AUDITORY EVENT-RELATED
POTENTIALS AS INDICES OF
LANGUAGE IMPAIRMENT IN
CHILDREN BORN PRETERM
AND WITH ASPERGER
SYNDROME

EI RA
JA NSSON-VERKASALO
Department of Finnish, Saami and Logopedics,
University of Oulu
Department of Clinical Neurophysiology,
Department of Paediatrics,
Oulu University Hospital
Cognitive Brain Research Unit,
Department of Psychology,
University of Helsinki
OULU 2003

EIRA JANSSON-VERKASALO

AUDITORY EVENT-RELATED
POTENTIALS AS INDICES OF
LANGUAGE IMPAIRMENT IN
CHILDREN BORN PRETERM AND
WITH ASPERGER SYNDROME

Academic Dissertation to be presented with the assent of
the Faculty of Humanities, University of Oulu, for public
discussion in the Auditorium 12 of the Department of
Paediatrics, Oulu University Hospital, on December 19th,
2003, at 12 noon.

O U L U N Y L I O P I S TO, O U L U 2 0 0 3

Copyright © 2003
University of Oulu, 2003

Supervised by
Professor Pirjo Korpilahti
Professor Matti Lehtihalmes
Academy Professor Risto Näätänen
Docent Ville Jäntti
Docent Leena Vainionpää
Reviewed by
Ph.D. Nicole Bruneau
Docent Teija Kujala

ISBN 951-42-7244-7

(URL: http://herkules.oulu.fi/isbn9514272447/)

ALSO AVAILABLE IN PRINTED FORMAT
Acta Univ. Oul. B 54, 2003
ISBN 951-42-7243-9
ISSN 0355-3205
(URL: http://herkules.oulu.fi/issn03553205/)
OULU UNIVERSITY PRESS
OULU 2003

Jansson-Verkasalo, Eira, Auditory event-related potentials as indices of language
impairment in children born preterm and with Asperger syndrome
Department of Finnish, Saami and Logopedics, University of Oulu, P.O.Box 1000, FIN-90014
University of Oulu, Finland; Department of Clinical Neurophysiology, Oulu University Hospital,
P.O.Box 50, FIN-90029 Oulu University Hospital, Finland, Department of Paediatrics, Oulu
University Hospital, P.O.Box 23, FIN-90029 Oulu University Hospital, Finland; Cognitive Brain
Research Unit, Department of Psychology, University of Helsinki, P.O.Box 9, FIN-0014, Finland
Oulu, Finland
2003

Abstract
The main objective of the present follow-up study was to investigate auditory processing by using
auditory event related potentials (ERPs), and language development to determine whether a
correlation exists between auditory ERPs and language development.
Auditory processing was investigated in very low birth weight (VLBW) preterm children and
matched controls at mean ages of 4 and 6 years to determine whether there are differences in ERPs
between VLBW preterm children and controls. Language development was measured at the mean
ages of 2, 4 and 6 years to investigate the developmental course of language learning and to determine
whether a relationship exists between ERPs, especially mismatch negativity (MMN), and language
development. Auditory ERPs were also measured in children with AS (mean age 9;1 years) and
matched controls to assess whether differences can be found between these two groups of children.
Language development in children with AS was not investigated for this study.
VLBW preterm children exhibited difficulties in the auditory processing at the level of obligatory
ERPs, MMN, late MMN (lMMN) and behavioural tests. Both language comprehension and
production were deficient in the preterm group compared to their controls. Lexical development was
the most prominent phenomenon differentiating preterm children from their controls. MMN and
lMMN amplitudes were attenuated most in children with naming difficulty at the ages of 4 and 6
years. Weak or totally missing MMN at the age of 4 years was mainly found in children with naming
difficulties.
Children with AS also displayed abnormalities in auditory processing, as indexed by delayed
MMN latency. MMN was most delayed in the right hemisphere and specifically for tones.
In conclusion: VLBW preterm children and children with AS exhibited difficulties in auditory
processing. MMN correlated well with language development in preterm children. Therefore,
auditory ERPs, especially MMN, should be used in combination with language measures to identify
the children at a risk for deficient auditory processing and language delays.

Keywords: Asperger syndrome, auditory processing, language, late mismatch negativity,
mismatch negativity, preterm, very low birth weight
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1 Introduction
Healthy infants possess well-developed acoustic capabilities from birth, allowing the
perception of speech and nonspeech sounds, as shown by behavioural (Eimas et al., 1971;
Jusczyk, 1999; Jusczyk & Hohne, 1997; Swingley & Aslin, 2000) and electrophysiologic
methods of testing (Cheour et al., 1998a; Čeponienė et al., 2002a; Kushnerenko, 2002b).
Well-functioning auditory skills constitute a solid foundation for the acquisition of speech
and language (Benasich & Tallal, 2002; Cunningham et al., 2000; Kraus et al., 1996;
Locke 1994, 1997).
Although most children develop language skills easily, a subset of children have great
difficulty in acquiring language. Accumulating evidence suggests that the main reason for
these speech and language impairments may lie in auditory perceptual deficits related to
the processing of complex signals, such as speech (Bradlow et al., 1999; Kraus et al.,
1996; Tallal, 1980; Uwer et al., 2002). The exact nature of the deficit, however, remains
controversial. Some researchers (Benasich & Tallal, 2002; Benasich et al., 2002;
Merzenich et al., 1996; Tallal et al., 1996) suggest that children with speech and language
deficits suffer from temporal processing deficits, whereas others (e.g. Studdert-Kennedy
& Mody, 1995) propose that the deficits arise from impaired phonologic coding.
An infant’s capacity to develop normal speech and language largely depends upon the
integrity of the auditory system from the ear through the cerebral cortex (Kurzberg et al.,
1988). Cortical auditory event-related potentials (ERPs) permit the assessment of several
well-defined stages of central auditory processing, on which language acquisition and
everyday functioning are based (Kurtzberg et al., 1988; Stapells & Kurtzberg, 1991). The
mismatch negativity (MMN) component of cortical auditory ERPs reflects auditory
discrimination and memory (Näätänen, 1992, 1999; Näätänen & Winkler, 1999). MMN is
preattentively elicited (Näätänen, 1992) and can be recorded quite early in life
(Čeponienė et al., 2002a). MMN is a valuable tool in studying the neural mechanisms
underlying speech perception (Kraus & Cheour, 2000).
The present study investigated auditory processing by using auditory event-related
potentials, mainly MMN, in two groups of children with developmental brain disorders
with different types of language impairment, i.e., children born preterm with very low
birth weight (VLBW) and children with Asperger syndrome (AS). The aim was to
determine whether auditory processing, as indexed by ERPs, was deficient in these two
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populations and, further, whether deficient auditory processing was linked to language
development in the preterm population. Language development of VLBW preterm
children was followed up for 4 years and investigated thoroughly. Lexical score was used
as an index of language development, since lexical development is suggested to be
central to language development (Bates et al., 1995; Wolf, 1991; Wolf & Obregon 1991)
and to closely interact with the development of the auditory domain (Locke, 1994, 1997).
Auditory processing deficits have been reported in both groups under study, based on
behavioral measurements (Menyuk et al., 1995) and cortical auditory event-related
potential recordings (Kurzberg et al., 1988) in a preterm population and on
autobiographies of individuals with AS (Williams, 1992). To my knowledge, there are
neither studies where language development would have been followed up in young
VLBW children nor follow-up studies on language development including auditory
ERPs. Furthermore, although individuals with autism have been studied for years using
auditory ERPs (Bruneau et al., 1987, 1999; Courchesne et al., 1985a, b; Dawson et al.,
1986; Gomot et al., 2002; Lincoln et al., 1993), this is the first study on auditory
processing in children with AS by using auditory ERPs.

2 Review of the literature
2.1 Auditory processing and language development
During the first few months of their lives, infants discriminate speech sounds from each
other regardless of whether or not these sounds belong to the surrounding adult language
(Cheour et al., 1998a; Werker, 2000). During the second half of their first year of life,
infants learn to discriminate better the sounds that are typical of their native language
than non-native sounds (Cheour et al., 1998a; Jusczyk et al., 1994; Werker, 2000; Werker
& Desjardins, 2001). This is the point at which children begin to recognize the prosodic
and intonational contours typical of their own language (Jusczyk, 1999), to understand
meaningful speech (Bates et al., 1995; Jusczyk & Hohne, 1997; see also Jusczyk, 1999)
and to produce their first words (Bates et al., 1995; Kunnari, 2000) and sounds of their
native language in their own pre-speech babble (Kunnari, 2000; Oller et al., 1994).
Auditory discrimination of discrete speech sounds is an important but not a sufficient
prerequisite for language development. The child must also learn that the speech sounds
of its native language may get different manifestations in different contexts (Bishop,
1997; see also Cutler & Clifton, 1999), and that the same word varies, depending on the
speaker, rate of speech, context and several other factors (Swingley & Aslin, 2000; see
also Cutler & Clifton, 1999). It is assumed that the child stores phonological
representations of familiar sequences of speech sounds in its long-term memory, so that
these sound patterns are recognized as familiar words when encountered again (Swingley
& Aslin, 2000; see also Cutler & Clifton, 1999).
The relationship between auditory discrimination and language development is
interactive. The acceleration in lexical development (mostly occurring from 18 months
onwards) improves the infant’s auditory discrimination skills as well as his/her efficient
storage and retrieval of linguistic information (Locke, 1994, 1997). In addition, auditory
discrimination and vocabulary together substantially contribute to the development of
morphology (Bates et al., 1995) as well as to the development of reading and other
academic abilities (Swan & Goswami, 1997a, b; Wolf, 1991; Wolf & Obregon, 1991).
The suprasegmental features of language co-occur with strings of sound segments and
thus constitute a phonetic overlay that is superimposed on the segmental speech stream
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(Harley, 2001; Snow, 2000). The suprasegmental aspects of language, called prosody
(pitch, length and loudness), have several functions in speech: they segment words from
the speech stream (Jusczyk, 1999), they convey the meanings of words and sentences
(Lyons, 1977), and they signal the speaker’s attitude and affect (Cutler & Clifton, 1999;
Snow, 2000). Hence, an ability to discriminate the suprasegmental features of language is
of crucial importance. During the first year of life, healthy children are well tuned to the
suprasegmental features of their native language, e.g., they listen longer to the prosody of
their native language than to that of a non-native language at the age of nine months
already (Jusczyk, 1999).
Auditory processing plays a crucial role in language development. Still, there are
several other factors, such as visual and somatosensory perception, with emotions, that
interactively contribute to the development of language skills (Clancy & Finlay, 2001).
Furthermore, although neural development plays a role in language learning, learning
itself affects the ability of the brain to learn something new. The relationship between
neural development and the learning experience thus is bi-directional (Clancy & Finlay,
2001). The complexity of the interactions and the role of different deficiencies remain to
be investigated.

2.2 Auditory event-related potentials (ERPs) in children
Auditory event-related potentials are minute and discrete electrical potentials in the
electroencephalogram (EEG) (Näätänen, 1992; Regan, 1989; Stapells & Kurtzberg,
1991). The EEG represents the spontaneous, ongoing electrical activity of the brain. In
contrast, ERPs are manifestations of neural activity that is specifically related, or timelocked, to sensory stimulation (Stapells & Kurzberg, 1991). ERPs are small in amplitude.
Therefore, they are usually obscured by the spontaneous background EEG activity.
Numerous EEG epochs must be summated and averaged to extract the ERPs from the
spontaneous EEG non-time-locked to stimuli (Stapells & Kurzberg, 1991).
The ERP waveform consists of a sequence of positive and negative deflections or
peaks that are named according to their polarity (positive/negative) and latency (timing
relative to the stimulus onset), their serial order (Picton et al., 1974) or cognitive
meaning. Although the peaks provide a useful way of measurement, they are composites
of several partly overlapping components that are generated by different cerebral sources
(Näätänen and Picton, 1987). Each of the auditory ERPs has unique characteristics that
are age-specific. Therefore, individual responses should be compared with age-matched
normative data (Stapells & Kurzberg, 1991).
When classified on the basis of their latency, auditory ERPs are called short-, middle-,
and long-latency responses (Picton et al., 1974). The brainstem auditory evoked
potentials (BAEP) or auditory brainstem responses (ABR) are the shortest-latency
responses recordable from the scalp in response to auditory stimuli. They consist of
deflections peaking within the first 10 ms following the stimulus onset (Doyle, 1999;
Kurzberg et al., 1988; Näätänen, 1992) and reflect the arrival of sensory input into the
cochlea and the various nuclei of the brainstem (Doyle, 1999). BAEP is widely used to
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assess auditory sensitivity, the integrity of the peripheral and brainstem auditory system
and the neural plasticity of the central auditory pathway (Doyle, 1999; Hayes et al., 2003;
King et al., 2002; Kurzberg et al., 1988).
The brainstem responses are followed by middle-latency responses within a timewindow of 10 to 50-60 ms from the stimulus onset (McGee & Kraus, 1996; Picton et al.,
1974) and, further, by long-latency responses, peaking from about 50-60 ms onwards
(Näätänen, 1992), also called cortical responses (Kurzberg et al., 1988). Long-latency
ERPs provide the main ERP method used in this study.
The other way to classify auditory ERPs is to categorize them into exogenous
(obligatory or sensory) and endogenous components. The obligatory ERP components are
elicited by any appropriate auditory stimulus (Näätänen, 1992). They represent the brain’s
response to the occurrence of the stimulus and index the physical features of the stimulus
(Näätänen, 1992). Endogenous ERPs mainly reflect internally generated mental events
that are related to the cognitive processes (Donchin et al., 1978). BAEPs as well as
middle-latency and long-latency ERPs (P1, N1, P2, N2, N4) are classified as obligatory
ERPs (Čeponienė, 2001; Näätänen, 1992). The long-latency obligatory ERPs that are
relevant to the present study (P1, N2, N4) and mismatch negativity (MMN), one of the
endogenous ERPs, together with late MMN (lMMN) are introduced in the following
chapters. The main focus is on the data obtained from young and school-aged children,
i.e. the age-range covered in the present study.

2.2.1 Exogenous (obligatory) ERPs
During childhood (1-10 years), long-latency obligatory auditory ERPs are dominated by
positivity at about 85-120 ms and negativity at about 200-240 ms (Kurzberg et al., 1986),
called the P100 and N250 (Korpilahti, 1996; Korpilahti & Lang, 1994) or P1 and N2
peaks, respectively (Čeponienė et al., 2001, 2002b, 2003a, b; Kushnerenko et al., 2002a;
Ponton et al., 2000, 2002, fig. 1). A later range of negativity, called N4 or N450, has also
been reported in children (Čeponienė et al., 1998, 2003a, b; Kushnerenko et al., 2002a).
A P1-N1b-P2-N2 complex is typical of adults (Courchesne, 1990; Ponton et al., 2002).
N1b is elicited in children from about the age of 3 onwards (Paetau et al., 1995), but with
interstimulus intervals of over 1 second only (Bruneau & Gomot, 1998; Čeponienė et al.,
1998, 2002b). N1b becomes progressively consistent (Courchesne, 1990; Ponton et al.,
2002) from the age of 10 years onwards (Ponton et al., 2002). Therefore, N1b could not
be objectively defined in the present study groups, as was also the case with P2. These
obligatory ERPs will thus not be described here.
P1 is the dominant peak of the obligatory ERPs in children from early childhood
(Kushnerenko et al., 2002a) to school age (Cunningham et al., 2000; Korpilahti, 1996;
Korpilahti and Lang, 1994; Ponton et al., 2000, 2002). P1 latency and amplitude change
as a function of age (Čeponienė et al., 2002b; Cunningham et al., 2000; Korpilahti, 1996;
Ponton et al., 2000, 2002; Sharma et al., 1997) and the features of the acoustic stimulus
(Čeponienė et al., 2002b; Cunningham et al., 2000; Ponton et al., 2000; Sharma et al.,
1997) and as a function of the interstimulus interval (ISI) (Čeponienė et al., 2002b). P1
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peak latency decreases from about 150 ms in 1-year-old children (Kushnerenko et al.,
2002a) to about 100 ms in young and school-aged children (Čeponienė et al., 2002b;
Korpilahti, 1996) and further to about 60 ms in adults (Čeponienė et al., 2002b). P1
amplitude decreases along with increasing age (Čeponienė et al., 2002b; Korpilahti,
1996).

Fig. 1. A schematic illustration of the obligatory P1, N2 and N4 ERPs in children.

