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Many children with specific language impairment (SLI) show impairments in discriminating auditorily
presented stimuli. The present study investigates whether these discrimination problems are speech
specific or of a general auditory nature. This was studied using a linguistic and nonlinguistic contrast that
were matched for acoustic complexity in an active behavioral task and a passive ERP paradigm, known
to elicit the mismatch negativity (MMN). In addition, attention skills and a variety of language skills
were measured. Participants were 25 five-year-old Dutch children with SLI having receptive as well as
ismatch negativity (MMN)
vent-related potential (ERP)
pecific language impairment (SLI)
honemic discrimination

productive language problems and 25 control children with typical speech- and language development.
At the behavioral level, the SLI group was impaired in discriminating the linguistic contrast as compared
to the control group, while both groups were unable to distinguish the non-linguistic contrast. Moreover,
the SLI group tended to have impaired attention skills which correlated with performance on most of
the language tests. At the neural level, the SLI group, in contrast to the control group, did not show an
MMN in response to either the linguistic or nonlinguistic contrast. The MMN data are consistent with an

ympt
account that relates the s

. Introduction

Children with specific language impairment (SLI) fail to develop
ormal language, which cannot be explained by a general cognitive

mpairment, hearing problems, major neurological abnormalities,
nd/or abnormal behavior (Bishop, 1992; Leonard, 1998). They
ften have problems in speech comprehension, such as phono-
ogical processing of auditory information (Bishop, 1997; Leonard,
998). For instance, children with SLI have difficulties in discrim-

nating stimuli that are minimal pairs (e.g., /ba/vs./da/). These
iscrimination problems are related to a phonological deficit; an

mpairment in representing, storing, and/or retrieving phonemes
Snowling, 2000). A phonological deficit interferes with the ability

o learn the correspondences between phonemes and graphemes
nd hence many children with SLI develop difficulties in learn-
ng to read (Bird, Bishop, & Freeman, 1995; Bishop & Adams,
990). To better understand the nature of these auditory dis-
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oms in children with SLI to non-speech processing difficulties.
© 2010 Elsevier Ltd. All rights reserved.

crimination problems, many studies investigated whether these
problems are primarily speech specific, or whether they coincide
with non-speech processing difficulties. This has been studied both
in children with SLI and in children with dyslexia, since phono-
logical problems are present in both groups (Bishop & Snowling,
2004). However, due to inconclusive results questions regarding
the specific nature of auditory discrimination problems remain
unanswered (Ramus, 2001; Ramus et al., 2003; Rosen, 2003). The
present study was designed to shed more light on the nature of
these auditory discrimination problems, by using equally com-
plex speech and non-speech contrasts in a behavioral study and a
mismatch negativity (MMN) study in which the brain’s automatic
responses are measured.

In the past, several behavioral studies have obtained evi-
dence for a primarily phonological and speech specific deficit in
children with SLI and/or dyslexia, supporting theories such as
the phonological deficit theory (e.g., Mody, Studdert-Kennedy, &
Brady, 1997; Snowling, 2000; Studdert-Kennedy, 2002; Studdert-

Kennedy & Mody, 1995). For example, Mody et al. (1997) showed
that reading impaired children had more difficulties than con-
trols discriminating speech sounds but this was not the case
with non-speech sounds. However, other studies have suggested
that the phonological deficit is caused by a more general prob-

dx.doi.org/10.1016/j.neuropsychologia.2010.11.001
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
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em in processing non-speech sounds (e.g., Farmer & Klein, 1995;
cAnally, Castles, & Stuart, 2000; Stein & Walsh, 1997; Tallal
Piercy, 1973a, 1973b, 1974, 1975). Tallal and Piercy (1973a,

973b, 1974, 1975), for example, showed that children with SLI,
eferred to by them as children with developmental aphasia and
evelopmental dysphasia, display problems with both speech
nd non-speech stimuli containing short and/or rapid acoustic
hanges.

A limitation of these behavioral studies is that the results may
ave been influenced by attention problems of the participants. To
ccomplish a behavioral task, attention and motivation is required,
nd around 35% of all children with speech and language disorders
ave been shown to suffer from an attention disorder (Beitchman,
ood, & Inglis, 1990). Other studies have investigated the nature
f auditory discrimination problems by means of a passive oddball
aradigm measuring event-related brain potentials (ERPs). In such
paradigm no attention to the auditory stimuli, no instruction, and
o motor or verbal response is required. In these studies, the ERP
f interest was the MMN, which has been shown to be indicative
f auditory and phonemic discrimination processing at a precon-
cious level (Näätänen, Gaillard, & Mantysalo, 1978; Näätänen,
aavilainen, Rinne, & Alho, 2007).

Most MMN studies that have investigated the nature of a
honological deficit in children with SLI and/or dyslexia suggest
honological deficits do not coincide with non-speech pro-
essing difficulties (Meng et al., 2005; Schulte-Körne, Deimel,
artling, & Remschmidt, 1998; Schulte-Körne, Deimel, Bartling,

Remschmidt, 1999; Sharma et al., 2006; Uwer, Albrecht, &
on-Suchodoletz, 2002). For example, Uwer et al. (2002) showed
hat eight-year-old children with SLI showed smaller MMNs for
inguistic contrasts (/da/vs./ga/and/ba/) than control children with-
ut any language problems. No group differences were found for
on-linguistic contrasts in tone frequency and duration (1000 Hz
s. 1200 Hz; 175 ms vs. 100 ms, respectively). Nor were differ-
nces found between the MMNs of children with receptive SLI
nd children with expressive SLI. It should be mentioned that,
n their study, rather late and long MMN latency windows were
sed for the statistical analysis. In contrast, recent findings from
achmann, Berti, Kujala, and Schröger (2005) provided evidence
or general non-speech processing difficulties. They found that, in
ontrast to control children, 8- to 11-year-old dyslexic children
aving difficulties with reading mainly high-frequent words did
ot show MMNs in a typical MMN latency window for both speech
nd non-speech contrasts (/ba/vs./da/; 700 Hz vs. 770 Hz, respec-
ively).

However, in the MMN studies described above the non-
inguistic contrasts were acoustically far less complex than the
inguistic contrasts. Whereas linguistic contrasts consisted of rapid
hanges in several formant frequencies, non-linguistic contrasts
onsisted of stimuli with stable frequency contours. Therefore, a
irect comparison between the phonemic and auditory discrimina-
ion abilities using these contrasts may be confounded by acoustic
omplexity differences (cf. Bishop, 2007; Serniclaes, Sprenger-
harolles, Carre, & Demonet, 2001). Alonso-Búa, Díaz, and Ferraces
2006) used more complex non-linguistic stimuli. Speech stimuli in
heir study consisted of a /ba/-/da/ contrast and the non-linguistic
timuli of short complex tones consisting of five concatenated sim-
le tones. Their results revealed no group differences in MMN
mplitude in the typical MMN latency window between 7- to
1-year-old children with reading problems and controls in both

inguistic and non-linguistic conditions. In a later time window

rom 350 to 550 ms, the children with reading problems did show
maller negativities for both linguistic and non-linguistic condi-
ions than controls. Whereas this non-linguistic contrast was more
omplex than the non-linguistic contrasts used in previous studies,
t was still less complex than the linguistic contrast. In a behav-
logia 49 (2011) 19–28

ioral study, Serniclaes et al. (2001) used identical contrasts for the
speech and non-speech condition, where the formant frequencies
of /ba/and/da/ were replaced by pure tones. In the non-speech
condition, participants were told the stimuli were electronic whis-
tles, and in the speech condition they were told that the stimuli
were speech-like sounds. Their results revealed that, while five-
year-old children with dyslexia were less categorical in the speech
condition, they were better at discriminating within-categorical
contrasts than average readers. Similar results were found in the
non-speech condition. This provides evidence that children with
a phonological deficit process linguistic as well as non-linguistic
information differently as compared to children without phono-
logical problems. Unfortunately, discrimination abilities were not
assessed in a passive paradigm, making it impossible to eluci-
date the role of individual’s attention skills in the behavioral
results.

Bishop (2007) provided an in-depth review about the electro-
physiological assessment of perception abilities in dyslexic and
language impaired children. Building upon a suggestion emerging
out of this review, here we investigated whether auditory dis-
crimination problems in children diagnosed with SLI are primarily
phonological, or whether they coincide with non-speech process-
ing difficulties using speech and non-speech contrasts that have
similar acoustically complex changes, in both an active behav-
ioral task and a passive MMN paradigm. This was examined in
five-year-old Dutch children diagnosed with SLI. We administered
several language tests to assess their phonological abilities. In
addition, an attention task was administered to study whether
behavioral measures were influenced by attention skills. In the
active discrimination experiment (Experiment 1), the nature of
discrimination problems was investigated by means of a task in
which children had to point to pictures to indicate which of the
two stimuli they had heard. In the MMN experiment (Experiment
2), linguistic and non-linguistic discrimination abilities were tested
passively, using a classic oddball paradigm. In this paradigm, no
attention to the auditory stimuli was required, and participants
were shown a silent movie. The results of the children with SLI were
compared to children with typical speech- and language develop-
ment.

The main experimental question in the present study is whether
discrimination problems of children with SLI are primarily phono-
logical in nature or whether they coincide with non-speech
processing difficulties. For the active behavioral task, two different
outcomes are possible. First, if discrimination problems are purely
phonological, the SLI group should perform below the control
group on the linguistic discrimination task, whereas the SLI group
should show similar results for the non-linguistic discrimination
task when compared to the control group. Second, if children with
SLI suffer from non-speech processing difficulties that may affect
linguistic information processing, the SLI group should score lower
than the control group on both linguistic and non-linguistic dis-
crimination tasks. However, if results from the attention task show
that attention skills play a significant role when discrimination abil-
ities are tested behaviorally, then measuring discrimination skills
at a pre-attentive level using an MMN paradigm would be neces-
sary to fully characterize discrimination problems in this clinical
group. There are two potential outcomes of this study. First, if dis-
crimination problems are restricted to phonological information,
the SLI group should show an absence of or a smaller MMN in the
linguistic condition as compared to the control group, whereas an
MMN comparable to the control group should be observed in the

non-linguistic condition. Second, if the discrimination problems of
the SLI group are not restricted to phonological information but
have a more general nature, the SLI group should show an absence
of or smaller MMNs in both conditions as compared to the control
group.
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. Experiment 1

.1. Method

.1.1. Participants
Twenty-five children diagnosed with SLI1 (9 female, 16 male)

ith a mean age of 5 years and 9 months (SD = 0.5, range 4 years
nd 11 months to 6 years and 5 months) participated in the exper-
ment. This ratio of male to females is common in SLI (Robinson,
991). Children with SLI were selected if they had both receptive
nd productive language problems but had not been diagnosed
ith an autism spectrum disorder. Twenty children with SLI were

ight-handed and five were left-handed, based on an adapted ver-
ion of the questionnaire by Oldfield (1971). The children with
LI attended kindergarten at special SLI schools, where SLI had
een diagnosed by an interdisciplinary team consisting of clinical

inguists and school psychologists. The diagnosis of SLI had been
iven to children who exhibited a significant deficit in the produc-
ion and/or comprehension of language that could not be ascribed
o general cognitive impairment, sensorimotor deficits, neurolog-
cal disorders, psychiatric diagnosis, or a general lack of exposure
o language (Bishop, 1992; Leonard, 1998). While the estimated
revalence of children with SLI is about 5% (Law, Boyle, Harris,
arkness, & Nye, 1998), less than 1% of Dutch children attend these

pecial schools. When the children entered the special school, they
ere tested for hearing and intelligence. No significant hearing loss
as reported and standardized intelligence tests indicated a level

f normal intelligence (standard score was above 85 in all cases).
The control group, matched on gender, consisted of 25 children

ith typical speech- and language development (9 female, 16 male)
ith a mean age of 5.9 years (SD = 0.5, range 5 years to 6 years and
months), who had no hearing problems. Twenty control children
ere right-handed, four were left-handed, and one was ambidex-

rous, based on an adapted version of the questionnaire by Oldfield
1971).

The SLI and control group did not differ in age or non-verbal
Q as measured by the Coloured Progressive Matrices (t(48) = .14,
> .05; t(48) = 1.54, p > .05, respectively; Raven, 1965). All partici-
ants were monolingual, native speakers of Dutch and had normal
r corrected-to-normal vision. They had not yet received any formal
eading education and were from middle-income homes. Parents
f all children signed the informed consent in accordance with the
eclaration of Helsinki. The study was approved by the Medical Eth-

cal Committee (CMO Region Arnhem-Nijmegen, The Netherlands).

.1.2. Stimuli

.1.2.1. Linguistic stimuli. For the linguistic contrast, the naturally
roduced Dutch words /kɑn/and/pɑn/ were used (meaning ‘jug’ and

pot’ in English, respectively). The words were repeatedly spoken
y a native Dutch female speaker and digitally recorded (44.1 kHz,
tereo) in a sound-attenuated room. From these recordings, we
hose eight exemplars per word, so that our materials contain some

ypical natural speech variation. Using the Pitch-Synchronous-
inear-Overlap-and-Add (PSOLA) algorithm from PRAAT (version
.5.12), we adapted the duration of the sounds so that the mean
uration of the eight utterances of /kɑn/ (namely, 379 ms) was

1 A child is diagnosed with SLI if:
. He/she scores ≤ −1.5 standard deviations on 2 out of 4 the following aspects (which
an not be attributed to a cognitive impairment): 1. Speech production; 2. Auditory
rocessing; 3. Grammatical abilities; 4. Lexical-semantic abilities.

I. He/she scores < −2 standard deviations on a general test for speech- and language
roblems (which cannot be attributed to a cognitive impairment), he/she has had
peech therapy for at least 6 months without showing any progress, is limited in
articipating in education, and support and supervision at a mainstream school is
ot sufficient for the child.
Fig. 1. Pitch and intensity contours of the eight utterances of /kɑn/ and /pɑn/ used
as linguistic stimuli. The /kɑn/ stimuli are represented by the dashed lines and the
/pɑn/ stimuli by the dotted lines.

comparable to the mean duration of the eight utterances of /pɑn/
(namely, 377 ms). Fig. 1 shows the pitch and intensity contours for
each utterance. While there is some variation within the different
utterances of a word, there are no gross differences between the
words /kɑn/and/pɑn/. The linguistic stimuli were filtered with a cut-
off at 4000 Hz (which did not affect the naturalness of the stimuli),
in order to be able to create non-linguistic stimuli that were similar
in acoustic complexity. The stimuli /kɑn/and/pɑn/ mainly differed
in the first 50 ms of the sounds, encompassing the burst spectra
and the transitions of the second and third formant into the vowel.
Real words were used instead of syllables, such as /ba/, since it is
easier for young children to point to the picture corresponding to
a word than to a form corresponding to a non-word (Locke, 1993;
Seymour, Baran, & Peaper, 1981). For ecological validity, natural
spoken stimuli were used instead of synthesized stimuli. The lin-
guistic stimuli /kɑn/and/pɑn/ will be referred to as L/kɑn/ and L/pɑn/,
respectively.

2.1.2.2. Non-linguistic stimuli. Non-linguistic stimuli with identical
spectro-temporal variation were created by rotating the spectrum
of the average linguistic stimuli (Blesser, 1972; Scott and Wise,
2004). Spectral rotation ‘mirrors’ the spectrogram of a stimulus
along a horizontal line around 2000 Hz. Fig. 2 shows an original and

a spectrally rotated version of both /kɑn/and/pɑn/. In this rotation,
frequencies near 0 Hz become frequencies near 4000 Hz, and fre-
quencies around 1000 Hz become frequencies around 3000 Hz, and
so on. The rotation is especially salient for the /pɑn/ example, which
has in the original, linguistic version a frequency sweep from very
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Fig. 2. Original and spectrally rotated version of /kɑn/ and /pɑ

ow frequencies to about 1000 Hz during the initial 50 ms (see the
pper right panel of Fig. 2). In the rotated version, this has become a
ownwards sweep from frequencies close to the ceiling of 4000 Hz
own to about 3000 Hz. For the non-linguistic stimuli, only one
tterance (i.e., the spectrally rotated version of the average utter-
nce of the linguistic stimuli) was used. The non-linguistic stimuli
kɑn/and/pɑn/ will be referred to as NL/kɑn/ and NL/pɑn/, respectively.

Before testing children, we pre-tested healthy adults whether
he non-linguistic contrast was discriminable at the behavioral
evel. Ten healthy adults (8 female, 2 male; mean age of 26
ears), all native speakers of Dutch, performed the Non-Linguistic
iscrimination task (described in Section 2.1.3). The mean per-
entage correct response was 80% (SD = 15%). This means that the
on-linguistic contrast NL/kɑn/-/pɑn/ was clearly discriminable for
dults.

.1.3. Design and procedure
Before the children participated in our experimental discrimina-

ion tasks, we administered several pre-tests to assess the following
anguage and attention skills of the children: receptive language,
roductive language, auditory discrimination, rhyme, grapheme
nowledge, and attention. The pre-tests were administered to ver-
fy that all children with SLI indeed suffered from receptive and
roductive language problems and to allow us to study how dif-
erent outcome measures relate to one another. Receptive and
roductive language was measured by a receptive vocabulary task,
nd a non-word repetition task respectively. The children were
ested individually in a quiet room at school. The tests were admin-
stered in three different test sessions. The pre-tests are described
n Table 1.
The linguistic and non-linguistic discrimination abilities were
ested following Segers and Verhoeven (2005), using a slightly

odified version of the Tallal Repetition Task (Tallal & Piercy,
973a). Participants had to point to pictures in order to indicate
hich stimulus or stimuli were presented. For the linguistic stimuli,
uli used as linguistic and non-linguistic stimuli, respectively.

stimulus L/kɑn/ was represented by a picture of a jug and stimulus
L/pɑn/ was represented by a picture of a pot. Since the non-linguistic
stimuli had no meaning, pictures of two extraterrestrials were
introduced. The stimulus NL/kɑn/ was represented by a picture of
an orange extraterrestrial and stimulus NL/pɑn/ by a picture with a
different purple extraterrestrial. The participants were told that the
extraterrestrials said “hello” in their own extraterrestrial language
by means of the NL/kɑn/ or NL/pɑn/ sound. All stimuli were presented
via headphones set at a comfortable hearing level, approximately
60 dB.

The Linguistic and Non-Linguistic Discrimination tasks were
both preceded by a familiarization block and an Identification task.
In order to keep the children motivated, the Linguistic tasks, that
we expected to be easier than the Non-Linguistic tasks, always pre-
ceded the Non-Linguistic tasks. The Linguistic and Non-linguistic
tasks were administered in two different test sessions. In the
Linguistic familiarization block, the participant listened once to
each utterance of the linguistic stimuli L/kɑn/ and L/pɑn/, and in
the Non-Linguistic familiarization block, the non-linguistic stimuli
NL/kɑn/ and NL/pɑn/ were played eight times. While the partici-
pant was listening to the stimuli, the experimenter pointed to the
correct picture that belonged to the stimulus. The familiarization
block was followed by an Identification task. In the Identification
tasks, 16 trials were presented in which one stimulus was played.
After listening to each stimulus, the participant was required to
point to the picture that belonged to the presented stimulus. The
participant received feedback after each trial. This was followed
by the Discrimination task, in which 8 practice and 32 test tri-
als of two stimuli with an SOA of 756 ms were presented. The
participant had to point to the pictures corresponding to the

stimuli they heard. Trials were scored correct when participants
responded to two different pictures for ‘different trials’ and the
same picture twice for ‘same trials’. In the Discrimination task,
no feedback was given, except for the practice trials. At the start
of each trial, participants were prepared for the presentation of
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Table 1
Description of behavioral pre-tests.

Test Description

Receptive language: vocabulary (Verhoeven & Vermeer, 1986) A word was spoken by the experimenter and the child had to indicate which picture out of
four represented the word. There were 96 items and after five consecutive incorrect trials the
test was stopped.

Productive language: pseudoword repetition (Verhoeven, 2006) The child had to repeat 40 pseudowords spoken by the experimenter. The pseudowords
increased in difficulty from /stylt/ (easy) to /bo:marki’tpartant/ (hard). After five incorrect
trials the task was stopped.

Auditory discrimination (Verhoeven & Vermeer, 1986) The experimenter read aloud two words and the child had to indicate whether the words were
the same or different. The words could differ in a vowel or a consonant which could occur at
all locations: begin, middle, or end of the word. The mouth of the examiner was covered, so
that no cues were available. The test consisted of 50 items, which were all administered to the
child.

Rhyme (In den Kleef & Van Kuyk, 1975) The experimenter named a word and the child had to choose out of five pictures which label of
the picture rhymed with the spoken word (or sounded the same, if the concept of rhyme was
unknown). There were 10 items in this test.
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Grapheme knowledge (In den Kleef & Van Kuyk, 1975) All 34 D
paper. C

Attention (Manly, Robertson, Anderson, & Nimmo-Smith, 1999) The chil
possible

he auditory stimuli and their attention was directed toward the
ictures.

.1.4. Data analysis
In order to confirm differences in phonological abilities and to

ompare scores on the Attention, Identification and Discrimination
asks between the SLI and control group, independent samples t-
ests were conducted. To make sure that the Discrimination task
apped into phonological processing, the relation between scores
n this task and on the language pre-tests was studied by cal-
ulating correlations over both groups together. In addition, to
nvestigate whether attention skills were related to scores on lan-
uage tasks, correlations of the Attention task were calculated for
oth groups together. Finally, to study whether the factors Group
SLI or control group) and Attention Skills both predicted scores on
he Discrimination tasks, a stepwise linear regression analysis was
erformed.

.1.5. Results
After testing 10 children with SLI and 10 children from the con-
rol group who all scored at chance level on the Non-Linguistic
dentification and Discrimination task, we decided to terminate
his part of the experiment. Since the Non-Linguistic tasks turned
ut to be too difficult for young children, it did not seem to serve
ny further purpose to test all children on these tasks. The remain-

able 2
roup scores (mean and SD) for the SLI and control group on pre-tests and Linguistic Iden

Group Mean

Receptive language SLI 48.04
CG 67.24

Productive language SLI 10.04
CG 29.20

Auditory discrimination SLI 32
CG 39.96

Rhyme SLI 6
CG 9.24

Grapheme knowledge SLI 4.80
CG 8.84

Attention SLI 8.60
CG 11.16

Linguistic Identification SLI 15.00
CG 15.76

Linguistic Discrimination SLI 25.44
CG 29.88

* Results of independent samples t-test: p < 0.05.
** Results of independent samples t-test: p < 0.01.

*** Results of independent samples t-test: p < 0.001.
raphemes (including digraphs) were presented to the children on a sheet of
n had to produce the letter sounds and not the letter names.
given 1 min to circle on a crowded road map as many signs of restaurants as

ing 15 children with SLI and 15 control children were tested on
all remaining tasks (the pre-tests and the Linguistic Identification
and Discrimination tasks). Table 2 shows the average scores of
each group of 25 children on the rest of the tests and the results
of the independent samples t-tests. The SLI group scored signifi-
cantly below the control group on all language pre-tests. On the
Attention task, there was a trend for the SLI group to score below
the control group. On both Linguistic Identification and Discrimina-
tion tasks, the SLI group performed significantly below the control
group.

Correlations between scores on the Linguistic Discrimination
task and age and scores on other tests are displayed in the upper
part of Table 3. Across groups, the performance on the Linguistic
Discrimination task was significantly positively correlated with the
performance on all language pre-tests, the Linguistic Identification
task, as well as the Attention task. No significant correlation was
found with participant age.

Correlations for the Attention task are displayed in the lower
part of Table 3. Across groups, there was a significant positive cor-
relation between performance on the Attention task and on all

language pre-tests, except for grapheme knowledge. Furthermore,
a significant positive correlation was found between Attention
scores and scores on both Linguistic Identification and Discrimi-
nation tasks. The attention task did not correlate significantly with
age.

tification and Discrimination task.

SD d Difference between groups t(48)

12.34 −1.68 −5.92***

10.50
7.81 −2.71 −9.57***

6.27
8.80 −2.01 −3.34**

8.02
2.52 −1.62 −5.75***

1.27
3.50 −0.83 −2.92**

5.97
4.66 −0.56 −1.96p = .055

4.56
1.53 −0.68 −2.39*

0.44
5.70 −1.06 −3.73**

1.69
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Table 3
Correlations over both groups for the Linguistic Discrimination task and Attention
task.

Correlation with Pearson correlation

Linguistic discrimination
Age .26
Receptive language .55***

Productive language .57***

Auditory discrimination .61***

Rhyme .55***

Grapheme knowledge .35*

Attention .43**

Linguistic Identification .71***

Attention
Age .04
Receptive language .41**

Productive language .39**

Auditory discrimination .34*

Rhyme .35*

Grapheme knowledge .18
Linguistic Identification .37**
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Linguistic Discrimination .43**

* Results of Pearson correlation: p < 0.05.
** Results of Pearson correlation: p < 0.01.

*** Results of Pearson correlation: p < 0.001.

A stepwise linear regression analysis showed that the two pre-
ictors Group (SLI or control group) and Attention Skills together
xplained a significant portion of variance in scores on the Lin-
uistic Discrimination task (R2 = .33; F(2, 47) = 11.31, p < .001).
articipant group significantly predicted Linguistic Discrimina-
ion scores when Attention Skills were held constant (ˇ = −.47,
(47) = −3.73, p < .01). Attention Skills also significantly predicted
inguistic Discrimination scores when Group was held constant
ˇ = .33, t(47) = 2.64, p < .05).

.1.6. Conclusions
We investigated whether auditory discrimination problems in

hildren with SLI are speech-specific or if they extend to non-
peech information. On the Linguistic Discrimination task, the SLI
roup performed below the control group. However, the Non-
inguistic Discrimination task proved to be too difficult for both
ontrols and children with SLI when tested behaviorally. While
hese results indicate that children with SLI have a linguistic dis-
rimination problem, we were unable to discern whether these
iscrimination problems extend to non-speech information. Note,
owever, that adults tested during a pre-test were able to dis-
riminate the non-linguistic contrast. The difference between the
ehavioral performance of the adults and children could be due
o an immature auditory system of the five-year-olds. However,
ccording to Johnson (2005) there is very little behavioral change
n basic sensory abilities between young children and adulthood,

hich makes it more plausible that the difference between adult
nd child data are most likely due to meta-cognitive skills, such as
ttention skills.

Interestingly, data from the Attention task showed that the SLI
roup tended to have more difficulty in maintaining attention than
he control group. Across groups, a positive correlation was found
etween performance on the Attention task and performance on
he Linguistic Discrimination and Identification tasks, as well as
n the language pre-tests (except for grapheme knowledge). This
eans that children who have higher attention skills score bet-

er on a variety of language tasks, than children who are poorer
n maintaining their attention. A regression analysis showed that

oth individual’s attention skills and their language development
redicted the scores of the children on the Linguistic Discrimination
ask.

To conclude, performances on behavioral tasks are influenced by
ttention skills. For this reason, and because the behavioral Non-
logia 49 (2011) 19–28

Linguistic Discrimination task was too difficult for these young
children, the nature of auditory discrimination problems will be
further studied by means of an MMN paradigm, measuring auto-
matic responses of the brain. This paradigm has two advantages
over a behavioral discrimination task. First, the MMN indicates pre-
conscious information processing. This means that if the MMN is
elicited for a specific contrast, participants can perceive, at least at a
preconscious level, the difference between the stimuli. This is par-
ticularly interesting given the difficulty we observed in obtaining
reliable measures of non-linguistic discrimination skills in the chil-
dren. Another advantage of the MMN paradigm is that it does not
require participant motivation or attention to the auditory stim-
uli. Thus, impaired attention will not influence the results. This
follow-up study is described in Experiment 2.

3. Experiment 2

3.1. Method

3.1.1. Participants
The same participants were tested as in Experiment 1.

3.1.2. Stimuli
The same stimuli were used as in Experiment 1. A pre-test with

16 healthy adults was performed to test whether these stimuli were
able to elicit MMNs (see Section 3.2.1).

3.1.3. Design and procedure
The participants were tested individually while seated in front of

a computer screen. Their EEG was recorded while they were watch-
ing a silent movie. The participants were instructed to watch the
movie and that they did not have to pay attention to the auditory
stimuli. Stimuli were presented via headphones set at a comfort-
able hearing level, approximately 60 dB. The test session took place
in a mobile EEG-lab (a mini-van with a custom-built EEG suite). This
made it possible to test children near school. EEG sessions occurred
one week after the behavioral test sessions.

The stimuli were presented in a passive oddball paradigm
in which the occurrence of a deviant was 12%. Each linguistic
and non-linguistic contrast was presented in four blocks. Within
each contrast, stimuli were presented as a standard stimulus in
two blocks and as deviant stimulus in the other two blocks. For
each unique stimulus, 80 deviant and 587 standard stimuli were
presented. The SOA was 756 ms (same as in the behavioral dis-
crimination task from Experiment 1), which resulted in a duration
of 16 min per contrast. The deviants were presented in a pseudo-
random order, with a minimum of three standards presented
between two occurrences of the deviant. Both linguistic and non-
linguistic contrasts were presented to each participant in one test
session. Each block started with the presentation of 16 standard
stimuli. The order of the blocks was counterbalanced between par-
ticipants and participants had a short break between the blocks and
after each 2 blocks they got a longer break.

3.1.4. EEG recording
The EEG was recorded from 24 active electrodes using the Act-

icap system with Ag/AgCl electrodes (Brain Products, Gilching,
Germany). Electrodes were placed on standard electrode sites (F7,
F3, Fz, F4, F8, FC5, FC1, FCz, FC2, FC6, C3, Cz, C4, CP5, CP1, CP2, CP6,
P7, P3, Pz, P4, P8, O1, and O2). All electrodes were referenced to an

electrode placed at the left mastoid. In addition, an electrode was
placed at the right mastoid for re-referencing during off-line anal-
ysis. To monitor vertical eye movements, electrodes were placed
beneath and above the left eye. Horizontal eye movements were
monitored by electrodes placed on the left and right external canthi.
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remained for the standard and deviant stimulus, respectively. For
the non-linguistic condition, a mean of 70 (SD = 9) and 69 (SD = 12)
artifact-free trials remained for the standard and deviant stimulus,
respectively.

2 A highly comparable design, procedure, EEG recording, and EEG preprocessing
was used as described in Section 3.1. The only differences were: (a) for the adults
the nose was used as online reference and the EEG signal was re-referenced to the
average of the left and the right mastoid electrodes; (b) segments with artifacts
exceeding ±75 �V in any channel were rejected for further analysis. For the data
analysis, difference waveforms were calculated for each stimulus L/kɑn/, L/pɑn/, NL/kɑn/,
and NL/pɑn/ by subtracting the ERP of the standard stimulus from the ERP of the same
stimulus presented as a deviant stimulus. A repeated-measures ANOVA was applied
to the mean amplitude of the difference wave at electrode Cz in a time window
of 50 ms centered around the grand-averaged peak of the MMN. The ANOVA was
performed for each stimulus separately and included one within-subjects factor
ig. 3. Grand-averaged difference waveforms (deviant-standard) elicited in healthy
s plotted upwards.

Signals were amplified with BrainAmp DC amplifiers, using
bandpass filter from 1 to 30 Hz and a sample rate of 500 Hz.

mpedances were kept below 20 k� for all electrodes, which is
standard setting for active electrodes. The EEG and EOG were

ecorded and digitized using Brain Vision Recorder software (1.03,
rain Products, Gilching, Germany).

.1.5. Data analysis
EEG data were re-referenced to linked mastoids and an auto-

atic ocular correction was performed (Gratton, Coles, & Donchin,
983). The signal was segmented in time windows ranging from
00 ms before stimulus onset to 700 ms after stimulus onset,
nd baseline corrected relative to a 50-ms pre-stimulus inter-
al. Segments with artifacts exceeding ±100 �V in any channel
ere excluded from further analysis. Remaining segments were

veraged for each condition and for each participant. For each stim-
lus, difference waveforms were calculated using the difference
etween two ERPs elicited by the same stimulus (e.g., L/kɑn/ as a
eviant stimulus – L/kɑn/ as a standard stimulus). The ERP of a given
timulus serving as a standard immediately preceding a deviant
as hence subtracted from the ERP of the same stimulus serv-

ng as a deviant. The EEG signals were analyzed using Brain Vision
nalyzer software (1.05.0002, Brain Products, Gilching, Germany).

To test whether the MMNs of the SLI group differed from those of
he control group on the linguistic and/or non-linguistic contrast, a
LM repeated-measures analysis of variance (ANOVA) was applied

o the mean amplitude of the ERPs during a specific time window
ased on visual inspection at electrode Cz. The within-subjects
actors were Contrast (two levels: linguistic and non-linguistic)
nd Stimulus type (two levels: standard and deviant) and the
etween-subjects factor was Group (two levels: SLI and controls).
reenhouse-Geisser correction for violation of sphericity assump-

ion was applied when appropriate (Greenhouse & Geisser, 1959).

.2. Results
.2.1. Pre-test with adults
Before ERPs were recorded from the children, we pre-tested

hether both linguistic and non-linguistic contrasts were able to
licit an MMN in healthy adults. Sixteen healthy adults (10 female,
male; mean age of 23 years) were tested on a passive oddball
s for stimulus L/kɑn/, L/pɑn/, NL/kɑn/, and NL/pɑn/. Electrode Cz is shown and negativity

paradigm.2 Fig. 3 shows the difference waveforms belonging to
each stimulus at electrode Cz, where the differences were max-
imal. The ANOVA revealed a significant effect of Stimulus type
for L/kɑn/, NL/kɑn/, and NL/pɑn/ (F(1,15) = 27.24, p < .001, �2

p = .65;
F(1,15) = 22.08, p < .001, �2

p = .60; F(1,15) = 62.81, p < .001, �2
p = .81,

respectively), but no significant effect of Stimulus type was shown
for L/pɑn/ (F(1,15) = 3.61, p > .05, �2

p = .19). This pre-test shows that
the /kɑn/ deviant is able to elicit large and significant MMNs in
both linguistic and non-linguistic conditions in adults, whereas the
/pɑn/ deviant only elicits a large and significant MMN in the non-
linguistic condition.3 Therefore, we only analyzed the ERPs elicited
by the /kɑn/ deviant in the study with children.

3.2.2. SLI group vs. control group
For the SLI group, on average, 69 (SD = 11) and 71 (SD = 8)

artifact-free trials remained for the linguistic standard and deviant
stimulus, respectively. For the non-linguistic standard and deviant
stimulus, the number of remaining trials was, on average, 69
(SD = 11) and 70 (SD = 10), respectively. For the control group, in the
linguistic condition, a mean of 69 (SD = 12) and 70 (SD = 10) trials
Stimulus type (two levels: standard and deviant).
3 Such asymmetric MMNs have been reported previously for coronal vs. non-

coronal stimuli, which has been attributed to a phonological underspecification of
coronal stimuli (Eulitz & Lahiri, 2004). The current stimuli are both non-coronal
(/k/ is velar, /p/ is labial). These results show that MMN asymmetries may be more
common than previously assumed.
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ig. 4. Grand-averaged difference waveforms (deviant-standard) elicited in the SLI g
how the time window to which a repeated-measures ANOVA is applied. Electrode

Fig. 4 presents the grand-averaged difference waveforms at elec-
rode Cz, where the differences were maximal. This figure shows
hat, in the linguistic condition, a negative going difference is
licited in the control group between 80 and 150 ms, while this dif-
erence is smaller in the SLI group. For the non-linguistic condition,
negative going difference is elicited in the control group between
00 and 170 ms. This difference seems to be absent in the SLI group.
he time windows described above were used for statistical anal-
ses, i.e., 80–150 ms for the linguistic contrast and 100–170 ms for
he non-linguistic contrast.

The repeated-measures ANOVA revealed that there was a sig-
ificant main effect of Stimulus type (F(1,48) = 4.35, p < .05, �2

p =
08, corresponding to an effect of −0.6 �V, SD = 3.3), and a signifi-
ant interaction between Stimulus type and Group (F(1,48) = 4.26,
< .05, �2

p = .08). There was no significant interaction between
timulus type and Contrast (F(1,48) = .49, p > .05, �2

p = .01) or
etween Stimulus type, Contrast, and Group (F(1,48) = .51, p > .05,
2
p = .01). This indicates that the difference between the ERPs of
he standard and deviant stimulus differed between the groups.
repeated-measures ANOVA performed for the groups separately

howed that, for the control group, there was a significant main
ffect of Stimulus type (F(1,24) = 8.43, p < .01, �2

p = .26, correspond-
ng to an effect of −1.2 �V, SD = 3.1) and no significant interaction
etween Stimulus type and Contrast (F(1,24) = .00, p > .05, �2

p <
01). In contrast, for the SLI group there was no significant main
ffect of Stimulus type (F(1,24) = .00, p > .05, �2

p < .01), nor a signif-
cant interaction between Stimulus type and Contrast (F(1,48) = .89,
> .05, �2

p = .04).

.3. Conclusions

In Experiment 2, we used an MMN paradigm in which automatic
esponses of the brain were measured in order to study the nature
f auditory discrimination problems in children with SLI. In the
ontrol group, both linguistic and non-linguistic contrasts elicited

ignificant MMNs. In the SLI group, however, neither the linguistic
or the non-linguistic contrasts elicited a significant MMN. This
eans that children with SLI are impaired in linguistic as well as

on-linguistic information processing as compared to the control
roup.
nd control group for the linguistic and non-linguistic condition. The grey rectangles
shown and negativity is plotted upwards.

4. General discussion

The present study investigated the nature of auditory discrim-
ination problems in children with SLI. More specifically, we were
interested in whether these problems are primarily phonological in
nature, or whether they coincide with non-speech processing dif-
ficulties. Five-year-old Dutch children diagnosed with SLI having
both receptive and productive language problems, were compared
to control children with typical speech- and language development
matched on age, gender, and non-verbal IQ. To be able to directly
compare phonemic and auditory discrimination abilities, we used
a linguistic and non-linguistic contrast that had identical acousti-
cally complex changes. Because children with SLI have a high risk
of developing attention problems (Beitchman et al., 1990), discrim-
ination abilities were tested in an active behavioral task as well as
a passive MMN paradigm.

In Experiment 1, the nature of discrimination problems was
investigated by means of an active behavioral discrimination task.
In addition, individual attention skills and a variety of language
abilities were measured. The results showed that the SLI group per-
formed below the control group on all language tests of receptive
language, productive language, auditory discrimination, rhyme,
and grapheme knowledge. This confirms that the group of chil-
dren with SLI in this study were significantly impaired at the
level of phonological abilities (cf. Bishop & Leonard, 2000; Van
Weerdenburg, Verhoeven, & Van Balkom, 2006; Van Weerdenburg,
Verhoeven, Van Balkom, & Bosman, 2009). Moreover, the SLI
group had more difficulties with the Linguistic Discrimination task
than the control group. Correlation analyses showed that higher
scores on standardized tests of receptive language, productive lan-
guage, general auditory discrimination, rhyme, and/or a grapheme
knowledge, predicted higher scores on our Linguistic Discrimina-
tion task. No significant correlation with age was found. These
correlations signify that our Linguistic Discrimination task taps
into phonological ability and that there was no relation between
the performance of the children on the Linguistic Discrimina-

tion task and their age. In contrast to adults, who showed in a
pre-test that they were able to discriminate the non-linguistic
contrast at the behavioral level, children from both groups were
unable to perform the Non-Linguistic Discrimination task. This
suggests that when non-linguistic stimuli are used that are acous-
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ically equally complex as their linguistic counterparts but contain
o phonemes, discrimination in an active non-linguistic behav-

oral task becomes too hard for young children. Since there is
ery little behavioral change in basic auditory sensory abilities
etween five-year-old children and adults (Johnson, 2005), the
ifference between the data of the adults and children is most

ikely to be explained by meta-cognitive skills, such as attention
kills.

Interestingly, in the Attention task, the SLI group seemed to
ave more difficulty with maintaining attention than the control
roup. Correlation analyses for the Attention task showed that chil-
ren who are better in maintaining their attention obtain better
cores on the Linguistic Discrimination task and on a large vari-
ty of behavioral language tasks, than children who are impaired
n attention. The diagnosis of SLI as well as one’s attention
kills had a predictive value on linguistic discrimination scores.
ince it was found that attention skills play a significant role
hen discrimination abilities are tested behaviorally and that no
seful information could be obtained about the non-linguistic dis-
riminarion abilities of the children, we used a passive MMN
aradigm to further investigate the nature of discrimination prob-

ems.
In Experiment 2, the nature of discrimination problems was

tudied by means of measuring the automatic responses of the
rain using an auditory oddball paradigm. In this paradigm, partic-

pants did not have to pay attention to the auditory stimuli. If the
MN component is elicited, this means that participants are able to

iscriminate stimuli at a preconscious and pre-attentive level. The
RP results showed that, in the control group, an MMN was elicited
n both linguistic and non-linguistic contrasts. The MMNs of the lin-
uistic and non-linguistic contrasts did not differ from each other.
n the SLI group, however, no MMN was elicited in either contrast.
his means that the SLI group was impaired at the neural level in
iscriminating both speech and non-speech contrasts as compared
o the control group. Thus, the phonological deficit seems to coin-
ide with non-speech processing difficulties in children with SLI
aving receptive as well as productive language problems. This sup-
orts accounts that relate the symptoms in children with SLI to a
ore general problem in non-speech processing difficulties, which

as already been suggested by a series of studies (e.g., Alonso-Búa
t al., 2006; Farmer & Klein, 1995; Lachmann et al., 2005; McAnally
t al., 2000; Stein & Walsh, 1997; Tallal & