemic discrimination in
clinical populations, most studies used two different oddball series, one using
tone stimuli and the other using speech stimuli (Alonso‐Búa et al., 2006;
Lachmann et al., 2005; Meng et al., 2005; Schulte‐Körne et al., 1998; Sharma et
al., 2006; Uwer et al., 2002). However, in clinical populations, it is important to
obtain as much information as possible in a short test session. Therefore, for
practical reasons, it would be beneficial to use a passive oddball paradigm in
which standard stimuli are intermixed with multiple deviants in one sequence
(e.g., …‐S‐D1‐S‐S‐S‐D2‐S‐S‐D3‐S‐…; Pettigrew et al., 2004). A great advantage of
such a paradigm, as compared to the classical paradigm with one deviant
stimulus, is that it does not require a lot of extra testing time, while more
information about the quality of auditory discrimination can be obtained. Recent
studies have provided evidence for the usability of such a multi‐deviant
paradigm. They have shown that, under specific circumstances, the testing of
multiple deviants in a passive oddball paradigm elicit MMNs similar to those
elicited by a single deviant. For instance, Deacon et al. (1998) compared MMNs
elicited by pure tones that deviated in intensity, frequency, and stimulus‐onset
asynchrony (SOA) when each deviant was presented in a separate sequence
(probability standard = 90%; probability deviant = 10%) to MMNs of all three
deviants presented in one sequence (probability standard = 70%; probability of
each deviant = 10%). They found that the MMNs in the multi‐deviant condition
were similar in magnitude to the corresponding MMNs in the single‐deviant
condition. These results have since been replicated by other studies (Molholm,
Gomes, Lobosco, Deacon, & Ritter, 2004; Näätänen, Pakarinen, Rinne, &
Takegata, 2004). In addition, Grimm et al. (2008) showed that in an active
distraction paradigm with single and multiple deviants, phonemic changes
elicited MMNs that were similar in magnitude.
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In using the MMN in a passive paradigm to assess whether phonemic
discrimination is impaired, it is of interest to test different phonemic contrasts as
well as a pure acoustic contrast in one sequence. A test that includes these
contrasts has several advantages. First of all, testing multiple phonemic
contrasts (e.g., a small and large phonemic contrast) in one sequence provides
information about whether phonemic discrimination is fully developed or not.
Moreover, by testing acoustic processing as well as phonemic contrasts in one
sequence, one obtains evidence whether a phonemic discrimination problem is
primarily phonological in nature, as hypothesized by the phonological deficit
hypothesis, or is the result of a general auditory deficit, as proposed by the
magnocellular theory. However, prior to proper use of such a paradigm with
multiple types of deviants in clinical populations, it is important to know whether
multiple phonemic deviants and an acoustic deviant (same phoneme which
differs on one acoustic dimension) in a multi‐deviant design elicit MMNs in a
normal population. Therefore, in the present study, we tested healthy adults on
a passive oddball paradigm with three deviants: two phonemic deviants and one
pitch deviant. To assess the influence of pitch magnitude in a multi‐deviant
design, different magnitudes of pitch deviants were used.
In this study, we investigated (a) whether phonemic and pitch changes
presented in one sequence are able to elicit observable MMNs and (b) whether
the MMN to pitch change is influenced by the presence of phonemic deviants in
the same sequence. To answer the first question, a pitch contrast was presented
in one sequence with two phonemic contrasts. Ideally, all contrasts should elicit
observable MMNs; however, it is also conceivable that a ‘more meaningful’
phonemic deviant suppresses a change detection of a ‘less meaningful’ pitch
difference. In this scenario, a pitch deviant could elicit an observable MMN when
tested in a context where all stimuli, standard and deviant, are tokens of the
same phoneme (i.e., with pitch variations only), whereas may fail to do so when
the pitch deviant is presented together with deviants which are tokens of
different phonemes (phonemic contrasts), due to grouping of the pitch deviant
with the standard stimulus. To answer the second question related to context
effects, the MMNs elicited by the pitch contrasts presented together with
phonemic deviants in one sequence were compared to the MMNs elicited by the
same pitch contrasts presented together with pitch deviants only.
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Experiment 1
Method
Participants. Twelve native speakers of Dutch (nine female, three male)
with a mean age of 21 years (range 18‐34 years) participated in the experiment.
All the participants were right‐handed according to an adapted version of the
questionnaire by Oldfield (1971) and did not have any language, hearing, or
neurological disorders. The paid participants signed an informed consent in
accordance with the Declaration of Helsinki.
Stimuli. The standard stimulus was a naturally produced [i] phoneme. A
total of five deviants were used: three pitch deviants and two phonemic
deviants. The three pitch deviants were [i] sounds which had a small, medium, or
large pitch difference with respect to the standard [i]. The two phonemic
deviants were naturally produced [y] and [u], of which [y] constitutes a small
phonemic difference and [u] has a large phonemic difference with respect to the
standard [i]. Figure 2.1 shows the oscillograms of the standard as well as the
large pitch deviant and the small phonemic deviant, with the pitch deviant
differing from the standard only with respect to the pitch contour (middle
panels) and the phonemic deviant differing with respect to the formant structure
(lower panels). The standard [i] and the deviants [y] and [u] were spoken by a
native Dutch female speaker and digitally recorded (44.1 kHz, stereo) in a sound‐
attenuated room using a Sennheiser ME62 microphone connected to a Dell
D610 latitude laptop running Sony Sound Forge, a sound recording program.
After recording, each stimulus was edited for precise onset and offset using a
speech editor (Praat, version 4.5.12). Stimuli were matched for total duration
(235 ms), intensity, and pitch contour (falling from 280 Hz at 0 ms to 195 Hz at
235 ms). The pitch deviants were created by manipulating the pitch contour of
the standard [i] on a semitone scale (small pitch contrast: 321‐223 Hz, a
difference of approximately two semitones; medium pitch contrast: 367‐256 Hz,
a difference of approximately five semitones; and large pitch contrast: 420‐293
Hz, a difference of approximately seven semitones). The stimuli were presented
at a comfortable hearing level, approximately 65 dB.
Pre‐test stimuli. To test whether the small pitch contrast was discriminable,
12 native speakers of Dutch (seven female, five male; mean age of 23 years) were
asked to perform an active oddball task. The standard stimuli [i] were presented
with three deviants: small, medium, and large pitch deviants [i] (7% per deviant;
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Figure 2.1. Stimuli used in the current study. The top row shows the oscillograms, the middle row
the pitch contour and the lower row the formant tracks. The left column contains the pictures for
the standard stimulus [i], the middle column for the large pitch deviant stimulus [i], and the right
column for the small phonemic deviant stimulus [y].
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40 tokens of each deviant). The participants were instructed to press a button
with the right index finger when a deviant stimulus was presented. The SOA
between stimuli was 800 ms. The mean percentage correct responses to the
small, medium, and large pitch deviant were 60% (SD = 32%), 83% (SD = 18%),
and 99% (SD = 2%), respectively, which corresponded to a mean d′ of 2.98 (SD =
1.28), 4.01 (SD = 1.27), and 5.15 (SD = 0.96), given a false alarm rate of 9% (SD =
11%). This pre‐test shows that all pitch deviants were perceptually distinct from
the standard stimulus, but that the largest contrast was the easiest to
discriminate.
Design and Procedure. The participants were tested individually while
seated in front of a computer screen in a soundproof, electrically shielded room.
Their electroencephalogram (EEG) was recorded while they were watching a
silent movie. The participants were asked to ignore the auditory stimuli. The
stimuli were played with Monitor Audio speakers.
Stimuli were presented in a passive oddball paradigm with multiple
deviants. Three different context conditions were created (see Table 2.1). Each
context condition consisted of one standard stimulus and three deviant stimuli.
In all context conditions, the standard stimulus was an [i] phoneme. In the first
context condition, the small pitch deviant was presented together with the large
and the small phonemic deviants ([y] and [u], respectively; henceforth: Small
Pitch + Phonemic Context). In the second context condition, the medium pitch
contrast was presented together with the two phonemic contrasts (henceforth:
Medium Pitch + Phonemic Context). In the third context condition, all deviants
differed from the standard only with regard to the pitch contour (henceforth:
Pitch‐only Context).
For every context condition, the occurrence of each deviant was 10% (150
tokens of each deviant and 1050 standards). The SOA between stimuli was
800 ms, resulting in a 20‐min duration of each context condition. The deviants
were presented in a pseudo‐random order. The three context conditions were
presented to each participant. The order of the context conditions was
counterbalanced between participants. Each context condition consisted of four
blocks and each block started with the presentation of 15 standard stimuli. The
order of the blocks was counterbalanced between participants, who had a short
break between blocks.
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Table 2.1. Stimuli per Context Condition (Experiment 1).

Standard
Context condition
Small Pitch +
Phonemic
Context
Medium Pitch +
Phonemic
Context
Pitch‐only
Context

1
[i]
small pitch

Deviants
2
[y]
small phonemic

3
[u]
large phonemic

[i]

[i]
medium pitch

[y]
small phonemic

[u]
large phonemic

[i]

[i]
small pitch

[i]
medium pitch

[i]
large pitch

[i]

EEG recording. The EEG was recorded from 24 active electrodes using the
Acticap system with Ag/AgCl electrodes (Brain Products, Gilching, Germany).
The electrodes were placed on standard electrode sites (F7, F3, Fz, F4, F8, FC5,
FC1, FCz, FC2, FC6, C3, Cz, C4, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, O2).
All electrodes were referenced to an electrode placed at the tip of the nose. In
addition, electrodes were placed at the left and the right mastoid for re‐
referencing during off‐line analysis. To monitor vertical eye movements,
electrodes were placed beneath and above the left eye. Horizontal eye
movements were monitored by electrodes placed on the left and the right
external canthi.
Signals were amplified with BrainAmp DC amplifiers, using a bandpass
filter from 0.01 to 100 Hz and a sample rate of 500 Hz. Impedances were kept
below 20 kΩ for all electrodes, which is a standard setting for active electrodes.
The EEG and electro‐oculogram (EOG) were recorded and digitized using Brain
Vision Recorder software (1.03, Brain Products, Gilching, Germany).
Data analysis. EEG data were re‐referenced to the average of the left and
the right mastoid and filtered with a 1‐30‐Hz zero‐phase‐shift bandpass filter. An
automatic ocular correction was performed (Gratton, Coles, & Donchin, 1983).
The signal was segmented in time windows ranging from 200 ms before stimulus
onset to 700 ms after stimulus onset and baseline corrected relative to a 100‐ms
pre‐stimulus interval. Segments with artifacts exceeding ±75 μV in any channel
were rejected for further analysis. The remaining segments were averaged for
each condition and for each participant. Difference waveforms were calculated
by subtracting the ERP to the standard stimulus from the corresponding deviant
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stimulus. The EEG signals were analyzed using Brain Vision Analyzer software
(1.05.0002, Brain Products, Gilching, Germany).
Two statistical steps were performed. Firstly, we tested whether the
contrasts in each context condition elicited an MMN effect. This was tested by
means of a repeated‐measures analysis of variance (ANOVA) applied to the
mean amplitude of the difference waves at nine frontocentral electrodes in a
time window of 50 ms centered around the grand‐averaged peak of the MMN,
which was determined by visual inspection of the grand‐averaged MMN at Cz.
The ANOVA included two within‐subjects factors: Stimulus type (two levels:
standard and deviant) and Electrode (nine levels: F3, Fz, F4, FC1, FCz, FC2, C3,
Cz, C4). Secondly, we tested whether context effects were present for the MMNs
elicited by the small and medium pitch contrasts (i.e., whether the pitch contrast
was influenced by the presence of the phonemic contrasts). This was done by
performing a repeated‐measures ANOVA applied to the mean amplitude at the
frontocentral electrodes with three within‐subjects factors: Context (two levels:
for the small pitch contrast: Pitch‐only Context, Small Pitch + Phonemic
Context; and for the medium pitch contrast: Pitch‐only Context, Medium Pitch +
Phonemic Context), Stimulus type (two levels: standard and deviant) and
Electrode (nine levels). Greenhouse‐Geisser correction for violation of sphericity
assumption was applied when appropriate (Greenhouse & Geisser, 1959).
Results
Prior to making grand averages, we tested whether the number of artifact‐
free trials varied over the different stimuli. However, this was not the case: a
repeated‐measures ANOVA showed that the number of remaining trials (mean =
122 trials across all conditions) did not differ between the stimuli (F(3,33) = 2.72,
p > 0.05). The grand‐averaged difference waveforms at electrode Cz are
presented in Figure 2.2. This figure shows that the phonemic contrasts elicited
large negative differences, whereas the medium and large pitch contrasts
elicited smaller negative differences with apparent shorter peak latencies. The
small pitch contrasts did not elicit any noticeable negative differences.
To answer our first experimental question, we tested whether the contrasts
in each context condition elicited an MMN. In Table 2.2, the peak latency
(measured at Cz) for each contrast in each context condition is shown as well as
the latency of the time windows with the corresponding mean amplitude across
the nine electrodes. Moreover, the F‐values and their significances for the main
effect Stimulus type and the interaction between Stimulus type and Electrode
are presented. In the Small Pitch + Phonemic Context, no peak was found for the
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Figure 2.2. Grand‐averaged difference waveforms (deviant‐standard) at Cz for all contrasts per
context condition in Experiment 1. Negativity is plotted upwards.
Table 2.2. Relevant Time Windows and MMNs per Context Condition (Experiment 1).

Peak
latency
at Cz (ms)

Time
window
(ms)

Amplitude
(μV)

Stimulus
type
F(1,11)

Stimulus type
*Electrode
F(8,88)

No peak
184
168

‐
159‐209
143‐193

‐
‐2.66
‐3.26

‐
F = 24.29***
F = 27.16***

‐
F = 4.21*
F = 3.07

Medium Pitch +
Phonemic Context
Medium pitch
Small phonemic
Large phonemic

150
182
160

125‐175
157‐207
135‐185

‐0.32
‐2.56
‐3.05

F<1
F = 18.12**
F = 36.08***

F<1
F = 1.46
F<1

Pitch‐only Context
Small pitch
Medium pitch
Large pitch

130
128
126

105‐155
103‐153
101‐151

‐0.63
‐0.75
‐1.72

F = 2.81
F = 5.64*
F = 8.89*

F = 1.62
F = 1.28
F = 2.45

Contrasts per
context condition
Small Pitch +
Phonemic Context
Small pitch
Small phonemic
Large phonemic

Results of repeated‐measures ANOVA: * p < 0.05

**

p < 0.01

***

p < 0.001
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small pitch contrast; however, both phonemic deviants elicited very clear MMNs
(Figure 2.2, top row). Given the absence of a peak for the small pitch deviant, no
statistical test was performed for the contrast in this context condition. For the
small phonemic deviant, a significant interaction between Stimulus type and
Electrode emerged. The MMN in this contrast was largest at the electrodes FC1,
FCz, and Cz. For the large phonemic contrast, no significant interaction between
Stimulus type and Electrode was found. In the Medium Pitch + Phonemic
Context, no significant MMN was obtained for the medium pitch contrast,
whereas significant MMNs were found for the small and large phonemic
contrasts (Figure 2.2, middle row). No significant interactions between Stimulus
type and Electrode emerged. In the Pitch‐only Context, only the medium and
large pitch contrasts elicited significant MMNs (Figure 2.2, lower row). No
significant interaction between Stimulus type and Electrode emerged for any of
the pitch contrasts in the Pitch‐only Context.
Secondly, we tested whether the small and medium pitch contrast elicited
different MMNs presented in context with and without phonemic deviants.
However, the small pitch contrast did not elicit any significant MMN in either the
Pitch‐only Context or the Small Pitch + Phonemic Context. Therefore, a context
effect of the MMN was only tested for the medium pitch contrast. The
negativities elicited by this contrast presented in the two different contexts are
displayed in Figure 2.3. A repeated‐measures ANOVA revealed that there was no
significant interaction between Context and Stimulus type (F(1,11) = 1.54, p >
0.05). This indicates that the grand‐averaged difference waveforms of the
medium pitch contrast in the Pitch‐only Context and the same contrast in the
Medium Pitch + Phonemic Context did not differ statistically. For this
comparison, no significant interaction between Context, Stimulus type, and
Electrode emerged (F(8,88) < 1, p > 0.05).
A visual inspection of the ERPs revealed that the negativity elicited by the
medium pitch contrast peaked earlier than the MMNs elicited by the phonemic
contrasts. In the Medium Pitch + Phonemic Context, the medium pitch contrast
elicited a negativity that had a peak latency of 150 ms at electrode Cz, whereas
the small and large phonemic MMNs at electrode Cz peaked at 182 ms and 160
ms, respectively. A peak latency analysis, consisting of a repeated‐measures
ANOVA with Bonferroni correction, confirmed that the medium pitch contrast
differed significantly from the small phonemic contrast (F(1,11) = 11.79, p < 0.05),
but not from the large phonemic contrast (F(1,11) = 2.78, p > 0.05). The peak
latencies of the small and large phonemic contrast did not differ significantly
from each other (F(1,11) = 4.01, p > 0.05). This may indicate that the medium
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pitch difference could be perceived slightly earlier than the small phonemic
difference.

Figure 2.3. Grand‐averaged difference waveforms at Cz for the medium pitch contrast in the
Pitch‐only Context (dashed line) and Medium Pitch + Phonemic Context (solid line) in Experiment
1. Negativity is plotted upwards.

Conclusions
Our experimental question was two‐fold: (a) Is it possible to elicit MMNs to
phonemic and pitch deviants when they are presented in one sequence? (b) Are
the MMNs to pitch deviants influenced by the presence of phonemic deviants in
the same sequence? With respect to our first question, our results reveal that
whereas the small and large phonemic contrasts elicited MMNs, the small and
medium pitch contrasts did not. These results suggest that the phonemic
deviants suppress the detection of differences in pitch, leading to the conclusion
that pitch contrasts in the presence of phonemic deviants are not able to elicit
MMNs. If this is indeed the case, the MMN elicited by a pitch contrast should be
larger when presented in context with pitch deviants than with phonemic
deviants. However, the results relating to our second experimental question
showed that while the medium pitch contrast presented with pitch deviants
elicited a statically significant MMN, this negativity did not differ statistically
from the effect elicited by the same contrast presented in context with
phonemic contrasts. These results suggest that the MMN elicited by the medium
pitch contrast was not influenced by the presence of the phonemic deviants in
the same sequence. Given these contradictory findings, our experimental
questions cannot be answered conclusively. Therefore, we decided to conduct
another experiment to test the possibility that the pitch contrasts in the
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presence of phonemic contrasts did not elicit MMNs simply because the pitch
changes were too small (as suggested by the results in the Pitch‐only Context).
In Experiment 2, we investigated whether the large pitch contrast was able to
elicit an MMN when it was presented in context with phonemic deviants.

Experiment 2
Method
Participants. Twelve native speakers of Dutch (eight female, four male)
with a mean age of 21 years (range 18‐24 years) participated in the experiment.
All participants were selected according to the same criteria as in Experiment 1.
They signed the informed consent in accordance with the Declaration of Helsinki
and were paid for participation.
Stimuli. In this experiment, the standard [i] sounds, large pitch deviant [i],
and small [y] and large [u] phonemic deviants, as described in Experiment 1,
were used.
Design and Procedure. The design and procedure were almost identical to
Experiment 1, except that we tested only one context condition, in which
standard stimuli [i] were presented with the large pitch deviant and the small
and large phonemic deviants ([y] and [u], respectively). This context condition is
called the ‘Large Pitch + Phonemic Context’.
EEG recording and analysis. Recording settings were identical to those used
in Experiment 1. To test whether all three contrasts in this context condition
elicited MMNs, a repeated‐measures ANOVA was applied including two within‐
subjects factors: Stimulus type (two levels: standard and deviant) and Electrode
(nine levels: F3, Fz, F4, FC1, FCz, FC2, C3, Cz, C4). To test whether a context
effect is present for the MMN elicited by the large pitch contrast, the MMN
elicited by this contrast in the Pitch‐only Context from Experiment 1 will be
compared to the MMN of the large pitch contrast elicited in the Large Pitch +
Phonemic Context from Experiment 2 (see Table 2.3). This is tested by means of
a repeated‐measures ANOVA of the mean amplitude at the frontocentral
electrodes, including a between‐subjects factor Context (two levels: Pitch‐only
Context of Experiment 1 and Large Pitch + Phonemic Context of Experiment 2)
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and two within‐subjects factors: Stimulus type (two levels: standard and deviant)
and Electrode (nine levels).
Table 2.3. Large pitch contrast tested in two Context Conditions.

Standard
Context condition
Pitch‐only Context
(Experiment 1)
Large Pitch + Phonemic
Context (Experiment 2)

[i]
[i]

1
[i]
small pitch
[i]
large pitch

Deviants
2
[i]
medium pitch
[y]
small phonemic

3
[i]
large pitch
[u]
large phonemic

Results
A repeated‐measures ANOVA revealed that the number of remaining trials
(mean = 136 trials across all stimuli) did not differ between stimuli (F(3,66) = 1.36,
p > 0.05). The grand‐averaged difference waveforms at electrode Cz are
presented in Figure 2.4. This figure shows that all three contrasts elicited large
negative differences in this context condition. The peak latency of the negative
difference elicited by the large pitch contrast appears to be shorter than the
peak latencies of the effects elicited by the phonemic contrasts.
For the statistical analyses, we first tested whether all three contrasts in the
Large Pitch + Phonemic Context elicited MMNs. The peak latency (measured at
Cz) and the latency of the 50‐ms time window for each contrast in the Large
Pitch + Phonemic Context are shown in Table 2.4, as well as the mean amplitude
across nine electrodes. In addition, the F‐values and their significances of the
main effect Stimulus type, and the interaction between Stimulus type and
Electrode are presented in this table. In the Large Pitch + Phonemic Context, all
contrasts elicited significant MMNs. A significant interaction between Stimulus
type and Electrode was obtained for the small and large phonemic contrasts.
The MMN effect for the small phonemic contrast was largest at electrodes FC1,
FCz, FC2, and Cz. The MMN effect for the large phonemic contrast was largest at
electrodes FC1, FCz, FC2, and Cz.
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Figure 2.4. Grand‐averaged difference waveforms (deviant‐standard) at Cz for all contrasts in the
Large Pitch + Phonemic Context in Experiment 2. Negativity is plotted upwards.

Table 2.4. Relevant Time Windows and MMNs for the Large Pitch + Phonemic Context
(Experiment 2).

Contrasts
Large Pitch +
Phonemic Context
Large pitch
Small phonemic
Large phonemic

Peak
latency
at Cz (ms)

Time
window
(ms)

Amplitude
(μV)

Stimulus
type
F(1,11)

Stimulus type
*Electrode
F(8,88)

132
174
166

107‐157
149‐199
141‐191

‐2.23
‐2.96
‐3.45

F = 39.16***
F = 67.09***
F = 51.47***

F = 2.58
F = 4.28*
F = 5.85**

Results of repeated‐measures ANOVA: * p < 0.05

**

p < 0.01

***

p < 0.001

Secondly, we tested whether there was a context effect for the MMN
elicited by the large pitch contrast. The MMNs elicited by this contrast presented
in the two different contexts are shown in Figure 2.5. A repeated‐measures
ANOVA showed that there was no significant interaction between Context and
Stimulus type (F(1,22) < 1, p > 0.05). This indicated that the MMNs of the large
pitch contrast in the Pitch‐only Context and the one elicited in the Large Pitch +
Phonemic Context did not differ statistically. For this comparison, no significant
interaction emerged between Context, Stimulus type, and Electrode (F(8,176) <
1, p > 0.05).
Moreover, in the Large Pitch + Phonemic Context, the MMN of the large
pitch contrast (132 ms at electrode Cz) seemed to have shorter latency than the
MMNs of the small and large phonemic contrasts (174 ms and 166 ms at
electrode Cz, respectively). A peak latency analysis, consisting of a repeated‐
measures ANOVA with Bonferroni correction, revealed that the MMN of the
large pitch contrast peaked significantly earlier than the small and large
phonemic contrasts (F(1,11) = 25.45, p < 0.001 and F(1,11) = 8.51, p < 0.05,
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respectively). In addition, the latency of the large phonemic MMN was
significantly shorter than the small phonemic MMN (F(1,11) = 11.14, p < 0.05).
This indicates that, in this experiment, the large pitch contrast could be
perceived earlier than both phonemic differences.

Figure 2.5. Grand‐averaged difference waveforms at Cz for the large pitch contrast in the Pitch‐
only Context in Experiment 1 (dashed line) and Large Pitch + Phonemic Context in Experiment 2
(solid line). Negativity is plotted upwards.

General Discussion
The present study focuses on the optimal paradigm to test auditory and
phonemic discrimination by means of a passive task using the MMN in clinical
populations. Such a task may serve as a means of investigating the presence and
nature of the availability problem in clinical populations and whether additional
training needs to be considered in the prevention of reading problems. For time‐
efficiency purposes, it would be beneficial to test different magnitudes of
phonemic changes, as well as a pure acoustic change, simultaneously in one
sequence. Therefore, we first investigated in healthy adults whether both pitch
and phonemic changes were able to elicit MMNs when presented in one
sequence in a passive oddball paradigm. Experiment 1 showed that pitch
changes consisting of differences of approximately two and five semitones were
not able to elicit MMNs when presented in a sequence with two phonemic
deviants. The small and large phonemic contrasts were able to elicit MMNs.
However, Experiment 2 showed that the large pitch change consisting of a
difference of seven semitones was able to elicit an MMN when it was presented
in context with phonemic deviants. Here again, the small and large phonemic
contrasts elicited MMNs. These experiments show that when one pitch and two
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phonemic deviants are presented in one sequence, the phonemic contrasts are
able to elicit MMNs. In contrast, pitch changes in context with phonemic
deviants are only able to elicit MMNs when the difference in pitch is large
enough (in our case seven semitones). If the pitch difference is too small (i.e.,
five semitones or less), no MMN is elicited when presented in the context of
phonemic deviants. Therefore, the most suitable MMN task for testing whether
the availability problem is present in children from clinical populations is the one
in which a large pitch contrast is presented in combination with a small and large
phonemic contrast.
The fact that the smaller pitch changes did not elicit any MMN was an
unexpected finding. Our pre‐test showed that the small and medium pitch
contrasts were discriminable at the behavioral level. Note that the just
noticeable difference (JND) for pitch is usually below 10 cents (cf. Kaernbach &
Schlemmer, 2008). Given that 10 cents are 0.1 semitones, the ‘small’ pitch
deviant of two semitones deviates by 20 JNDs from the standard. A possible
cause of the absence of an observable MMN for the small pitch contrast may be
that not all participants elicited an MMN. Individual data indeed showed that
half of the participants did not show MMNs for the small pitch contrast, whereas
for the large pitch contrast nine out of 12 participants elicited MMNs, which were
also larger in amplitude. This means that a pitch difference, which is clearly
perceivable, does not necessarily elicit an MMN. This is in contrast with what is
often argued, namely, that an MMN arises to any discriminable contrast
(Näätänen, 1995), but is in agreement with the findings by Pettigrew et al.
(2004), as well as what is argued by Bishop (2007), revealing that easily
discriminable changes often do not elicit MMNs. It is striking that there is little
literature about when and why discriminable contrasts do or do not elicit MMNs.
This definitely needs further investigation as it will make the application of the
MMN in (clinical) populations more efficient. Furthermore, there are several
studies that did find observable MMNs to pitch changes that were smaller than
those used in the present study. For example, in the study of Sams et al. (1985),
MMNs were elicited to simple tones with a pitch difference of about a quarter of
a semitone between the standard and deviant stimulus (1000 Hz vs. 1016 Hz,
respectively), while in our study the small difference in pitch contour consisted of
more than two semitones (280 Hz vs. 321 Hz at the beginning to 195 Hz vs.
223 Hz at the end). The difference between the Sams et al. study and ours is that
the stimuli used in the present study consisted of naturally produced phonemes
containing a moving contour instead of a steady‐state tone. Possibly, stimuli
containing moving contours are less able to elicit MMNs, especially when small
pitch contrasts are used. Future research is warranted.
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Our second experimental question related to whether the MMNs to pitch
changes were influenced by the presence of phonemic deviants. This was
investigated by comparing the MMN to pitch change in context with phonemic
deviants with the MMN to the same pitch change in context with pitch deviants
only. In Experiment 1, the small pitch contrast did not elicit an MMN; therefore,
the context effect was only tested for the MMN elicited by the medium pitch
contrast. This MMN showed no context effect: the MMN by the medium pitch
contrast in context with pitch deviants only did not differ statistically from the
negativity elicited by the same contrast when it was presented together with
phonemic deviants. However, the negativity itself was only statistically
significant when it was presented together with pitch deviants and not when it
was presented with phonemic deviants. These two findings were conflicting.
Therefore, the issue was further investigated in Experiment 2. This experiment
showed that the large pitch contrast elicited statistically significant MMNs both
in context with phonemic deviants and in context with pitch deviants only. These
MMNs, in turn, did not differ from each other. Thus, for the large pitch change,
no context effect of the MMN was present. Based on these results we can
conclude that the ‘less meaningful’ pitch contrasts are not suppressed by the
presence of the ‘more meaningful’ phonemic deviants in the same sequence.
This is in accordance with earlier studies, revealing that the presence of multiple
deviants does not influence the MMNs to meaningless stimuli in a passive
oddball paradigm (Deacon et al., 1998; Grimm & Schröger, 2007; Molholm et al.,
2004; Näätänen et al., 2004) or to meaningful stimuli in an active distraction
paradigm (Grimm et al., 2008). According to our results, these findings can be
extended to the MMNs to meaningful stimuli when a passive oddball paradigm is
used. However, the absence of a context effect of the MMN only stands when
the acoustic difference is relatively large. In contrast to the studies mentioned
above, our results seem to indicate that pitch changes can be (subtly) affected
by the presence of phonemic changes: the medium pitch contrast only elicited a
statistically significant MMN when it was presented with other pitch deviants
and not when it was presented with phonemic deviants. This subtle influence
disappeared for the large pitch contrast that elicited MMNs in both contexts. It
seems that the larger the pitch contrast, the smaller the context effect.
It should be mentioned that the negativities elicited by the pitch contrasts
had shorter latencies than the MMNs elicited by the phonemic contrasts. This
has also been found in a study by Maurer et al. (2003) where pitch differences
(1000 Hz vs. 1030 Hz and 1060 Hz) elicited MMNs with shorter peak latencies
than phonemic contrasts (/ba/ vs. /ta/ and /da/), although this was not tested
statistically. However, Corbera et al. (2006) found the reversed pattern: their
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frequency contrast (500 Hz vs. 550 Hz) elicited MMNs with longer latencies than
their phonemic contrast (/o/ vs. /e/). Apparently, in our study, the differences in
pitch could be perceived slightly earlier in time than the differences between the
phonemes. Owing to the shorter latency of the pitch MMNs and the fact that we
did not compare the ERPs of physically identical pitch stimuli to compute the
pitch MMNs, an overlap with increased N1 amplitudes may have occurred. This is
a result of the N1, which reflects acoustic characteristics of the sounds, being
diminished when a stimulus is presented more often (i.e., to standard stimuli)
compared to when the stimulus is presented occasionally (deviant stimuli).
However, any overlap between N1 and MMN should not affect our results
concerning context effects of the pitch MMNs. Consider that the critical
comparison used to determine context effects of the pitch MMNs involves
identical contrasts (i.e., the ERP of the same pitch deviant minus the standard
stimulus) in either pitch‐only or phonemic deviant context. This means (a) that a
potential overlap between MMN and N1 would be identical across contexts, and
(b) that the increased N1 effect between the contexts remains constant. This
rules out the possibility that the context effects were modulated by the
differential N1 effects.
Our findings indicate that auditory and phonemic discrimination abilities
may be efficiently assessed at a neurophysiological level in clinical populations
by measuring MMNs in a passive oddball paradigm with pitch and phonemic
contrasts presented in one sequence. Using this paradigm, in a relatively short
task (20 minutes), information can be obtained about whether clinical groups
suffer from a deficit in phonemic discrimination and if this is caused by a general
auditory deficit or a more specialized deficit related to phonemic processing.
However, our results show that a necessary prerequisite for using such a multi‐
deviant paradigm is to use an acoustic change that is clearly perceptual in
nature. Future research into the most advantageous acoustic changes will
contribute a final piece to the puzzle called ‘the optimal paradigm’ for
neuropsychological assessment of auditory and phonemic perception abilities in
clinical populations.
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Chapter 3 Task‐related influences on neurophysiological
assessment of auditory rhyme: implications for clinical studies*

Abstract
Objective: The present study investigated whether implicit rhyme detection, as a precursor of
phonological awareness, can be assessed using a passive ERP paradigm.
Methods: Pseudoword pairs were presented to healthy adults while their EEG was recorded.
Participants were either instructed to (a) indicate by means of a button press after each
pseudoword pair whether the words rhymed or not (active paradigm) or (b) ignore the speech
stimuli (passive paradigm).
Results: In the active rhyme paradigm, a typical phonological N400 effect was elicited with non‐
rhyming targets showing more negative ERPs at posterior sites during 400 to 600 ms compared to
rhyming targets. In the passive paradigm, an anterior positive effect was elicited for non‐rhyming
targets during 350‐750 ms compared to rhyming targets.
Conclusions: Auditory rhyme processing can be studied at the group level by a passive
neurophysiological measurement. In such a test, one should focus on the anterior positivity, which
seems to reflect automatic rhyme detection. Future research is needed to make this task more
reliable for studying rhyme detection at the individual level.
Significance: A passive ERP measurement of implicit phonological processing could possibly
function as an indicator of future success in learning to read in children from clinical populations.

*

This chapter is a slightly modified version of: Davids, N., Van den Brink, D., Van
Turennout, M., & Verhoeven, L. (under review). Task‐related influences on
neurophysiological assessment of auditory rhyme: implications for clinical studies.
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Introduction
In many societies being literate is of crucial importance. After children are
taught how to read, they gain more knowledge by means of primarily written
materials. To prevent children who experience difficulties in learning to read
from lagging behind in the development of other cognitive skills, it is crucial that
reading problems are detected as early as possible. In children, success in
learning to read is strongly predictable by the ability of being aware of the
sounds of a language by recognizing, identifying, or manipulating them, referred
to as phonological awareness (Bradley & Bryant, 1983; Bryant et al., 1990; Hoien
et al., 1995; Schneider et al., 1997; Wagner & Torgesen, 1987). The present study
focuses on determining an optimal test to assess whether a precursor of
phonological awareness, namely implicit rhyme detection, is developed
adequately in preschool children from clinical populations.
There are several skill levels of phonological awareness. It ranges from a
lower level of implicit awareness of large units such as words or syllables to
higher levels of awareness of the smallest units of a language, i.e., phonemes
(for an overview see Adams, 1990; Anthony & Francis, 2005; Ziegler & Goswami,
2005). The lower levels of phonological awareness can be seen as part of normal
language development, while the higher levels of phonological awareness
normally develop alongside explicit reading instruction (Gombert, 1992). One
lower level form of phonological awareness is rhyme awareness. During normal
language acquisition, most children develop rhyme awareness automatically,
without explicit instruction, in their preschool years. Bradley and Bryant (1983)
showed that awareness of rhyme and alliteration in four‐ and five‐year‐old
children, not yet able to read, correlated with their reading abilities more than
three years later. Moreover, poor performers on a phonological overlap task
were shown to improve their reading skills after they were trained on detecting a
phonological overlap between words. These results indicate that rhyme
awareness can serve as a predictor for later success in learning to read in children
who have not yet received reading instruction and who might be at risk of
developing reading problems.
In children from clinical populations, rhyme awareness has previously
predominantly been tested by means of overt behavioral tasks. Most commonly
used are tasks in which children have to produce a rhyming word in response to a
specific word, or have to judge whether two words rhyme. However, children
from clinical populations who are at risk for developing reading problems may
experience difficulties in understanding the instruction of the task, giving a
motor or verbal response, and be attentive and motivated. Therefore, scores on
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an overt phonological task may differ from those on a task in which phonological
skills are tested implicitly (see also Desroches, Joanisse, & Robertson, 2006).
Thus, in order to assess rhyme processing adequately in clinical populations, it
appears essential to develop a rhyme test that involves a passive paradigm,
which does not require a response, instruction, or attention/motivation. In such a
test, implicit rhyme detection is assessed, which can be seen as a precursor of
explicit rhyme awareness (e.g., Ziegler & Goswami, 2005). A passive rhyme
detection test may be used as a diagnostic tool to assess whether implicit
phonological processing is adequately developed in children and whether they,
therefore, might be at risk for developing problems in acquiring reading skills.
A suitable method for studying cognitive processes by means of a passive
paradigm is the recording of event‐related potentials (ERPs). An ERP is the mean
brain activity (measured in microvolt) as a reaction to an event, such as a visual
or auditory stimulus. A number of studies have used the ERP technique to
investigate rhyme recognition in the context of an active task. When participants
make rhyme judgments, non‐rhyming word pairs elicit more negative ERPs at
posterior sites than rhyming word pairs (Barrett & Rugg, 1990; Rugg, 1984a,
1984b; Rugg & Barrett, 1987; Sanquist et al., 1980). This effect is called the
phonological N400 effect, sometimes also referred to as the N450 effect, and
can be elicited in both the visual and auditory modality (Coch et al., 2002; Coch
et al., 2005; Coch, Hart, & Mitra, 2007; Perez‐Abalo, Rodriguez, Bobes,
Gutierrez, & Valdes‐Sosa, 1994). The phonological N400 effect has been shown
to be elicited by pictures, words, non‐words, as well as pseudowords. Coch et al.
(2002; 2005) showed that the auditory phonological N400 effect can also be
elicited in children (6‐8 years old), while they are making rhyme judgments
about words and pseudowords. Adults and children were shown not to differ in
peak latency, amplitude, and distribution of the phonological N400 effect, but
only in onset latency of the effect. In children, the effect started about 60‐180 ms
later than in adults.
Interestingly, in the Coch et al. (2005) study, in addition to the posterior
phonological N400 effect a longer‐lasting reversal of this effect was found at
anterior sites in the 300 to 900 ms latency window. At fronto‐temporal and
temporal lateral sites non‐rhyming pseudoword targets elicited more positive
ERPs than rhyming pseudoword targets. This effect was, like the phonological
N400 effect, present in both adults and children. In another study by Coch et al.
(2002), using real word pairs, a similar anterior effect ranging from 200‐700 ms
was found in children and adults at left electrode sites. Lateralization of the
positive effect might be attributed to the semantic content of the stimuli (Coch
et al., 2005). This anterior temporal positivity in combination with the typical
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phonological N400 effect has also been found by Khateb et al. (2007) in an active
visual rhyme paradigm using real word pairs. Using a spatio‐temporal analysis,
Khateb et al. showed that the anterior positivity and the posterior phonological
N400 effect are distinct cerebral responses that involve different cognitive
processes. However, it remains unclear what functional interpretation can be
assigned to the two effects. The anterior positive effect has also been observed
in combination with the phonological N400 effect in two other studies using an
active visual rhyme paradigm and a lexical decision task, but in these studies the
anterior effect did not reach significance (Dumay et al., 2001; Grossi, Coch,
Coffey‐Corina, Holcomb, & Neville, 2001). To summarize, active ERP rhyme
paradigms elicit effects with different polarities at anterior and posterior sites.
These two effects may represent two different cognitive processes, which
remain to be specified.
However, these studies all investigated explicit rhyme awareness. Of
interest is possible assessment of implicit rhyme detection by means of ERPs.
One study by Perrin and García‐Larrea (2003) investigated whether a passive
ERP paradigm for studying auditory rhyme can elicit a phonological N400 effect.
In their study, healthy adults had to perform an active and a passive rhyme task,
and an active semantic categorization task. In the passive rhyme task,
participants were asked to merely attentively listen to spoken words. In the
active rhyme and semantic categorization task, participants were instructed to
indicate by means of a button press either whether word pairs rhymed or not, or
whether words were semantically related or not. Similar to the abovementioned
studies, in the active rhyme task a phonological N400 effect was present, which
was absent in both the passive rhyme task and active semantic task. This led
them to conclude that elicitation of the phonological N400 effect is not
automatic in all contexts, but only when phonological processing is relevant for
execution of the task. Other studies showed that the phonological N400 effect
can also be elicited when participants are not explicitly attending to whether
words rhyme or not, but when they are performing an auditory lexical decision
task (Dumay et al., 2001; Praamstra et al., 1994; Praamstra & Stegeman, 1993).
In the Praamstra et al. studies (1993; 1994), healthy adults listened to word pairs
which consisted of a prime and a target. The prime was always a word, and the
target could be a rhyming or non‐rhyming word or non‐word. Participants had to
indicate whether the target stimulus existed or not. A phonological N400 effect
was found with the non‐rhyming condition eliciting more negative ERPs when
the target was a word, but not in the case of a non‐word. The authors attributed
the absence of a phonological N400 effect in non‐words to their non‐words
beginning with phonotactically illegal consonant clusters, suggesting that the
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processing of the non‐word targets was terminated before rhyme effects were
initiated. To conclude, it appears that the phonological N400 effect cannot be
elicited in a passive rhyme paradigm. Alternatively, there are also indications
that attention to rhyme is not mandatory in eliciting the phonological N400
effect.
In the present study, we investigated in more detail whether implicit rhyme
processing can be tested by means of a passive ERP paradigm. Healthy adults
were presented with auditory rhyming and non‐rhyming pseudoword pairs while
ERPs were being recorded. Effects we focused on were the posterior
phonological N400 effect and the anterior positive effect. Pseudowords were
used, which lack semantic content, to avoid N400‐like effects related to
semantic processing. The experiment was split into two parts: one containing an
active paradigm, one a passive paradigm. In the passive paradigm, which always
preceded the active task, participants were instructed to ignore the speech
stimuli while they were shown animal pictures. In the active paradigm,
participants were asked to indicate by means of a button press whether
pseudowords rhymed or not. If both paradigms elicit reliable ERP effects (a
posterior phonological N400 effect and/or an anterior positive effect), such a
passive task could potentially be used as a diagnostic tool to assess whether or
not implicit phonological processing is affected in young children from clinical
populations.
Method
Participants
Sixteen native speakers of Dutch with a mean age of 22 years (range 18‐29
years; 12 female) were tested on both the active and the passive paradigms.
Because of the possibility of smaller effects in the passive paradigm, due to a
distraction of attention, 16 additional participants were tested resulting in a total
of 32 participants in the passive paradigm with a mean age of 21 years (range 18‐
29 years; 24 female). All participants were right‐handed based on an adapted
version of the questionnaire by Oldfield (1971) and did not have any language,
hearing, or neurological disorders. They signed an informed consent in
accordance with the Declaration of Helsinki. Participants were paid for
participation.
Stimuli
Stimuli included 120 targets and 120 primes. All stimuli were monosyllabic
pseudowords which were phonologically and orthographically legal words
without semantic content. Two experimental lists were constructed. Each list
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contained 60 rhyming and 60 non‐rhyming prime‐target pairs. Targets preceded
by a rhyming prime in list I were preceded by a non‐rhyming prime in list II and
vice versa. Non‐rhyming pseudoword pairs (e.g., /baːf/‐/jɑup/) were constructed
by combining the prime and target from two different rhyming word pairs (e.g.,
/baːf/‐/faːf/ and /ʋɑup/‐/jɑup/; see Appendix for stimulus list). The two lists were
counterbalanced across participants. Since the experiment was split into two
parts, using a passive and active paradigm, 30 rhyming and 30 non‐rhyming
pseudoword pairs were presented in each paradigm.
Stimuli were spoken by a female Dutch native speaker and digitally
recorded (44.1 kHz, mono) in a sound attenuated room using a Sennheiser ME62
microphone connected to a Dell D610 latitude laptop running Sony Sound Forge,
a sound recording program. After recording, each stimulus was edited for
precise onset and offset using a speech waveform editor (Praat, version 4.5.12).
Primes and targets had a mean duration of 711 ms (SD = 126) and 725 ms (SD =
130), respectively. An independent samples t‐test showed that the duration of
the targets in the two lists did not significantly differ from one other (t(59) = ‐
1.91, p > .05). The stimuli were presented at a comfortable listening level, around
65 dB.
Design and Procedure
Since the focus of the present study was to determine an optimal paradigm
for studying rhyme detection in children, the design was optimized to be used
with children. Therefore, animal pictures were shown during the presentation of
the pseudowords, which were presented by Monitor Audio speakers.
Participants were tested individually while seated in front of a computer screen
in a soundproof, electrically shielded room. A trial started with an animal picture
that stayed on the screen for 5200 ms (see Figure 3.1). Care was taken that
names of the animals lacked phonological similarity with the pseudowords. A
total of 120 animal pictures were used and each picture was presented only
once. 2000 ms after picture onset a word pair was presented with an SOA of
1200 ms between prime and target. The inter‐trial‐interval was 2800 ms. The
experiment (passive and active paradigm together) consisted of four blocks and
the order of the blocks was counterbalanced between participants. The passive
paradigm was presented during the first two blocks and the active paradigm
during the last two blocks. Each block contained 30 trials (15 rhyming and 15
non‐rhyming trials). The trials were presented in a pseudo‐random order, with a
maximum of three consecutive trials of the same (rhyming/non‐rhyming)
condition. Between the blocks, participants had a short break. Before starting
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with the experiment, a practice block consisting of five trials was presented. The
total duration of each paradigm (passive and active) was 10 minutes.
In the passive paradigm, participants were asked to watch the animal
pictures and to ignore the speech stimuli. In the active paradigm, participants
were instructed to watch the animal pictures and to judge after each
pseudoword pair whether the pseudowords rhymed or not by means of a button
press with their left and right index finger. The assignment of (non‐)rhyme
button to response hand was counterbalanced across participants. In both the
passive and active paradigm, participants were asked to blink as little as possible
during presentation of the animal picture. During the short practice block
participants could familiarize themselves with the task and the non‐blink
instruction.

Figure 3.1. Schematic lay out of a trial. A trial started with the presentation of an animal picture
that stayed on the screen for 5200 ms. A prime word was presented 2000 ms after trial onset. A
target word was presented 1200 ms after prime word onset. The total duration of the trial was
8000 ms.

EEG recording
The EEG was recorded from 24 active electrodes using the Acticap system
with Ag/AgCl electrodes (Brain Products, Gilching, Germany). Electrodes were
placed on standard electrode sites (F7, F3, Fz, F4, F8, FC5, FC1, FCz, FC2, FC6,
C3, Cz, C4, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, O2). Each electrode was
referred to an electrode placed at the tip of the nose. Furthermore, electrodes
were placed at the left and right mastoid to re‐reference the signal for offline
analysis. To monitor vertical eye movements, electrodes were placed beneath
and above the left eye. Horizontal eye movements were monitored by
electrodes placed on the left and right external canthi.
Signals were amplified with BrainAmp DC amplifiers, using a band pass
filter from 0.016 to 200 Hz and a sample rate of 500 Hz. Impedances were kept
below 20 kΩ for all electrodes, which is a standard setting for active electrodes.
The EEG and EOG were recorded and digitized using Brain Vision Recorder
software (1.03, Brain Products, Gilching, Germany).
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Data analysis
EEG‐data were re‐referenced to the average of the left and right mastoid
and filtered with a low pass filter of 30 Hz. The signal was segmented in time
windows from 200 ms before target onset to 1000 ms after target onset and
baseline corrected relative to a 150‐ms pre‐stimulus interval. Segments with
artifacts exceeding ±75 μV in any channel were rejected for further analysis.
Remaining segments were averaged for each condition and each participant. In
the active paradigm, only segments were analyzed which participants had
responded correctly to. The EEG signals were analyzed using Brain Vision
Analyzer software (1.05.0002, Brain Products, Gilching, Germany).
To test for the presence of ERP effects, an omnibus repeated‐measures
analysis of variance (ANOVA) was applied to the mean amplitude in a time
window based on visual inspection with three within‐subjects factors: Rhyme
(two levels: rhyming, non‐rhyming), Hemisphere (two levels: left, right), and
Anteriority (two levels: anterior, posterior). Within each electrode cluster, the
following electrodes were present: left anterior (F3, F7, FC1, FC5, C3), right
anterior (F4, F8, FC2, FC6, C4), left posterior (CP1, CP5, P3, P7, O1), and right
posterior (CP2, CP6, P4, P8, O2). The ANOVAs for the active and passive
paradigm were performed separately. For the passive paradigm, analyses are
reported for the groups of 16 and 32 participants. Greenhouse‐Geisser correction
for violation of sphericity assumption was applied when appropriate
(Greenhouse & Geisser, 1959).
Results
In the active paradigm, the mean correct response was 29.1 trials for
rhyming pseudoword pairs (= 96.9%) and 29.8 for non‐rhyming pseudoword
pairs (= 99.4%). A paired samples t‐test showed that this difference was
significant (t(15) = ‐3.00, p < .01). For this paradigm, after artifact rejection, on
average, 22.0 and 23.3 trials were included for analysis in the rhyming and non‐
rhyming condition, respectively (out of 30 trials that were presented per
condition). In the passive paradigm, for the group of 16 participants, after
artifact rejection, on average, 24.4 and 24.3 trials were included for analysis in
the rhyming and non‐rhyming condition, respectively. For the group of 32
participants on the passive paradigm, on average, 26.0 and 25.9 trials were
included for analysis in the rhyming and non‐rhyming condition after artifact
rejection.
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Visual inspection of the data
Grand averaged ERPs for the targets in the active paradigm (16
participants) and passive paradigm (32 participants) are presented in Figure 3.2
and 3.3, respectively. Figure 3.2A shows that, in the active paradigm, ERPs of the
non‐rhyming targets were more negative than the ERPs of the rhyming targets
in a time window of 400 to 600 ms, peaking around 460 ms. Figure 3.2B shows
the topographical distribution of this effect based on a difference waveform
(ERPs of non‐rhyming targets minus rhyming targets). The difference between
the ERPs of the rhyming and non‐rhyming condition appears to be
symmetrically distributed maximizing over medial centro‐parietal and parietal
electrodes. Figure 3.3A shows that, in the passive paradigm including 32
participants, the non‐rhyming targets elicited slightly more positive ERPs
compared to the rhyming targets. This difference between the ERPs seems to
last from 350‐750 ms and the topographical map shows that the effect is
maximal over frontal and fronto‐central electrodes (Figure 3.3B).
Statistical analysis
In the active paradigm, the omnibus ANOVA revealed a significant main
effect of Rhyme in the time window of 400‐600 ms (F(1,15) = 6.50, p < .05,
corresponding to an effect of ‐1.5 μV). The ERPs of the non‐rhyming targets
were significantly more negative than the ERPs of the rhyming targets. Whereas
there was no significant interaction effect between Rhyme and Hemisphere
(F(1,15) < 1, p > .05), a marginally significant interaction effect between Rhyme
and Anteriority was present (F(1,15) = 4.43, p = .053). An ANOVA performed only
at the anterior electrode clusters (electrodes F3, F4, F7, F8, FC1, FC2, FC5, FC6,
C3, C4) did not show a significant main effect of Rhyme (F(1,15) = 1.10, p > .05,
corresponding to a difference of ‐0.8 μV). An ANOVA performed at the posterior
electrode clusters (electrodes CP1, CP2, CP5, CP6, P3, P4, P7, P8, O1, O2)
confirmed the significant main effect of Rhyme (F(1,15) = 23.43, p < .001,
corresponding to an effect of ‐2.1 μV). These analyses show that, in the active
paradigm, ERPs of the non‐rhyming targets were more negative than the ERPs
of the rhyming targets at posterior sites. Figure 3.4A shows that this negative
effect at the posterior electrode clusters was present in most of the participants.
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Figure 3.2. (A) Grand averaged ERPs for rhyming (solid line) and non‐rhyming (dashed line) target pseudowords in the active paradigm.
Negative is plotted up. (B) Topographical map for the mean amplitude during a 400‐600 ms time window based on a difference waveform.
The difference waveform was created by subtracting the ERP of the rhyming condition from the ERP of the non‐rhyming condition.
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Figure 3.3. (A) Grand averaged ERPs for rhyming (solid line) and non‐rhyming (dashed line) target pseudowords in the passive paradigm
(including 32 participants). Negative is plotted up. (B) Topographical map for the mean amplitude during a 350‐750 ms time window based on
a difference waveform. The difference waveform was created by subtracting the ERP of the rhyming condition from the ERP of the non‐
rhyming condition.
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In the passive paradigm, for the group consisting of 16 participants that
were also tested in the active paradigm, the omnibus ANOVA in the time
window from 350‐750 ms revealed no significant main effect of Rhyme (F(1,15) <
1, p > .05, corresponding to a difference of 0.4 μV), but a significant interaction
between Rhyme and Anteriority (F(1,15) = 19.11, p < .01). There was no
significant interaction effect between Rhyme and Hemisphere (F(1,15) < 1, p >
.05). An ANOVA applied to the anterior electrode clusters showed a marginally
significant main effect of Rhyme (F(1,15) = 4.04, p = .063, corresponding to an
effect of 1.1 μV). No significant main effect of Rhyme was found for the ANOVA
applied to the posterior electrode clusters (F(1,15) < 1, p > .05, corresponding to a
difference of ‐0.3 μV). This shows that, in the passive paradigm, there was a
trend for the ERPs of the non‐rhyming targets being more positive compared to
the ERPs of the rhyming targets at anterior sites. The omnibus ANOVA for the
group of 32 participants in the passive paradigm (when having added the
additional 16 participants), revealed, again, no significant main effect of Rhyme
(F(1,31) < 1, p > .05, corresponding to a difference of 0.2 μV) during the time
window 350‐750 ms, but a significant interaction between Rhyme and
Anteriority (F(1,31) = 23.07, p < .001). No significant interaction effect between
Rhyme and Hemisphere was found (F(1,31) = 2.36, p > .05). An ANOVA applied to
the anterior electrode clusters revealed a significant main effect of Rhyme
(F(1,31) = 5.12, p < .05, corresponding to an effect of 0.9 μV), whereas the
ANOVA applied to the posterior electrode clusters did not show a significant
main effect of Rhyme (F(1,31) = 1.42, p > .05, corresponding to a difference of 0.5
μV). This indicates that, when 32 participants were included in the analysis of the
passive paradigm, the ERPs of the non‐rhyming targets were more positive
compared to the ERPs of the rhyming targets at anterior sites. This positive
effect at the anterior electrode clusters was present in about two third of the
participants (see Figure 3.4B).
Discussion
The goal of the present study was to investigate whether rhyme detection can
be assessed by means of a passive ERP paradigm that does not require a
response, attention/motivation, or instruction. If a passive rhyme paradigm is
able to elicit reliable ERP effects, then such a test has potential to be used as a
tool to study whether implicit phonological processing, as a precursor of
phonological awareness, is developed adequately in children from clinical
populations. The outcome of such a test could serve as an indicator of future
success in learning to read. To investigate this, we presented auditory rhyming
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Figure 3.4. (A) Scatterplot representing the mean amplitude difference (non‐rhyming condition
minus rhyming condition) averaged across 10 posterior electrodes from 400 to 600 ms per
participant in the active paradigm. (B) Scatterplot representing the mean amplitude difference
(non‐rhyming condition minus rhyming condition) averaged across 10 anterior electrodes from 350
to 750 ms per participant in the passive paradigm.

and non‐rhyming pseudoword pairs to healthy adults in two different paradigms.
In the active paradigm, participants were instructed to indicate after each word
pair by means of a button press whether the pseudowords rhymed or not. In the
passive paradigm, participants were instructed to pay attention to animal
pictures and ignore the speech stimuli.
The results revealed that in the active rhyme paradigm the typical
phonological N400 effect was elicited: a symmetrically distributed effect at
medial centro‐parietal and parietal sites ranging from 400 to 600 ms, with non‐
rhyming targets being more negative than rhyming targets (see Figure 3.2). This
effect is similar to rhyme effects found in other studies (Coch et al., 2002; Coch
et al., 2005; Coch et al., 2007). In the passive rhyme paradigm, no posterior
phonological N400 effect was obtained, but instead a long lasting, reversed
effect at frontal and fronto‐central sites was obtained ranging from 350 to 750
ms: non‐rhyming targets elicited more positive ERPs than rhyming targets
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(Figure 3.3). When 16 participants were included in the analysis, a trend was
revealed for this effect and it reached significance when 32 participants were
included. The effect is reminiscent of anterior positive effects observed in
previous active rhyme and lexical decision studies (Coch et al., 2002; Coch et al.,
2005; Dumay et al., 2001; Grossi et al., 2001; Khateb et al., 2007). The finding of
an ERP effect in our passive rhyme paradigm seems to indicate that implicit
detection of auditory rhyming words is an automatic process, as has been
suggested by a number of ERP studies (Dumay et al., 2001; Praamstra et al.,
1994; Praamstra & Stegeman, 1993).
As mentioned in the introduction, Khateb et al. (2007) showed that the
anterior positive effect and the posterior phonological N400 effect elicited in an
ERP rhyme paradigm are the result of different underlying neural generators.
However, the functional interpretation of the two ERP effects were not
specified. Our results provide evidence for the functional distinction between the
posterior and anterior effects, with modulation of attention appearing to be a
factor in the elicitation of these ERP effects. Whereas the typical phonological
N400 effect is elicited by processes involved in attending to and actively
processing the phonological features of the words and making explicit
judgments and responses, the smaller but longer‐lasting anterior positive effect
seems to be elicited by processes involved in implicit automatic detection of
phonological overlap between (pseudo)words without making explicit
judgments or responses. It can tentatively be concluded that the phonological
N400 effect reflects explicit phonological processing and awareness, which has
been found to be impaired in children with reading difficulties (Bradley & Bryant,
1983; Bryant et al., 1990; Hoien et al., 1995; Schneider et al., 1997; Wagner &
Torgesen, 1987). In a similar vein, the anterior positivity may reflect a pre‐
attentive and implicit form of phonological processing, which can be seen as a
precursor of the explicit form of phonological awareness (e.g., Ziegler &
Goswami, 2005). Whether this implicit form of phonological processing is also
affected in children with reading problems is still open to future research.
Note, however, that the anterior positivity that was found (in combination
with the posterior phonological N400 effect) in previous studies was elicited in
active rhyme paradigms rather than passive paradigms. Surprisingly, except for
the typical phonological N400 effect at posterior sites, no additional anterior
positive effect was obtained in our active rhyme paradigm. One possible reason
for this is that since the anterior positivity in the passive paradigm was found to
be smaller in amplitude than the posterior phonological N400 effect, the number
of trials in the active paradigm may have been insufficient to detect the effect.
Another possibility is that the anterior effect is also elicited in the active
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paradigm, but is not observable because it overlaps with the larger posterior
phonological N400 effect, which is reversed in polarity.
Our results obtained in the passive rhyme paradigm are in contrast with the
results of Perrin and García‐Larrea’s study (2003). In their passive rhyme task no
ERP effects were found. One explanation for the different results may be the
fact that they used real words, whereas we employed pseudowords. Despite that
Perrin and García‐Larrea attempted to control for semantic relation between the
words, it might, nevertheless, have influenced the results. A second possibility
for their lack of a positive anterior effect relates to their statistical analyses being
restricted to the midline electrodes, because they hypothesized finding a
phonological N400 effect that would be maximal over midline electrodes. Since
the ERP waveforms of the current study, as well as results from studies by
Khateb et al. (2007) and Coch et al. (2002; 2005), suggested that the anterior
positivity was largest at lateral electrodes, Perrin and García‐Larrea may have
overlooked the effect. A third potential explanation relates to their arguably
small sample size (n=10). Our data showed that whereas a significant anterior
positivity was elicited in a group of 32 participants, only a trend for the positive
anterior effect could be observed in a group of 16 participants. Therefore, it
seems probable that the sample size of 10 participants in the study of Perrin and
García‐Larrea (2003) may not have been sufficient to detect the passive rhyme
effect that we observed.
Our results show that auditory rhyme processing can be tested at a group
level (using a relatively large sample size) by means of a passive ERP paradigm in
which no response, instruction, motivation, and attention is required to the
auditory stimuli. In such a paradigm, one should focus on a positivity at anterior
sites for non‐rhyming targets compared to rhyming targets. In order to
determine whether this neurophysiological task could also serve as an indicator
whether implicit phonological processing is developed adequately in clinical
individuals, it is of high importance that the anterior positive effect can be
distinguished at the individual level. In contrast to the phonological N400 effect
elicited in the active paradigm, which could be observed in almost all 16
participants (see Figure 3.4A), the anterior positivity elicited in the passive
paradigm, that was significant when a large sample size was tested, could only
be observed reliably in about one third of the participants (Figure 3.4B). The
latter finding reveals that whereas our passive neurophysiological task of
auditory rhyme detection can successfully elicit an ERP effect at the group adult
level, the current version of our task does not appear suitable to serve as a
possible indicator of success in acquiring reading skills at the individual level.
However, it should be mentioned that in the current version of our task only 30
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experimental trials per condition were included. Including more trials may
increase the amplitude of the effect as well as the signal‐to‐noise ratio, which
could result in the effect becoming more reliable at the individual level. Future
research is necessary to determine this.
With an eye on clinical application, it can be concluded that rhyme
processing by means of a passive ERP rhyme paradigm can be assessed at a
group level, when a large sample size is included, resulting in an anterior
positivity for non‐rhyming compared to rhyming targets in adults. This effect
seems to reflect the automatic detection of phonological overlap between
words. Future research is needed to ascertain whether the passive ERP paradigm
can be employed as a tool to assess implicit rhyme detection at the individual
level in clinical child populations.
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Appendix: stimulus list.

prime word
list I
list II
bɪsk
mƐmp
fiˑk
deːm
lƐix
ryp
traːl
slɑmp
lɔpt
mɑrp
nƐits flƐƞ
lyx
jɑus
rɔlp
hœrm
kuft
mØːls
xœxt lƐrx
jœnt
nɑsk
fœx
jƐm
toːk
ʋœys
mœkt jɑlk
ryp
riˑx
slɑmp plœrs
nɑsk
nƐlp
ʋœys baːf
deːm lƐix
riˑx
seːt
knɪf
brœp
pƐft
rɪms
nɔƞx
jɪx
klɔx
naːls
ʋƐps
pɔlt
kœym leːl
plœrs proːnt
snaːs
trƐlf
liˑkt
joːmp
mƐmp bɪsk
proːnt traːl
ʋrɔt
knɪf

target word
list I + II
bƐmp
biˑk
bƐix
blaːl
blɑrp
blƐits
bɑus
bœrm
dØːls
drœxt
drœnt
dœx
dœys
dœkt
dyp
dʋɑmp
dʋɑsk
faːf
feːm
fiˑx
fɪf
fɪms
flɔƞ
fraːls
frɔlt
fœym
fœrs
xƐlf
xiˑkt
xɪsk
xloːnt
xlɔt
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kaːt
hyk
skƐk
trƐlf
pɑx
lɑlp
blØːt
ʋɑup
drɑl
tœyp
dyt
sØːn
hɑrf
leːl
seːt
nɪt
sƐift
baːf
pɑut
jƐm
flƐƞ
jɑus
ʋɪƞx
niˑl
drɔmp
hum
foːl
lƐrx
heːrp
joːmp
raːx
kɑƞx
doːns
peːk
ʋeːp
tiˑxt
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dup
ʋoːs
drɑl
knœrn
nɪt
mœkt
xrƐsk
jiˑt
klɔx
fiˑk
peːk
kaːt
hƐnt
dyt
tœyp
dœk
doːns
ʋɑup
raːx
fœx
ʋrɔt
sØːn
rɑn
meːx
xlaːrn
mys
miˑf
jœnt
tiˑxt
hiˑms
pɑut
ʋœt
bysk
fƐip
xoːn
rɑuts

xup
xoːs
xrɑl
xœrn
hɑx
hɑlp
hØːt
hiˑt
hɔx
hœyp
hyt
jaːt
jɑrf
jeːl
jeːt
jɪt
joːns
jɑup
kaːx
kƐm
kƐƞx
kØːn
klɑn
kleːx
knaːrn
krum
kroːl
kʋƐrƔ
leːrp
loːmp
lɑut
lœt
lysk
meːk
meːp
miˑxt

fØːks
bɔƞxs
rƐf
jɑlk
sɔr
hœrm
hƐnt
xoːn
rɑuts
xrƐsk
hiˑms
naːls
xɔl
jeːf
kyl
smɪl
ʋoːs
tœns
dɪsp
bysk
xɪlf
ʋœt
broːlt
mɪft
fɔm
praːn
tjɑr
jɪx
brœp
mɑrp
xœyk
jiˑt
nyːr
meːx
mys
knœrn

sƐift
tɪrf
hɔn
fɪrs
kɑƞx
pƐft
dɪsp
ʋeːp
liˑkt
blØːt
heːrp
smɪl
lœm
nyːr
jeːf
skƐk
lyx
xɪlf
bɑns
kuft
bɔƞxs
sɔr
praːn
lɑlp
ʋɪƞx
drɔmp
nƐits
xɔl
tjɑr
lɔpt
foːl
toːk
niˑl
kyl
hum
snaːs

mƐift
mɪrf
mɔn
nɑlk
nɑƞx
nƐft
nƐnt
noːn
nɑuts
pƐsk
piˑms
plɪl
plɔl
plyːr
preːf
prƐk
pyx
rɪlf
rɪsp
ruft
rɔƞxs
rɔr
saːn
sɪft
ʃɪƞ
ʃɔmp
slɑr
slɪx
slœp
snɔpt
snœyk
soːk
stiˑl
styl
stys
taːs
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xump
fƐip
fɪrs
miˑf
rɑn
mØːls
nƐlp
pɔlt
lœm
dup
bɑns
hɔn
rɪms
xlaːrn
dœk
tɪrf
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fØːks
kœym
hɑrf
xœyk
fɔm
xump
xœxt
ʋƐps
nɔƞx
hyk
mɪft
rƐf
rɔlp
broːlt
pɑx
tœns

tØːks
tƐip
tɪrs
tjiˑf
tjɔm
tump
trƐlp
trƐps
trœm
tyk
ʋɑns
ʋƐf
ʋɔlp
ʋoːlt
ʋœk
ʋœns

Chapter 4 The nature of auditory discrimination problems in
children with Specific Language Impairment: an MMN study*

Abstract
Many children with Specific Language Impairment (SLI) show impairments in discriminating
auditorily presented stimuli. The present study investigates whether these discrimination
problems are speech specific or of a general auditory nature. This was studied by using a linguistic
and non‐linguistic contrast that were matched for acoustic complexity in an active behavioral task
and a passive ERP paradigm, known to elicit the mismatch negativity (MMN). In addition,
attention skills and a variety of language skills were measured. Participants were 25 five‐year‐old
Dutch children with SLI having receptive as well as productive language problems and 25 control
children with typical speech‐ and language development. At the behavioral level, the SLI group
was impaired in discriminating the linguistic contrast as compared to the control group, while both
groups were unable to distinguish the non‐linguistic contrast. Moreover, the SLI group tended to
have impaired attention skills which correlated with performance on most of the language tests.
At the neural level, the SLI group, in contrast to the control group, did not show an MMN in
response to either the linguistic or non‐linguistic contrast. The MMN data are consistent with an
account that relates the symptoms in children with SLI to central auditory processing problems.

*

This chapter is submitted for publication as: Davids, N., Segers, E., Van den Brink, D.,
Mitterer, H., Van Balkom, H., & Verhoeven, L. The nature of auditory discrimination
problems in children with Specific Language Impairment: an MMN study.
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Introduction
Children with Specific Language Impairment (SLI) fail to develop normal
language, which can not be explained by a generalized deficient intelligence,
hearing problems, major neurological abnormalities, and/or abnormal behavior
(Bishop, 1992; Leonard, 1998). They often have problems in speech
comprehension, such as phonological processing of auditory information
(Bishop, 1997; Leonard, 1998). For instance, children with SLI have difficulties in
discriminating stimuli that are minimal pairs (e.g., /ba/ vs. /da/). These
discrimination problems are related to a phonological deficit, an impairment in
representing, storing, and/or retrieving phonemes (Snowling, 2000). A
phonological deficit interferes with the ability to learn the correspondences
between phonemes and graphemes and hence many children with SLI develop
difficulties in learning to read (Bird, Bishop, & Freeman, 1995; Bishop & Adams,
1990). To better understand the nature of these auditory discrimination
problems, many studies investigated whether these problems are primarily
speech specific, or whether they relate to central auditory processing difficulties.
This has been studied both in children with SLI and in children with dyslexia,
since phonological problems are present in both groups (Bishop & Snowling,
2004). However, due to inconclusive results the question about the nature of
auditory discrimination problems remains unanswered (Ramus, 2001; Ramus et
al., 2003; Rosen, 2003). The present study was designed to shed more light on
the nature of these auditory discrimination problems, by using equally complex
speech and non‐speech contrasts in a behavioral study and a mismatch
negativity (MMN) study in which the brain’s automatic responses are measured.
In the past, several behavioral studies have obtained evidence for a
primarily phonological and speech specific deficit in children with SLI and/or
dyslexia, supporting theories such as the phonological deficit theory (e.g., Mody
et al., 1997; Snowling, 2000; Studdert‐Kennedy, 2002; Studdert‐Kennedy &
Mody, 1995). For example, Mody et al. (1997) showed that reading impaired
children had more difficulties than controls with discriminating speech sounds
but not with non‐speech sounds. However, other studies have suggested that
the phonological deficit is caused by a more general problem in central auditory
processing (e.g., Farmer & Klein, 1995; McAnally et al., 2000; Stein & Walsh,
1997; Tallal & Piercy, 1973a, 1973b, 1974, 1975). Tallal and Piercy (1973a; 1973b;
1974; 1975), for example, showed that children with SLI, referred to by them as
children with developmental aphasia and developmental dysphasia, have
problems with both speech and non‐speech stimuli containing short and/or rapid
acoustic changes.
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A problem of the abovementioned behavioral studies is that the results
may have been influenced by attention problems of the participants. After all, to
accomplish a behavioral task, attention and motivation is required, and around
35% of all children with speech and language disorders have been shown to
suffer from an attention disorder (Beitchman et al., 1990). Therefore, other
studies have investigated the nature of auditory discrimination problems by
means of a passive oddball paradigm measuring event‐related brain potentials
(ERPs). In such a paradigm no attention to the auditory stimuli, no instruction,
and no motor or verbal response is required. In these studies, the ERP of interest
was the MMN, which has been shown to be indicative of auditory and phonemic
discrimination processing at a preconscious level (Näätänen et al., 1978;
Näätänen et al., 2007).
Most of the MMN studies that investigated the nature of a phonological
deficit in children with SLI and/or dyslexia provided evidence for a phonological
deficit that does not coincide with central auditory processing problems (Meng
et al., 2005; Schulte‐Körne et al., 1998; Schulte‐Körne et al., 1999; Sharma et al.,
2006; Uwer et al., 2002). For example, Uwer et al. (2002) showed that eight‐
year‐old children with SLI showed smaller MMNs for linguistic contrasts (/da/ vs.
/ga/ and /ba/) than control children without any language problems, while no
group differences were found for non‐linguistic contrasts in tone frequency and
duration (1000 Hz vs. 1200 Hz; 175 ms vs. 100 ms, respectively). No differences
were found between the MMNs of children with SLI showing both expressive
and receptive language problems. It should be mentioned that, in their study,
rather late and long MMN latency windows were used for the statistical analysis.
In contrast, recent findings from Lachmann et al. (2005) provided evidence for a
general auditory deficit. They found that, in contrast to control children, 8‐ to 11‐
year‐old dyslexic children having difficulties with reading mainly frequent words
did not show MMNs in a typical MMN latency window for both speech and non‐
speech contrasts (/ba/ vs. /da/; 700 Hz vs. 770 Hz, respectively).
Note, however, that in the abovementioned MMN studies the non‐
linguistic contrasts were acoustically far less complex than the linguistic
contrasts. Therefore, a direct comparison between the phonemic and auditory
discrimination abilities using these contrasts is not warranted (cf. Bishop, 2007;
Serniclaes et al., 2001). Alonso‐Búa et al. (2006) used more complex non‐
linguistic stimuli: the speech stimuli consisted of a /ba/‐/da/ contrast and the
non‐linguistic stimuli of short complex tones consisting of five concatenated
simple tones. Their results revealed no group differences in MMN amplitude in
the typical MMN latency window between 7‐ to 11‐year‐old children with reading
problems and controls in both the linguistic and the non‐linguistic condition. In a
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later time window from 350 to 550 ms, the children with reading problems did
show smaller negativities for both the linguistic and the non‐linguistic condition
than controls. Whereas this non‐linguistic contrast was more complex than the
non‐linguistic contrasts used in previous studies, it was still less complex than
the linguistic contrast. In a behavioral study, Serniclaes et al. (2001) used
identical contrasts for the speech and non‐speech condition, where the formant
frequencies of /ba/ and /da/ were replaced by pure tones. In the non‐speech
condition, participants were told the stimuli were electronic whistles, and in the
speech condition they were told that the stimuli were speech‐like sounds. Their
results revealed that, while five‐year‐old children with dyslexia were less
categorical in the speech condition, they were better in discriminating within‐
categorical contrasts than average readers. Similar results were found in the
non‐speech condition. This provides evidence for the fact that children with a
phonological deficit process linguistic as well as non‐linguistic information
differently as compared to children without phonological problems.
Unfortunately, discrimination abilities were not assessed in a passive paradigm,
making it impossible to elucidate the role of individual’s attention skills in the
behavioral results.
Bishop (2007) provided an in‐depth review about the electrophysiological
assessment of perception abilities in dyslexic and language impaired children. In
the present study, we followed the suggestion made by Bishop (2007): we
further investigated whether auditory discrimination problems in children
diagnosed with SLI are primarily phonological, or whether they coincide with
central auditory processing difficulties by using speech and non‐speech
contrasts that have similar acoustically complex changes, in both an active
behavioral task and a passive MMN paradigm. This was examined in five‐year‐
old Dutch children diagnosed with SLI. We administered several language tests
to assess their phonological abilities. In addition, an attention task was
administered to study whether behavioral measures were influenced by
attention skills. The linguistic stimuli for both the active discrimination task and
the passive MMN experiment consisted of high frequent Dutch words /kɑn/ and
/pɑn/ (meaning ‘jug’ and ‘pot’ in English, respectively). The non‐linguistic stimuli
were created by rotating the spectrum of the linguistic stimuli, resulting in
sounds that do not sound like speech, but in fact contain the same acoustic
information as the linguistic stimuli (see also Scott & Wise, 2004). In the active
discrimination experiment (Experiment 1), the nature of discrimination problems
was investigated by means of a task in which children had to point to pictures to
indicate which of the two stimuli they had heard. In the MMN experiment
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(Experiment 2), linguistic and non‐linguistic discrimination abilities were tested
passively, using a classic oddball paradigm. In this paradigm, no attention to the
auditory stimuli was required, and participants were shown a silent movie. The
results of the children with SLI were compared to children with typical speech‐
and language development.
The main experimental question in the present study is whether
discrimination problems of children with SLI are primarily phonological in nature
or whether they go together with central auditory processing problems. For the
active behavioral task, two different outcomes are conceivable. First, if
discrimination problems are purely phonological, the SLI group should perform
below the control group on the linguistic discrimination task, whereas the SLI
group should show similar results for the non‐linguistic discrimination task when
compared to the control group. Second, if children with SLI suffer from central
auditory processing difficulties that, potentially, can affect linguistic information
processing, the SLI group should show lower scores than the control group on
both the linguistic and the non‐linguistic discrimination tasks. However, if results
from the attention task show that attention skills play a significant role when
discrimination abilities are tested behaviorally, then elucidation of the nature of
discrimination problems in this clinical group will only be possible by measuring
discrimination skills at a pre‐attentive level by means of an MMN paradigm. For
the MMN study, again, two outcomes are conceivable. First, if discrimination
problems are restricted to phonological information, the SLI group should show
no or a smaller MMN in the linguistic condition as compared to the control
group, whereas an MMN comparable to the control group should be elicited in
the non‐linguistic condition. Second, if the discrimination problems of the SLI
group are not restricted to phonological information but have a more general
nature, the SLI group should show smaller or no MMNs in both the linguistic and
the non‐linguistic condition as compared to the control group.

Experiment 1
Method
Participants. Twenty‐five children diagnosed with SLI (9 female, 16 male)
with a mean age of 5;9 years (SD = 0;5, range 4;11 ‐ 6;5 years) participated in the
experiment. It is common to see more boys than girls in the population of SLI
(Robinson, 1991). Only children with SLI were selected who had both receptive
and productive language problems and who had not been diagnosed with an
autism spectrum disorder. Twenty children with SLI were right‐handed and five
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were left‐handed. The children with SLI attended kindergarten at special SLI
schools, where SLI had been diagnosed by an interdisciplinary team consisting of
clinical linguists and school psychologists. The diagnosis of SLI had been given to
children who exhibited a significant deficit in the production and/or
comprehension of language that could not be ascribed to general cognitive
impairments, sensorimotor deficits, neurological disorders, psychiatric
diagnosis, or a general lack of exposure to language (Bishop, 1992; Leonard,
1998). While the estimated prevalence of children with SLI is about 5% (Law et
al., 1998), less than 1% of Dutch children attend these special schools. When the
children entered the special school, they were tested for hearing and
intelligence. No significant hearing loss was reported and standardized
intelligence tests indicated a level of normal intelligence (standard score was
above 85 in all cases).
The control group, matched on gender, consisted of 25 children with
typical speech‐ and language development (9 female, 16 male) with a mean age
of 5;9 years (SD = 0;5, range 5;0 ‐ 6;5 years), who had no hearing problems.
Twenty control children were right‐handed, four were left‐handed, and one was
ambidextrous.
The SLI and control group did not differ in age or non‐verbal IQ as
measured by the Coloured Progressive Matrices (t(48) = .14, p > .05; t(48) = 1.54,
p > .05, respectively; Raven, 1965). All participants were monolingual, native
speakers of Dutch and had normal or corrected‐to‐normal vision. They had not
yet received any formal reading education and had a middle‐class background.
Parents of all children signed the informed consent in accordance with the
declaration of Helsinki. The study was approved by the Medical Ethical
Committee (CMO Region Arnhem‐Nijmegen, the Netherlands).
Stimuli.
Linguistic stimuli. For the linguistic contrast, the naturally produced Dutch
words /kɑn/ and /pɑn/ were used (meaning ‘jug’ and ‘pot’ in English,
respectively). Both words are highly frequent and familiar to children. The words
were repeatedly spoken by a native Dutch female speaker and digitally recorded
(44.1 kHz, stereo) in a sound‐attenuated room. From these recordings, we chose
eight exemplars per word, so that our materials contain some typical natural
speech variation. Using the Pitch‐Synchronous‐Linear‐Overlap‐and‐Add
(PSOLA) algorithm from PRAAT (version 4.5.12), we adapted the duration of the
sounds so that the mean duration of the eight utterances of /kɑn/ (namely, 379
ms) was comparable to the mean duration of the eight utterances of /pɑn/
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(namely, 377 ms). Figure 4.1 shows the pitch and intensity contours for each
utterance. While there is some variation within the different utterances of a
word, there are no gross differences between the words /kɑn/ and /pɑn/. The
linguistic stimuli were low‐pass filtered with a cut‐off at 4000 Hz (which did not
affect the naturalness of the stimuli), in order to be able to create non‐linguistic
stimuli that were similar in acoustic complexity. The stimuli /kɑn/ and /pɑn/
mainly differed in the first 50 ms of the sounds, encompassing the burst spectra
and the transitions of the second and third formant into the vowel. Real words
were used instead of syllables, such as /ba/, since it is easier for young children to
point to the picture corresponding to a word than to a form corresponding to a
non‐word (Locke, 1993; Seymour, Baran, & Peaper, 1981). With an eye on
ecological validity, natural spoken stimuli were used instead of synthesized
stimuli. The linguistic stimuli /kɑn/ and /pɑn/ will be referred to as L/kɑn/ and L/pɑn/,
respectively.
Non‐Linguistic stimuli. Non‐Linguistic stimuli with identical spectro‐
temporal variation were created by rotating the spectrum of the average
linguistic stimuli. Spectral rotation ‘mirrors’ the spectrogram of a stimulus along
a horizontal line around 2000 Hz. Figure 4.2 shows an original and a spectrally
rotated version of both /kɑn/ and /pɑn/. In this rotation, frequencies near 0 Hz
become frequencies near 4000 Hz, and frequencies around 1000 Hz become
frequencies around 3000 Hz, and so on. The rotation is especially salient for the
/pɑn/ example, which has in the original, linguistic version a frequency sweep
from very low frequencies to about 1000 Hz during the initial 50 ms (see the
upper right panel of Figure 4.2). In the rotated version, this has become a
downwards sweep from frequencies close to the ceiling of 4000 Hz down to
about 3000 Hz. For the non‐linguistic stimuli, only one utterance (i.e., the
spectrally rotated version of the average utterance of the linguistic stimuli) was
used. The non‐linguistic stimuli /kɑn/ and /pɑn/ will be referred to as NL/kɑn/ and
NL/pɑn/, respectively.
Before testing children, we pre‐tested in healthy adults whether the non‐
linguistic contrast was discriminable at the behavioral level. Ten healthy adults
(8 female, 2 male; mean age of 26 years), all native speakers of Dutch,
performed the Non‐Linguistic Discrimination task (described in following Design
and Procedure section). The mean percentage correct responses was 80% (SD =
15%). This means that the non‐linguistic contrast NL/kɑn/‐/pɑn/ was clearly
discriminable for adults.
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Figure 4.1. Pitch and intensity contours of the eight utterances of /kɑn/ and /pɑn/ used as linguistic
stimuli. The /kɑn/ stimuli are represented by the dashed lines and the /pɑn/ stimuli by the dotted
lines.
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Figure 4.2. Original and spectrally rotated version of /kɑn/ and /pɑn/ stimuli used as linguistic and
non‐linguistic stimuli, respectively.

Design and Procedure. Before the children participated in our experimental
discrimination tasks, we administered several pre‐tests to assess the following
language and attention skills of the children: receptive language, productive
language, auditory discrimination, rhyme, grapheme knowledge, and attention.
The children were tested individually in a quiet room at school. The tests were
administered in three different test sessions. The pre‐tests are described in
Table 4.1.
The linguistic and non‐linguistic discrimination abilities were tested
following Segers and Verhoeven (2005), using a slightly modified version of the
Tallal Repetition Task (Tallal & Piercy, 1973a). Pictures were used which the
participants had to point to in order to indicate which stimulus was or which
stimuli were presented. For the linguistic stimuli, stimulus L/kɑn/ was represented
by a picture of a jug and stimulus L/pɑn/ was represented by a picture of a pot.
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Table 4.1. Description of behavioral pre‐tests.

Test
Receptive language
(Verhoeven &
Vermeer, 1986)
Productive language
(Verhoeven, 2006)

Auditory
discrimination
(Verhoeven &
Vermeer, 1986)
Rhyme
(In den Kleef & Van
Kuyk, 1975)
Grapheme
knowledge (In den
Kleef & Van Kuyk,
1975)
Attention
(Manly, Robertson,
Anderson, & Nimmo‐
Smith, 1999)

Description
A word was spoken by the experimenter and the child had to
indicate which picture out of four represented the word. There
were 96 items and after five consecutive incorrect trials the test
was stopped.
The child had to repeat 40 pseudowords spoken by the
experimenter. The pseudowords increased in difficulty from
/stylt/ (easy) to /boːmɑrki'tpɑrtɑnt/ (hard). After five incorrect
trials the task was stopped.
The experimenter read aloud two words and the child had to
indicate whether the words were the same or different. The
words could differ in a vowel or a consonant which could occur
at all locations: begin, middle, or end of the word. The test
consisted of 50 items, which were all administered to the child.
The experimenter named a word and the child had to choose
out of five pictures which label of the picture rhymed with the
spoken word (or sounded the same, if the concept of rhyme was
unknown). There were 10 items in this test.
All 34 Dutch graphemes (including digraphs) were presented to
the children on a sheet of paper. Children had to produce the
letter sounds and not the letter names.
The child was given one minute to circle on a crowded road map
as many signs of restaurants as possible.

Since the non‐linguistic stimuli had no meaning, pictures of two extraterrestrials
were introduced. The stimulus NL/kɑn/ was represented by a picture of an orange
extraterrestrial and stimulus NL/pɑn/ by a picture with a different purple
extraterrestrial. The participants were told that the extraterrestrials said “hello”
in their own extraterrestrial language by means of the NL/kɑn/ or NL/pɑn/ sound. All
stimuli were presented via headphones set at a comfortable hearing level.
The Linguistic and Non‐Linguistic Discrimination tasks were both preceded
by a familiarization block and an Identification task. The Linguistic tasks always
preceded the Non‐Linguistic tasks and were administered in two different test
sessions. In the Linguistic familiarization block, the participant listened once to
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each utterance of the linguistic stimuli L/kɑn/ and L/pɑn/, and in the Non‐Linguistic
familiarization block, the non‐linguistic stimuli NL/kɑn/ and NL/pɑn/ were played
eight times. While the participant was listening to the stimuli, the experimenter
pointed to the correct picture that belonged to the stimulus. The familiarization
block was followed by an Identification task. In the Identification tasks, 16 trials
were presented in which one stimulus was played. After listening to each
stimulus, the participant was required to point to the picture that belonged to
the presented stimulus. The participant received feedback after each trial. After
the Identification task, the Discrimination task was administered, in which 8
practice and 32 test trials of two stimuli with an SOA of 756 ms were presented.
The participant had to point to the pictures corresponding to the stimuli they
heard. Correct trials included responses of participants involving two different
pictures for ‘different trials’ and twice the same picture for ‘same trials’. In the
Discrimination task, no feedback was given, except for the practice trials. At the
start of each trial, participants were prepared for the presentation of the
auditory stimuli and their attention was directed towards the pictures.
Data analysis. In order to confirm differences in phonological abilities and
to compare scores on the Attention, Identification and Discrimination tasks
between the SLI and control group, independent samples t‐tests were
conducted. To make sure that the Discrimination task tapped into phonological
processing, the relation between scores on this task and on the language pre‐
tests was studied by calculating correlations over both groups together and for
each group separately. In addition, to investigate whether attention skills were
related to scores on language tasks, correlations of the Attention task were
calculated for both groups together and for each group separately. Finally, to
study whether the factors Group (SLI or control group) and Attention Skills both
predicted scores on the Discrimination tasks, a stepwise linear regression
analysis was performed.
Results
After having tested 10 children with SLI and 10 children from the control
group who all scored at chance level on the Non‐Linguistic Identification and
Discrimination task, we decided to terminate this part of the experiment. Since
the Non‐Linguistic tasks turned out to be too difficult for young children, it did
not seem to serve any further purpose to test all children on these tasks. The
remaining 15 children with SLI and 15 control children were still tested on all the
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other tasks (the pre‐tests and the Linguistic Identification and Discrimination
tasks). Table 4.2 shows the average scores of each group of 25 children on the
rest of the tests and the results of the independent samples t‐tests. The SLI
group scored significantly below the control group on all language pre‐tests. On
the Attention task, there was a trend for the SLI group to score below the control
group. On both the Linguistic Identification and Discrimination task, the SLI
group performed significantly below the control group.
Table 4.2. Group scores (mean and SD) for the SLI and control group on pre‐tests and Linguistic
Identification and Discrimination task.

Receptive language
Productive language
Auditory discrimination
Rhyme
Grapheme knowledge
Attention
Linguistic Identification
Linguistic Discrimination

Group

Mean

SD

d

SLI
CG
SLI
CG
SLI
CG
SLI
CG
SLI
CG
SLI
CG
SLI
CG
SLI
CG

48.04
67.24
10.04
29.20
32
39.96
6
9.24
4.80
8.84
8.60
11.16
15.00
15.76
25.44
29.88

12.34
10.50
7.81
6.27
8.80
8.02
2.52
1.27
3.50
5.97
4.66
4.56
1.53
0.44
5.70
1.69

‐1.68

Difference between
groups t(48)
‐5.92***

‐2.71

‐9.57***

‐2.01

‐3.34**

‐1.62

‐5.75***

‐0.83

‐2.92**

‐0.56

‐1.96p = .055

‐0.68

‐2.39*

‐1.06

‐3.73**

p < 0.01

***

Results of independent samples t‐test: * p < 0.05

**

p < 0.001

Correlations between scores on the Linguistic Discrimination task and
scores on other tests are displayed in the upper part of Table 4.3. Across groups,
the performance on the Linguistic Discrimination task was significantly
positively correlated with the performance on all language pre‐tests, the
Linguistic Identification task, as well as the Attention task. For the SLI group
separately, the same significant positive correlations were found. For the control
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group, only the positive correlation between scores on the Linguistic
Discrimination and Identification task remained significant.
Correlations for the Attention task are displayed in the lower part of Table
4.3. Across groups, there was a significant positive correlation between
performance on the Attention task and on all language pre‐tests, except for
grapheme knowledge. Furthermore, a significant positive correlation was found
between Attention scores and scores on both Linguistic Identification and
Discrimination. For the SLI group, positive correlations remained for scores on
the Attention task with scores on the receptive language task, and on both
Linguistic Identification and Discrimination. In the control group, no measures
correlated significantly with the Attention task.

Table 4.3. Correlations over both groups and for the SLI and control group separately for
the Linguistic Discrimination task and Attention task.

Linguistic Discrimination

Correlated test
Receptive language

Productive language

Auditory discrimination

Rhyme

Grapheme knowledge

Attention

Linguistic Identification

Group
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG

Pearson correlation
.55***
.50*
.00
.57***
.43*
.20
.61***
.69***
.12
.55***
.42*
.03
.35*
.33
.17
.43**
.56**
‐.14
.71***
.69***
.47*
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Table 4.3 (continued). Correlations over both groups and for the SLI and control group
separately for the Linguistic Discrimination task and Attention task.

Attention

Correlated test
Receptive language

Productive language

Auditory discrimination

Rhyme

Grapheme knowledge

Linguistic Identification

Linguistic Discrimination

Results of Pearson correlation: * p < 0.05

**

p < 0.01

***

Group
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG
Both
SLI
CG

Pearson correlation
.41**
.44*
.21
.39**
.29
.30
.34*
.20
.32
.35*
.24
.28
.18
.20
.02
.37**
.45*
.02
.43**
.56**
‐.14

p < 0.001

A stepwise linear regression analysis showed that the two predictors Group
(SLI or control group) and Attention Skills together explained a significant
proportion of variance in scores on the Linguistic Discrimination task (R2 = .33;
F(2, 47) = 11.31, p < .001). The factor Group significantly predicted Linguistic
Discrimination scores when Attention Skills were held constant (ß = ‐.47, t(47) = ‐
3.73, p < .01). Attention Skills also significantly predicted Linguistic
Discrimination scores when Group was held constant (ß = .33, t(47) = 2.64, p <
.05).
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Conclusions
Our experimental question related to the matter of speech specificity of
auditory discrimination problems in children with SLI. On the Linguistic
Discrimination task, the SLI group performed below the control group. However,
the Non‐Linguistic Discrimination task proved to be too difficult for both control
and children with SLI when tested behaviorally. While these results indicate that
children with SLI have a linguistic discrimination problem, no information is
obtained about whether these discrimination problems extend to non‐speech
information. Note, however, that adults tested during a pre‐test were able to
discriminate the non‐linguistic contrast. Given that there is very little behavioral
change in basic sensory abilities between five‐year‐olds and adulthood (Johnson,
2005), the difference between adult and child data are most likely due to meta‐
cognitive skills, such as attention skills.
Interestingly, data from the Attention task showed that the SLI group
tended to have more difficulty in maintaining attention than the control group.
Across groups, a positive correlation was found between performance on the
Attention task and performance on the Linguistic Discrimination and
Identification tasks, as well as on the language pre‐tests (except for grapheme
knowledge). This means that children who have increased attention skills score
better on a variety of language tasks than children who are less good in
maintaining attention. A regression analysis showed that both the individuals’
attention skills and their language development predicted their scores on the
Linguistic Discrimination task.
To conclude, performance on behavioral tasks turned out to be influenced
by attention skills. For this reason, and also because of the fact that the
behavioral Non‐Linguistic Discrimination task was too difficult for these young
children, the nature of auditory discrimination problems will be further studied
by means of an MMN paradigm, measuring automatic responses of the brain.
This paradigm has two advantages over a behavioral discrimination task. First,
the MMN indicates preconscious information processing. This means that if the
MMN is elicited for a specific contrast, participants can perceive, at least at a
preconscious level, the difference between the stimuli. This is particularly
interesting given the difficulty we observed in obtaining reliable measures of
non‐linguistic discrimination skills in the children, while adults were able to
discriminate the contrast at a behavioral level. Another advantage of the MMN
paradigm is that no motivation and attention to the auditory stimuli is required
and, therefore, impaired attention skills will not influence the results. This
follow‐up study is described in Experiment 2.
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Experiment 2
Method
Participants. The same participants were tested as in Experiment 1.
Stimuli. The same stimuli were used as in Experiment 1. A pre‐test with 16
healthy adults was performed to test whether these stimuli were able to elicit
MMNs (see Results section).
Design and Procedure. The participants were tested individually while
seated in front of a computer screen. Their EEG was recorded while they were
watching a silent movie. The participants were instructed to watch the movie
and that they did not have to pay attention to the auditory stimuli. Stimuli were
presented via headphones set at a comfortable hearing level, approximately 65
dB. The test session took place in a mini‐van in which an EEG‐lab is built. This
made it possible to test children on the school’s grounds. This test session
occurred one week after the behavioral test sessions.
The stimuli were presented in a passive oddball paradigm in which the
occurrence of a deviant was 12%. Both the linguistic and non‐linguistic contrast
were presented in four blocks. Per contrast, each stimulus was presented as a
standard stimulus in two blocks and in the other two blocks it was presented as a
deviant stimulus. Per stimulus, 80 deviant and 587 standard stimuli were
presented. The SOA was 756 ms, which resulted in a duration of 16 minutes per
contrast. The deviants were presented in a pseudo‐random order, with a
minimum of three standards presented between two occurrences of the deviant.
Both the linguistic and non‐linguistic contrast were presented to each
participant in one test session. Each block started with the presentation of 16
standard stimuli. The order of the blocks was counterbalanced between
participants and participants had a short break between the blocks and after
each 2 blocks they got a longer break.
EEG recording. The EEG was recorded from 24 active electrodes using the
Acticap system with Ag/AgCl electrodes (Brain Products, Gilching, Germany).
Electrodes were placed on standard electrode sites (F7, F3, Fz, F4, F8, FC5, FC1,
FCz, FC2, FC6, C3, Cz, C4, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, O2). All
electrodes were referenced to an electrode placed at the left mastoid. In
addition, an electrode was placed at the right mastoid for re‐referencing during
off‐line analysis. To monitor vertical eye movements, electrodes were placed
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beneath and above the left eye. Horizontal eye movements were monitored by
electrodes placed on the left and right external canthi.
Signals were amplified with BrainAmp DC amplifiers, using a bandpass
filter from 1 to 30 Hz and a sample rate of 500 Hz. Impedances were kept below
20 kΩ for all electrodes, which is a standard setting for active electrodes. The
EEG and EOG were recorded and digitized using Brain Vision Recorder software
(1.03, Brain Products, Gilching, Germany).
Data analysis. EEG data were re‐referenced to linked mastoids and an
automatic ocular correction was performed (Gratton et al., 1983). The signal was
segmented in time windows ranging from 100 ms before stimulus onset to 700
ms after stimulus onset, and baseline corrected relative to a 50‐ms pre‐stimulus
interval. Segments with artifacts exceeding ±100 μV in any channel were
rejected for further analysis. Remaining segments were averaged for each
condition and for each participant. For each stimulus, difference waveforms
were calculated using the difference between two ERPs elicited by the same
stimulus. The ERP of a given stimulus serving as a standard immediately
preceding a deviant was hence subtracted from the ERP of the same stimulus
serving as a deviant. The EEG signals were analyzed using Brain Vision Analyzer
software (1.05.0002, Brain Products, Gilching, Germany).
To test whether the SLI group elicited different MMNs than the control
group on the linguistic and/or non‐linguistic contrast, a GLM repeated‐measures
analysis of variance (ANOVA) was applied to the mean amplitude of the ERPs
during a specific time window based on visual inspection at electrode Cz. The
within‐subjects factors were Contrast (two levels: linguistic, non‐linguistic) and
Stimulus type (two levels: standard, deviant) and the between‐subjects factor
was Group (two levels: SLI, controls). Greenhouse‐Geisser correction for
violation of sphericity assumption was applied when appropriate (Greenhouse &
Geisser, 1959).

Results
Pre‐test with adults. Before ERPs were recorded from the children, we pre‐
tested whether both the linguistic and non‐linguistic contrast were able to elicit
an MMN in healthy adults. Sixteen healthy adults (10 female, 6 male; mean age
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of 23 years) were tested on a passive oddball paradigm1. Figure 4.3 shows the
difference waveforms belonging to each stimulus at electrode Cz, where the
differences were maximal. The ANOVA revealed a significant effect of Stimulus
type for L/kɑn/, NL/kɑn/, and NL/pɑn/ (F(1,15) = 27.24, p < .001, ηp2 = .65; F(1,15) =
22.08, p < .001, ηp2 = .60; F(1,15) = 62.81, p < .001, ηp2 = .81, respectively), but no
significant effect of Stimulus type was shown for L/pɑn/ (F(1,15) = 3.61, p > .05, ηp2
= .19). This pre‐test shows that the /kɑn/ deviant is able to elicit large and
significant MMNs in both the linguistic and the non‐linguistic condition in adults,
whereas the /pɑn/ deviant only elicits a large and significant MMN in the non‐
linguistic condition2. Therefore, we only analyzed the ERPs elicited by the /kɑn/
deviant in the study with children.
SLI group vs. control group. For the SLI group, on average, 69 (SD = 11) and
71 (SD = 8) artifact‐free trials remained for the linguistic standard and deviant
stimulus, respectively. For the non‐linguistic standard and deviant stimulus, the
number of remaining trials was, on average, 69 (SD = 11) and 70 (SD = 10),
respectively. For the control group, in the linguistic condition, a mean of 69 (SD =
12) and 70 (SD = 10) trials remained for the standard and deviant stimulus,
respectively. For the non‐linguistic condition, a mean of 70 (SD = 9) and 69 (SD =
12) artifact‐free trials remained for the standard and deviant stimulus,
respectively.
1

A highly comparable design, procedure, EEG recording, and EEG preprocessing was
used as described in the Method section of Experiment 2. The only differences were: (a)
for the adults the nose was used as online reference and the EEG signal was re‐
referenced to the average of the left and the right mastoid electrodes; (b) segments with
artifacts exceeding ±75 μV in any channel were rejected for further analysis. For the data
analysis, difference waveforms were calculated for each stimulus L/kɑn/, L/pɑn/, NL/kɑn/, and
NL/pɑn/ by subtracting the ERP of the standard stimulus from the ERP of the same
stimulus presented as a deviant stimulus. A repeated‐measures ANOVA was applied to
the mean amplitude of the difference wave at electrode Cz in a time window of 50 ms
centered around the grand‐averaged peak of the MMN. The ANOVA was performed for
each stimulus separately and included one within‐subjects factor Stimulus type (two
levels: standard, deviant).
2
Such asymmetric MMNs have been reported previously for coronal vs. non‐coronal
stimuli, which has been attributed to a phonological underspecification of coronal stimuli
(Eulitz & Lahiri, 2004). The current stimuli are both non‐coronal (/k/ is velar, /p/ is labial).
These results show that MMN asymmetries may be more common than previously
assumed.
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Figure 4.3. Grand‐averaged difference waveforms (deviant‐standard) elicited in healthy adults for
stimulus L/kɑn/, L/pɑn/, NL/kɑn/, and NL/pɑn/. Electrode Cz is shown and negativity is plotted upwards.

Figure 4.4 presents the grand‐averaged difference waveforms at electrode
Cz, where the differences were maximal. This figure shows that, in the linguistic
condition, a negative difference is elicited in the control group between 80‐150
ms, while this difference is smaller in the SLI group. For the non‐linguistic
condition, a negative difference is elicited in the control group between 100‐170
ms. This difference seems to be absent in the SLI group. The abovementioned
time windows were used for statistical analyses, i.e., 80‐150 ms for the linguistic
contrast and 100‐170 ms for the non‐linguistic contrast.
The repeated‐measures ANOVA revealed that there was a significant main
effect of Stimulus type (F(1,48) = 4.35, p < .05, ηp2 = .08, corresponding to an
effect of ‐0.6 μV), and a significant interaction between Stimulus type and Group
(F(1,48) = 4.26, p < .05, ηp2 = .08). There was no significant interaction between
Stimulus type and Contrast (F(1,48) = .49, p > .05, ηp2 = .01) or between Stimulus
type, Contrast, and Group (F(1,48) = .51, p > .05, ηp2 = .01). This indicates that the
difference between the ERPs of the standard and deviant stimulus differed
between the groups. A repeated‐measures ANOVA performed for the groups
separately showed that, for the control group, there was a significant main
effect of Stimulus type (F(1,24) = 8.43, p < .01, ηp2 = .26, corresponding to an
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effect of ‐1.2 μV) and no significant interaction between Stimulus type and
Contrast (F(1,24) = .00, p > .05, ηp2 < .01). In contrast, for the SLI group there was
no significant main effect of Stimulus type (F(1,24) = .00, p > .05, ηp2 < .01), nor a
significant interaction between Stimulus type and Contrast (F(1,48) = .89, p > .05,
ηp2 = .04).

Figure 4.4. Grand‐averaged difference waveforms (deviant‐standard) elicited in the SLI group and
control group for the linguistic and non‐linguistic condition. The grey rectangles show the time
window to which a repeated‐measures ANOVA is applied. Electrode Cz is shown and negativity is
plotted upwards.

Conclusions
In Experiment 2, we used an MMN paradigm in which automatic responses
of the brain were measured in order to study the nature of auditory
discrimination problems in children with SLI. In the control group, both the
linguistic and non‐linguistic contrasts elicited significant MMNs. In the SLI group,
however, neither the linguistic nor the non‐linguistic contrasts elicited a
significant MMN. This means that children with SLI are impaired in linguistic as
well as non‐linguistic information processing as compared to the control group.
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General Discussion
The present study investigated the nature of auditory discrimination
problems in children with SLI. More specifically, we were interested in whether
these problems are primarily phonological in nature, or whether they coincide
with central auditory processing problems. Five‐year‐old Dutch children
diagnosed with SLI having both receptive and expressive language problems,
were compared to control children with typical speech‐ and language
development matched on age, gender, and non‐verbal IQ. To be able to directly
compare phonemic and auditory discrimination abilities, we used a linguistic and
non‐linguistic contrast that had identical acoustically complex changes. Because
children with SLI have a high risk of developing attention problems (Beitchman
et al., 1990), discrimination abilities were tested in an active behavioral task as
well as a passive MMN paradigm.
In Experiment 1, the nature of discrimination problems was investigated by
means of an active behavioral discrimination task. In addition, individual
attention skills and a variety of language abilities were measured. The results
showed that the SLI group performed below the control group on all language
tests of receptive language, productive language, auditory discrimination,
rhyme, and grapheme knowledge. This confirms that the group of children with
SLI in this study were significantly impaired at the level of phonological abilities
(cf. Bishop & Leonard, 2000; Van Weerdenburg, Verhoeven, & Van Balkom,
2006; Van Weerdenburg, Verhoeven, Van Balkom, & Bosman, 2009). Moreover,
the SLI group had more difficulties with the Linguistic Discrimination task than
the control group. Correlation analyses showed that the higher the scores on
standardized tests of receptive language, productive language, general auditory
discrimination, rhyme, and/or a grapheme knowledge, the higher the scores on
our Linguistic Discrimination task. These correlations signify that our Linguistic
Discrimination task taps into phonological ability. In contrast to adults, who
showed in a pre‐test that they were able to discriminate the non‐linguistic
contrast at the behavioral level, children from both groups were unable to
perform the Non‐Linguistic Discrimination task. Apparently, when non‐linguistic
stimuli are used that are acoustically equally complex as their linguistic
counterparts but contain no phonemes, discrimination in an active non‐linguistic
behavioral task becomes too hard for young children. Since there is very little
behavioral change in basic auditory sensory abilities between five‐year‐old
children and adults (Johnson, 2005), the difference between the data of the
adults and children is most likely to be explained by meta‐cognitive skills, such as
attention skills.
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Interestingly, in the Attention task, the SLI group seemed to have more
difficulty with maintaining attention than the control group. Correlation
analyses for the Attention task showed that children who are better in
maintaining their attention obtain better scores on the Linguistic Discrimination
task and on a large variety of behavioral language tasks, than children who are
impaired on attention. The diagnosis of SLI as well as one’s attention skills had a
predictive value on linguistic discrimination scores. Since it was found that
attention skills play a significant role when discrimination abilities are tested
behaviorally and that no useful information could be obtained about the non‐
linguistic discrimination abilities of the children, the nature of discrimination
problems was further investigated by means of a passive MMN paradigm.
In Experiment 2, the nature of discrimination problems was studied by
means of measuring the automatic responses of the brain using an auditory
oddball paradigm. In this paradigm, participants did not have to pay attention to
the auditory stimuli. If the MMN component is elicited, this means that
participants are able to discriminate stimuli at a preconscious and pre‐attentive
level. The ERP results showed that, in the control group, an MMN was elicited in
both the linguistic and non‐linguistic contrast. The MMNs of the linguistic and
non‐linguistic contrasts did not differ from each other. In the SLI group,
however, no MMN was elicited in either contrast. This means that the SLI group
was impaired at the neural level in discriminating both speech and non‐speech
contrasts as compared to the control group. The phonological deficit, thus,
seems to coincide with central auditory processing difficulties in children with
SLI having receptive as well as productive language problems. This supports
accounts that relate the symptoms in children with SLI to a more general
problem in central auditory processing, which has already been suggested by a
series of studies (e.g., Alonso‐Búa et al., 2006; Farmer & Klein, 1995; Lachmann
et al., 2005; McAnally et al., 2000; Stein & Walsh, 1997; Tallal & Piercy, 1973a,
1973b, 1974, 1975), and is in contrast to studies that found evidence for a
primarily speech specific deficit (Meng et al., 2005; Mody et al., 1997; Schulte‐
Körne et al., 1998; Schulte‐Körne et al., 1999; Sharma et al., 2006; Snowling,
2000; Studdert‐Kennedy, 2002; Studdert‐Kennedy & Mody, 1995; Uwer et al.,
2002). This finding may also have practical implications. If discrimination
problems in children with SLI are due to general auditory processing difficulties,
one may assume that in order to improve phonological skills, it would be
beneficial to train children with a phonological deficit on discriminating linguistic
as well as non‐linguistic stimuli (Merzenich et al., 1996).
It is interesting to note that whereas neither controls nor children with SLI
were able to discriminate the non‐linguistic contrast at the behavioral level, an
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MMN was elicited in the control group. This suggests that although control
children were unable to indicate reliably whether non‐linguistic stimuli differed,
at the neural level they were able to perceive the difference. However, in the SLI
group, no negative going difference was observed in the non‐linguistic contrast.
This provides neural evidence for an inability of SLI individuals to distinguish the
non‐linguistic stimuli at the age of 5 years old.
Note that the present study has some limitations. First, in our behavioral
and neural discrimination tasks, we only used one contrast /kɑn/ vs. /pɑn/. In
order to study to what extent discrimination is impaired in children with SLI it is
necessary to include several contrasts in which phonological differences are
varied. Second, whereas the present study provides evidence for central auditory
processing problems in children with SLI, it does not prove that the linguistic
discrimination problems originate from the central auditory processing
difficulties. Future longitudinal studies are needed to uncover cause and effect
relations between auditory perception, on the one hand, and phonological
variables, on the other hand.
Concluding, optimal assessment of auditory discrimination problems
requires the use of contrasts that contain equally complex acoustic changes. At
the behavioral level, it turns out be highly complicated to assess to what extent
children perceive differences in these complex sound contrasts. However, a
passive MMN paradigm, in which the brain’s automatic responses are recorded
indicating discrimination skills at a preconscious level, provides more insight into
the underlying problem. This is especially the case since the elicitation of the
MMN component does not require attention, which according to the behavioral
results of this study can influence scores on discrimination tasks. Using the MMN
paradigm, the present study provides evidence for an account that relates the
symptoms in children with SLI to central auditory processing difficulties,
coinciding with a phonological deficit.
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Chapter 5 Phonemic discrimination in children with Cerebral Palsy:
an MMN study*

Abstract
Children with Cerebral Palsy (CP) often are impaired in spelling and reading skills. In addition, they
show various impairments in cognitive development, speech‐ and language abilities, and/or
attention skills, making it hard for them to accomplish a behavioral task. The present study
investigated whether phonemic discrimination, a basic precursor of phonological awareness, is
adequately developed in children with CP. This was studied by using an active behavioral task and
a passive ERP paradigm, known to elicit the mismatch negativity (MMN). Participants were 19
Dutch preschool children with CP who were compared to 19 age‐ and gender‐matched control
children with typical development. At the behavioral level, relative to the control group, the CP
group was impaired in phonemic discrimination. Their performance on the phonemic
discrimination task was positively correlated with performance on behavioral tasks measuring
non‐verbal IQ, passive vocabulary, and phonological short‐term memory. At the neural level, the
CP group showed similar MMNs in response to small and large phonemic contrasts as the control
group. In both groups, no MMNs were elicited in response to a pitch contrast. The ERP results
show that phonemic discrimination is adequately developed in children with CP and that their poor
performance on the behavioral discrimination task was due to additional impairments. Therefore,
phonemic discrimination skills in children with CP do not seem to be an obstacle for developing
phonological awareness skills adequately and learning to read. In addition, our results signify the
importance of passive assessment of cognitive abilities by means of experimental paradigms that
require minimal demands on additional (cognitive) abilities known to be impaired in children from
clinical groups.

*

This chapter is submitted for publication as: Davids, N., Van den Brink, D., Mitterer, H.,
De Moor, J., Van Balkom, H., & Verhoeven, L. Phonemic discrimination in children with
Cerebral Palsy: an MMN study.
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Introduction
Children with Cerebral Palsy (CP) are at risk of showing impairment in the
development of literacy. CP is described as “a group of disorders of the
development of movement and posture, causing activity limitation, that are
attributed to non‐progressive disturbances that occurred in the developing fetal
or infant brain. The motor disorders of cerebral palsy are often accompanied by
disturbances of sensation, cognition, communication, perception, and/or
behavior, and/or by a seizure disorder” (Bax et al., 2005, p. 572). Related to these
disturbances, clinical studies have shown that children with CP often are
impaired in spelling and reading skills (Berninger & Gans, 1986; Dahlgren
Sandberg & Hjelmquist, 1996, 1997; Foley, 1993; Peeters et al., 2009; Smith,
2001). They frequently do not reach reading levels that could be expected on the
basis of their cognitive and other (receptive) language skills. As a result, children
with CP have less access to appropriate learning materials than typically
developing children, and consequently, using written text as a form of
communication is harder for them. In the presence of their already impeding
motor function, restrictions in means of communication add even more
problems to the preparation of taking an active part in our society as compared
to typically developing children.
In typically developing children, success in learning to read is strongly
predictable by the ability of being aware of the sounds of a language by
recognizing, identifying, or manipulating them (Bradley & Bryant, 1983; Bryant
et al., 1990; Hoien et al., 1995; Schneider et al., 1997; Wagner & Torgesen, 1987).
This is referred to as phonological awareness. Whether phonological awareness
is impaired in children with CP and whether it has the same predictive value in
future reading success as in typically developing children, is still unclear. On the
one hand, it has been shown that children with CP suffer from impaired
phonological awareness skills, which are related to their reading problems
(Peeters et al., 2008; Vandervelden & Siegel, 1999). On the other hand, several
behavioral studies found that children with CP are impaired in reading, but do
not have a phonological awareness deficit (Bishop & Robson, 1989; Dahlgren
Sandberg, 2001; Dahlgren Sandberg & Hjelmquist, 1996, 1997). According to the
latter studies, phonological awareness has no predictive value in the reading
success of children with CP. Instead, they suggest that reading problems in
speech‐impaired children with CP may be related to a deficit in subvocal
repetition of phonological information that is required for learning to read.
However, it is hard to compare the results from the abovementioned studies,
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since characteristics of children with CP vary considerably between studies, and
in addition, the results were compared to different kinds of control groups.
A crucial precursor of phonological awareness is phonemic discrimination.
Typically developing children are born with an accurate phonemic discrimination
system (Jusczyk, 2002). If children are impaired in accurately perceiving
differences between phonemes, it will be hard for them to develop phonemic
representations that can be easily accessed (Manis et al., 1997). These poorly
specified phonemic representations, in turn, may lead to deficits in the ability to
segment phonemes, and in learning the relationship between graphemes and
phonemes. Ziegler and Goswami (2005) refer to this as the availability problem.
In the present study, we investigated whether preschool children with CP suffer
from the availability problem or whether phonemic discrimination is developed
adequately. This is studied by means of an active behavioral task and a passive
mismatch negativity paradigm in which the brain’s automatic responses are
measured.
To date, little research has been done on phonemic discrimination in
children with CP (Bishop, 1985; Bishop et al., 1990; Peeters et al., 2009; Peeters
et al., 2008). Bishop (1985) compared children with CP and accompanying
speech problems (15‐16 years old) to children with CP who were not speech‐
impaired (13‐16 years old; matched on vocabulary age). This was studied by
means of a behavioral task in which children were auditorily presented with two
stimuli and were asked to indicate whether the stimuli were the same or
different. The two stimuli consisted of two real words (e.g., ‘nut’ vs. ‘none’) or
two non‐words (e.g., ‘newk’ vs. ‘tuke’). Real word pairs were easier to
discriminate for both groups than non‐word pairs, and no group differences were
found. Unfortunately, no typically developing children without CP were included
in this study. In two recent studies using a similar behavioral paradigm with real
words, Peeters et al. (2009; 2008) found that five‐year‐old children with CP
performed more poorly on a phonemic discrimination task compared to typically
developing children matched on chronological age. In addition, children with CP
and a below‐average non‐verbal IQ (< 85) had more difficulties with the
phonemic discrimination task than children with CP and an average non‐verbal
IQ (≥ 85), who, in turn, performed below typically developing children (Peeters et
al., 2008). To summarize, young children with CP seem to be impaired on
phonemic discrimination as compared to typically developing children, with
children suffering from a cognitive impairment being especially disadvantaged.
It appears that the absence or presence of speech problems does not seem to
play a role in phonemic discrimination in older children with CP.

81

In an interesting study of Bishop, Byers Brown, and Robson (1990), two
different behavioral tasks were used to assess phonemic discrimination in
children with CP with and without speech problems (11‐19 years old; low non‐
verbal IQ). In the first task, children had to indicate whether two auditorily
presented non‐words were the same or different (e.g., ‘tess’ vs. ‘pess’). In the
second task, children had to indicate whether an auditorily presented stimulus
matched a visually presented picture. The auditory stimulus could be the word
that matched the picture or a non‐word that did not match the picture (e.g.,
‘boy’ vs. ‘voy’). The contrasts used in this study were more complex than the
contrasts used in the abovementioned study of Bishop (1985). Whereas speech‐
impaired children with CP performed below children with CP without speech
problems on the first task, no group differences were found on the second task.
The authors concluded that children with CP with speech problems are not more
impaired in phonemic discrimination than children with CP without speech
problems, but that they have more problems with the first task because it puts
higher demands on memory skills. In the second task, real words were used that
made it possible to access and activate a lexical representation. This makes it
easier to retain the strings of phonemes in memory before the words were
compared against each other. In contrast, in the first task, only non‐existing
meaningless words were used and, therefore, two novel strings of phonemes
had to be retained in memory, which appeared to be harder for children with CP
and speech problems. In addition, they propose that the difficulties speech‐
impaired children with CP have in retaining novel information may be due to the
fact that they are less able to use overt or covert articulation, which might
facilitate retention of new information.
Another interesting conclusion of the study of Bishop, Byers Brown, and
Robson (1990, p. 33) is that “… different procedures for assessing phoneme
discrimination are not interchangeable. The particular procedure used can have
a dramatic effect on an individual’s performance, and ability to do a same‐
different judgment task may be influenced by factors other than phoneme
perception”. This is interesting, because apart from posture and motor problems
and the proposed memory problems, children with CP can experience disorders
in cognitive development (60%), problems in speech‐ and language
development (70‐80%), and attention problems (Aldenkamp et al., 2003; Bax et
al., 2005). All these additional impairments can make it harder for them to
accomplish a behavioral task, which usually requires a motor or verbal response,
attention/motivation, a certain level of cognitive skills in order to understand the
instruction, as well as an intact short‐term memory. Since all abovementioned
studies used behavioral tasks to study phonological processing in children with
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CP, it is plausible that the results are influenced by the variety of additional
impairments that children with CP can suffer from. Therefore, an optimal task to
study phonological skills would be a task that places minimal demands on the
abovementioned (cognitive) abilities which children with CP are known to be
impaired on. Following this line of reasoning, recording event‐related brain
potentials (ERPs) in a passive mismatch negativity (MMN) paradigm seems a
suitable tool for investigating phonemic discrimination in this clinical population.
In a typical MMN paradigm, participants passively listen to a stream of
standard stimuli that are intermixed with rare occurrences of a deviant stimulus
while their ERPs are recorded. Participants do not have to respond to the stimuli,
pay attention to them, or keep them actively in short‐term memory. When
participants are able to perceive the difference between the standard and the
deviant stimuli, an MMN is elicited. The MMN is an automatic neural response
and indicates auditory and phonemic discrimination at a preconscious level
(Näätänen et al., 1978; Näätänen et al., 2007). This ERP component has been
used before to study phonemic discrimination in children with phonological and
reading problems (for a review, see Bishop, 2007). To our knowledge, the MMN
has not yet been used as an indicator of phonemic discrimination abilities in
children with CP.
In the present study, we investigated whether phonemic discrimination is
adequately developed in children with CP by means of an active behavioral
discrimination task and a passive MMN paradigm. Participants were 19
preschool children with CP that were compared to 19 age‐matched typically
developing children. Prior to the discrimination tasks, several behavioral pre‐
tests were administered to assess the cognitive and linguistic abilities of the
children. In the active behavioral discrimination task, participants were asked to
indicate by means of a motor or verbal response whether a spoken vowel was
repeated correctly. In the MMN paradigm, vowels were auditorily presented
while the participant’s EEG was recorded. No response and no attention to the
auditory stimuli was required and participants could watch a silent movie or play.
In this paradigm, standard [i] sounds were intermixed with three different
deviants: two phonemic deviants [y] and [u], and a pitch deviant [i] (see also
Davids et al., 2009). By including two different phonemic contrasts, of which [y]
constitutes a small phonemic difference with respect to the standard [i] and [u] a
large phonemic difference, we were able to study whether phonemic
discrimination is fully or partly developed in children with CP. A pitch contrast
was included to investigate whether, in case group differences are found in
MMNs elicited by the phonemic contrasts, CP children have difficulties with the
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processing of specific phonological information, or whether they have a more
general problem in processing auditory information.
For the active behavioral discrimination task, we expected children with CP
to perform below the control group. This is based on findings from previous
research that showed that young children with CP have more difficulties
performing a behavioral auditory discrimination task than typically developing
children (Peeters et al., 2009; Peeters et al., 2008). Whether a poor performance
of the CP group on the active behavioral task is due to impaired phonemic skills
or to impaired additional (cognitive) skills that are required by the task, should
be clarified by the passive MMN paradigm.
For the passive MMN paradigm, two different outcomes are conceivable.
First, if phonemic discrimination is adequately developed in children with CP, the
CP group should show comparable MMNs to the control group. In this case, the
poor performance of the CP group on the behavioral task is not due to impaired
phonemic discrimination skills, but to additional (cognitive) impairments
children with CP suffer from, which make it hard for them to perform the active
task adequately. Second, if phonemic discrimination is not adequately
developed in children with CP, the CP group should show no or smaller MMNs
compared to the control group. In this case, group differences are most likely to
be found on the small phonemic contrast and less likely to be found on the pitch
contrast. This would mean that the CP group’s poor performance on the
behavioral task is at least partly due to impaired phonemic discrimination skills
rather than impaired additional skills that are important for performing the
active task alone. In this case, impaired phonemic discrimination abilities in
children with CP can be an obstacle in developing phonological awareness skills
adequately, which, in turn, may lead to reading problems.
Method
Participants
Nineteen children with CP (8 female, 11 male) with a mean age of 5;7 years
(SD = 0;7, range 4;5 ‐ 6;11 years) participated in the experiment. Only children
with CP were selected who had no hearing problems, had potential to learn
(which was determined by teacher), and were able to give a response (by means
of speaking, pointing, gesturing, face expression). Twelve children had spastic
CP (GMFCS3 levels = level 1: five children; level 2: one child; level 3: two children;
level 4: one child; level 4‐5: one child; level 5: two children), two had mixed
3

As indicated by Gross Motor Function Classification System (Palisano et al., 2000).
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spastic‐dyskinetic CP (GMFCS levels = 3 and 4), one had mixed spastic‐ataxic CP
(GMFCS level = 1), one had dyskinetic CP (GMFCS level = 4), two had ataxic CP
(GMFCS levels = 1 and 3), and from one child it was unknown. Of the spastic
children, two were quadriplegic, eight were diplegic, and six were hemiplegic
(two left, four right). Speech therapists of the children with CP reported that five
children had severe speech production problems (two anarthric, three dysartric),
nine had moderate speech production problems (including one child with mild
dysartria), and five had no speech production problems. Four children with CP
used augmentative and alternative communication means. Eighteen children
with CP attended kindergarten at a school special for children with motor or
multiple disabilities and one child with CP attended kindergarten at a
mainstream school.
The control group, matched on gender, consisted of 19 children with
typical development (8 female, 11 male) with a mean age of 5;10 years (SD = 0;5,
range 5;0 ‐ 6;5 years), who had no hearing problems. All children from the
control group attended kindergarten at a mainstream school. The groups did not
significantly differ in age (t(36) = 1.18, p > .05).
All participants were monolingual, native speakers of Dutch. Parents of the
children signed an informed consent in accordance with the Declaration of
Helsinki. The study was approved by the Medical Ethical Committee (CMO
Region Arnhem‐Nijmegen).
Stimuli
The same stimuli were used as in Davids et al. (2009). The standard
stimulus was a naturally produced [i] phoneme. Three deviants were used: two
phonemic deviants and one pitch deviant. The two phonemic deviants were
naturally produced [y] and [u], of which [y] constitutes a small phonemic
difference and [u] has a large phonemic difference with respect to the standard
[i]. The pitch deviant was an [i] sound which had a pitch difference of seven
semitones with respect to the standard [i]. Figure 5.1 shows the oscillograms of
the standard as well as the pitch deviant and large phonemic deviant, with the
pitch deviant differing from the standard only with respect to the pitch contour
(middle panels) and the phonemic deviant differing with respect to the formant
structure (lower panels). The standard [i] and the deviants [y] and [u] were
spoken by a native Dutch female speaker and digitally recorded (44.1 kHz,
stereo) in a sound‐attenuated room using a Sennheiser ME62 microphone
connected to a Dell D610 latitude laptop running Sony Sound Forge, a sound
recording program. After recording, each stimulus was edited for precise onset
and offset using a speech editor (Praat, version 4.5.12). Stimuli were matched for
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total duration (235 ms), intensity, and pitch contour (falling from 280 Hz at 0 ms
to 195 Hz at 235 ms). The pitch deviant was created by manipulating the pitch
contour of the standard [i] on a semitone scale (420‐293 Hz, a difference with
the standard stimulus of approximately seven semitones). The stimuli were
presented at a comfortable hearing level, approximately 65 dB.

Figure 5.1. Stimuli used in the current study. The top row shows the oscillograms, the middle row
the pitch contour and the lower row the formant tracks. The left column contains the pictures for
the standard stimulus [i], the middle column for the pitch deviant stimulus [i], and the right column
for the small phonemic deviant stimulus [y].
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Design and Procedure
In order to study several cognitive and language abilities of the children,
the following skills were pre‐tested: non‐verbal IQ, passive vocabulary,
phonological short‐term memory, and articulation. Because we expected the
control children to perform at ceiling level on an articulation task, this task was
only administered to the children with CP. Table 5.1 describes how the
aforementioned skills are tested. The children were tested individually at school.
Behavioral phonemic discrimination task. A hand puppet was introduced and
the child was told that the hand puppet was not able to speak very well. In this
paradigm, the experimenter produced a vowel ([i], [y], or [u]) that had to be
repeated correctly by the hand puppet (in fact, this sound was also produced by
the experimenter). The task of the child was to indicate by means of a motor or
verbal response whether the hand puppet repeated the sound correctly or not.
During the experimental trials, the mouth of the experimenter was covered by a
hand, so that lip reading cues were not available. A number of practice trials with
feedback preceded the experimental trials where no feedback was given. The
task consisted of 11 experimental trials and only these small and large phonemic
contrasts were included that were also tested in the MMN paradigm (see Stimuli
section). The task was administered in the same test session as the
abovementioned behavioral pre‐tests.
MMN paradigm. The participants were tested individually while seated in
front of a computer screen. Their EEG was recorded while they were watching a
silent movie. The participants were instructed to watch the movie or play silently
and that they did not have to pay attention to the auditory stimuli. Stimuli were
presented by speakers at a comfortable hearing level, approximately 65 dB. The
test session took place in a mini‐van in which an EEG‐lab is built. This made it
possible to test children on the school’s grounds. This test session occurred,
approximately, one week after the behavioral test session.
The stimuli were presented in a passive multi‐deviant oddball paradigm in
which the occurrence of each deviant was 10% (150 tokens of each deviant and
1050 standards). The SOA between stimuli was 800 ms, resulting in a 20‐minute
duration. The deviants were presented in a pseudo‐random order. The
experiment consisted of four blocks and each block started with the
presentation of 15 standard stimuli. The order of the blocks was
counterbalanced between participants, with a short break between blocks.
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Table 5.1. Description of behavioral pre‐tests.

Test
Non‐verbal IQ
(Tellegen, Winkel,
Wijnberg‐Williams, &
Laros, 1998)

Passive vocabulary
(Verhoeven &
Vermeer, 1986)
Phonological short‐
term memory
(Peeters et al., 2008)

Articulation (Baarda,
Boer, & De Haasjes,
2001)
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Description
Two subtests from a Dutch non‐verbal IQ test were
administered. The mean standard score on both subtests was
taken as an indication for their non‐verbal IQ. The subtest
Categories consisted of 15 trials. During the first seven items,
the child had to indicate to which categories four to six cards
belonged. From item eight, the child had to choose out of five
cards which two were missing in a certain category of pictures.
The categories were not labeled by the experimenter. After
three incorrect trials, the test was stopped.
The subtest Analogies consisted of 17 items. During the first 10
items, the child had to sort three to five forms following an
example that showed how the forms should be sorted according
to form, color, and/or size. From item 11, an example showed
that one form transforms in another form, by changing one or
more aspects of the form. The child had to apply the underlying
rule to another form and choose the correct form out of several
alternatives. During this subtest, no information was given
about the underlying rules. After three incorrect trials, the test
was stopped.
A word was spoken by the experimenter and the child had to
indicate which picture out of four represented the word. There
were 96 items and after five consecutive incorrect trials the test
was stopped.
The experimenter produced a word string that had to be
repeated by a hand puppet. The child had to indicate whether
the hand puppet repeated the word string correctly. High‐
frequent monosyllabic words were included that were not
phonologically or semantically related. Increasing word strings
were presented ranging from one to eight words. Per each
length, six word strings were presented. After three incorrect
responses per length, the task was stopped.
The child was asked to label objects shown on pictures. If the
child did not label the object spontaneously, the experimenter
labeled the picture and the child had to repeat the word.
Consonants in initial, medial and final positions were tested, as
well as consonant clusters in initial and final position, vowels,
and diphones. The test consisted of 128 items, which were all
administered to the child.

EEG recording
The EEG was recorded from 24 active electrodes using the Acticap system
with Ag/AgCl electrodes (Brain Products, Gilching, Germany). Electrodes were
placed on standard electrode sites (F7, F3, Fz, F4, F8, FC5, FC1, FCz, FC2, FC6,
C3, Cz, C4, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, O2). All electrodes were
referenced to an electrode placed at the left mastoid. In addition, an electrode
was placed at the right mastoid for re‐referencing during off‐line analysis. To
monitor vertical eye movements, electrodes were placed beneath and above the
left eye. Horizontal eye movements were monitored by electrodes placed on the
left and right external canthi.
Signals were amplified with BrainAmp DC amplifiers, using a bandpass
filter from 1 to 30 Hz and a sample rate of 500 Hz. Impedances were kept below
20 kΩ for all electrodes, which is a standard setting for active electrodes. The
EEG and EOG were recorded and digitized using Brain Vision Recorder software
(1.03, Brain Products, Gilching, Germany).
Data analysis
In order to confirm group differences in scores on behavioral pre‐tests and
on the behavioral phonemic discrimination task, independent samples t‐tests
were conducted. In addition, correlations were calculated across groups and for
each group separately to investigate whether scores on the behavioral phonemic
discrimination task were related to scores on the behavioral pre‐tests.
EEG data were re‐referenced to linked mastoids and an automatic ocular
correction was performed (Gratton et al., 1983). The signal was segmented in
time windows ranging from 100 ms before stimulus onset to 700 ms after
stimulus onset, and baseline corrected relative to a 50‐ms pre‐stimulus interval.
Segments with artifacts exceeding ±100 μV in any channel were rejected for
further analysis. Remaining segments were averaged for each condition and for
each participant. Per deviant, difference waveforms were calculated by
subtracting the ERP to the standard stimulus from the deviant stimulus. The EEG
signals were analyzed using Brain Vision Analyzer software (1.05.0002, Brain
Products, Gilching, Germany).
To test whether children with CP elicited different MMNs than the control
children, a repeated‐measures analysis of variance (ANOVA) was applied to the
mean amplitude of the ERPs at electrodes FCz and Cz during an 80‐130 ms
window, based on visual inspection of the difference waveforms. The ANOVA
included two within‐subjects factors Stimulus type (two levels: standard,
deviant) and Electrode (two levels: FCz, Cz) and one between‐subjects factor
Group (two levels: CP, controls). The ANOVAs for the three deviants were
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performed separately. Interactions including the factor Electrode will not be
reported if they are not significant. Greenhouse‐Geisser correction for violation
of sphericity assumption was applied when appropriate (Greenhouse & Geisser,
1959).
Results
Behavioral data
Table 5.2 shows the group’s average scores on the behavioral tests and the
results of independent samples t‐tests. On the behavioral pre‐tests of non‐verbal
IQ, passive vocabulary, and phonological short‐term memory, the CP group
performed significantly below the control group. On the articulation task, the
mean correct score of the CP group was 94 (out of 128 items that were
presented in total), indicating that children with CP in our study had difficulties
with articulating a large number of sounds. On the active phonemic
discrimination task, the CP group performed significantly below the control
group. In addition, Table 5.2 reveals that the standard deviation of the scores of
the CP group on the passive vocabulary, phonological short‐term memory task,
articulation, and phonemic discrimination task is relatively large, which indicates
that children in the CP group varied considerably in their language skills.
Correlations between scores on the phonemic discrimination task and
scores on the behavioral pre‐tests are displayed in Table 5.3. Across groups, the
performance on the behavioral phonemic discrimination task correlated
positively and significantly with the performance on tests measuring non‐verbal
IQ, passive vocabulary, and phonological short‐term memory. Although the
correlations did not remain significant when the analysis was performed on each
group separately, correlations in both groups between scores on the phonemic
discrimination task with scores on the non‐verbal IQ task and the passive
vocabulary task were comparable in size. The positive correlation between the
performances on phonemic discrimination task and short‐term memory was
numerically larger in the CP group than in the control group.
EEG data
For the CP group, after artifact rejection, on average, 107 (SD = 35), 105 (SD
= 38), 109 (SD = 33), and 106 (SD = 36) trials were included for analysis for the
standard and small phonemic deviant, large phonemic deviant, and pitch deviant
stimulus, respectively. For the control group, on average, 129 (SD = 15), 128 (SD
= 14), 128 (SD = 14), and 130 (SD = 14) trials were included for analysis after
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Table 5.2. Group scores (mean and SD) for the CP and control group on behavioral pre‐tests and
the active behavioral phonemic discrimination task.

Non‐verbal IQ
Passive vocabulary
Phonological short‐term memory
Articulation
Phonemic discrimination

Group

Mean

SD

CP
CG
CP
CG
CP
CG
CP
CP
CG

65.11
109.79
35.61
67.58
10.79
33.42
93.37
7.68
10.63

12.25
16.79
20.03
9.03
11.60
9.08
40.38
2.75
0.68

Results of independent samples t‐test: * p < 0.05

**

p < 0.01

***

Difference between
groups t(36)
9.37***
6.32***
6.70***
‐
4.53***

p < 0.001

Table 5.3. Correlations over both groups and for the CP and control group separately for the
behavioral phonemic discrimination task.

Phonemic discrimination

Correlated test

Group

Non‐verbal IQ

Both
CP
CG
Both
CP
CG
Both
CP
CG
Both
CP
CG

Passive vocabulary

Phonological short‐term memory

Articulation

Results of Pearson correlation: * p < 0.05

**

p < 0.01

***

Pearson
Correlation
.59***
.23
.33
.66***
.43
.39
.65***
.45
.26
‐
‐.05
‐

p < 0.001
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artifact rejection for the standard and small phonemic deviant, large phonemic
deviant, and pitch deviant stimulus, respectively.
Figure 5.2 presents the grand‐averaged difference waveforms at electrode
Cz, where the differences were maximal. This figure shows that, for the small
and large phonemic contrasts, large negative differences are visible in both CP
and control group between 80‐130 ms. For the pitch contrast, no negativities can
be observed in either group.
The repeated‐measures ANOVA for the small phonemic deviant revealed a
marginally significant main effect of Stimulus type (F(1,36) = 3.51, p = .069), and
no significant interaction between Stimulus type and Group (F(1,36) < 1, p > .05).
For the large phonemic deviant, a significant main effect of Stimulus type
(F(1,36) = 15.43, p < .001) and no significant interaction between Stimulus type
and Group (F(1,36) < 1, p > .05) was revealed. For the pitch deviant, no significant
main effect of Stimulus type (F(1,36) < 1, p > .05) and no significant interaction
between Stimulus type and Group (F(1,36) < 1, p > .05) was found.
These analyses show that, across both groups, a marginally significant
MMN for the small phonemic contrast and a significant MMN for the large
phonemic contrast was found, whereas no MMN was elicited in the pitch
contrast. No group differences were found in the MMNs in any of the contrasts.

Discussion
The goal of the present study was to investigate whether phonemic
discrimination is adequately developed in 19 Dutch preschool children with CP as
compared to gender‐ and age‐matched controls. This was studied by means of
an active behavioral discrimination task and a passive MMN paradigm. Several
behavioral pre‐tests were administered to assess additional cognitive and
language abilities of the children. In the active behavioral discrimination task,
participants were asked to indicate by means of a motor or verbal response
whether a spoken vowel was repeated correctly. In the MMN paradigm, vowels
were auditorily presented while the participant’s ERPs were recorded. No
response and attention to the auditory stimuli were required and participants
could watch a silent movie or play. The MMN indicates discrimination skills at a
preconscious and pre‐attentive level. If phonemic discrimination is impaired in
children with CP, this would make it harder for them to develop phonological
awareness skills adequately, which in turn, may lead to reading problems.
The pre‐tests measuring non‐verbal IQ, passive vocabulary, and
phonological short‐term memory, revealed that the CP group performed below
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Figure 5.2. Grand‐averaged difference waveforms (deviant‐standard) elicited in the CP group and control group for the small phonemic, large
phonemic, and pitch contrast. Electrode Cz is shown and negativity is plotted upwards.
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the control group. This seems to indicate that the children with CP who
participated in our study had impaired intellectual skills, a limited vocabulary,
and impaired phonological memory skills compared to the typically developing
children. This is in agreement with findings in previous studies (Dahlgren
Sandberg & Hjelmquist, 1997; Peeters et al., 2009; Peeters et al., 2008). In
addition, within the CP group, performance on the passive vocabulary,
phonological short‐term memory, and articulation task varied considerably
indicating that the CP group was a heterogeneous group.
On the active behavioral discrimination task, the CP group performed
below the control group. This was consistent with our expectations, and has also
been found in previous studies (Peeters et al., 2009; Peeters et al., 2008).
However, these group differences can either be due to impaired phonemic skills
in children with CP or as suggested by the results of our pre‐tests to impaired
additional (cognitive) skills that are required by the active task. Correlation
analyses across groups indeed revealed that children who showed impaired
intellectual skills, a limited passive vocabulary, and/or impaired phonological
short‐term memory, performed worse on the behavioral phonemic
discrimination task. Both groups seem to contribute equally to the correlations
between the performance on the behavioral phonemic discrimination task and
tasks measuring non‐verbal IQ and passive vocabulary, although all correlations
performed per group separately did not remain significant. The correlation
between the phonological discrimination task and phonological short‐term
memory seemed to be higher in the CP group than in the control group. The
results from the passive MMN paradigm should be able to elucidate whether the
poor performance of the CP group on the behavioral phonemic discrimination
can be totally explained by additional impairments, or whether they show a
supplementary implicit phonemic discrimination deficit.
In the passive MMN paradigm, across both groups an MMN was elicited for
the small phonemic contrast, although this effect was only marginally
significant. There was no difference in effect between the groups. For the large
phonemic contrast, also an MMN was elicited over both groups and the MMN
did not differ between the groups. This means that, at a neural and preconscious
level, phonemic discrimination is developed similarly in children with CP and
age‐matched controls. Consequently, the CP group’s poor performance on the
behavioral discrimination task was not due to impaired phonemic discrimination
skills, as was previously concluded by Peeters et al. (2008; 2009), but rather to
difficulties with the requirements of the task, as giving a motor/verbal response,
paying attention, keeping phonological information actively in their short‐term
memory, and/or understanding the instruction of the task.
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Our MMN results show that children with CP are not impaired in phonemic
discrimination when a task is used that does not require skills on which children
with CP can be impaired. This means that discriminating small and large
phonemic contrasts, at least at a preconscious level, is adequately developed in
preschool children with CP and that children with CP do not suffer from the
availability problem. Therefore, phonemic discrimination at the level of vowels is
not expected to be an obstacle for children with CP to develop phonological
awareness skills adequately, which is in typically developing children related to
future success in learning to read. In addition, our data confirm the finding of
Bishop et al. (1990), that the requirements of the task may influence the
participant’s performance critically and that two tasks which have the goal to
measure the same cognitive skill may not be interchangeable. Therefore, in
order to test a specific cognitive skill, it is important to use a task which places
minimal demands on other (cognitive) abilities children with CP are known to be
impaired on. For future research, we recommend administering a passive task
complementary to a traditional behavioral task when assessing cognitive
processing in children with CP.
Surprisingly, the pitch contrast did not elicit an MMN across both groups;
although again no group differences were obtained. The absence of an MMN to
the pitch contrast was unexpected, especially because in Davids et al. (2009) the
same large pitch contrast was shown to elicit an MMN in healthy adults. Our
data show that contrasts eliciting an MMN in adults, do not necessarily elicit a
similar MMN in young children. This has been shown before by Maurer et al.
(2003). While they found an MMN in adults for pitch and frequency contrasts,
children showed an MMN with reversed polarity. They speculated that the
difference between the age groups could be attributed to the short SOA (383
ms) they used and to the fact that the contrasts were hard to discriminate for the
children. These explanations do not seem a plausible explanation for the
absence of an MMN in our pitch contrast: the SOA we used was relatively large
(800 ms) and adults showed that the pitch contrast, consisting of a difference of
seven semitones, was very easy to discriminate in a behavioral oddball task
(mean correct percentage = 99%, SD = 2%) (Davids et al., 2009). Since there is
very little behavioral change in basic sensory abilities between children of 4 to 6
years olds and adults (Johnson, 2005), it is unlikely that the pitch contrast was
too difficult to discriminate for the children participating in our study (at least
from the control group). Moreover, when we visually inspect the children’s ERP
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data in response to the pitch contrast, both groups elicited a positive effect4
from 140‐190 ms. This seems to indicate that both groups are able to perceive
the pitch contrast, although, for reasons unknown, this is not reflected in the
MMN. How and why the MMN to pitch contrasts can differ across age groups
should be illuminated in future research.
As mentioned earlier, the behavioral pre‐tests showed that the CP group
was impaired on intellectual, passive vocabulary, and short‐term memory
abilities. Moreover, the variability within the CP group in performance on the
latter two tasks, on the articulation test, and in gross motor skills was large.
Interesting is that despite the fact that children with CP suffered from several
impairments and despite the heterogeneity of the group on the degree of the
impairments, no differences were found between their MMNs and those of age‐
matched typically developing children. This means that, in the participating
preschool children with CP, or at least in the majority of them, CP goes together
with a variety of impairments, but does not seem to coincide with a phonemic
discrimination problem or delayed development of phonemic discrimination.
Note that, in the present study we only tested phonemic discrimination at the
level of vowels. Future research will have to establish whether this also holds for
more subtle contrasts.
If phonemic discrimination skills indeed are not impaired, the question
remains why children with CP have difficulties in learning to read. Our behavioral
data seem to point in the direction of impaired phonological short‐term memory
skills as a potential obstacle. Across groups performance on the short‐term
memory task and behavioral phonemic discrimination task were correlated. This
correlation was higher in the CP group than in the control group, although
significance was not reached in either group. It could be the case that, at a
behavioral level, children with CP show problems with phonological awareness
tasks and/or learning to read because of problems they have with maintaining
phonological information in short‐term memory, which has also been proposed
before (Bishop et al., 1990; Dahlgren Sandberg, 2001; Dahlgren Sandberg &
Hjelmquist, 1996, 1997). An alternative explanation could be that impaired
intellectual or attention skills cause or contribute to the poor performance on the
phonological awareness tasks and/or reading. Future research is necessary to
elucidate the nature of learning to read problems in children with CP.

4

A repeated‐measures ANOVA performed at electrodes FCz and Cz revealed a
significant main effect of Stimulus type (F(1,36) = 5.92, p < .05) over both groups, and no
significant interaction between Stimulus type and Group (F(1,36) < 1, p > .05).
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Chapter 6 Summary and discussion
The focus of the present thesis was on the assessment of phonological
processing in children from clinical populations. The first part of the thesis,
consisting of Chapters 2 and 3, describes two studies on optimal passive
assessment of phonemic discrimination and auditory rhyme recognition studied
in healthy adults. The second part of the thesis, Chapters 4 and 5, describes two
studies on phonemic discrimination studied in children from clinical populations,
i.e., children with SLI and children with CP. The present chapter starts by
summarizing and discussing the main results and conclusions per study.
Implications are described for each part of the thesis. Finally, some limitations
on the present thesis and ideas for future research are presented.

6.1

Passive assessment of phonological processing

Optimal passive assessment of two prerequisites of learning to read were
studied in healthy adults. The two phonological processes of interest were
phonemic discrimination and auditory rhyme recognition. Phonemic
discrimination is a crucial and basic prerequisite of learning the grapheme‐
phoneme correspondences. Typically developing children are born with an
accurate phonemic discrimination system (Jusczyk, 2002). Auditory rhyme
detection can be seen as a precursor of explicit rhyme awareness, one of the
lower levels of phonological awareness (e.g., Ziegler & Goswami, 2005). In most
typically developing preschool children, rhyme awareness develops
automatically, without explicit instruction, and it has predictive value in their
future success in learning to read (Bradley & Bryant, 1983).
.
6.1.1 Passive assessment of phonemic discrimination
Combining assessments of phonemic and auditory discrimination in one
experiment by using the MMN is more time‐effective and may provide more
valuable information about the underlying cause of poorly specified phonemic
representations in clinical populations. In order to study the optimal paradigm
for simultaneous assessment of auditory and phonemic discrimination, in
Chapter 2 it was investigated whether pitch and phonemic deviants presented
together in one sequence are able to elicit MMNs in healthy adults. In addition, it
considered whether the MMN elicited by a pitch contrast is affected by the
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presence of the phonemic deviants. The results showed that when a pitch
deviant was presented in the same sequence as a small and large phonemic
deviant, only a large pitch contrast (consisting of a difference of seven
semitones) was able to elicit a significant MMN. A medium and small pitch
contrast (consisting of a difference of two and five semitones, respectively)
presented in the same sequence as the phonemic contrasts did not elicit
significant MMNs. In contrast, the two phonemic contrasts always elicited
significant MMNs when they were presented together with the small, medium,
or large pitch contrast. This means that pitch and phonemic deviants can be
tested together in the same sequence, but only when the pitch contrast is
relatively large.
In addition, the results revealed that when only pitch deviants were
presented in one sequence, both the medium and large pitch contrasts elicited
significant MMNs. Those MMNs were similar in magnitude, compared to the
MMNs that were elicited when the pitch contrasts were presented together with
the phonemic deviants. This indicates that the MMNs to pitch contrasts were not
influenced by the presence of the phonemic deviants. So, ‘less meaningful’ pitch
contrasts are not suppressed by the presence of the ‘more meaningful’
phonemic deviants in the same sequence. This means that findings from
previous studies, revealing that the presence of multiple deviants does not
suppress the MMNs to meaningless stimuli in a passive oddball paradigm
(Deacon et al., 1998; Grimm & Schröger, 2007; Molholm et al., 2004; Näätänen
et al., 2004) or to meaningful stimuli in an active distraction paradigm (Grimm et
al., 2008), can be extended to the MMNs to meaningful stimuli when a passive
oddball paradigm is used. However, the medium pitch contrast only reached
significance when it was presented with other pitch contrasts and not when it
was put together with phonemic contrasts in a sequence, indicating that pitch
changes can be (subtly) affected by the presence of phonemic changes. This
subtle influence disappeared for the large pitch contrast that elicited MMNs in
both contexts, suggesting that the larger the pitch contrast, the smaller the
context effect.
6.1.2

Passive assessment of auditory rhyme

A passive ERP measurement of implicit rhyme detection could possibly
function as an indicator of future success in learning to read in children from
clinical populations. In Chapter 3, it was studied whether implicit rhyme
detection in healthy adults can be assessed using a passive ERP paradigm. The
results showed that in an active rhyme paradigm, a typical phonological N400
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effect was elicited with non‐rhyming targets showing more negative ERPs at
posterior sites during 400 to 600 ms compared to rhyming targets. This effect
was similar to the rhyme effect elicited in previous studies (Coch et al., 2002;
Coch et al., 2005; Coch et al., 2007). In the passive paradigm, an anterior positive
effect was elicited for non‐rhyming targets during 350‐750 ms compared to
rhyming targets. This effect is reminiscent of anterior positive effects observed
in previous active rhyme and lexical decision studies (Coch et al., 2002; Coch et
al., 2005; Dumay et al., 2001; Grossi et al., 2001; Khateb et al., 2007). It can thus
be concluded that auditory rhyme processing can be studied at the group level
by a passive neurophysiological measurement, in which no response, instruction,
motivation, and attention is required to the auditory stimuli. In such a test, one
should focus on the anterior positivity.
In addition, our results showed that the phonological N400 effect and the
anterior positive effect can be functionally distinguished. The typical
phonological N400 effect was elicited by processes involved in attending to and
actively processing the phonological features of the words and making explicit
judgments and responses. In contrast, the smaller but longer‐lasting anterior
positive effect seemed to be elicited by processes involved in implicit automatic
detection of phonological overlap between (pseudo)words without making
explicit judgments or responses. Consequently, it is proposed that the
phonological N400 effect reflects explicit phonological processing and
awareness, which has been found to be impaired in children with reading
difficulties (Bradley & Bryant, 1983; Bryant et al., 1990; Hoien et al., 1995;
Schneider et al., 1997; Wagner & Torgesen, 1987). In a similar vein, the anterior
positivity may reflect a pre‐attentive and implicit form of phonological
processing, which can be seen as a precursor of the explicit form of phonological
awareness (e.g., Ziegler & Goswami, 2005). Whether this implicit form of
phonological processing is also affected in children with reading problems awaits
future research.
However, while the phonological N400 effect could be observed in almost
all participants, the anterior positive effect only became significant when a large
sample size was tested (i.e., 32 participants) and was only observed reliably in
about one third of the participants. Therefore, the current version of our task
does not appear suitable to serve as a possible indicator of success in acquiring
reading skills at the individual level. Future research is needed to make this task
more reliable for studying rhyme detection at the individual level.
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6.1.3

Implications for applying passive paradigms to clinical populations

The study on phonemic discrimination in healthy adults makes it clear that
in order to make assessments more time‐effective and to obtain more
information about the quality of auditory discrimination, phonemic and auditory
discrimination can be combined in one experiment by using the MMN. However,
for this purpose, the pitch contrast should consist of a relatively large difference
(i.e., at least seven semitones), because such a pitch contrast does not seem to
be influenced by the presence of phonemic contrasts. Therefore, the passive
paradigm using phonemic contrasts and a large pitch contrast in one sequence
should be applied in order to assess phonemic and auditory discrimination in
children from clinical populations. In this case, it is most probable that all
contrasts will elicit MMNs as opposed to when smaller pitch contrasts are used.
From the study on passive assessment of auditory rhyme, it can be
concluded that auditory rhyme processing can be assessed at the group level in
healthy adults by a passive neurophysiological measurement. In such a test, one
should not focus on the traditional phonological N400 effect, but on the anterior
positivity, which may reflect a pre‐attentive and implicit form of phonological
processing. This can be seen as a precursor to the explicit form of phonological
awareness (e.g., Ziegler & Goswami, 2005). However, the current version of the
task does not seem suitable for application to children from clinical populations.
First, future research must determine whether the implicit form of phonological
processing is affected in children with reading problems. Second, the anterior
positivity elicited in the passive paradigm only reached significance when a large
sample size was tested (32 participants) and could only be observed reliably in
about one third of the participants. Future research should focus on making this
paradigm more reliable before a passive rhyme paradigm can serve as an
indicator of success in acquiring reading skills in children from clinical
populations at the individual level.

6.2

Phonemic discrimination in children from clinical populations

As a result of the findings of the studies in healthy adults, only passive
paradigms assessing phonemic discrimination were applied to children from
clinical populations. Two different groups of clinical populations were focused
on: children with SLI and children with CP. In children with SLI, language and
reading problems are the primary processing problems they suffer. In children
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with CP, language and reading problems are secondary to another impairment.
Their primary problems are movement and posture problems.
6.2.1

Phonemic discrimination in children with SLI

Whether discrimination problems in children with SLI are speech specific or
of a general auditory nature has been studied before, but non‐linguistic
contrasts in these studies were far less acoustically complex than the linguistic
contrasts. Therefore, a direct comparison between the phonemic and auditory
discrimination abilities was not warranted. In Chapter 4, a study was described
that further investigated the nature of discrimination problems in children with
SLI by using a linguistic and non‐linguistic contrast that had similar acoustically
complex changes. Two different assessment methods were applied: an active
behavioral task and a passive MMN paradigm. Since children with SLI have a
high risk of developing attention problems (Beitchman et al., 1990), which may
influence the results on behavioral tasks, attention skills were also measured.
Twenty‐five five‐year‐old Dutch children with SLI having receptive as well as
productive language problems were compared to 25 control children with typical
speech‐ and language development. The results showed that, at the behavioral
level, the SLI group was impaired in discriminating the linguistic contrast as
compared to the control group, while both groups were unable to distinguish the
non‐linguistic contrast. In addition, the SLI group tended to have impaired
attention skills which correlated with performance on behavioral language tests.
This means that performance on behavioral tasks is influenced by attention
skills.
At the neural level, the SLI group, in contrast to the control group, did not
show an MMN in response to either the linguistic or non‐linguistic contrast. This
indicates that children with SLI, as compared to control children, were impaired
in discriminating both speech and non‐speech information. The MMN data are
consistent with accounts that relate the symptoms in children with SLI to a more
general problem in central auditory processing, which has already been
suggested in a number of studies (e.g., Farmer & Klein, 1995; McAnally et al.,
2000; Stein & Walsh, 1997; Tallal & Piercy, 1973a, 1973b, 1974, 1975), and is in
contrast to studies that found evidence for a primary speech specific deficit (e.g.,
Mody et al., 1997; Snowling, 2000; Studdert‐Kennedy, 2002; Studdert‐Kennedy
& Mody, 1995).
Notwithstanding the fact that neither controls nor children with SLI were
able to discriminate the non‐linguistic contrast at the behavioral level, an MMN
was elicited in the control group. This indicates that although at the behavioral
103

level control children were unable to indicate reliably whether non‐linguistic
stimuli differed, at the neural level they were able to perceive the difference. In
the SLI group, no MMN was elicited to the non‐linguistic contrast, indicating
that at the neural level they were not able to perceive the difference. Results
from a pre‐test revealed that healthy adults were able to discriminate the non‐
linguistic contrast at the behavioral level. Apparently, when non‐linguistic
stimuli are used that are acoustically as complex as their linguistic counterparts
but contain no phonemes, discrimination in an active non‐linguistic behavioral
task becomes too difficult for young children.
A remaining question is to what extent the phonemic discrimination
problems in children with SLI originate from central auditory processing
disorders. In this light, it is important to note that whereas our results point
towards central auditory processing problems in children with SLI, they do not
prove that the linguistic discrimination problems originate in the central auditory
processing difficulties. Future longitudinal studies are needed to uncover cause
and effect relationships between auditory perception on the one hand, and
phonological variables on the other hand.
6.2.2

Phonemic discrimination in children with CP

Spelling and reading skills are often impaired in children with CP. The cause
of these difficulties is still subject to debate. In Chapter 5, a study is described
that investigated whether phonemic discrimination is adequately developed in
children with CP. Since accomplishing behavioral tasks can be hard for those
children because of possible impairments in cognitive development, speech‐ and
language abilities, and/or attention skills (Aldenkamp et al., 2003; Bax et al.,
2005), phonemic discrimination abilities were studied by means of an active
behavioral task as well as a passive MMN paradigm. Nineteen Dutch preschool
children with CP were compared to 19 age‐ and gender‐matched control
children with typical development. The results showed that, at the behavioral
level, the CP group was impaired in phonemic discrimination as compared to the
control group. This is in agreement with findings from previous studies (Peeters
et al., 2009; Peeters et al., 2008). In addition, the CP group showed impaired
performance on behavioral pre‐tests measuring non‐verbal IQ, passive
vocabulary, and phonological short‐term memory. The performance on these
pre‐tests correlated positively with performance on the phonemic discrimination
task. This suggests that group differences in the behavioral phonemic
discrimination task is at least partly due to impaired additional (cognitive) skills
that are required by the active task.
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At the neural level, the CP group showed similar MMNs in response to small
and large phonemic contrasts as the control group. This indicates that phonemic
discrimination at the level of vowels is adequately developed in children with CP.
Thus, children with CP did not seem to suffer from the availability problem at the
neural level. Consequently, their poor performance on the behavioral
discrimination task was not due to impaired phonological discrimination skills, as
was previously concluded by Peeters et al. (2008; 2009), but rather to additional
impairments, such as giving a motor/verbal response, paying attention, keeping
phonological information actively in their short‐term memory, and/or
understanding the instructions of the task. It can be concluded that phonemic
discrimination skills, at least at a preconscious level, in children with CP do not
seem to be an obstacle in developing phonological awareness skills adequately
and learning to read.
It is interesting to note that the behavioral pre‐tests showed that the
variability within the CP group in performance on the passive vocabulary task,
phonological short‐term memory task, articulation task, and in gross motor skills
was substantial. Despite the fact that children with CP suffered from several
impairments and despite the heterogeneity of the group in the degree of
impairment, no differences were found between their MMNs and those of age‐
matched typically developing children. This suggests that, in the participating
preschool children with CP, or at least in the majority of them, CP goes together
with a variety of impairments, but does not seem to coincide with a phonemic
discrimination problem or delayed development of phonemic discrimination.
Future research is necessary to elucidate the nature of phonological
awareness and/or learning to read problems in children with CP. It could be the
case that, at a behavioral level, children with CP show problems with
phonological awareness tasks and/or learning to read because of difficulties they
have with maintaining phonological information in short‐term memory, which
has also been proposed before by others (Bishop et al., 1990; Dahlgren
Sandberg, 2001; Dahlgren Sandberg & Hjelmquist, 1996, 1997). An alternative
explanation could be that impaired intellectual or attention skills cause or
contribute to the poor performance on the phonological awareness tasks and/or
reading.
6.2.3

Implications concerning studies in clinical populations

Our results from both studies on phonemic discrimination signify the
importance of passive assessment of cognitive abilities by means of
experimental paradigms that require minimal demands on additional (cognitive)
105

abilities known to be impaired in children from clinical groups. Children with SLI
were impaired in attention skills, which influenced their performance on
behavioral tasks. Children with CP showed impaired phonemic discrimination
skills at the behavioral level, while at the neural level they had similar results
compared to typically developing children. This indicates that additional
impairments, like impaired attention, cognitive and/or short‐term memory skills,
caused their poor performance on the behavioral discrimination task. Whereas it
is especially important when children from clinical populations to use proper
assessment methods, neurophysiological assessment in typically developing
children can also provide more information than behavioral assessment. At the
behavioral level, the typically developing children in our study were unable to
indicate whether non‐linguistic stimuli were the same or different, while at the
neural level it could be observed that they were able, at least preconsciously, to
distinguish the stimuli. It can thus be concluded that assessments including
passive neural paradigms in combination with behavioral measures will provide
additional information about the nature of an underlying problem in comparison
with standard behavioral assessments.
The study on phonemic discrimination in children with SLI reveals that
children with SLI have central auditory processing problems instead of speech‐
specific discrimination problems. These difficulties in processing phonemic as
well as auditory information can be problematic in learning the grapheme‐
phoneme correspondences, which may lead to reading problems. In order to
improve phonological skills and possibly reading skills, it may be beneficial to
train children with a phonological deficit to discriminate linguistic as well as non‐
linguistic stimuli (Merzenich et al., 1996).
From studying phonemic discrimination abilities in children with CP, it can
also be concluded that, at least at a preconscious level, they were not impaired in
discriminating vowel contrasts. Intact phonemic discrimination skills at the
neural level should allow for grapheme‐phoneme correspondence learning
abilities. Thus, extra training in phonemic discrimination seems unnecessary for
children with CP. However, at the behavioral level, children with CP were unable
to indicate whether the contrasts differed or not. This suggests that training in
additional skills required for a behavioral phonemic task (other than phonemic
discrimination itself) may be beneficial. For example, children can be trained on
retaining items in short‐term memory and maintaining attention. In addition,
more attention should be given to simplifying task instructions making it easier
for children with CP to understand them. Combining all these facets may lead to
better performance on behavioral tasks. Furthermore, future research will need
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to determine to what extent these aforementioned aspects contribute to the
reading problems present in this clinical group.

6.3

Limitations of the present thesis

Both ERP components used in the present thesis, the MMN component for
studying phonemic discrimination and the anterior positive effect that was
elicited in the passive rhyme paradigm, were not reliable enough to study
phonological processes at the individual level. Therefore, at the neural level,
conclusions could only be drawn about the entire group’s phonological
processing abilities. As a result, these passive paradigms as yet do not appear
suitable for inclusion in individual’s diagnostic assessment that focuses on the
risk for developing reading problems. Future research is needed in order to
assess whether the ERP components discussed in the present thesis can be
made more reliable, for example by including more trials that could increase the
magnitude, as well as the signal‐to‐noise ratio of the ERP components.
In the present thesis, the EEG method is used for passive assessment of
phonological processing. The relevance of applying this method is obvious
following our results revealing that passive neural paradigms provide more
adequate information about phonological processing than behavioral
assessment alone. However, a disadvantage of using the EEG method is that it is
more time‐consuming than behavioral tasks. Before starting with the
experimental task, the EEG method needs a preparation time of at least 10‐15
minutes (when active electrodes are used; for placing the cap on the scalp and
decreasing the impedances of the electrodes). It should be clear by now that we
promote using neural passive paradigms in combination with behavioral
measures in order to assess phonological processing. Having said this, we realize
that feasibility of doing so depends on many circumstances, which all need to be
weighed in order to decide which method is best applied in a particular situation.

6.4

Directions for future research

In order to study phonemic discrimination, a time‐effective passive
paradigm was used in the present thesis, namely a multi‐deviant oddball
paradigm instead of the traditional oddball paradigm with one deviant. While
this made it possible to obtain information about phonemic as well as auditory
(i.e., pitch) processing in a relatively short test session (2o minutes), it would be
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beneficial to shed more light on how even more information can be obtained in a
short(er) test session. Recently, the so called linguistic multi‐feature paradigm
has been introduced in order to obtain more information about phonemic and
auditory discrimination (Lovio et al., 2009; Pakarinen et al., 2009). In this
paradigm, five different deviants were presented in the same sequence: a vowel,
vowel‐duration, consonant, pitch, and intensity contrast. The duration of the
paradigm was 20 minutes as in our paradigm, but it could even be shortened
when not all contrasts are relevant for inclusion. Leaving out the intensity
contrast, for example, should lead to a duration of 16 minutes. Another focus of
future research would be to study when and why discriminable contrasts do or
do not elicit MMNs. In the present thesis, an MMN was not elicited by a small
pitch contrast in healthy adults, while it was discriminable at the behavioral
level. This is in contrast with what is often argued, namely, that an MMN arises
to any discriminable contrast (Näätänen, 1995), but is in agreement with the
findings by Pettigrew et al. (2004), as well as what is argued by Bishop (2007),
revealing that easily discriminable changes often do not elicit MMNs. Especially
in the perspective of efficient application of the MMN in (clinical) populations,
this definitely needs further investigation.
As already mentioned, a passive paradigm of auditory rhyme certainly
needs future research before it can be applied to children from clinical
populations. Since this paradigm seems to study implicit rhyme detection rather
than explicit rhyme detection, investigation is needed as to whether the implicit
form of phonological processing is also affected in children with reading
problems. In addition, future research is necessary to investigate how this
passive paradigm can elicit a more reliable anterior positive ERP effect, e.g., by
increasing the amount of trials. Studying whether the use of real words instead
of pseudowords influences the ERP effect is also interesting.
Now that phonemic discrimination, a basic but crucial prerequisite to
learning to read, is investigated by means of passive paradigms in children with
SLI and in children with CP, it is recommended that future research focuses on
less basic prerequisites of learning to read. Passive paradigms of phonological
awareness or the early stages of reading could be studied to find out whether
they are developed adequately in these children from clinical populations.
Whereas it should be clear that a passive paradigm of auditory rhyme needs
more attention in order to become more reliable, other processes of
phonological awareness or reading may be better suitable for passive
assessment. For example, it has been shown that the MMN can also serve as a
neurocognitive marker of grapheme‐phoneme correspondences (Froyen, Bonte,
Van Attenveldt, & Blomert, 2008; Froyen, Van Attenveldt, Bonte, & Blomert,
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2007). Whether children with SLI or children with CP have difficulties
constructing grapheme‐phoneme correspondences and whether this process is
automatized would definitely be interesting to investigate in future research.
To conclude, the present thesis lays the foundations for an account of
phonological neurocognitive markers which has been shown to be very valuable.
Of course, the present thesis can only serve as a first step in unraveling the
neural phonological prerequisites for learning to read in children from special
populations. It is recommended that future research continues this path toward
a full‐fledged neurocognitive theory on phonological processing in atypically
developing children, one that takes the perspective of early intervention.
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Samenvatting in het Nederlands
In onze samenleving speelt lezen een belangrijke rol. Nieuwe kennis doen
we bijvoorbeeld vaak op door middel van lezen. Ook is geschreven tekst een
belangrijke vorm van communicatie, denk aan brieven, maar ook e‐mail en sms.
Kinderen die problemen hebben met leren lezen kunnen zodoende makkelijk
achter gaan lopen in de ontwikkeling van andere cognitieve vaardigheden en in
het gebruik van tekst als communicatiemiddel. Om dit te voorkomen is het
belangrijk dat leesproblemen zo vroeg mogelijk worden gesignaleerd. Eerder
onderzoek heeft aangetoond dat het latere leessucces van kinderen voorspeld
kan worden door de vaardigheid van het verwerken van de klanken van een taal,
fonologische verwerking genaamd. In dit proefschrift zijn optimale tests
bestudeerd van fonologische verwerking met het doel dat deze tests gebruikt
kunnen worden bij jonge kinderen uit klinische populaties, zelfs voordat ze naar
school gaan. De twee fonologische processen, die basale voorwaarden zijn van
leren lezen en onderzocht zijn in dit proefschrift, betreffen klankdiscriminatie en
rijmherkenning. Om adequate tests van klankdiscriminatie en rijmherkenning te
bestuderen zijn beide processen eerst bij volwassenen onderzocht. Vervolgens is
klankdiscriminatie bestudeerd bij kinderen uit twee verschillende klinische
doelgroepen: kinderen met een specifieke taalstoornis en kinderen met
cerebrale parese. Taal‐ en leesproblemen zijn de primaire problemen van
kinderen met een specifieke taalstoornis, terwijl deze problemen bij kinderen
met cerebrale parese secundair zijn aan de motorische beperkingen die ze
ondervinden.
Om fonologische verwerking te onderzoeken zijn er in dit proefschrift twee
verschillende soorten tests toegepast: traditionele actieve gedragstaken en een
relatief nieuwere methode waarbij hersenpotentialen (electro‐encefalogram
(EEG) of ERP’s) gemeten worden. Bij een traditionele gedragstaak moet de
proefpersoon aandachtig zijn, een motorische of verbale respons kunnen geven
en de instructie kunnen begrijpen. Omdat kinderen uit klinische populaties een
verstandelijke beperking kunnen hebben, moeite kunnen hebben met het
vasthouden van hun aandacht en/of het geven van een verbale of motorische
respons, zouden gedragstaken die fonologische verwerking meten een
vertekend beeld kunnen geven van hun daadwerkelijke fonologische
vaardigheden. Het voordeel van het toepassen van de EEG/ERP methode is dat
het mogelijk is om bepaalde cognitieve vaardigheden door middel van
zogenaamde passieve paradigma’s (=manier van onderzoeken) te meten. Een
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passief paradigma vereist geen verbale of motorische respons van de
deelnemer, doet weinig beroep op de aandachtscapaciteiten van de deelnemer
en er is geen instructie of in ieder geval geen ingewikkelde instructie nodig. Om
deze reden zouden de passieve ERP paradigma’s een nauwkeuriger beeld
kunnen geven van de daadwerkelijke fonologische vaardigheden van kinderen
uit klinische populaties.
Een ERP effect dat een maat is voor het discrimineren van geluiden of
klanken tijdens een passief paradigma is de mismatch negativity (MMN). In een
MMN taak krijgen deelnemers een reeks geluiden te horen terwijl hun
hersenactiveit (EEG) gemeten wordt. Aan de geluiden hoeft geen aandacht
besteed te worden. De MMN geeft aan of de deelnemers, op een neuraal en
onbewust niveau, het verschil tussen de geluiden kunnen waarnemen. In eerder
onderzoek dat zowel discriminatie van talige informatie (zoals een contrast in
klanken, bijv. /dak/ vs. /bak/) als niet‐talige informatie (zoals een verschil in
geluiden met verschillende toonhoogtes) heeft bestudeerd, werden meestal
twee losse experimenten afgenomen om beide vaardigheden te testen (één voor
talige‐/klankdiscriminatie en één voor niet‐talige‐/auditieve discriminatie). Om
tijd te besparen is het echter handiger om beide discriminatievaardigheden in
één gecombineerde test te onderzoeken. Dit betekent dat zowel de klank‐ als
auditieve contrasten in één reeks geluiden gepresenteerd worden. Hoofdstuk 2
beschrijft hoe in gezonde volwassenen bestudeerd is of dit mogelijk is. De vraag
die gesteld werd was: als klank‐ en auditieve discriminatie in één experiment
getest worden, leiden alle contrasten dan tot een MMN? Een tweede vraag was
of de MMN die opgewekt werd door een toonhoogteverschil beïnvloed werd
door de aanwezigheid van de talige contrasten. Met andere woorden, is de MMN
van het toonhoogteverschil kleiner als deze samen met klankcontrasten in een
reeks gepresenteerd wordt dan wanneer het toonhoogteverschil alleen met
andere toonhoogteverschillen gepresenteerd wordt? Om beide vragen te
onderzoeken werd een contrast in toonhoogte (dat klein, middelmatig of groot
kon zijn) samen in een reeks gepresenteerd met een klein en groot klankverschil
of alleen met toonhoogteverschillen.
De resultaten lieten zien dat alleen een groot toonhoogteverschil (van
zeven semitonen) een MMN kon opwekken als deze samen met de twee
klankverschillen (klein en groot) in een reeks werd gepresenteerd. Een
middelmatig en klein toonhoogtecontrast (bestaande uit een verschil van twee
en vijf semitonen, respectievelijk) waren niet in staat om statistisch significante
MMNs op te wekken. Daarentegen waren het kleine en het grote klankverschil
altijd in staat om een MMN op te wekken als deze samen met een klein,
middelmatig of groot toonhoogteverschil werden gepresenteerd. Het antwoord
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op de eerste onderzoeksvraag is dus dat toonhoogte en klankverschillen samen
in één reeks of experiment getest kunnen worden en MMNs op kunnen wekken,
mits het toonhoogteverschil relatief groot is.
Een andere bevinding was dat de MMNs van het middelmatige en grote
toonhoogteverschil even groot waren als ze enkel met toonhoogteverschillen
samen werden gepresenteerd dan wanneer ze samen met de klankverschillen
werden gepresenteerd in een reeks. Echter, de MMN ten gevolge van het
middelmatige toonhoogteverschil op zichzelf werd alleen maar statistisch
significant wanneer het gepresenteerd werd met alleen andere
toonhoogteverschillen en niet wanneer het werd gepresenteerd met
klankverschillen. Dus hoewel de MMNs niet verschilden in de twee situaties, was
de MMN niet altijd betrouwbaar aanwezig. Dit geeft aan dat
toonhoogteverschillen subtiel beïnvloed kunnen worden door de aanwezigheid
van de contrasten in klanken. Omdat dit subtiele effect verdween voor het grote
toonhoogteverschil, lijkt het erop dat hoe groter het toonhoogtecontrast is, des
te minder het beïnvloed wordt door de aanwezigheid van de klankcontrasten.
Hiermee is ook onze tweede onderzoeksvraag beantwoord.
Hoofdstuk 3 beschrijft een studie waarin bij gezonde volwassenen
onderzocht is of rijmherkenning door een passief ERP paradigma getest kan
worden. Eerder ERP onderzoek heeft aangetoond dat als deelnemers een
actieve rijmtaak uitvoeren, waarin zij op knoppen drukken om aan te geven of
woorden wel of niet met elkaar rijmen, er een zogenaamd fonologisch N4oo
effect ontstaat op posterieure electroden (die zich achter op het hoofd
bevinden) dat eventueel gepaard gaat met een positief effect op anterieure
electroden (die zich voor op het hoofd bevinden). Als beide of één van beide ERP
effecten ook in een passief paradigma, waarin impliecte rijmherkenning
gemeten wordt, opgewekt kunnen worden dan zou dit effect als voorspeller
kunnen fungeren van het latere leessucces van kinderen uit klinische populaties.
Om dit te onderzoeken, werd zowel een actieve rijmtaak als een passief
rijmparadigma afgenomen bij gezonde volwassenen. Tijdens de actieve
rijmtaak, moesten deelnemers aangeven of twee niet‐bestaande woorden met
elkaar rijmden of niet. Tijdens het passieve paradigma, kregen deelnemers
rijmende en niet‐rijmende niet‐bestaande woordparen te horen die zij konden
negeren terwijl ze naar plaatjes van dieren keken. Deelnemers hoefden bij het
laatste paradigma geen motorische of verbale reactie te geven.
De resultaten lieten zien dat tijdens een actieve rijmtaak het typische
fonologisch N400 effect op posterieure electroden werd opgewekt. In het
passieve paradigma, werd geen fonologisch N400 effect gevonden, maar alleen
het omgekeerde positieve effect op anterterieure electroden. Deze resultaten
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laten zien dat rijmverwerking bestudeeerd kan worden op groepsniveau door
een passief ERP paradigma. In dit geval moet men focussen op een anterieur
positief ERP effect. Daarnaast toonden de resultaten aan dat het fonologisch
N400 effect en het anterieur effect verschillende functies hebben. Het
fonologisch N400 effect lijkt bewuste fonologische verwerking te reflecteren,
waarvan we weten dat het aangedaan is bij kinderen met leesproblemen. Het
anterieur positief effect lijkt een impliciete vorm van fonologische verwerking,
zonder dat er expliciet aandacht aan de stimuli besteed wordt, te reflecteren. Dit
kan gezien worden als een voorloper van de expliciete vorm van fonologisch
bewustzijn. Onderzoek zal moeten uitwijzen of deze impliciete vorm ook
aangedaan is in kinderen met leesproblemen.
In tegenstelling tot het fonologisch N40o effect, dat in bijna elke
deelnemer geobserveerd kon worden, werd het anterieure positieve effect
alleen statistisch significant als een grote groep deelnemers getest was
(namelijk, een groep bestaande uit 32 deelnemers) en het kon alleen bij een
derde van de deelnemers betrouwbaar geobserveerd worden. Om deze redenen
is deze versie van het passieve paradigma niet geschikt als mogelijke voorspeller
van succes in leren lezen op individueel niveau. Toekomstig onderzoek is nodig
om het paradigma betrouwbaarder te maken zodat impliciete rijmherkenning op
individueel niveau vastgesteld kan worden.
In Hoofdstuk 4 is onderzocht of discriminatieproblemen bij kinderen met
een specifieke taalstoornis, ofwel Specific Language Impairment (SLI), taal‐
specifiek zijn of van een meer algemene, niet‐talige of auditieve, aard zijn. Dit is
eerder door andere onderzoekers bestudeerd, maar in deze experimenten waren
de niet‐talige contrasten een stuk minder complex dan de talige contrasten.
Daardoor is het niet mogelijk om een directe vergelijking te maken tussen de
fonologische (talige) en auditieve (niet‐talige) discriminatieproblemen van de
deelnemers. In het experiment dat is beschreven in Hoofdstuk 4 is de aard van
de discriminatieproblemen in kinderen met SLI onderzocht door talige en niet‐
talige contrasten te gebruiken die in termen van akoestische veranderingen even
complex waren. Discriminatievaardigheden zijn zowel door een actieve
gedragstaak (waarin de deelnemer moest aangeven welke stimuli hij/zij gehoord
had) als een passief MMN paradigma gemeten. Omdat kinderen met SLI een
groot risico hebben op het ontwikkelen van aandachtsproblemen, die de
resultaten op de gedragstaken kunnen beïnvloeden, zijn ook
aandachtscapaciteiten van de kinderen gemeten. De resultaten van 25 vijf‐jarige
kinderen met SLI, die zowel problemen hadden met het begrijpen als
produceren van taal, werden vergeleken met 25 leeftijdsgenootjes die geen
taal/spraak problemen hadden (de zogeheten controlegroep).
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De resultaten toonden aan dat op gedragsniveau de SLI groep beperkt was
in het discrimineren van talige contrasten vergeleken met de controlegroep.
Beide groepen kinderen waren niet in staat om het niet‐talige contrast te
discrimineren tijdens de gedragtstaak. Daarnaast had de SLI groep lagere scores
op de aandachtstaak dan de controlegroep. De aandachtsscores hingen samen
met de scores op de gedragstaken: hoe beter ze waren op de aandachtstaak,
hoe hoger ze scoorden op de gedragstaken. Dit geeft aan dat de scores op de
gedragstaken beïnvloed werden door de aandachtscapaciteit van de kinderen.
Op neuraal niveau liet de SLI groep, in tegenstelling tot de controlegroep, geen
MMNs zien voor zowel het talige als niet‐talige contrast. Hieruit kan
geconcludeerd worden dat kinderen met SLI problemen hadden met het
discrimineren van talige én niet‐talige informatie. Kinderen met SLI hebben dus
een meer algemeen probleem met het verwerken van auditieve informatie in
plaats van een puur specifiek talig probleem.
Interessant is dat ondanks het feit dat zowel kinderen met SLI als kinderen
uit de controlegroep moeite hadden met het discrimineren van het niet‐talige
contrast tijdens de gedragstaak, er door dit contrast wel een MMN opgewekt
werd in de controlegroep. In andere woorden, afgezien van dat de
controlekinderen op gedragsniveau niet konden aangeven of stimuli van elkaar
verschilden of niet, waren ze op neuraal niveau wel in staat om het verschil
tussen de stimuli waar te nemen. In de SLI groep werd er geen MMN opgewekt
door het niet‐talig contrast. Zij waren dus niet in staat om het verschil tussen de
stimuli op neuraal niveau waar te nemen. Resultaten uit ons vooronderzoek liet
echter zien dat volwassenen wel in staat waren om het niet‐talige contrast op
gedragsniveau te discrimineren, wat aangeeft dat het contrast wel
detecteerbaar is op gedragsniveau. Blijkbaar wordt discriminatie tijdens een
actieve gedragstaak voor kinderen te moeilijk als niet‐talige stimuli, die geen
fonemen bevatten, akoestisch gezien even complex zijn als de talige stimuli.
Ons onderzoek heeft dus aangetoond dat kinderen met SLI problemen
hebben met het discrimineren van zowel talige als niet‐talige informatie. Voor
de praktijk betekent deze conclusie dat als er gewerkt wordt aan het verbeteren
van de fonologische vaardigheden in kinderen met SLI, deze kinderen er baat bij
kunnen hebben om getraind te worden op het discrimineren van zowel talige als
niet‐talige informatie.
Hoofdstuk 5 beschrijft een studie waarin de discriminatievaardigheden van
kinderen met cerebrale parese (CP) zijn onderzocht. Bekend is dat kinderen met
CP vaak moeite hebben met leren lezen, maar de oorzaak van deze
leesproblemen is nog onduidelijk. In dit hoofdstuk is onderzocht of kinderen met
CP klanken goed van elkaar kunnen discrimineren. Omdat deze kinderen moeite
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kunnen hebben met het uitvoeren van een gedragstaak door een mogelijke
verstandelijke beperking, beperkingen in het vasthouden van hun aandacht
en/of het geven van een verbale of motorische respons, is klankdiscriminatie
zowel door een actieve gedragstaak (waarin de deelnemer moest aangeven of
hij/zij twee keer dezelfde klinker hadden gehoord of niet) als een passief MMN
paradigma (waarin een klein en groot klinkerverschil samen in een reeks is
gepresenteerd met een verschil in toonhoogte) onderzocht. De resultaten van 19
kinderen met CP (4‐6 jaar) werden vergeleken met een controlegroep bestaande
uit 19 leeftijdsgenootjes die geen motorische en taal/spraak problemen hadden.
De resultaten toonden aan dat de CP groep op gedragsniveau beperkt was
in klankdiscriminatie vergeleken met de controlegroep. Daarnaast behaalde de
CP groep lagere scores op taken die non‐verbaal IQ, passieve woordenschat en
fonologisch korte‐termijn geheugen maten. De scores op deze taken hingen
samen met scores op de klankdiscriminatietaak: hoe hoger ze scoorden op de
taken van non‐verbaal IQ, passieve woordenschat en korte‐termijn geheugen,
hoe beter ze waren op de discriminatietaak. Dit suggereert dat groepsverschillen
die gevonden zijn op de door ons gebruikte gedragsklankdiscriminatietaak op
zijn minst deels te verklaren zijn door beperkingen in additionele (cognitieve)
vaardigheden die vereist worden door de actieve taak. Op neuraal niveau liet de
CP groep gelijke MMNs zien als de controlegroep voor een klein en groot
klankverschil. Dit geeft aan dat klankdiscriminatie op het niveau van klinkers
normaal ontwikkeld is in kinderen met CP. De lagere scores van de CP groep op
de gedragsdiscriminatietaak waren dus niet te wijten aan beperkte
discriminatievaardigheden, maar aan additionele beperkingen zoals in het geven
van een motorische/verbale response, aandacht vasthouden bij de taak,
fonologische informatie actief in het korte‐termijn geheugen houden en/of het
begrijpen van de instructie van de taak. Geconcludeerd kan worden dat
klankdiscriminatievaardigheden, in ieder geval op een neuraal en onbewust
niveau, niet een obstakel kunnen zijn voor kinderen met CP om fonologisch
bewustzijn te ontwikkelen en te leren lezen.
Interessant is dat de gedragstaken aantoonden dat er veel variatie was
binnen de CP groep wat betreft hun scores op de passieve woordenschattaak,
fonologisch korte‐termijn geheugentaak, articulatietaak en vaardigheden in
grove motoriek. Ondanks dat de kinderen met CP veel verschillende
beperkingen hadden en dat er veel variatie binnen de groep was, zijn er geen
verschillen gevonden tussen de MMNs van de CP groep en die van de
leeftijdsgenootjes die geen ontwikkelingsproblemen hadden. Dit suggereert dat
in de deelnemende kinderen met CP, of op zijn minst in de meerderheid van hen,
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CP samengaat met een diversiteit aan beperkingen, maar niet met een
vertraagde ontwikkeling van klankdiscriminatie.
Voor de praktijk betekent onze conclusie dat kinderen met CP geen extra
training nodig hebben in het discrimineren van klanken. Echter, tijdens de
gedragstaak hadden de kinderen met CP meer moeite dan de controlegroep in
het aangeven of ze twee keer dezelfde stimuli hadden gehoord of niet. Kinderen
met CP kunnen dus wellicht eerder baat hebben bij een training in de additionele
vaardigheden die vereist worden door een gedragstaak dan bij een training van
klankdiscriminatie zelf. De kinderen zouden bijvoorbeeld getraind kunnen
worden op het vasthouden van talige informatie in het korte‐termijn geheugen.
Toekomstig onderzoek zal moeten uitwijzen wat het precies moeilijk maakt voor
kinderen met CP om een klankdiscriminatietaak op gedragsniveau uit te voeren.
Daarnaast zal door onderzoek uitgewezen moeten worden wat de
daadwerkelijke aard is van de problemen van kinderen met CP in het
ontwikkelen van fonologisch bewustzijn en het leren lezen.
Tot slot, een van de belangrijkste bevindingen is dat de studies met
kinderen uit klinische populaties laten zien dat het gebruik van passieve ERP
paradigma’s om fonologische vaardigheden te meten extra informatie kan
opleveren die mogelijk niet door actieve gedragstaken achterhaald kan worden.
Door het afnemen van zowel passieve neurale maten als gedragsmaten kan
meer informatie verkregen worden over de aard van een onderliggend
probleem. Belangrijk is dat de passieve paradigma’s zo weinig mogelijk
additionele (cognitieve) vaardigheden vereisen van de kinderen omdat zij daarin
beperkt kunnen zijn.
Samengevat is er in door dit proefschrift een eerste stap gezet om
neurocognitieve indicatoren van fonologische vaardigheden te bestuderen, met
name in klinische populaties. Hiermee draagt dit werk bij aan een beter begrip
van de onderliggende problemen bij leren lezen in kinderen met SLI en kinderen
met CP. Dit gezegd hebbende, moet ook benadrukt worden dat veel vragen over
de aard van deze problemen nog onbeantwoord zijn. Toekomstig onderzoek kan
gebruik maken van de hier ontwikkelde technieken en voortbouwen op de hier
beschreven resultaten om beter inzicht te krijgen in waarom kinderen met een
atypische ontwikkeling moeite hebben met leren lezen. Hierdoor kunnen
leesproblemen tijdig onderkend en verbeterd worden zodat communicatieve
vaardigheden hen minder in de weg staan.
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