Based on the intra-cortical recordings of Liégois-Chauvel et al. (1994), the generator
complex for P1 has been attributed to the lateral portion of Heschl´s gyrus (likely in the
secondary auditory cortex) and its early-maturing cortical layers III and IV (Ponton et al.,
2002). P1 has been proposed to index the transient encoding of the acoustic features of
sound (Čeponienė et al., 2002b). Findings on the functional significance of this
component are rather scarce, however.
N2 is a large, dominant negativity that is seen at approximately 240-280 ms in young
and school-aged children (Čeponienė et al., 2002b; Cunningham et al., 2000). During the
school age (8-15 years), N2 latency and amplitude remain stable (Cunningham et al.,
2000; Korpilahti, 1996). In adolescence, both latency and amplitude decrease, the latency
in adults being about 200-220 ms and the amplitude about 1 µV. The N2 parameters
change as a function of stimulus type (Čeponienė et al., 2001), which probably explains
why Ponton et al. (2002) obtained somewhat contradictory results in response to clicks
compared to the findings of Cunningham et al. (2000) and Korpilahti (1996). N2 latency
increased as a function of age up to the age of 14 years, whereas amplitude increased in
10-year-olds, and decreased thereafter, reaching adult values at the age of 17 (Ponton et
al., 2002). Single-sweep recordings showed that N2 amplitude increased with stimulus
repetition (Karhu et al., 1997), and this was suggested to index the building-up of a
neural representation, or a sensory memory trace, of the repeated stimulus. The neural
generators of N2 in children are not well known.
N4, a negativity at about 380-460 ms in children (Čeponienė et al., 1998, 2003a;
Kushnerenko et al., 2002a), is included in the obligatory ERPs, for it is elicited in the
same kind of paradigm as N2 in children (Čeponienė et al., 1998, 2002b, 2003a;
Kushnerenko et al., 2002a). N4 becomes robust during infancy (Kushnerenko et al.,
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2002a) and diminishes in amplitude thereafter (Čeponienė et al., 2002b). The functional
significance of N4 is unknown.

2.2.2 Mismatch negativity (MMN) and late mismatch negativity
(lMMN)
2.2.2.1 Mismatch negativity
Mismatch negativity (MMN) is a negative waveform of endogenous auditory ERPs that
is elicited when any discriminable change (deviant) occurs in the sequence of repetitive
(standard) sounds (Näätänen, 1992, 2003; Näätänen et al., 1978; Näätänen & Winkler,
1999). In addition to simple stimulus features, such as the frequency and duration of the
sine tone (Čeponienė et al., 2002c, 2003b; Cheour et al., 1997; Gomot et al., 2000;
Korpilahti, 1995, 1996; Korpilahti & Lang, 1994; Korpilahti et al., 2001; Schulte-Körne
et al., 1998; Uwer et al., 2002), more complex and abstract sound changes, such as tone
pairs (Kujala et al., 2001b), phonemes (Čeponienė et al., 2003a, b; Cheour et al., 2002),
syllables (Kraus et al., 1996; Schulte-Körne et al., 1998; Uwer et al., 2002) and even
words, elicit MMN in children (Korpilahti et al., 2001) and in adults (Pulvermüller et al.,
2001; Shtyrov et al., 2002). The value of MMN is usually obtained by subtracting the
ERP to a standard stimulus from that to a deviant stimulus.
The elicitation of MMN is based on the presence of a memory trace (cortical
representation) caused by a preceding stimulus. The memory traces on which MMN is
based can be either short-term (Yabe et al., 1997) or long-term (Cheour et al., 1998a;
Näätänen et al., 1997b; Winkler et al., 1999; see also Cowan et al., 1993) in nature. One
can probe these traces by presenting deviant stimuli of different magnitudes of deviation
and thus indirectly determine the accuracy of these central sound representations
(Näätänen, 2003). MMN is a preattentive neural correlate of stimulus change (Kraus et
al., 1995; Näätänen et al., 2001; Näätänen & Winkler, 1999), which indexes individual
discrimination accuracy (Näätänen, 1992; Näätänen & Alho, 1997) and correlates well
with the behavioural discrimination ability in children (Kraus et al., 1996; Lang et al.,
1989) as well as in adults (Kujala et al., 2001a; Lang et al., 1990).
MMN is well-established in infants (Cheour, 1998; Kushnerenko, 2003; Kushnerenko
et al., 2002b), children (Čeponienė, 2001; Čeponienė et al., 2003a; Gomot et al., 2000;
Korpilahti, 1996; Uwer et al., 2002) and adults (Näätänen & Alho, 1995a, b; Näätänen &
Winkler, 1999). In children, the MMN component peaks between 130 ms (Gomot et al.,
2000) and 400 ms (Čeponienė et al., 2003a), depending on age and the stimuli and
paradigm used. The MMN response is rather stable in terms of latency and amplitude by
school age (Csépe, 1995). A recent study (Shafer et al., 2000) showed that when a similar
paradigm was used for subjects whose ages ranged from 4 to 10 years, only a slight
decrease was seen in MMN latency. Furthermore, there were no significant changes in
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MMN amplitude. In adults, however, MMN latency was significantly shorter and
amplitude significantly smaller than in children (Shafer et al., 2000).
Studies concerning MMN generators in children are scarce. Gomot et al. (2000)
showed that MMN in children includes both bilateral temporal and frontal components,
as in adults (Alho, 1995; Giard et al., 1999; Hari et al., 1984). In children, a parietal
component was also present (Gomot et al., 2000). MMN may, in addition, have
subcortical components, as revealed by animal studies (Csépe, 1995; Kraus et al., 1994).
The exact location of the MMN generators varies in adults as a function of, for example,
the stimuli (Alho, 1995; Kraus et al., 1994; Rinne et al., 1999; Shtyrov et al., 2000), the
masking effect (Shtyrov et al., 1998), the sensory functions and their re-organization
(Kujala et al. 1995; see also Kujala et al., 2000).
In adults, the auditory cortex activity is assumed to reflect the automatic preperceptual change detection process, i.e., the comparison of a new stimulus with the
stimulus that is represented in the auditory sensory memory (Näätänen, 1992). The
activation of the frontal generator has been proposed to play a role in the initiation of an
involuntary attention switch to sound change that is preperceptually detected in the
auditory cortices (Giard et al., 1990). The functional significance of the components
found in children remains to be verified (Gomot et al., 2000).
MMN can be used to study the maturation and development of central auditory
processing (Čeponienė, 2001; Cheour, 1998; Kushnerenko, 2003). Furthermore, MMN is
a powerful tool towards understanding the neural bases of speech perception (Kraus and
Cheour, 2000) underlying language deficits (Korpilahti, 1995, 1996; Korpilahti & Lang,
1994; Kraus et al., 1996; Kujala & Näätänen, 2001; Leppänen et al., 2002; Schulte-Körne
et al., 1998; Uwer et al., 2002; see also Cheour et al., 2001). Futhermore, MMN can be
used as an index of recovery of auditory discrimination (Ilvonen et al., 2003) and to
assess neural plasticity following learning in healthy children (Cheour et al., 2002) and
rehabilitation in clinical populations (Kujala et al., 2001b).

2.2.2.2 Late mismatch negativity (lMMN)
A longer-latency ERP response, elicited together with MMN, was termed as late
mismatch negativity (lMMN) by Korpilahti (1995, 1996: Korpilahti et al., 2001), as
MM4 by Kraus et al. (1993) and as late difference negativity (LDN) by Čeponienė et al.
(1998) and Cheour et al. (2001). Similarly to MMN, lMMN can also be elicited from
birth (Čeponienė et al., 2002a; Kushnerenko, 2001; Kushnerenko et al., 2002b), and it
has been mainly reported in children (Čeponienė et al., 1998, 2002a, 2003a; Korpilahti,
1996; Korpilahti et al., 2001; Kraus et al., 1993; Schulte-Körne et al., 1998). In contrast
to MMN, lMMN greatly diminishes in amplitude during adolescence, being only rarely
observed in adults (Cheour et al., 2001). In children, lMMN peaks in the latency range of
350-550 milliseconds in response to pure tones and vowels (Čeponienė et al., 2003a;
Korpilahti, 1996; Korpilahti et al., 2001), the latency being longer for more complex
stimuli, such as words (Korpilahti, 1996; Korpilahti et al., 2001).
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The functional significance of lMMN is rather unclear. Recently, lMMN has been
reported in infants in response to harmonic tones (Čeponienė et al., 2002a; Kushnerenko
et al., 2002). Poor sensitivity to stimulus features was reported by Čeponienė et al.
(2002c). However, Korpilahti et al. (2001) found that the lMMN amplitude was more
pronounced for words compared to pseudowords and tones in school-aged children.
Therefore, it was suggested that lMMN may reflect automatic detection of lexical
differences. Although very little is known about lMMN, its amplitude was reported to be
diminished in different clinical child populations (Kilpeläinen et al., 1999; Schulte-Körne
et al., 1998). For this reason, lMMN was also included in the present study.

2.3 Preterm birth and language development
2.3.1 Preterm birth and neurobiological alterations
An infant who is born before 37 completed gestational weeks is defined as preterm, and
infants born before 32 completed gestational weeks are called very preterm. Further, an
infant is extremely preterm when he/she is born before 28 completed gestational weeks
(ICD-10, 1999). A preterm infant with birth weight of less than 1500 g is classified as a
very low birth weight (VLBW) preterm infant. When birth weight is less than 1000 g, the
preterm infant is called extremely low birth weight (ELBW) preterm infant (ICD-10,
1999). In addition, preterm children with birth weight 2 or more standard deviations (SD)
or 10 percentiles below the mean value for the infant’s gestational age (ICD-10, 1999) are
classified as small for gestational age (SGA).
Hemorrhage, hypoxia, ischemia (Inder & Volpe, 2000; Ment et al., 2002) and fetal
inflammation (Damman et al., 2001) have been linked with brain injury in preterm
children. Periventricular white matter damage or periventricular leukomalacia (PVL)
(Inder et al., 1999), which often coexist with intraventricular hemorrhage (IVH) (Inder &
Volpe, 2000), have been suggested by Inder et al. (1999) as being the dominant form of
brain injury in premature infants. PVL affects the early development of cortical grey
matter, increases the ventricular and extracerebral cerebro-spinal fluid volume (Inder et
al., 1999; Inder & Volpe, 2000) and disrupts the callosal fibres that mediate higher
cortical functions (Whitaker et al., 1996). Changes in the thalamus have also been related
to PVL (Krägeloh-Mann et al., 1999; Lin et al., 2001).
PVL is associated with language and cognitive impairments (Frisk & Whyte, 1994;
Holling & Leviton, 1999; Krägeloh-Mann et al., 1999; Whitaker et al., 1996), cerebral
palsy (CP) (Holling & Leviton, 1999; Ment et al., 2002), visual (Jacobsen et al., 1996;
Krägeloh-Mann et al., 1999) and hearing impairments (Dusik, 1997) as well as attention
deficits (Krägeloh-Mann et al., 1999). Similarly, IVH contributes to CP (Vohr et al.,
2003), hearing impairment (Vohr et al., 2003) and cognitive (Ross et al., 1996; Vohr et
al., 2003) as well as language development (Frisk & Whyte, 1994; Grunau et al., 1990;
Ment et al., 2003; Vohr et al., 2003). However, the pathogenic pathways for these
impairments are not fully understood.

26
VLBW infants account for approximately 1 percent of all live births (Greene, 2002).
The median incidence of CP among VLBW children who survive is 7-24 % (Escobar et
al., 1991; Valkama, 2001). The incidence of hearing impairment varies from about 1
percent up to about 12 percent (Dusick, 1997; Valkama, 2000a; Veen et al., 1991; Wood
et al., 2000). Conductive losses are more common than sensorineural hearing loss
(Dusick, 1997). Up to 40 percent of preterm children exhibit language impairments and
disabilities (Veen et al., 1991).

2.3.2 Language impairment in children born preterm with VLBW
During the first two years of life, language comprehension and production have been
suggested to be equal in VLBW preterm children and their controls when assessed by
word comprehension (Menyuk et al., 1991, 1995) and the production of the first words
(Jennische & Sedin, 1999b; Menyuk et al., 1991, 1995) (table 1, see also for the other
references here).
At the ages of 2 (Vohr et al., 1988) and 3 years (Grunau et al., 1990; Menyuk et al.,
1991; Singer et al., 2001), the scores of compound measures of language comprehension
were, however, lower in VLBW preterm children than in full-term controls. Word
comprehension was deficient in VLBW preterm children at the age of 3 years (Briscoe et
al., 1998; Grunau et al., 1990) and, more specifically, in VLBW preterm children with
bronchopulmonary dysplasia (BPD) (Singer et al., 2001) and IVH (Ment et al., 2003).
Deficient word comprehension persists up to the age of 5 (Frisk & Whyte, 1994; Luoma
et al., 1998) and 6 years (Jennische & Sedin, 2001b).
Deficits in language comprehension also manifest at the sentence level. VLBW
preterm children cope less well in sentence comprehension tasks from 3 years (Grunau et
al., 1990) up to 5 (Luoma et al., 1998) and 6 years of age (Frisk & Whyte, 1994;
Jennische & Sedin, 2001b; Wolke & Meyer, 1999). Deficient language comprehension
was reported up to the age of 8 years in a preterm population (Yliherva, 2002).
According to parent reports, the speech of VLBW preterm children is less intelligible
for the parents than the speech of healthy children. In addition, short sentences were
produced later by preterm children than by healthy children (Jennische & Sedin, 1999b).
Similarly, compound measures of speech production have revealed that VLBW preterm
children score lower in speech production than healthy controls at the age of 2 years
(Menyuk et al., 1991; Riitesuo, 2000; Vohr et al., 1988). Deficits in lexical development
have been reported at the ages of 5 (Luoma et al., 1998) and 6 years (Frisk & Whyte,
1994; Jennische & Sedin, 1998). In grammatical development, the deficit manifests as a
less complex sentence structure from the age of 3 years (Grunau et al., 1990) up to the
age of 6 years (Jennische & Sedin, 1998, 2001a; Wolke & Meyer, 1999). At school age,
deficient language development manifests in multiple academic domains (Grunau et al.,
2002)
The results concerning language development in VLBW preterm children are not
conclusive, however. Age correction for prematurity has a substantial effect on the results
(Menyuk et al., 1995). At present, consensus has not yet been reached with regard to the
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length of time for which age correction for prematurity is needed. Furthermore, the
standardized test norms may be outdated (Wolke et al., 1994). Therefore, the use of age
correction and reliance on test norms without a matched control group (Ment et al., 2003)
may lead to underestimation of the deficiency that may manifest in preterm children
(Wolke et al., 1994). Furthermore, the composite measures reported in many studies
(Fawer et al., 1995; Koller et al., 1997; Wood et al., 2000) may mask a specific
deficiency. A specific deficiency can only be found by specific tests (Siegel, 1994).
Accordingly, Luoma et al. (1998) found that, although the preterm group did not differ
from the matched control group in the global verbal measures of an intelligence (IQ) test,
the preterm group exhibited difficulties in naming and in the comprehension of relative
concepts. Moreover, it is also possible that language deficits become more prominent
when the child grows up.
Deficient auditory processing may contribute to the kinds of language deficits
encountered in VLBW preterm populations (Kurzberg et al., 1988; Menyuk et al., 1995).
It is possible that the effect of auditory dysfunction is specifically seen in lexical
development, since lexical acquisition is, presumably, a process of storing representations
of familiar sequences of speech sounds in a mental lexicon and associating these with
specific meanings (Bishop, 1997). The early representations of words may not be
specified in full phonetic detail (Bishop, 1997; Locke, 1997; Swingley & Aslin, 2000).
However, if the child remains at the stage of immature perceptual categorization of
speech input and unable to identify subsyllabic elements, such as phonemes, he/she may
have difficulties in remembering novel phonological strings (Bishop, 1997). This may
lead to difficulties in learning new words and, further, to limited lexical development and
complicate word production more than word comprehension. The comprehension of
words is possible on the basis of a less than complete phonological representation
(Bishop, 1997). However, partial phonological representation is not sufficient for
accurate production (Bishop, 1997). While lexical development was suggested to be a
prerequisite for other language skills, such as morphological development (Bates et al.,
1995), the main focus of the present thesis was on lexical development and auditory
processing.
Biological factors, including PVL (Frisk & Whyte, 1994; Krägeloh-Mann et al., 1999)
and IVH (Frisk & Whyte, 1994; Ment et al., 2003; Vohr et al., 2003), significantly
contribute to the language deficiencies encountered in VLBW preterm children.
However, social and environmental factors, including the maternal level of education and
the primary language spoken at home, are also important contributors (Ment et al., 2003;
Vohr et al., 2003).
Studies of serial language testing of VLBW preterm infants are scarce (Ment et al.,
2003; Menyuk et al., 1991, 1995; Vohr et al., 1988, 1989). In addition, most studies have
not followed up the same cohort of children or used the same tests for their evaluation
(Vohr et al., 1988, 1989). Therefore, very little is known about the course of development
of special language areas in VLBW children. Ment et al. (2003) proposed that serial
studies should be conducted to study the language development of VLBW infants with
appropriate control-matched participants. This was done in the present study.
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Table 1. Studies of language development among very low birth weight and very preterm
children from the year 1990 onwards. Only studies on language development during the
first 6 years of life are included.
Reference

Subjects of the Age of
study
assessment

4. Menyuk et
al., 1995*

5. Briscoe et
al., 1998

Main results concerning language
development

ELBW children scored lower in
PPVT, SALT, language
comprehension and memory for
sentences in Stanford-Binet. No
difference in MLU.
Lexical development was the
0;1-3;0 years Audio and video
CCA and CA recordings, diaries, Uzgiris main focus of the study. The first
10 words were learned later by the
and Hunt, MacCarthy
Scales, Bayley, SICDR & VLBW group. VLBW children
scored lower on SICD, but were in
E, PPVT, NSST, DSS,
the normal range. No differences
Reynell
in PPVT or other lexical
measures.
Trend towards lower scores on
6 years
PPVT, EOWPVT,
68 ELBW
PPVT and significantly lower
McCarthy Scales, TRG,
children (26
scores on EOWPVT, TRG, Token
Token
with mild
and short-term memory test
PVL, 15 with
among ELBW children with PVL.
severe PVL),
20 controls.
0;1-3;0 years Audio and video recordings VLBW children had significantly
28 preterm
lower scores on the SICD
(e.g. cry, vocalization,
children and 28
sounds, vocabulary, syntax, receptive and expressive
controls, 12
vocabulary test. Tendency for
sentence comprehension
VLBW
and production, language VLBW children to be slightly
children
behind other preterm children and
functions, conversation),
controls in most tests. Still, their
auditory discrimination,
diaries, CDI, Uzgiris and performance was within the
Hunt, MacCarthy Scales, normal range. VLBW children
Bayley, SICDR & E, DSS, learned later to complete the
auditory discrimination task.
PPVT, NSST, Reynell
26 very
Very preterm children scored
3;3-4;2 years BPVT (receptive
preterm
significantly lower on BPVT and
CCA
vocabulary), MacCarthy
children
the Bus Story Information test. No
Scales (expressive
(GA<32
other differences.
vocabulary), Bus Story
Test, Phonological shortweeks), 32
term memory (digit span,
controls
nonword repetition)

1.Grunau et al., 23 ELBW
1990
preterm
children,
23 matched
controls
2. Menyuk et 26 preterm, 12
al., 1991*
VLBW
preterm
infants, 27
matched
controls

3. Frisk &
Whyte, 1994

Methods used to assess
cognitive and language
development

3;0-3;4 years
CCA

PPVT
MLU
SALT
Stanford Binet
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Reference

Subjects of the Age of
study
assessment

6. Luoma et al., 55 very
1998
preterm
children
(GA<32
weeks), 55
matched
controls
7. Jennische & 284 children
Sedin, 1998
who required
NIC, 81 very
preterm
children
(GA<32
weeks), 40
controls
8. Jennische & 284 children
Sedin, 1999a who required
NIC, 81 very
preterm
children
(GA<32
weeks), 40
controls

9. Jennische & 284 children
Sedin, 1999b who required
NIC, 81 very
preterm
children
(GA<32
weeks), 40
controls

5;0-5;6 years

Methods used to assess
cognitive and language
development
NEPSY, WPPSI, Token,
RAN

Main results concerning language
development

Preterm children scored
significantly less well on all
measures. When children with
neurological disabilities were
excluded, the preterm group still
exhibited difficulties in naming
and sentence comprehension.
Very preterm children scored
Mean 6;6 years Audio-recording
CCA
(information score, speech significantly lower in all other
motor, sound pattern, word measured areas but information
giving. Most preterm (GA <28)
finding, word selection,
children showed significantly
grammar, pragmatics)
better spontaneous speech than
children born at the GA of 28-32
weeks.
Mean 6;6 years Motor functions, imitation Very preterm children scored
significantly lower in all other
CCA
(articulatory positions,
measures except word fluency.
articulatory pattern,
PPVT score correlated
sentence), language
significantly with imitation tasks,
comprehension (logical
grammatical constructions, auditory discrimination and
retelling story, following auditory short-term memory.
Preterm children born at the GA
instructions), auditory
of 28-32 weeks had more
discrimination, phoneme
inventory, auditory short- pronounced difficulties than
children born at <28 weeks.
term memory, PPVT
Mean 6;6 years Parent interview concerning Short sentences and intelligible
early language development speech were reached later by very
CCA at the
preterm children than controls.
time of
Absence of babbling was common
interview
in most preterm children (GA <
28 weeks). First words were
learned equally early by preterm
and control children.

30
Reference

Subjects of the Age of
study
assessment

10. Wolke &
Meyer, 1999

Kaufman Assessment
Battery (IQ), HSET
(grammatical rules,
language comprehension
and production),
articulation test,
videorecording (quality of
speech, e.g., grammatical
correctness, voice quality,
melody, volume, tempo of
speech), pre-reading skills.
0:0-2;0 years Videorecording, ASQ,
24 very
preterm infants CCA and CA Bayley, REEL-2, Reynell
(GA<32
weeks)

11. Riitesuo,
2000*

264 very
preterm
children (GA
<32 weeks),
264 matched
controls. 311
normative
controls

Methods used to assess
cognitive and language
development

6;3 years

12. Jennische & 230 children
Sedin, 2001a who required
NIC, 66 very
preterm
children
(GA<32
weeks), 71
controls

Mean CCA 6;5 Same as in study 7.
years

13. Jennische & 230 children
Sedin, 2001b who required
NIC, 66 very
preterm
children
(GA<32
weeks), 71
controls

Mean CCA 6;5 Same as in study 8 and
years
digit recall from ITPA

14. Singer et
al., 2001

3;0 years
90 VLBW
children with
BPD and 65
without BPD,
91 term
controls

Bayley, Communication
Domain Subscale of the
Battelle Development
Inventory (receptive and
expressive language,
communication)

Main results concerning language
development
Very preterm children had
significantly poorer language
abilities in all subtests. Most
problems pertained to
grammatical rules and detecting
semantically incorrect sentences.
Significant deficits also in prereading skills.

Speech production tended to
develop more slowly than other
skills. Children born at GA of 2428 performed under the expected
levels in different areas of
development at CCA of 2 years.
Significantly lower scores for the
very preterm group in speech
motor skills, sounds, grammar and
motivation for conversation
compared with matched controls.
Word finding and selection scores
for most preterm children (GA 2327 weeks) significantly lower
compared to matched controls.
Very preterm children scored
significantly lower in mouth and
articulatory positions, the
comprehension of logical
grammatical structures, phoneme
inventory and word fluency when
compared with matched controls.
PPVT score was also significantly
lower in the preterm group.
Receptive language score
significantly poorer in the preterm
groups. In addition, VLBW
children with BPD achieved
significantly lower scores than
controls in expressive language
and in communication.
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Reference

Subjects of the Age of
study
assessment

15. Ment et al., 296 VLBW
2003*
infants

16. Jennische & 230 children
Sedin, 2003
who required
NIC, 66 very
preterm
children
(GA<32
weeks), 71
controls

Methods used to assess
cognitive and language
development

Main results concerning language
development

36, 54, 72, 96 Stanford-Binet, WPPSI-R, Most children showed
months
PPVT
improvement in PPVT-R scores
with increasing CA. VLBW
children with IVH and subsequent
central nervous system injury had
lower PPVT-R scores, and their
scores declined over time.
Mean CCA 6;5 Same as in study number Language development of very
years
13.
preterm boys was less affected
than that of very preterm girls.
Very preterm girls had
significantly lower scores than
controls in speech motor functions
and in communication. Similarly,
very preterm girls lagged behind
controls in the imitation of mouth
positions and articulatory patters,
language comprehension, auditory
discrimination, word fluency and
PPVT. Very preterm boys were
poorer than controls in
information score, speech motor,
articulatory positions, phoneme
inventory and auditory memory.

ASQ= Ages and stages Questionnaire; BPD=bronchopulmonary dysplasia; BPVT=British Picture Vocabulary
Test; CA=chronological age; CCA=age corrected for prematurity; CDI=MacArthur Communicative
Development Inventories; DSS=Developmental Sentence Scoring; ELBW= Extremely low birth weight (birth
weight <1000 g); EOWPVT=Expressive One Word Picture Vocabulary Test; GA=gestational age;
HSET=Heidelberger Sprachentwicklungstest; ITPA=Illinois Test of Psycholinguistic Abilities; IVH=
intraventricular hemorrhage; McCarthy Scales= McCarthy Scales of Children´s Ability; MLU=Mean Length of
Utterance; NEPSY= Neuropsychological Investigation of Children; NIC=neonatal intensive care;
NNST=Northwestern Syntax Screening Test; PPVT =Peabody Picture Vocabulary Test; PVL=periventricular
leukomalacia; RAN=Rapid Automatic Naming Test; REEL-2=Receptive-Expressive Emergent Language Scale;
Reynell=Reynell Developmental Language Scales; SALT=Systematic Analysis of Language Transcript
(sentence complexity); SICDR & E=Sequenced Inventory in receptive and expressive language; Token=Token
Test for Children; TRG=Test for the Reception of Grammar; Uzgiris and Hunt= Uzgiris and Hunt scales of
psychological development; VLBW=very low birth weight; WPPSI=Wechsler Preschool and Primary Scale of
Intelligence; * follow-up study.
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2.4 Neurobiological findings and language in individuals with
Asperger syndrome
2.4.1 Neurobiological findings in individuals with Asperger syndrome
Asperger syndrome (AS) is a pervasive developmental disorder (PDD) that is diagnosed
on the basis of a cluster of cognitive, social and motor signs (Gillberg & Gillberg, 1989;
ICD-10, 1999). The characteristic features of AS are deficits in social interaction and
unusual, rigidly ritualistic interests (Gillberg & Gillberg, 1989; ICD-10, 1999).
Prevalence data on AS are scarce. In Sweden, 0.71 % of children were diagnosed as
having AS (Ehlers & Gillberg, 1993), while the prevalence of AS in Finland remains to
be determined.
AS shares some essential symptomatology with autism, and it is hence not clear
whether autism and AS are distinct diagnostic entities (Schultz et al., 2000; Szatmari et
al., 2000) or whether AS is equivalent to high-functioning autism (HFA) (Casanova et al.,
2002; Howlin, 2003; Ramberg et al., 1996). The main distinguishing features used to
discriminate between AS and HFA are the lack of clinically significant language and
cognitive delay in AS (ICD-10, 1999) and the motor clumsiness present in children with
AS but not in those with HFA (Gillberg & Gillberg, 1989; Schulz et al., 2000). Recent
studies have shown, however, that although the early language history may have been
different in AS and autism, the speech and prosody characteristics of individuals with AS
and HFA may be equal in adolescence and adulthood (Gilchrist et al., 2001; Shriberg et
al., 2001). The exact mechanism underlying the difference in the outcome remains to be
determined. It is possible that AS and autism may represent different, but potentially
overlapping, developmental trajectories that are influenced by similar, though not
identical, prognostic factors (Starr et al., 2003; Szatmari et al., 2000)
Another disorder that bears striking similarity to AS is the nonverbal learning
disability syndrome (NLD) (Ellis & Gunter, 1999; Gunter et al., 2002; Rourke, 1987,
1988, 1995). The typical features of NLD are deficits in non-verbal problem solving,
visual-spatial organization, psychomotor coordination and the understanding and
expression of the pragmatic and prosodic aspects of language, difficulty in adapting to
novel and complex situations and superior verbal memory (Rourke, 1995).
Attention deficit hyperactivity disorder (ADHD) is often seen in individuals with AS
(Ghaziuddin et al., 1998; Ramberg et al., 1996; Schatz et al., 2002). It is to be determined
by further studies whether ADHD is a comorbidity of AS or whether ADHD is secondary
to a deficit intrinsic to AS, including the unusual use of language, odd socialization,
obsessive thought, etc. (Schatz et al., 2002).
The neural underpinnings of AS are not yet understood (Casanova et al., 2002;
McKelvey et al., 1995; Schulz et al., 2000). There are probably separate neural systems
that mediate different deficits encountered in individuals with AS (Schultz et al., 2000).
Brain imaging data strongly suggest that the pathobiology of social awareness involves
the limbic system, as previously assumed to be the case in autism (Damasio & Maurer,
1978), including the amygdala and the cortical system functionally connected with it, i.e.
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mainly the prefrontal and temporal cortices (Baron-Cohen et al., 1999; Schultz et al.,
2000), with a bias towards right-hemisphere dysfunction (Ellis & Gunter, 1999; Gunter et
al., 2002; McKelvey et al., 1995). It has also been proposed that, similarly to NLD, the
main cause of AS is a dysfunction of white matter (Ellis & Gunter, 1999; Volkmar et al.,
2000), which might affect all aspects of brain activity, but, to an even greater extent,
activities exclusively or mainly carried out in the right hemisphere (Ellis & Gunter,
1999). Further studies are, however, needed to explore more conclusively both the
symptomatology and the etiology of AS.

2.4.2 Language in individuals with Asperger syndrome
AS is characterized by marked difficulties in reciprocal social interaction with fluent but
pragmatically impaired speech (ICD-10, 1999). Language development is assumed to be
fairly normal (ICD-10, 1999; Gilchrist et al., 2001) and literal language skills welldeveloped (ICD-10, 1999). Howlin (2003) stresses that it may be misleading to say that
children with AS do not have significantly delayed language skills, since their adulthood
level of language is markedly impaired (Howlin, 2003). More studies are needed
concerning language, as there are only very few studies on language in children with AS
where standardized language measures have been used (Dennis et al., 2001; Howlin,
2003; Ramberg et al., 1996; Szatmari et al., 2003).
Individuals with AS display substantial difficulties in the comprehension and
production of prosodic features, manifested as, for instance, pedantic, affectless and
monotonous speech with peculiar voice characteristics (Ghaziuddin & Gerstein, 1996;
Gillberg & Gillberg, 1989). It was recently shown that not only affective prosody but also
other suprasegmental aspects of speech, i.e., grammatical and pragmatic prosody, were
affected in individuals with AS (Shriberg et al., 2001). Individuals with AS talk more
than controls or individuals with HFA. In addition, inappropriate or nonfluent phrasing
was typical of individuals with AS together with inappropriate stress patterns and too
loud and too high a voice (Shriberg et al., 2001). The authors (Shriberg et al., 2001)
proposed that these deficits are possibly due to speech-motor control deficits, including
difficulties in self-monitoring associated with poor auditory or proprioceptive feedback
systems.
Individuals with AS also have outstanding deficits in understanding hidden meanings,
other people’s emotions (Gillberg & Gillberg, 1989) as well as the intonation and prosody
they hear (Attwood, 1998). Accordingly, a recent study showed that individuals with AS
had difficulty in extracting mental state information from the speech they heard. It was
also shown that the difficulty was not due to deficient vocabulary (Rutherford et al.,
2002).
The theory of mind (ToM) explanation has been applied to the communicative deficits
encountered in individuals with AS (Baron-Cohen et al., 1999; see also Volkmar, 1998).
In the present work, the main focus is on the auditory domain and language. Therefore,
studies concerning ToM are not quoted.
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Speech perception and production are monitored by the auditory domain. Auditory
processing in individuals with autism has been studied for a long time using auditory
ERPs (Bruneau et al., 1987, 1999; Courchesne et al., 1985a, b; Dawson et al., 1986,
1988; Dunn et al., 1999; Gomot et al., 2002; Lincoln et al., 1993). However, very little is
known about auditory processing in children with AS. Autobiographies of several persons
with AS refer to problems with auditory perception (Williams, 1992; see also Attwood,
1998). More research is needed on the interrelations of language and auditory processing
in children with AS.

2.5 Auditory event-related potentials in children at risk for or with
speech and language impairment
2.5.1 Obligatory ERPs
Studies involving obligatory ERPs in children with language deficits are scarce
(Cunningham et al., 2000), being mainly reports of an oddball paradigm and along with
MMN parameters (Korpilahti, 1995, 1996; Korpilahti & Lang, 1994; Ceponiene et al.,
2003b).
Cunningham et al. (2000) studied obligatory ERPs together with behavioural
measures. They found that the auditory-based learning measures (incomplete words,
sound blending, sound pattern, listening comprehension, auditory processing) strongly
predicted N2 latency in a group of children with learning problems, but not in a group
without learning problems. In addition, the P1-N1-N2 parameters correlated with
intelligence (IQ) in both groups. In contrast, these auditory ERPs did not correlate with
performance in fine-grained speech discrimination tasks (Cunningham et al., 2000), like
MMN (Kraus et al., 1996). Therefore, it was suggested that P1-N1-N2 and MMN
responses reflect different aspects of auditory function. The obligatory ERPs P1-N1-N2
may reflect the neural encoding of sound features in the thalamo-cortical segment of the
auditory pathway (Cunningham et al., 2000). The basic encoding, however, serves a wide
range of auditory perceptual functions and contributes to listening comprehension.
Changes in N2 have also been reported in children with specific language impairment
(SLI) (Korpilahti & Lang, 1994; Tonnquist-Uhlen, 1996). Korpilahti and Lang (1994)
found that the N2 amplitude was smaller and latency longer in children with SLI than in
their controls. These findings were supported by the results of Tonnquist-Uhlen (1996).
In autistic children, N2 latency and amplitude were found to be similar (Čeponienė et
al., 2003b; Gomot et al., 2002), whereas P1 amplitude was smaller in response to vowels,
or to complex and simple tones, than in the controls (Čeponienė et al., 2003b). The
attenuation of P1 was suggested to index dysfunction of early sensory processes in
children with autism (Čeponienė et al., 2003b).
To my knowledge, there are no studies investigating auditory ERPs together with
language measures in VLBW preterm children or in children with AS.
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2.5.2 Mismatch negativity (MMN) and late mismatch negativity
(lMMN)
Auditory processing deficits, such as difficulty in auditory discrimination or memory,
may be captured by behavioural methods (Benasich et al., 2002; Briscoe et al., 1998;
Čeponienė et al., 1999b; Cunningham et al., 2000; Kraus et al., 1996). Although a
relationship exists between the behavioural measures of auditory discrimination, shortterm memory and MMN (Bradlow et al. 1999; Čeponienė et al., 1999b; Kraus et al.,
1996), they represent different levels of processing. The behavioural response involves
participation, focused attention and later phonetic processing, whereas MMN is a
preattentive, neural correlate of stimulus change (Bradlow et al., 1999; Kraus et al., 1995;
Näätänen & Winkler, 1999). As such, MMN can be used to study the neurobiological
bases of speech and language deficits (Kraus et al., 1995, 1998; Kraus & Cheour, 2000;
Kujala & Näätänen, 2001) and maturation as well as neural plasticity (Bradlow et al.,
1999; Kraus et al., 1998; Kujala et al., 2001b) in infants and children at risk for or with
speech and language deficits. Recent studies have shown that MMN can also be used to
identify infants at risk for speech and language deficits (Leppänen et al., 2002; Lyytinen
et al., 2001).
The MMN component of auditory event-related potentials has mostly been
investigated in children at risk for or with SLI (Holopainen et al., 1996, 1997; Korpilahti,
1995, 1996; Korpilahti & Lang, 1994; Uwer et al., 2002), autism (Čeponienė et al.,
2003b; Gomot et al., 2002; Kemner et al., 1995; Seri et al., 1999), dyslexia (Kujala et al.,
2001b; Leppänen et al., 2002; Schulte-Körne et al., 1998), oral clefts (Čeponienė et al.,
1999a, 2000; Cheour et al., 1997, 1998a, 1999) or learning disabilities (Bradlow et al.,
1999; Kraus et al., 1996). Studies where MMN has been used to investigate children with
or at risk for speech and language deficits are listed in table 2.
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Table 2. Mismatch negativity (MMN) and late mismatch negativity (lMMN) in infants and
children at risk for or with speech and language deficits.
Diagnostic group/ Subjects
Reference

Methods used to
assess language
development

ERP methodology
(stimuli, ISI/SOA)

Specific language
impairment (SLI)
Korpilahti &
14 children with Boston naming test, Frequency: standard
500 Hz, deviant 553
Lang, 1994
SLI (8-13 years, Boehm, ITPA
Hz; 100 ms.
12 controls (7-13
Duration: standard
years)
50 ms, deviants 110
or 500 ms; 1000 Hz;
ISI 350 ms.
Frequency: standard
500 Hz, deviant 553
Hz; 100 ms;
ISI 350 ms.

Korpilahti, 1995 10 children with
SLI (8-13 years),
10 controls (7-13
years)

Boehm, ITPA,
Seashore, phoneme
discrimination,
sentence
comprehension and
instruction test by
Korpilahti (1990,
1991, 1993), the
rhythm subtst of
BMA

Holopainen et al., 10 children with
1996
SLI (3-6 years),
14 controls (3-7
years)

Reynell, ITPA, Bo Frequency: standard
Ege naming test
500 Hz, deviant 553
Hz; 100 ms;
ISI 350 ms.

Main results concerning
MMN and lMMN

MMN for the frequency and
long durational change
significantly attenuated in the
SLI group. Negative
correlation between the peak
latency of frequency MMN
and age in controls, but not in
SLI children.
MMN attenuated in SLI
children.
Maximal MMN amplitude at
F4 in controls. SLI children
showed no hemisphere
predominance. Specific word
finding related to phoneme
discrimination defect. None of
the behavioural discrimination
tests alone predictive for
MMN amplitude.
MMN attenuated in SLI
group. No difference in MMN
latency. In controls, the
maximal MMN amplitude
located frontally with a trend
to right-hemisphere
dominance. In the SLI group,
the maximal MMN located
centrally in the midline area.
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Diagnostic group/ Subjects
Reference

Methods used to
assess language
development

Holopainen
et al., 1997

13 children with Reynell, ITPA, Bo
SLI (5-9 years), Ege naming test
12 mentally
retarded (MR) (58 years), 10
controls (5-9
years)

Uwer et al.,
2002

21 children with HSET, imitating
expressive and 21 grammatical
structures,
with receptive
SLI, 21 controls comprehending
(mean age of all 8; grammatical
structures,
2 years)
auditory
discrimination
test

Autism
Kemner et al.,
1995

Seri et al., 1999

Gomot et al.,
2002

20 autistics
children (mean
age 9;8 years), 20
controls (mean
age 10;6 years);
20 children with
ADDH (mean age
9;9 years), 20
dyslectics (mean
age 10 years)
7 autistics with
TsC, 7 with TsC
(mean age 8;6
years)
15 autistics, 15
matched controls
(5-9 years)

ERP methodology
(stimuli, ISI/SOA)

Main results concerning
MMN and lMMN

MMN attenuated in SLI and
MR groups. No difference
between the SLI and MR
groups. Maximal MMN
amplitude in the MR group
mostly in the left hemisphere,
in the dysphasic group in the
central region, and in controls
in the right hemisphere and in
the central regions.
Frequency: standard MMN attenuated in SLI to
speech stimuli, but no
1000 Hz, deviant
difference between the two
1200 Hz, 175 ms.
Duration: standard SLI groups. MMN to tone
175 ms, deviant 100 stimuli did not differ between
the groups. Two negativities,
ms, both 1000 Hz.
but not separately reported.
Syllables: standard
Discrimination scores did not
/da/, deviants /ga/
correlate with MMN
and /ba/; 175 ms.
amplitudes, although the SLI
SOA 1 second.
group had more errors in the
discrimination task.
Frequency: standard
500 Hz, deviant 553
Hz; 100 ms;
ISI 350 ms.

Standardized
reading tests
(BRUS-1 or AVI
cards) for dyslectic
children.

Syllable: standard
/oy/, deviant /ay/;
300 ms;
novel /bbrrzzz/;
360 ms;
ISI 4-6 seconds

No differences in MMN
latency or amplitude between
the groups.

-

Frequency: standard
1000 Hz, deviant
1500 Hz; 60 ms;
ISI 800-1000 ms.
Frequency: standard
1000 Hz, deviant
1100 Hz; 50 ms;
ISI 700 ms.

MMN latency increased and
amplitude smaller in the
autistic group.

-

MMN latency was shorter in
autistic children at Fz.
Additional current sources
were evident at midline in
children with autism.
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Diagnostic group/ Subjects
Reference

Methods used to
assess language
development

Čeponienė et al., 9 autistics (6;3- Reynell
2003b
12;4 years), 10
controls (6;6-12.4
years)

Dyslexia
Schulte-Körne et 19 children with al., 1998
spelling disability
(mean age 12;5
years), 15 controls
(mean age 12; 6
years)
Kujala et al.,
48 children with Finnish battery of
2001b
dyslexia, 22 of the diagnostic reading
tests, auditory
48 children
discrimination
participated in
measurements
ERP
measurements and
training

Leppänen et al.,
2002

37 children at risk for dyslexia, 39
controls (mean
age 6 months)

ERP methodology
(stimuli, ISI/SOA)

Main results concerning
MMN and lMMN

Frequency: standard No differences in MMN
latency or amplitude between
458 Hz; vowel;
the groups.
standard /ö/,
harmonics; made to
resemble the standard
/ö/. Deviants were
created by raising 10
% the frequencies of
the standards; SOA
700 ms.
Frequency; standard MMN attenuated for speech
stimuli, but only in the time
1000 Hz, deviant
window typical of lMMN. No
1050 Hz, 90 ms;
differences in the frequency
ISI 590 ms.
change between the groups.
Syllables: standard
/da/, deviant /ba/.
Frequency; first tone ERPs of two groups of
500 Hz, second tone dyslectic children similar
750 Hz in standards, before training. MMN
separated with 10-ms increased in dyslectic children
silent gap, in deviants with auditory training, but not
in those who did not
pairs in reversed
participate. A significant
order, 40 ms each
correlation between MMN
tone;
SOA 600 between the amplitude change and change
in reading performance
pairs
Pseudoword: ata 300 MMN-like response smaller
ms, atta 460 ms; both in the risk group at C3 when
used as standard and /atta/ as deviant. No
differences over the right
deviant;
hemisphere. Larger positivity
ISI 610 ms.
preceded the MMN-like
negativity in the children at
risk. When /ata/ was deviant,
there were two negativities in
the time window of MMN and
lMMN in the control group
but not in the risk group.
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Diagnostic group/ Subjects
Reference
Oral clefting
Cheour et al.,
1997

Cheour et al.,
1998b

Cheour et al.,
1999

11 children with
CATCH
syndrome (6-10
years), 11 agematched controls

Methods used to
assess language
development

ERP methodology
(stimuli, ISI/SOA)

ITPA, NEPSU,
phoneme
discrimination,
phonological
awareness,
pseudoword
reading and
learning
As above for
children with
CATCH syndrome
and controls.

Frequency; standard
1000 Hz, deviant
1100 Hz, 100 ms;
SOA 450, 800,
1500 ms.

MMN smaller in CATCH
children with 800 ms and 1500
ms SOA. Significant MMN was
only obtained with 450 ms SOA
in children with CATCH
syndrome.

Frequency; standard
1000 Hz, deviant
1100 Hz, 100 ms;
SOA 450, 800,
1500 ms.

MMN smaller in children with
CATCH with 800 ms and 1500
ms SOA. MMN amplitude
smaller only with 1500 ms SOA
in children with a cleft. A
significant difference between
the control, CATCH and cleft
groups with 1500 ms SOA.
Prominent MMN in all controls,
but only in 3 infants with cleft
palate. Positivity at MMN
latency in infants with cleft
palate. In controls, negativity at
MMN latency.
MMN smaller in children with
oral clefts and diminished with
longer ISIs in them. Children
with only CL comparable to
controls.
Two negativities in neonates in
time windows typical of MMN
and lMMN. Amplitudes at both
time windows were smaller in
infants with CPO. No
difference between controls and
infants with CLP. At 6 months,
two negativities were found
again. No differences between
the groups at the first time
window. The amplitude at the
second time window was
smaller in the CPO group.

11 children with
CATCH
syndrome (6-10
years), 11 agematched children
with cleft palate,
11 age-matched
controls
9 neonates with cleft palate, 8
healthy controls

Čeponienė et al., 78 children with oral clefts (7;4-9;8
1999a
years), 32 agematched controls
(7;3-9;9 years)
Čeponienė et al., 32 neonates with 2000
oral clefts, 12
controls;
15 of the 32
children with oral
clefts, 8 of the 12
controls remeasured at the
age of 6 months.

Frequency; standard
1000 Hz, deviant
1100 Hz, 100 ms;
SOA 800 ms.

Frequency; standard
1000 Hz, deviant
1100 Hz, 100 ms;
ISI 350, 700, 1400
ms.
Frequency; standard
1000 Hz, deviant
1100 Hz, 100 ms;
ISI 700 ms

Main results concerning
MMN and lMMN
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Diagnostic group/ Subjects
Reference
Learning disabled
children
Kraus et al., 1996 91 children with
LD, 90 controls
(6-15 years)
measured
behaviourally. 42
children included
in ERP
measurements; 21
“good”, 21 “poor”
perceivers based
on behavioural
discrimination
tests

Methods used to
assess language
development

ERP methodology
(stimuli, ISI/SOA)

Listening
Syllables: standard
comprehension,
/da/, deviant /ga/;
visual speed of
standard /ba/, deviant
processing, sound /wa/, 90 ms;
blending, auditory ISI 1 second
processing, reading,
spelling, auditory
memory for words
(names of the tests
not given), auditory
discrimination test
with stimuli used in
ERP measurements.

Main results concerning
MMN and lMMN

MMN robust in “good”
perceivers and absent in
“poor” perceivers. MMN area
and duration smaller in “poor”
perceivers. A correlation
between /da/-/ga/
discrimination scores and
MMN area and duration. In
contrast, no difference in
MMN duration and area
between subgroups of “poor”
and “good” perceivers.

ADDH=attention deficit disorder with hyperactivity; BMA=Borell-Maisonny-Alahuhta test, Alahuhta;
Boehm=Boehm test of basic concepts; CL=cleft lip; CLP=cleft lip and palate; CPO=cleft palate only;
HSET=Heidelberger Sprachentwicklungstest; ISI=interstimulus interval; ITPA=Illinois Test of psycholinguistic
abilities; LD=learning disabled; lMMN=late mismatch negativity; MR=mentally retarded; NEPSY= The
Neuropscyhological Investigation of Children; Reynell=Reynell Developmental Language Scales;
Seashore=The Seashore test of musical talents; SLI=Specific language impairment; SOA=stimulus onset
asynchrony; TsC=Tuberous sclerosis; WJ-R=Woodcock-Johnson-Revised; WRAT=Wide Range Achievement
Test-3.

The results concerning MMN in children with SLI are quite conclusive. MMN is
attenuated in response to pure tones (Holopainen et al., 1996, 1997; Korpilahti, 1995;
Korpilahti & Lang, 1994). Only Uwer et al. (2002) reported no significant difference in
the MMN amplitude in response to pure tones. They found the only difference between
their SLI and control groups to be the attenuated lMMN in the time window typical of the
lMMN in response to speech syllables. However, Uwer et al. (2002) used higher
frequencies, the difference between standard and deviant stimuli was larger, and the
stimulus onset asynchrony (SOA = time from the onset of the stimulus to the onset of the
next stimulus) was longer than in other studies. It is possible that the difference in pure
tone was also easy to discriminate for children who may have difficulties in auditory
discrimination. Furthermore, when ISI or SOA grows, the ERP waveform changes in
children and new ERP components can be seen (Bruneau & Gomot, 1998; Čeponienė et
al., 1998, 2002b; Korpilahti, 1996; Paetau et al., 1995). The obligatory ERP components
also contribute to the difference waveform from which the MMN amplitude is measured,
and thus the difference between the earlier findings and those of Uwer et al. (2002) might
be mainly due to the long SOA.
The MMN results in children with autism are contradictory. While Seri et al. (1999)
reported an increased MMN latency and a smaller amplitude in children with tuberous
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sclerosis (TsC) and autism than in children with TsC but with no autism, Gomot et al.
(2002) reported shortened MMN latencies in children with autism compared with healthy
controls. Furthermore, Čeponienė et al. (2003b) and Kemner et al. (1995) did not find
any differences in MMN latency or amplitude in children with autism and their controls.
The reasons for the different results remain to be studied.
Auditory ERPs already differ in infancy in children at risk for language deficits
(Kurzberg et al., 1988; Molfese & Molfese, 1985, 1997) and dyslexia (Guttorm et al.,
2001; Leppänen et al., 1999; Molfese, 2000; Pihko et al., 1999) compared with healthy
controls. These difficulties are seen as an attenuated MMN, mainly in the left
hemisphere, in infancy (Leppänen et al., 2002) and as an attenuated MMN in response to
speech stimuli in the latency range of lMMN at school age (Schulte-Körne et al., 1998).
The CATCH 22 syndrome (acronym for Cardiac defects, Abnormal facies, Thymic
hypoplasia, Cleft palate, and Hypocalcemia) has been studied recently using ERPs, since
children with CATCH 22 syndrome often exhibit difficulties in language development
and learning (Kok & Solman, 1995). The results concerning children with CATCH 22
syndrome are conclusive, demonstrating a smaller MMN amplitude in children with
CATCH syndrome compared with that of controls and more specifically with long SOAs
(Cheour et al., 1997, 1998b).
An attenuated MMN amplitude has also been found in children with oral clefts
(Čeponienė et al., 1999a, 2000; Cheour et al., 1999), although not in all subgroups of oral
cleft patients (Čeponienė et al., 1999a, 2000). Similarly, school-aged children with
learning disabilities exhibited MMN attenuation compared with healthy controls, together
with behaviourally measured difficulties in auditory processing (Bradlow et al., 1999;
Kraus et al., 1996).
Two groups of children with developmental brain disorders, i.e, children born preterm
with VLBW and children with AS, exhibit different types of language impairment. There
are no earlier studies reporting on MMN in VLBW preterm children together with
language measures. Furthermore, no earlier study has followed up both language
development and MMN in children born preterm. No earlier studies exist where auditory
ERPs have been recorded in children with definite diagnosis of AS.

3 Aims of the study
The main cause of speech and language impairments may lie in auditory perceptual
deficits. Therefore, the purpose of the present follow-up study was to investigate auditory
processing by using ERPs, especially MMN, and language development to determine
whether a correlation exists between auditory ERPs and language development. Two
groups of children with developmental disorders were selected as subjects: children born
preterm with VLBW and children with AS. The language development of VLBW preterm
children was studied at the ages of 2, 4 and 6 years. ERP recordings were done at the ages
of 4 and 6 years. Since very little is known about language development and auditory
processing in children with AS, a pilot study was carried out to examine auditory
processing by using auditory ERPs. Instead, language development in children with AS
was not assessed for this study.
The specific aims were as follows:
1. To investigate auditory processing in VLBW preterm children and matched controls
at the ages of 4 (mean 4;4) (Study II) and 6 (mean 5;7) years (Study III) for possible
differences in ERPs.
2. To investigate the developmental course of language learning in children born
preterm with VLBW and in matched controls (Study I).
3. To determine whether a relationship exists between ERPs, more specifically MMN,
and language development as indexed by object naming ability (studies II and III).
4. To investigate auditory ERPs in children with AS and matched controls for possible
differences between children with AS and their controls (Study IV).
Since the main topic of the thesis was auditory processing, the results concerning
auditory processing in VLBW children (Studies II and II) precede the results of language
development in VLBW preterm children (Study I).

4 Materials and methods
4.1 Subjects
The very low birth weight (VLBW) preterm population was drawn from a birth cohort of
all preterm infants born at Oulu University Hospital between 1st November, 1993 and 31st
October, 1995 (fig. 2). The VLBW preterm infants with birth weight less than 1500 g and
gestational age less than 34 weeks at birth were included in the primary study as
described by Valkama et al. (2000b). A total of 29 VLBW preterm infants under the age
of 30 months in March 1996 were eligible for inclusion in this series, and informed
consent was obtained from 17 parents (including those of two pairs of twins) (fig. 2). Two
children were excluded, one because of a profound hearing loss and one because of
missing data on language development. The final population thus consisted of 17 VLBW
preterm children (mean birth weight 1049 g, range 660-1445 g; mean gestational age 28
weeks, range 24-33 weeks; 8 girls) (table 3).
A neonatologist performed neurological follow-up examinations on all infants every 3
months up to 18 months of corrected age and at the chronological age of 6 years using the
Griffiths Developmental Scales (Griffiths, 1954). At the chronological age of 18 months,
the total score (GQ) was <90 for 4 children with CP. The subquotient of hearing and
speech (SQ) was slightly abnormal for two preterm children (normal > 90) (table 3). At
the age of 6 years, GQ was <90 for 4 children, 2 of these 4 children having CP, whereas
SQ was slightly abnormal in 9 preterm children.
Infants with delayed motor development and abnormal muscle tone and motor
function as an impairment or disability at a corrected age of 18 months were defined as
having CP in the sense of Hagberg et al. (1975). The neurological outcome of all the
VLBW children was confirmed by the paediatric neurologist at the chronological age of 2
years. The neurological outcome did not differ from the previous measurements made by
the neonatologist. Five children were defined as having CP (table 3), and their
rehabilitation was arranged at Oulu University Hospital.
Brain magnetic resonance imaging (MRI) at term age, as described by Valkama et al.
(2000b), was performed on all the preterm children using a 1.0 T scanner (Magneton,
Siemens). Fifteen of the 17 children had changes in their neonatal brain MRI. The
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changes mostly consisted of dilated ventricles and sulci with an increase in cerebrospinal
fluid volume (table 3).
Table 3. Clinical characteristics of the preterm group at birth, results of neonatal brain
MRI and performance on the Griffiths Developmental Scales (GQ) and its sub-quotient of
hearing and speech (SQ) at the ages of 18 months and 6 years and neuromotor outcome
at the age of 18 months.
Case and
sex

Clinical
characteristics

MRI abnormality at term age
Parenchymal
lesion

Cerebrospinal
space dilatation

Griffith Developmental
Scales

Neuromotor
outcome

GW at
birth

BW (g)

SQ/ GQ at SQ/GQ at 6
18 months
years

1M
2M

33

1210

no

no

128/125

114/128

normal

24

760

yes

V+S

95/83

101/94

3M
4M
5 M**

29
29
25

1230
920
690

yes
no
yes

V+S
V+S
V+S

98/109
95/108
87/67

82/104
82/102
-

6F
7M
8M
9F

27
31
29
28

730
1300
1430
1170

no
yes
no
yes

V+S
V+S
V+S
S

125/116
123/127
128/123
117/108

78/81
83/99
81/105
115/121

10 F*
11 F
12 F
13 F

31
30
26
28

1250
1145
660
760

no
no
yes
yes

no
V
V
no

87/107
121/115
107/97

78/87
88/103
90/75

14 F*
15 F
16 M
17 M

26
30
31

790
1445
1375

yes
no
no

V+S
S
V

111/114
134/118
118/111

99/114
84101

mild spastic
diplegia
normal
normal
severe spastic
diplegia
normal
normal
normal
mild spastic
diplegia
normal
normal
normal
severe spastic
diplegia
normal
normal
normal

26

960

yes

V+S

102/84

85/78

mild spastic
diplegia

* dropped out at the age of 4 years; ** dropped out at the age of 6 years; M = male, F = female; GW =
gestational weeks at birth, BW = birth weight (g), V = ventricles, S = sulci

All children had normal hearing as tested by otoacoustic emissions (OAE) and brainstem
auditory evoked potentials (BAEP) during the neonatal period (Valkama, 2001). Their
hearing ability was followed up at Oulu University Hospital. One child had a hearing aid
in one ear at the age of 4 years, and another child used hearing aids at the age of 6 years.
These 2 children were excluded from the ERP measurements. However, the language
development of these children was assessed, because, with their hearing aids, these
children were capable of normal speech communication.
Control children were recruited from kindergartens (mean birth weight 3617 g, range
2840-4700 g; mean gestational age 40 weeks, range 38-42 weeks) and matched to the
index cases by age, gender and the mother’s educational level. The ages of the control
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children differed by no more than 2 months from the corresponding ages of their pairs at
the time of the language measurements and EEG recordings. All the control children were
healthy without any congenital neurological deficits. Their hearing and development were
assessed and followed up at family clinics in health care centres.
At the age of 4 years, two VLBW preterm subjects dropped out (fig. 2). One VLBW
preterm girl was excluded because of cancer treatment, and another on her mother’s
request. In addition, tree more VLBW preterm children dropped out of the ERP
recordings: one child who used hearing aids as mentioned above, and one VLBW preterm
child because of refusal. The third child had such noisy EEG data that his ERPs could not
be analyzed. Two control children were excluded because of abnormal neurological
development, and 3 new control children were recruited to replace them.
At the age of 6 years, one VLBW preterm child declined from the study because of
recent surgical operations (fig. 2). ERP measurements were not carried out on 2 further
VLBW preterm children because of hearing impairment, as mentioned above. In addition,
4 controls dropped out on their mother’s request. Twelve matched pairs were included
into the statistical analysis of language development and into ERP recordings.
Children with Asperger syndrome (AS) were recruited from a large research going on
in the Department of Child Psychiatry, Oulu University Hospital. Twelve children (age
range 7-12 years, mean 9;1 years) who met 5 or 6 of the six Gillberg’s criteria (Gillberg
& Gillberg, 1989) for AS and all the criteria of the ICD-10 (ICD-10, 1999) were
examined. All the children had normal hearing as indexed by audiometry. The verbal IQ
of all the subjects was > 80. Twelve healthy controls, matched by age and gender, were
selected from primary schools by a school psychologist. Two children with AS and one
control child were excluded from the ERP analyses because of noisy EEG data.
Written consents were obtained from the parents of all children. The studies were
approved by the Ethical Committee of Oulu University Hospital.
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Birth cohort: 51 consecutive VLBW preterm infants November 1993-October
1995

29 consecutive VLBW children eligible for this study in February
1996. Informed consent from 17 parents in March 1996 (2 twins).

Drop-out: 1 child because of profound hearing loss, 1 child
because of missing language data

17 VLBW preterm children studied at the age of 2 years in March–July
1996 and 17 matched controls

Drop-out: 1 VLBW preterm child
because of cancer treatment, 1 for the
mother’s request, 2 developmentally
abnormal controls
15 VLBW preterm children studied at the age of 4 years in May-June 1998.
Language measurements:
ERP recordings:
15 VLBW preterm children
12 VLBW preterm
15 matched controls
children, 12 matched controls

Drop-out: 1 preterm child
because of recent surgical
operations, 4 controls on
mother’s request

14 VLBW preterm children studied at the age of 6 years in March-May
2000.
Language measurements:
ERP recordings:
12 VLBW preterm children
12 VLBW preterm
12 matched controls
children, 12 matched controls

Fig. 2. Population of the preterm study with drop-outs.
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4.2 Event-related potential measurements
4.2.1 Stimuli
The stimuli used in the present study were semi-synthetic Finnish syllables and pure
tones. The syllables were used to elicit auditory ERPs in children born preterm with
VLBW and with AS (Studies II, III, and IV) (table 4). The tone stimuli were only used in
Study IV for investigating auditory ERPs in children with AS (table 4). Study I
investigated language development, and it is not included in table 4.
Table 4. Number and age of subjects, stimuli, and SOAs in Studies II-IV.
Study II

Study III

Study IV

12 children born preterm
with VLBW,
12 matched controls

12 children born preterm
with VLBW,
12 matched controls

12 children with AS, 12
matched controls

Age of the subjects

4 years (SD 5 months)

6 years (SD 5 months)

8-12 years

Stimuli

/taa/ standard; /kaa/ and /ta/ /taa/ standard; /kaa/ and /ta/ /taa/ standard; /kaa/ and /ta/
deviants
deviants
deviants
sine tone 1000 Hz
standard; 1100 Hz deviant
650 ms
650 ms
650 ms for syllables,
600 for tones

Subjects

SOA ms

AS= Asperger syndrome; SOA=stimulus onset asynchrony; VLBW very low birth weight

In the syllable condition, the standard syllable was /taa/ (190 ms in duration, probability
80 %), and the 2 deviant stimuli were /ta/ (duration change; 90 ms in duration, probability
10 %) and /kaa/ (consonant change; 190 ms in duration, probability 10 %). The stimuli
were synthesized using a computer-based stimulus-generation method, Semisynthetic
Speech Generation (SSG) (Alku et al., 1999). The consonant change (/t/, /k/) is typical of
the Finnish language, unlike the consonants /d/, /g/ used in some previous studies (Kraus
et al., 1996). We also used vowel duration decrement (/taa/ vs /ta/), which is semantically
meaningful and very common in Finnish words. Syllables were used as stimuli, since in
the speech stream, syllables are more discrete elements of speech and may be more
precisely separated than single phonemes.
The syllables were binaurally presented through headphones in separate sequences of
400 stimuli. At least 4 sequences were presented to every subject. The syllables (75 dB
HL) were presented with a SOA of 650 ms.
The tone stimuli were simple sinusoidals, the standard tone being 1000 Hz in
frequency (100 ms in duration, probability 90 %) and the deviant tone being 1100 Hz in
frequency (100 ms in duration, probability 10 %). The tones (65 dB HL) were presented
binaurally through headphones with 600 ms SOA. In both tests, the syllable and tone
conditions, standards and deviants, were presented in a random order, and in the string of
stimuli, at least 3 standards always separated the consecutive deviants. In each condition,
the total amount of data included at least 100 deviants collected from every subject.

48

4.2.2 Recordings and data analysis
Auditory ERPs were recorded at the sites F4, C4, P4 (right hemisphere, fig. 3), Fz, Cz, Pz
(midline) and F3, C3 and P3 (left hemisphere), according to the International 10-20
system, using the NeuroScan Synamps amplifier and the NeursoScan 4.0 software (online bandpass 0.05-70 Hz, sampling rate 500 Hz). Electro-oculogram (EOG) was
recorded with 2 electrodes: one attached below the left eye and the other above the right
eye. During data acquisition, the common reference was at FCz, and after averaging, the
data were re-referenced to the ipsilateral mastoids. Midline electrodes were re-referenced
to the left mastoid. Epochs contaminated by artifacts exceeding 200 µ V (Study II) or 150
µ V (Studies III and IV) at any electrode were omitted from the averaging.

Fig. 3. Electrode placement used in the study.

The ERP-data was analyzed by using the EEG-View program. The ERPs were digitally
filtered off-line with a 0.5-15 Hz bandpass filter, using a finite-duration impulse response
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(FIR) filter of the order of 920, and averaged separately for all stimulus types. The time
windows for measuring the different ERP peaks were determined on the basis of the
grand-average latencies and the across-subjects latency distributions. In standardstimulus ERP (obligatory responses), P1 was defined as the most prominent positive peak
within 50-150 ms. The most negative peak within 180-300 was defined as N2, and that
within 350-500 ms (Studies II and III) or 320-500 ms (Study IV) as N4. The peak
latencies and amplitudes were used in the statistical analyses.
MMN and lMMN were obtained by subtracting the standard-stimulus ERP from that
to deviant stimuli. In the resulting difference waves, the most negative peak within 200340 ms was defined as MMN in the preterm studies (Studies II and III) and that within
340-550 as lMMN in the consonant change condition. In Study IV, the time window for
MMN was 200-380 ms in the syllable condition and 150-320 in the tone condition. For
MMN and lMMN, large ERP peak latency jitter is typical in children. Therefore, the
mean amplitudes calculated over a 50 ms period centred at the peak latency of the MMN
and lMMN of each participant were used for statistical analyses, as was done earlier by
Čeponienė (2001). The jitter for lMMN was so pronounced in the children with AS that
the data concerning lMMN were excluded from statistical analyses. Late MMN was also
weak or absent in response to vowel duration change and tone change, and it was
therefore left out of the statistical analyses.
During the EEG recording, each child, having been instructed to ignore the stimuli,
watched a silent, self-chosen cartoon on video. A parent or research assistant was present
with the child during the measurements to keep him/her relaxed and calm. The vigilance
and movements of the subjects were monitored by observing their EEG and behaviour
through a TV monitor. Short breaks were given at every 10-15 minute, or when needed,
between the stimulus blocks. The children with AS were informed about the study by a
personal letter including a full description of the measurements with photographs.
In the preterm study (Study III), the ERP waveform and the difference wave were
visually checked by the author and one additional experienced researcher from the 4year-old ERP data for the presence of MMN, and consensus was negotiated. The second
tester was completely unaware of the clinical status of the children. MMN was defined
subject by subject from all of the 9 electrodes used in the statistics. For the visual
analysis, a three-category rating scale for MMN (present, absent, questionable) was used.
The researchers recorded, electrode by electrode, whether MMN was present, missing or
questionable at each electrode site. MMN was assessed to be present when a well-defined
negative peak was found in the selected time window, whereas it was considered to be
absent when the MMN peak did not reach negativity (did not cross the baseline) and/or
could not be defined in the time window selected for MMN. Further, MMN was
questionable when it was under 1 µV in amplitude. The results of the visual rating were
compared with naming ability at the age of 6 years to determine whether there was a
connection between the MMN difference waveform at the age of 4 years and naming
ability at the age of 6 years (Study III). In the statistical analyses the most negative peak
was taken to represent MMN, as desribed earlier.
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4.3 Evaluation of language skills (Study I)
The evaluation of the language skills of the VLBW preterm children and their matched
controls was done at the mean chronological age of 2 (mean 2;4 years; SD=11 months), 4
(mean 4;4 years; SD=10 months) and 6 (mean 5;7years; SD=5 months) years (table 5).
Table 5. Behavioural measures of language development.
Constituent part of
language measured
Language comprehension
Language production
Vocabulary
Morphological
development
Phonology
Auditory discrimination

Age 2 years

Age 4 years

Age 6 years

Measure

Measure

Measure

Reynell Developmental
Language Scales

Reynell Developmental
Language Scales

MCDI
MCDI, Basic sentence
types, MLU

Boston Naming Test
Morphological Test

Boston Naming Test
Morphological Test

Pseudoword imitation
Auditory Discrimination
Test

Auditory Discrimination
Test

-

MCDI=MacArthur Communicative Developmental Inventory, MLU=mean length of utterance

Language comprehension was assessed by using the Reynell Developmental Language
Scales (Reynell &Huntley, 1985, table 5). The Reynell test was excluded from the 6-yearold measurements since the norms of the test did not reach up to that age range in the
version used in this thesis.
Lexical development was assessed by MCDI at the age of 2 years (Fenson et al., 1994;
Lyytinen, 1999, table 5) and by the Boston naming test (Kaplan et al., 1983; Laine et al.,
1988) at the ages of 4 and 6 years. The child was assessed as having difficulty in object
naming when the raw score of the Boston Naming Test result was at least 1 standard
deviation below the mean of the control group.
Morphological development at the mean age of 2 years was assessed by MCDI.
Furthermore, spontaneous speech samples were collected from a 15-minute video of free
play interaction between the child and the caregiver (table 5). The recordings were
transcribed, and unclear utterances were assessed by 2 trained investigators to reach
consensus. The Mean Length of Utterance (MLU, Brown, 1973), a widely used index of
early grammatical development, was measured in terms of the numbers of morphemes in
the last 100 utterances that the child had produced during free play, and all the utterances
were included when needed. Furthermore, the basic sentences used by the child were
classified in accordance with Hakulinen and Karlsson (1979) and Karvonen (1985). The
basic sentences are idealistic forms of kernel sentences (Hakulinen & Karlsson, 1979),
and they are based on the transformation theory by Chomsky (1957). In the Finnish
language, there are at least 6 types of kernel sentences (Hakulinen & Karlsson, 1979),
whereas in the English language, there are at least 11 types (Lyons, 1977). The sentences
produced by children differ from those used by adults. Therefore, the basic sentences
produced by children must be classified differently (Karvonen, 1985). In this study, we
rely on the findings of Karvonen (1985) since there are no other data concerning the basic
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sentences produced by Finnish-speaking children. Later, at the ages of 4 and 6 years,
morphological development was assessed using the Morphological Test (Lyytinen, 1988).
Phonological development was assessed by pseudoword imitation (table 5).
Pseudowords were taken from the Morphological Test (Lyytinen, 1988). The score of
phonological mistakes was based on the number of articulatory errors in pseudoword
imitation. The method was not sensitive, and it was therefore omitted from the 6-year-old
measurements.
Auditory discrimination ability was tested using the Auditory Discrimination Test
(Korpilahti, 1991) at the ages of 4 and 6 years (table 5). This test determines how well the
subject discriminates between Finnish vowels and consonants. The test includes a
consonant discrimination battery of 50 minimal pairs of syllables and a vowel
discrimination battery of 32 minimal pairs. The number of correct judgements in each
was included in the analyses. If the child was unwilling to perform the test, this was
treated as a case of missing data, and if the child ceased to co-operate halfway through
the test, the quotient was taken to be that reached by the child up till that point. Auditory
discrimination was not assessed at the age of 2 years, since there are no available
standardized tests to be used at that age for measuring auditory discrimination.
Language skills were not evaluated in children with AS for the present study. The
main focus of the present study was on the piloting of ERP measurements in that
population.

4.4 Statistical analyses
Mean values were used when tested differences in the ERP data. The inter-group
differences in ERP data were tested using repeated-measures ANOVAs (Studies II and
III) and three-way mixed ANOVAs (Study IV) with Group as a between-subject factor
and Hemisphere [Right (F4, C4, P4) x Midline (Fz, Cz, Pz) x Left (F3, C3, P3)] x
Anterior-Posterior [Frontal (F3, Fz, F4) x Central (C3, Cz, C4) x Parietal (P3, Pz, P4)] as
a within-subject factors. Assumption about the variance-covariance matrices of the
dependent variables were checked. The sphericity assumption was slightly fulfilled.
Therefore, the least conservative Huynh-Feldt adjustment method was used when
evaluating the statistical significance of the within-subjects effects. (SPSS Advanced
Models 10.0, 1999). One-way between-group ANOVA was used to measure differences
at the single-electrode level between the groups. The statistical difference of the ERP
peak values was tested using two-tailed t-tests, comparing the ERP amplitudes with the 0
µV baseline (Study IV).
Paired samples t-test was used to compare the language test scores in the follow-up of
language development (Study I). The independent-samples t-test was used to compare the
Boston Naming Test results between the preterm and the control group (Studies II and
III).
The correlations between the language test results (Study I) and between the Boston
Naming Test results and the MMN parameters were tested using Spearman’s Correlation
Coefficients (Study III).

5 Results
5.1 Auditory ERPs in children born preterm with VLBW
(Studies II and III)
5.1.1 Obligatory responses
The standard syllable /taa/ elicited a clear P1-N2-N4 waveform both at the age of 4 and at
the age of 6 years. The obligatory ERPs, elicited by standard stimuli in VLBW children
and in their controls (Studies II and III), are presented in the figures 4 and 5.
There were no significant differences between the preterm group and the control group
in P1 latency and amplitude over the 9 electrodes at the ages of 4 and 6 years (table 6,
figs. 4, 5). For P1 latency, there were no Right-Left x Anterior-Posterior x Group
interactions at the ages of 4 and 6 years. Nor was there any Right-Left x AnteriorPosterior x Group interactions for P1 amplitude at the age of 4 years. However, at the age
of 6 years, a significant Right-Left x Anterior-Posterior x Group interaction was found for
P1 amplitude (F(3.0, 66.0)=8.86, p=0.000, Huynh-Feldt correction), being due to the
smaller P1 amplitude at the frontal and central electrodes in the right hemisphere in
preterm children (fig 5). The difference between the preterm and control groups was most
pronounced at the C4 electrode (F(1,22)=7.61, p=0.011, one-way between-group
ANOVA, fig. 5). P1 amplitude at C4 was 8.9 µV in the control group, while in the
preterm group it was 5.2 µV (fig. 5).
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Table 6. The peak latencies and amplitudes of the obligatory responses P1, N2 and N4.
The values represent the corresponding means over 9 electrodes (F4, C4, P4, Fz, Cz, Pz,
F3, C3, P3) in VLBW preterm children and their controls at the ages of 4 and 6 years.
The p-values represent the results of the repeated measures ANOVAs over 9 electrodes.
Response

Age

Latency ms

Amplitude µV

Preterms

Controls

p -value

Preterms

Controls

p -value

P1

4 years

120 ms

120 ms

Ns.

7.6 µV

8.9 µV

Ns.

N2

6 years
4 years

112 ms
234 ms

113 ms
246 ms

Ns.
Ns.

7.4 µV
-4.1 µV

8.3 µV
-3.3 µV

Ns.
Ns.

N4

6 years
4 years

232 ms
378 ms

245 ms
377 ms

0.035
Ns.

-4.6 µV
-4.9 Μv

-6.5 µV
-5.1 µV

Ns.
Ns.

6 years

357 ms

360 ms.

Ns.

-6.9 µV

-8.4 µV

Ns.
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Fig. 4. Obligatory responses to standards in VLBW preterm children and their controls at the
age of 4 years in the left- (on the left) and right-hemisphere (on the right) electrodes.

At the age of 4 years, N2 latency and amplitude did not differ significantly over the 9
electrodes between the VLBW preterm group and their control group (table 6, fig. 4). No
Right-Left x Anterior-Posterior x Group interactions were found for N2 latency or
amplitude. In contrast, at the age of 6 years, N2 latency was significantly shorter in the
preterm group compared to the control group (F(1,22)=5.02, p=0.035, fig. 5). There were
no Right-Left x Anterior-Posterior x Group interactions for N2 latency between the two
groups at that age.

55

Fig. 5. Obligatory responses to standard syllables in VLBW children and in their controls at
the age of 6 years in the left- (on the left) and right-hemisphere (on the right) electrodes.

At the age of 6 years, N2 amplitude did not differ significantly between the preterm and
control groups over the 9 electrodes (table 6). However, at the age of 6 years, the RightLeft x Anterior-Posterior x Group interaction for N2 amplitude was significant (F(2.6,
57.9)=5.29, p=0.004, Huynh-Feldt correction), being due to the smaller N2 amplitude in
the frontal and midline electrodes in the right hemisphere in the preterm group compared
to the control group (F(1,22)=3.49, p=0.075, fig. 5). At the level of single electrodes, the
most significant difference was encountered at the C4 electrode (F(1,22)=8.71, p=0.007,
one-way between-group ANOVA, fig 5). N2 amplitude in the preterm group was -3.9 µV
at the C4 electrode, while in the control group it was -7.7 µV.
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N4 latency and amplitude over the 9 electrodes did not differ significantly between the
two groups at the ages of 4 or 6 years (table 6, figs. 4, 5). There were no Right-Left x
Anterior-Posterior x Group interactions for N4 latency. At the age of 4 years, no
significant Right-Left x Anterior-Posterior x Group interactions were found for N4
amplitude. In contrast, at the age of 6 years, there was a significant Anterior-Posterior x
Group interaction for N4 amplitude (F(2.0, 44.0)=7.36, p=0.002, Huynh-Feldt
correction), being due to the smaller N4 amplitude at the frontal and central electrodes in
the right hemisphere in the preterm group (F(1,22)=6.41, p=0.019, fig. 5). The difference
between the preterm and control groups was most pronounced at the C4 electrode
(F(1,22)=8.70, p=0.007, one-way between group ANOVA, fig. 5).

5.1.2 Mismatch negativity and late mismatch negativity
(Studies II and III)
The MMN difference waveform showed two distinct negative deflections in the
consonant change condition; an earlier peak in the time window of 200-340 ms (defined
as MMN) and a later peak in the time window of 340-550 ms (termed as lMMN). In the
vowel duration change condition, only one distinct negative deflection was reliably
identified, occurring in the time window of 200-340 ms, and being defined as MMN.
At the age of 4 years, MMN latency and amplitude in response to consonant change
did not significantly differ between the preterm and control groups over all of the 9
electrodes (table 7, fig. 6), which was at least partly due to the large standard deviation in
both groups. At the age of 6 years, however, a significant difference was seen in both
MMN latency and amplitude between the two groups. MMN latency was shorter
(F(1,22)=4.47, p=0.046) in the preterm group than in the control group (fig. 7). There was
a significant Right-Left x Group interaction (F(1.8, 38.8)=3.61, p=0.042, Huynh-Feldt
correction), being due to the shorter latencies at the left-hemisphere and midline
electrodes in the preterm group than in the control group. The MMN latency at the lefthemisphere was 267 ms in the preterm group and 287 ms in the control group. The
latencies at the midline were 270 ms and 287 ms, respectively. MMN amplitude was
smaller in the preterm group compared with the control group (F(1,22)=4.61, p=0.043).
No Right-Left x Anterior-Posterior x Group interactions were found for MMN amplitude.
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Table 7. MMN latencies and amplitudes over 9 electrodes in VLBW children and in their
controls at the ages of 4 and 6 years in response to consonant and vowel duration
change. Late MMN latency and amplitude in response to consonant change are reported
here. The values represent the corresponding means and standard deviations over 9
electrodes (F4, C4, P4, Fz, Cz, Pz, F3, C3, P3) in VLBW preterm children and their
controls at the ages of 4 and 6 years. The p-values represent the results of the repeated
measures ANOVAs over 9 electrodes.
Response/
condition

Age in
years

MMN
Consonant
change
MMN
Vowel duration
change
lMMN
consonant
change

Latency ms

Amplitude µV
p -value

Preterms
Mean
(SD)

292 ms (30)

Ns.

-2.2 µV (3.0)

-2.7 µV (1.7)

Ns.

284 ms (23)

0.046

-1.8 µV (2.6)

-3.6 µV (1.3)

0.043

293 ms (18)
276 ms (12)

294 ms (19)
273 ms (11)

Ns.
Ns.

-2.1 µV (2.0)
-3.4 µV (2.5)

-4.3 µV (2.6)
-4.4 µV (2.5)

0.035
Ns.

4

431 ms (43)

414 ms (25)

Ns.

-2.8 µV (2.5)

-5.0 µV (2.0)

0.035

6

408 ms (33)

415 ms (38)

Ns.

-3.0 µV (2.2)

-4.8 µV (2.2)

0.058

Preterms
Mean (SD)

Controls
Mean
(SD)

4

297 ms (30)

6

269 ms (9.2)

4
6

Controls
Mean
(SD)

p -value

Late MMN latency in response to consonant change did not differ between the preterm
and control groups at either age (table 7, figs. 6, 7). In contrast, at the age of 4 years,
lMMN amplitude was significantly smaller in the preterm group than in the control group
(F(1,21)=5.08, p=0.035, table 7, fig. 6). There was no Right-Left x Anterior-Posterior x
Group interactions. Still, at the age of 6 years, there was a tendency for the lMMN to be
smaller in amplitude in the preterm group than in the control group (F(1,22)=4.01,
p=0.058, table 7, fig. 7). Similarly as at the age of 4 years, no Right-Left x AnteriorPosterior x Group interactions were found at the age of 6 years.

58

Fig. 6. MMN in response to consonant change in VLBW preterm children and in their
controls at the age of 4 in the left- (on the left) and right-hemisphere (on the right) electrodes
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Fig. 7. The MMN in response to consonant change in VLBW preterm children and in their
controls at the age of 6 years in the left- (on the left) and right-hemisphere (on the right)
electrodes

MMN latency in response to vowel duration did not differ between the two groups at the
age of 4 years (table 7, fig. 8), whereas MMN amplitude was significantly attenuated in
the preterm group (F(1,21)=5.09, p=0.035). There were no Right-Left x AnteriorPosterior x Group interactions. At the age of 6 years, no significant differences were
found in MMN latency or amplitude in response to vowel duration change between the
two groups (fig. 9)
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Fig. 8. MMN in response to vowel duration change in VLBW preterm children and in their
controls at the age of 4 years in the left- (on the left) and right-hemisphere (on the right)
electrodes
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Fig. 9. MMN in response to vowel duration change in VLBW preterm children and in their
controls at the age of 6 years in the left- (on the left) and right-hemisphere (on the right)
electrodes.

5.2 Language development in VLBW children (Study I)
At the age of 2 years, the VLBW children attained significantly lower scores in the
language comprehension subtest of Reynell Developmental Language Scales than the
controls (table 8). The maximum sentence length in MCDI was significantly shorter in
the preterm group than in the control group (p=0.010). A delay in grammatical
development was also evident in the form of a smaller number of basic (p=0.063) and
predicative sentences (p=0.018). The number of existential sentences was also slightly
lower (p=0.053). However, no significant differences between the preterm and control
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groups were found in the size of the vocabulary, in the number of transitive, intransitive
or marginal sentences or in the mean length of the utterance.
Table 8. Means, standard deviations (SD), and 95-% confidence intervals (CI) of the
difference in language scores between VLBW preterm children and their controls at the
age of 2 years. The p-values represent the results of the paired samples t-test.
Test

Reynell
MCDI
Vocabulary
Plural and word
endings
Verb forms
Maximal sentence
length
Free play situation
MLU
Types of basic
sentences
Transitive
Intransitive
Predicative
Existential
Marginal
Number of all
basic sentences

Preterm children

Control children

N=17

N=17

Mean of the
difference

95-% CI

p -value

Mean

SD

Mean

SD

-0.2

1.1

0.8

0.7

-1.1

-1.7, -0.4

0.003

336
5.3

138
3.2

369
7.1

149
2.8

-28.4
-1.9

.104.1, 47.2
-4.0, 0.3

0.436
0.081

4.8
6.1

1.5
2.1

5.7
9.3

1.5
4.3

-0.8
-3.1

-1.8, 0.1
-5.4, -0.9

0.091
0.010

2.6

1.4

3.1

1.1

-0.5

-1.3, 0.3

0.196

12.8
7.2
5.1
3.3
1.1
29.5

12.5
6.4
3.7
3.8
1.1
19.2

15.5
10.4
10.4
7.0
2.1
45.4

11.3
7.4
7.6
5.4
2.1
23.1

-2.6
-3.1
-5.4
-3.7
-1.1
-15.9

-11.2, 5.9
-7.8, 1.6
-9.7, -1.0
-7.5, 0.0
-2.4, 0.3
-32.7, 0.9

0.522
0.180
0.018
0.053
0.111
0.063

Reynell = Reynell Developmental Language Scales, comprehension subscore, MCDI=MacArthur
Communicative Development Inventory, MLU=Mean Length of Utterance

At the age of 4 years, the VLBW preterm group again scored significantly lower than
their matched controls in the Reynell Developmental Language Scales comprehension
subtest (p=0.020, table 9) and the Auditory Discrimination Test (vowel discrimination
p=0.018, consonant discrimination p=0.000). In addition, the VLBW preterm children
exhibited difficulties in the Boston Naming Test relative to their controls (p=0.010). They
also scored lower than their controls in the Morphological Test, but the difference was not
significant. Nor was the difference in the number of phonological mistakes significant.
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Table 9. Means, standard deviations (SD), and 95-% confidence intervals (CI) of the
difference in language scores between VLBW preterm children and their controls at the
age of 4 years. The p-values represent the results of the paired samples t-test.
Test

Reynell
Auditory
Discrimination
Test
Vowel
discrimination
Consonant
discrimination
Boston Naming
Test
Morphological
Test
Phonological
mistakes

Preterm children

Control children

N=15

N=15

Mean of the
difference

95-% CI

p -value

Mean

SD

Mean

SD

-0.2

1.2

0.7

0.6

-0.9

-1.7, -0.2

0.020

15

15.4

27

11.1

-10.9

-19.6, -2.2

0.018

16

17.1

39

17.3

-23.3

-33.8, -12.8

0.000

17

6.9

23

6.1

-6.9

-10.3, -1.7

0.010

22

24.3

35

18.7

-13.1

-29.0, 2.8

0.100

7

7.3

5

3.5

1.9

-3.2, 7.0

0.429

Reynell = Reynell Developmental Language Scales, comprehension subscore

At the age of 6 years, the VLBW preterm children achieved significantly lower scores in
the Auditory-Discrimination Test (consonant discrimination p=0.010, vowel
discrimination p=0.065, table 10) and in the Boston Naming Test (p=0.014) than their
controls. There was also a tendency in the Morphological Test for the preterm group to
score lower than the control group (p=0.057).
Table 10. Means, standard deviations (SD), and 95-% confidence intervals (CI) of the
difference in language scores between VLBW preterm children and their matched controls
at the age of 6 years. The p-values represent the results of the paired samples t-test.
Test

Preterm children

Control children

N=12

N=12

Mean of the
difference

95-% CI

p -value

Mean

SD

Mean

SD

23
34

10
13.2

28
45

3.6
5.4

-11
-11.0

-11.5, .429
-18.8, -3.30

0.065
0.010

29
35

8.5
26.9

40
59

7.2
16.6

-10.4
-23.8

-18.3, -2.5
-48.5, .90

0.014
0.057

Auditory
Discrimination Test
Vowel discrimination
Consonant
discrimination
Boston Naming Test
Morphological Test

Language test results at the age of 2 years significantly correlated with those at the age of
4 years (table 11). The main correlations were found between the vocabulary score at the
age of 2 years and the Auditory-Discrimination Test results at the age of 4 years.
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Furthermore, the vocabulary score at the age of 2 years correlated with the Boston
Naming Test score at the age of 4 years. There was also a significant correlation between
the Boston Naming Test scores at the ages of 4 and 6 years.
Table 11. Correlations between language test results at the ages of 2, 4 and 6 years as
shown by Spearman´s Correlation coefficient.
Test

2 years
I

I
II
III
IV
V
VI
VII
VIII
IX

4 years

6 years

II

III

IV

V

VI

VII

VIII

IX

X

0.689**

0.367

0.511**

0.529**

0.498**

0.084

0.277

0.329

0.096

0.241

0.541**

0.577**

0.270

0.245

0.411

0.472*

0.153

0.500**

0.417*

0.470*

0.510*

0.107

0.084

0.068

0.899**

0.554**

0.442*

0.584**

0.522*

0.314

0.453*

0.364

0.522*

0.469*

0.275

0.490*

0.175

0.158

0.551**

0.355

0.343

0.594**

0.723**

0.293
0.174

I=MCDI/Vocabulary at 2 years; II=MCDI/Maximum sentence length at 2 years; III=Morphological Test at the
age of 4 years; IV=Consonant discrimination at the age of 4 years; V=Vowel discrimination at the age of 4
years; VI=Boston Naming Test at the age of 4 years; VII Morphological Test at the age of 6 years;
VIII=Consonant discrimination at the age of 6 years; IX= Vowel discrimination at the age of 6 years; X=Boston
Naming Test at the age of 6 Years;
**Correlation is significant at the 0.01 level (2-tailed), * Correlation is significant at the 0.05 level (2-tailed)

5.3 Auditory ERPs and naming ability in children born preterm with
VLBW (Studies II and III)
At the age of 4 years, 6 of the 12 VLBW preterm children, and at the age of 6 years, 8 of
the 12 VLBW preterm children whose ERPs were recorded were identified as having
naming difficulty. In the results, the preterm children with naming difficulty are
compared both with their matched controls and with the preterm children without naming
difficulty at the age of 4 years. At the age of 6 years, most preterm children exhibited
naming difficulty. There was only a small subgroup of preterm children with normal
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naming skills. Hence, no comparisons between the preterm children with and without
naming difficulty were made.
The obligatory responses showed no significant differences between the VLBW
preterm group with naming difficulty and their control group at the age of 4 or 6 years
over 9 electrodes (table 12). At the age of 4 years, no significant Right-Left x AnteriorPosterior x Group interactions were found for P1, N2 and N4 latencies or amplitudes. Nor
were there any significant Right-Left x Anterior-Posterior x Group interactions for P1, N2
and N4 latencies at the age of 6 years. However, at the age of 6 years, significant RightLeft x Anterior-Posterior x Group interactions were found for P1 (F(3.5, 49.0)=7.84,
p=0.000, Huynh-Feldt correction), N2 (F(2.7, 37.5)=4.67, p=0.009, Huynh-Feldt
correction) and N4 amplitudes (F(2.8, 39.4)=3.96, p=0.016, Huynh-Feldt correction). P1
tended to be smaller at the central electrodes in the preterm group with naming
difficulties compared to their control group (F(1,14)=4.06, p=0.064, one-way betweengroup ANOVA).). The most pronounced difference was encountered at the C4 electrode
(F(1,14)=6.61, p=0.022, one-way between-group ANOVA). N2 amplitude tended to be
smaller at the frontal and central electrodes in the right hemisphere in the preterm group
with naming difficulties than in their control group (F(1,14)=3.93, p=0.067, one-way
between-group ANOVA). At a single-electrode level, the most significant difference
between the two groups was encountered at the C4 electrode (F(1,14)=6.03, p=0.028,
one-way between group ANOVA). Similarly, N4 amplitude was smaller at the frontal and
central electrodes in the right hemisphere in the preterm group with naming difficulties
compared to their controls (F(1,14)=5.74, p=0.031, one-way between-group ANOVA).
The most pronounced difference was seen at C4 (F(1,14)=8.74, p=0.010, one-way
between group ANOVA).
Table 12. Peak latencies and amplitudes of the obligatory responses P1, N2 and N4 in
VLBW preterm children with naming difficulty and their controls at the ages of 4 and 6
years. The values represent the corresponding means over 9 electrodes (F4, C4, P4, Fz,
Cz, Pz, F3, C3, P3) in VLBW preterm children and their controls at the ages of 4 and 6
years. The p-values represent the results of the repeated measures ANOVAs over 9
electrodes.
Response

Age

Latency ms

Amplitude µV

Preterms

Controls

p -value

Preterms

Controls

p -value

P1

4 years

120 ms

120 ms

Ns.

7.3 µV

10.2 µV

Ns.

N2

6 years
4 years

112 ms
234 ms

115 ms
242 ms

Ns.
Ns.

7.3 µV
-3.6 µV

9.1 µV
-3.0 µV

Ns.
Ns.

N4

6 years
4 years

238 ms
370 ms

243 ms
373 ms

Ns.
Ns.

-4.9 µV
-3.9 µV

-7.3 µV
-5.0 µV

Ns.
Ns.

6 years

357 ms

360 ms.

Ns.

-7.5 µV

-9.3 µV

Ns.

At the age of 4 years, there was no significant difference in MMN latency in response to
consonant change between the VLBW preterm group with naming difficulty and their
control group (table 13, fig. 10). MMN latency was also equal in the preterm group
without naming difficulties. At 6 years of age, MMN latency was, however, significantly
shorter in the preterm group with naming difficulty than in the control group
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(F(1,14)=8.20, p=0.013). No Right-Left x Anterior-Posterior x Group interactions were
found.

Fig. 10. MMN in response to consonant change in VLBW preterm children with naming
difficulty and without naming difficulty and in controls at the age of 4 years (at the top). At
the bottom, MMN in VLBW children with naming difficulty and in their controls at the age
of 6 years.

At the age of 4 years, MMN amplitude in response to consonant change was significantly
smaller in the preterm children with naming difficulty than in their matched controls
(F(1,10)=7.79, p=0.021, table 13, fig. 10). In addition, there was a trend for the consonant
change MMN to be smaller in amplitude in the preterm group with naming difficulty than
in the preterm group without naming difficulty (F(1,10)=3.78, p=0.081). In contrast, no
significant MMN differences were found between the preterm children without naming
difficulty and their matched controls. Nor was there any significant Right-Left x AnteriorPosterior x Group differences in the consonant change condition. At the age of 6 years,
the MMN amplitude in response to consonant change still tended to be smaller in the
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preterm group with naming difficulty than in their matched controls (F(1,14)=4.51,
p=0.052, table 13).
At the age of 4 years, lMMN amplitude in response to consonant change was
significantly smaller in VLBW children with naming difficulty than in their matched
controls over 9 electrodes (F(1,10)=33.2, p=0.000, table 13, fig. 10). There was no
significant difference in lMMN latency between the VLBW preterm group with or
without naming difficulties and their control group at the age of 4 years. At the age of 6
years, no significant difference was found in lMMN amplitude or latency in response to
consonant change between the preterm group with naming difficulty and their control
group. No Right-Left x Anterior-Posterior x Group interactions were obtained at either
age.
Table 13. MMN latencies and amplitudes in VLBW children with naming difficulty and in
their controls at the ages of 4 and 6 years. Late MMN latency and amplitude in response
to consonant change are reported here. The values represent the corresponding means
and standard deviations over 9 electrodes (F4, C4, P4, Fz, Cz, Pz, F3, C3, P3) in VLBW
preterm children with naming difficulty and their controls at the ages of 4 and 6 years.
The p-values represent the results of the repeated measures ANOVAs over 9 electrodes.
Response/
condition

Age in
years

MMN
Consonant
change
MMN
Vowel duration
change
lMMN
consonant
change

Latency ms

Amplitude µV

Preterms
Mean (SD)

Controls
Mean (SD)

p -value

Preterms
Mean (SD)

Controls
Mean (SD)

p -value

4

303 ms (25)

293 ms (34)

Ns.

-0.7 µV (1.3)

-3.1 µV (1.4)

0.021

6

272 ms (10)

289 ms (15)

0.013

-1.6 µV (2.4)

-3.9 µV (1.4)

0.052

4

288 ms (11)

289 ms (13)

Ns.

-1.0 µV (1.7)

-4.1 µV (2.4)

0.031

6

273 ms (14)

273 ms (10)

Ns.

-3.5 µV (2.9)

-5.3 µV (2.3)

Ns.

4

414 ms (28)

428 ms (49)

Ns.

-1.1 µV (1.4)

-5.6 µV (1.2)

0.000

6

409 ms (39)

413 ms (34)

Ns.

-3.4 µV (2.7)

-5.1 µV (2.5)

Ns.

At the age of 4 years, no significant differences in MMN latency in response to vowel
duration change were seen between the preterm group with naming difficulty, their
controls or the preterm children without naming difficulty (table 13, fig. 11). Further, no
significant Right-Left x Anterior-Posterior x Group interactions were found.
MMN amplitude in response to vowel duration change at the age of 4 years was
significantly smaller in the preterm children with naming difficulty than in their matched
controls (F(1,10)=6.56, p=0.031, table 13, fig. 11) or in the preterm group without
naming difficulty (F(1,10)=5.38, p=0.043). No significant Right-Left x Anterior-Posterior
x Group interactions were found. Further, at the age of 6 years, no significant differences
were found in MMN parameters between the preterm group with naming difficulties and
their matched controls (table 13, fig. 11). Nor were there any Right-Left x AnteriorPosterior x Group interactions.
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Fig. 11. At the top, MMN elicited by vowel duration change in VLBW children with naming
difficulty and without naming difficulty and in the controls of naming-deficient VLBW
preterm children at the age of 4 years. At the bottom, MMN in response to vowel duration
change in VLBW preterm children with naming difficulty and in their controls at the age of 6
years.

5.4 Visual inspection of MMN (Study III)
The ERP waveforms of 19 children who participated in ERP recordings and language
measurements at the ages of both 4 and 6 years were inspected child by child by the
author and another experienced researcher (table 14). It was found that MMN in response
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to consonant change was absent or questionable at 6 or more electrodes in 5 preterm
children (Subjects 4, 6, 7, 8, 9) at the age of 4 years. These children exhibited object
naming difficulty both at the ages of 4 and 6 years. This was also the case with one
control child (Subject 17). One VLBW preterm child with normal MMN at the age of 4
years had naming difficulty at the age of 6 years (Subject 19).
Table 14. Categorization of MMN for consonant change at the age of 4 years in 19
children who were measured at the ages of 4 and 6 years. The subjects 1-10 are
prematurely born children and the subjects 11-19 belong to the controls group.
Subject

Naming score
Age

Electrodes
F4

C4

P4

40

Absent

P

P

34

P

P

P

34

P

P

P

20

Q

P

Q

P

Q

Q

Fz

Cz

Pz

4

6

1

27

2

20

3

19

4*

17

5

24

40

6*

17

27

Absent Absent Absent Absent Absent Absent

7*

7

16

Absent Absent Absent Absent Absent

8*

5

26

Q

9*

12

28

Q

Q

P

10*

27

32

P

P

P

Absent Absent Absent
P

P

P

P

P

P

Absent Absent Absent
P

P

Q
Q

Absent Absent Absent Absent Absent
Absent Absent Absent
P

P

P

F3

C3

P3

Absent

P

P

Absent

P

P

P

P

P

Q

Q

Absent

Absent Absent
P

P

Absent Absent

Absent Absent Absent
Absent Absent Absent
Absent Absent Absent
P

P

P

11

28

45

P

P

Absent

P

P

P

P

P

P

12

33

39

P

P

P

P

P

P

P

P

P

13

25

41

P

P

P

Q

P

P

Absent

P

P

14

23

51

Q

P

P

Absent

Q

Q

P

P

Q

15

34

44

P

P

P

P

P

P

P

P

P

16*

23

31

Absent

P

P

Q

P

P

Absent

Q

Q

17*

11

29

P

Q

18

22

40

P

P

P

19

27

42

Absent

P

P

Absent Absent Absent Absent Absent Absent Absent
Absent Absent
P

P

P

Absent

Q

P

P

Absent

P

Q

* a child having naming difficulty at the ages of 4 and 6 years; P = MMN present; Q = MMN questionable

5.5 Auditory ERPs in children with Asperger syndrome (Study IV)
The standard syllables and tones elicited a clear P1-N2 wave complex both in children
with AS and in their controls (fig. 12). The P1 amplitude to standards was significantly
smaller in the AS group than in the control group in both syllable (F(1,19)=4.93,
p=0.040) and tone (F(1,19)=4.24, p=0.050) conditions (fig. 12). In contrast, no betweengroup differences were found in P1 latency. Also, N2 was smaller in amplitude in the AS
group than in the control group in both stimulus conditions. However, the between-group
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difference was statistically significant only in the tone condition at the right central
electrode C4 (F(1,20)=2.89, p<0.010, one-way between group ANOVA). In addition, N2
latency was delayed in the AS group at the frontal and central electrodes for the tone
stimuli compared with the controls (F(1,20)=4.32, p=0.050). No hemispheric differences
were found for the P1 or N2 peaks between the groups. No significant differences were
encountered for N4 over the 9 electrodes between the two groups.

Fig. 12. Obligatory ERPs elicited by syllables (top) and tones (bottom) in children with AS
and in their controls.

MMN latency or amplitude did not differ significantly over 9 electrodes in response to
consonant between children with AS and their controls. However, MMN latency was
longer in the AS group than in the controls in response to consonant change in the right
hemisphere (p<0.002, post hoc), whereas no significant differences between the two
groups were seen over the left hemisphere (Right-Left x Group interaction F(1,19)=5.13,
p=0.067, fig. 13). For MMN amplitude in response to consonant change, there was a
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trend for Right-Left x Group interaction (F(1,19)=3.77, p=0.067). MMN amplitude was
larger over the right hemisphere in the AS group, whereas in the control group it was
larger over the left hemisphere (figs 13, 14). There were no significant differences in the
MMN parameters between the two groups in response to vowel duration change.
Table 15. Mean latencies and mean amplitudes (SD) of MMN in children with AS and in
their controls. The values represent the corresponding means and standard deviations
over three electrodes on the right and left sides. The p-values represent the post hoc
results of the significant Right-Left x Group interactions of ANOVA analysis, indicating
the significance of the between-group differences.
Condition

Latencies (ms)

Amplitudes (µV)

AS Mean
(SD)

Controls
Mean (SD)

p-value

AS Mean
(SD)

Controls
Mean (SD)

p-value

324 (36)
309 (44)

297 (34)
307 (34)

0.002
Ns.

-3.7 (2.1)
-2.9 (2.1)

-2.9 (2.5)
-3.6 (2.2)

Ns.
Ns.

215 (42)
206 (37)

184 (12)
194 (15)

0.000
0.001

-5.4 (2.8)
-5.3 (3.1)

-4.7 (1.8)
-3.9 (2.0)

Ns.
Ns.

Consonant
change
Right array
Left array
Tone change
Right array
Left array

In the tone condition, there was no significant difference between the two groups over 9
electrodes in the MMN latency. However, MMN latency was longer in the AS group than
in the control group over the right hemisphere (Right-Left x Group interaction
(F(1,19)=6.23, p=0.020), but the post hoc test revealed that MMN latency was longer in
the AS group than in the control group over both the right (p=0.000) and the left
(p=0.001) hemispheres (table 15). There was no significant difference between the AS
and control groups in MMN amplitude.
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Fig. 13. MMN in response to consonant change (top) and to tone change (bottom) in children
with AS and in their controls.
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6

6,0

5

5,0

4

4,0

-uV 3

-uV 3,0

2

2,0

1

1,0

0

0,0

Left hemisphere
Children with AS

Right hemisphere
Controls

Left hemisphere
Children with AS

Right hemisphere
Controls

Fig. 14. MMN amplitudes elicited by consonant change (on the left) and tone change (on the
right) in children with AS and in their controls.

6 Discussion
The present study investigated auditory processes that can be tapped by using auditory
ERPs, mainly MMN, in children born preterm with VLBW and children with AS. The
purpose was to determine whether auditory ERPs, specifically MMN, correlate with
naming ability, one index of language development, in VLBW preterm children.
Furthermore, the present study aimed to investigate whether ERPs can be used as indices
of language impairment. In children with AS, the main aim was to study auditory
processing.
The language development of VLBW preterm children and their matched controls was
followed up from the age of 2 years up to the age of 6 years, with auditory ERPs being
recorded twice, at the ages of 4 and 6 years. In children with AS, ERPs were recorded
once, with the age of children varying from 8 to 12 years.

6.1 Auditory ERPs in children born preterm with VLBW
Cortical auditory ERPs permit the assessment of several well-defined stages of central
auditory processing. (Kurzberg et al., 1988; Näätänen, 1992; Stapells & Kurzberg, 1991).
The present study showed that VLBW preterm children exhibit difficulties in auditory
processing at the level of obligatory ERPs and MMN. Although obligatory ERPs in the
preterm group and their control group were mainly equal over 9 electrodes, the P1, N2
and N4 amplitudes were smaller in the preterm group than in the control group frontally
and centrally in the right hemisphere. Although very little is known about the functional
significance of obligatory ERPs for language development, the P1 and N2 parameters
have been found to correlate with the standardized tests of Spelling, Auditory processing
and Listening comprehension (Cunningham et al., 2000). In contrast, no such correlation
was found by Cunningham et al. (2000) between the P1 and N2 parameters and finegrained auditory discrimination tasks. Therefore, it was suggested that P1 and N2 may
reflect neural encoding of sound features in the thalamo-cortical segment of the auditory
pathway, serving a wide range of auditory perceptual functions and contributing to
listening comprehension, but reflecting different aspects of auditory function compared to
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MMN. Therefore, it is possible that deficits in sensory processing, as indexed by the
attenuated P1 and N2 amplitudes frontally and centrally in the right hemisphere in
VLBW preterm children compared to controls, may contribute to deficient language
learning.
Preattentive auditory discrimination was also deficient in the preterm group, as
revealed by the attenuated MMN amplitude in response to vowel duration change at the
age of 4 years and to consonant change at 6 years of age. During 2 years, the
heterogeneity within the groups was reduced, resulting in more prominent MMN in
response to consonant change in the control group, whereas MMN amplitude in the
preterm group diminished during that time. The shortened MMN latency seen in the
preterm group was linked with attenuated MMN amplitude and therefore seems to index
deficient auditory discrimination. MMN amplitude was attenuated even more in the
VLBW preterm children with naming difficulty at the ages of both 4 and 6 years.
Therefore, it seems that deficient auditory processing and lexical development are linked
to each other, as suggested earlier (Locke, 1994, 1997) .
The results of the behavioral tests were very similar. In accordance with earlier studies
(Jennische & Sedin, 1999a, 2001b; Menyuk et al., 1995), the preterm group scored
significantly lower than the control group in the auditory discrimination test. At the age
of 4 years, the preterm group achieved significantly lower scores in both the consonant
and the vowel discrimination subtests, the difference being more significant in the
consonant discrimination subtest. Similarly, at the age of 6 years, the preterm group had
significantly lower scores in the consonant discrimination test. In vowel discrimination,
there was a tendency for the preterm group to score lower than the control group.
The findings of behavioural tests and ERP recordings are consistent. It has been shown
earlier that the auditory ERPs of VLBW children already differ from those of healthy
controls in infancy (Kurzberg et al., 1988). Here, it was shown that the deficiency in
auditory discrimination is also evident later in childhood, as indexed by both attenuated
MMN amplitude and behavioural tests. It is possible that this deficiency hampers the later
development of preterm children, for the ability to process and categorize auditory
stimuli occurring within tens of milliseconds, such as consonant changes, is one of the
critical skills needed for language development (Benasich et al., 2002, Benasich & Tallal,
2002).
Similarly to MMN, lMMN amplitude was significantly smaller in the preterm group
than in the control group at the age of 4 years in response to consonant change. This was
the case to an even greater extent in the preterm children with naming difficulty
compared to their controls. At the age of 6 years, a similar tendency was still found.
Attenuated lMMN amplitude has earlier been reported in children with ADHD in
response to tones (Kilpeläinen, 1999) and in children with dyslexia in response to speech
syllables (Schulte-Körne, 1998). Yet, the functional significance of lMMN is rather
unknown. Late MMN is mainly found in children and in the same paradigm as MMN.
Therefore, lMMN may be linked to auditory discrimination as is MMN. Much of the
sensory processing necessary for speech discrimination occurs within a brief window of
time (Benasich et al., 2002; Pulvermüller, 2002). Within that time window, several
temporally co-ordinated processes generated by separate subcortical and cortical areas
take place. At least two different explanations may be found for lMMN. Firstly, it is
possible that the temporal co-ordination does not function equally well in children as in
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adults. Thatcher et al. (1987) showed that EEG coherence and phase in the frontal and
temporal lobes develop markedly up till adolescence. Secondly, children may use more
extensive or even different subcortical or cortical areas for the discrimination process.
These differences may result in an additional component, called lMMN. In VLBW
preterm children, the temporal organization may not function well and the use of
subcortical or cortical areas typical in healthy children may be hampered because of early
insults to the developing brain.
It is not possible to tell from our results why the auditory processing, as indexed by
obligatory ERPs, MMN and behavioural measurements, was deficient in the preterm
population. However, it has been shown earlier that difficulties in auditory processing
may arise as a consequence of a brain lesion (Isaacs et al., 2000; Peterson et al., 2000,
2002). Peterson et al. (2002) showed, by using fMRI, that preterm children used such
brain areas to process meaningful speech (semantics) as were used by term children for
processing strings of meaningless sounds. The greater the resemblance in the preterm
group, the more impaired was their understanding of the story they heard, and the lower
was their verbal IQ. Ten of the present VLBW preterm children had pathological findings
in the parietal area that could be defined as sulcal dilatation, and 12 had dilatation of the
lateral ventricles or a reduction of cerebral white matter neonatally. It has been shown
that preterm birth impairs brain maturation most frequently in the mid-temporal and
parieto-occipital cortices (Peterson et al., 2000), which are important for auditory
processes, for language and other cognitive processes and for the integration of the
information received (Seikel et al., 2000). It has also been shown that periventricular
white matter lesions affect the early development of cortical grey matter, increase the
ventricular and extracerebral cerebrospinal fluid volume (Inder et al., 1999; Inder &
Volpe, 2000) and disrupt the callosal fibres that mediate higher cortical functions
(Whitaker et al., 1996). To summarize, it is possible that the neonatal brain lesions found
in the present population may have contributed both to deficient auditory sensory
processing, as indexed by obligatory ERPs, and to preattentive auditory discrimination, as
indexed by MMN

6.2 Language development in VLBW preterm children
Both language comprehension and language production were deficient in preterm
children. Intellectual disabilities could be the primary or only cause of deficient language
comprehension and production. This may not be the case here, however. The general
development quotient on Griffiths Developmental Scales (Griffiths, 1954) was mildly
abnormal in only one child with CP at the age of 18 months, and the result was partly due
to motor disability, while the subquotient for hearing and speech was within normal limits
in all cases. At the age of 6 years, too, GQ was mildly abnormal in 4 children. However,
SG was abnormal in 9 children. Therefore, it seems that VLBW preterm children, even
according to the Griffiths Developmental Scales (Griffiths, 1954), exhibit mainly
difficulties in the area of language development. Although the Griffiths Developmental
Scales (Griffiths, 1954) are not equivalent to psychological tests, the scale identifies the
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children with the most severe disabilities, and it is often used to assess the development
of young children.
Deficient language production manifested as deficient development of the lexicon and
morphology. At the age of 2 years, lexical development did not differ significantly
between the preterm and control groups. It is possible that this result is due to the marked
variability within the two groups. In addition, there is also the possibility that the children
in the control group already knew so many words that MCDI failed to tap the potential
difficulty encountered by the preterm group. Thereafter, however, lexical development
seems to be the most prominent phenomenon differentiating between the groups. It has
been shown earlier that lexical development precedes morphological development in the
early phase of language development (Bates et al., 1995). Furthermore, acceleration in
lexical development improves the infant’s auditory discrimination skills as well as
efficient storage and retrieval of linguistic information (Locke, 1994, 1997). Hence,
deficient morphological development may be a reflection of deficient lexical and auditory
discrimination. Bishop (1997) states that lexical development may be seen as a process of
storing representations of familiar sequences of speech sounds in a mental lexicon and
associating these with specific meanings. If the child is not able to discriminate and
identify the components of words in detail, both word comprehension and word
production become more difficult, with word production, naming being one index of it,
being hampered even more (Bishop, 1997).
The number of changes in neonatal MRI was strikingly high in the present study
group. Therefore, the present results mainly represent the outcome of the VLBW children
with structural changes in neonatal brain MRI and should not be generalized to all
VLBW preterm children. Furthermore, it is possible that the parents of children with
normal language development at the age of 2 years were not willing to participate in this
study. In addition, the study series was small. For these reasons, the results must be
considered with caution. However, the drop-out rate of the preterm children was rather
low, although not all of the measurements were done at all age levels. In addition, the
results were consistent during the 4-year follow-up time, and the results of the preterm
group were compared with those of matched controls.

6.3 Auditory ERPs and language development on a single-subject
level
On the basis of the visual ratings, MMN was weak or totally missing in 5 VLBW preterm
children. These 5 children exhibited naming difficulty at the ages of both 4 and 6 years.
Furthermore, MMN was absent at 6 or more electrodes in one control child. Naming
difficulty was also seen in that child. These results suggest that an attenuated MMN
response may be a precursor of naming difficulty even on the single-subject level, as
earlier found on the group level (Leppänen et al., 2002; Lyytinen et al., 2001).
It has been suggested earlier that MMN is not reliable and sensitive enough for
individual diagnostics, because of its poor reliability and individual stability (Uwer et al.,
2002). It may, indeed, not be possible to rely on amplitude and latency. MMN amplitude
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and latency may change as functions of many factors, including developmental stage and
study design (Korpilahti, 1996). Furthermore, there are not enough data to assess what is
normal and abnormal at each age and in each study paradigm. However, we here
compared preterm children with healthy controls with normal language development. The
study showed that, although amplitude and latency may change, only children with poor
lexical development have a missing or questionable MMN at 6 or more of the 9
electrodes at the age of 4 years. There was also one preterm and one control child with
naming difficulty, who were not identified on the basis of the MMN results. It is possible
that the auditory difficulties exhibited by these children were not detected by MMN. It is,
however, also possible that the naming deficiency in these children was due to some other
reason than poor auditory discrimination.
At the age of 2 years, both the preterm and the control groups were heterogeneous,
including children with slow language development and very fast language development.
By the age of 4 years, most of the control children progressed fast, which resulted in
more homogeneous results in this group. Two of the control children continued to have
difficulties at the age of 6 years, manifested as poor naming ability. However, fast
development was not typical of the VLBW children with delayed language development
at the age of 2 years. The same VLBW children continued to have difficulties throughout
the 4-year follow-up period. In addition, most VLBW preterm children scored on the
lower limit of normal standard deviation in the naming test at the age of 6 years.
Variations in the rate and style of learning are common in healthy children (Bates et al.,
1995). However, special attention should be paid to children with brain damage (Bates et
al., 1995).

6.4 Auditory ERPs in children with Asperger syndrome
Autobiographies of individuals with AS refer to problems with auditory perception
(Williams, 1992). However, studies on the accuracy of central auditory processing in AS
are sparse, if any. The present study showed that children with AS display abnormalities
in auditory sensory processing as indexed by long-latency obligatory ERPs and MMN.
The main finding was the delayed MMN latency, which was more obvious over the right
hemisphere than the left hemisphere. In addition, MMN in response to tone pitch was
more deficient than that in response to syllables, tone pitch processing being mainly
carried out by the right-hemisphere cortex (Zatorre et al., 1992, 2002). Together, these
findings suggest a possibly predominant right-hemisphere dysfunction in AS, which
corroborates the existing behavioural and brain-imaging results (Ellis & Gunter, 1999;
McKelvey et al., 1995).
However, deficiency was also encountered in the left hemisphere function. The
lateralization of syllable discrimination was reversed in the AS group, as indexed by the
larger MMN amplitude over the right than the left hemisphere. Most often, speech sounds
produce a larger MMN amplitude over the left hemisphere (Rinne et al., 1999; Shtyrov et
al., 2000; Tervaniemi et al., 2000), which was also the case in the present control group.
Thus, it is possible that not only right-hemisphere functioning is impaired in children
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with AS, but at a more general level, inter-hemispheric specialization as such is
abnormal.
We may wonder whether the prolongation of MMN latency in the AS group is due to
N1 enhancement. However, the time window for MMN occurs later than that of typical
N1. Furthermore, N1 is only observed at slow stimulus rates in children in the age range
of 7-12 years (Bruneau & Gomot, 1998; Paetau, 1995), which was the age range of the
present study. It is also unlikely that the differences in obligatory ERP peaks would have
contributed to the results, since the latency of MMN differed from those of N2 or N4.
Also, there were no group differences in N2 or N4 latencies or amplitudes in response to
syllable change. Further, there were no hemispheric differences in either N2 or N4 in
either condition. Therefore, delayed MMN latency is suggested to be a real phenomenon.
Individuals with AS have considerable difficulties in interpreting affective intonation
of speech (Gillberg & Gillberg, 1989). Affective intonation is mainly carried out by tone
pitch (Snow, 2000). In the present study, children with AS mainly exhibited difficulties in
discriminating tone pitch, as indexed by the most prolonged MMN latency in response to
tones. It is not possible to compare the MMN results with the behavioural measurements
in the present study, but it is possible that the difficulties encountered in speech
comprehension are linked to the kind of deficient auditory processing reported here.
While the present results await replication, it can be suggested that the prolongation of
MMN latency found in both hemispheres in the children with AS might reflect a general
developmental delay in the auditory cortical system. The present study leaves open the
question of whether this delay is present from birth and, further, whether it continues to
be present later in adolescence and adulthood. Furthermore, to verify whether
peculiarities in speech and language can be linked to deficient auditory processing,
language development together with auditory ERPs should be studied in children with
AS. The parents and siblings of children with AS may be studied together with the
children with AS to investigate the familial background of AS.

7 Conclusions
1. Preattentive auditory processing was deficient in children born preterm with VLBW,
as indexed by the diminished MMN amplitude.
2. Auditory processing deficit in preterm children was encountered at different levels of
auditory processing at the age of 4 and 6 years. At the age of 4 years, the MMN and
lMMN were attenuated. At the age of 6 years, the attenuation was evident also at the
level of obligatory ERPs, mainly in the right hemisphere.
3. VLBW preterm children lagged significantly behind their controls in language
development from the age of 2 years up to the age of 6 years. Deficient language
development manifested as poor language comprehension, poor lexical development,
poor morphological development as well as poor auditory discrimination ability.
4. The MMN response of auditory ERPs was found to be an index of language
impairment among prematurely born children and their controls at the ages of both 4
and 6 years. MMN amplitude was found to be attenuated in children with poor
lexical development but not in children with normal lexical development.
5. Children with AS displayed abnormalities in auditory processing, as indexed by
long-latency obligatory auditory ERPs (P1 and N2) and by MMN. MMN latency was
more delayed over the right hemisphere than the left hemisphere, and more so for
tones than for syllables, suggesting possibly predominant right-hemisphere
dysfunction in children with AS.
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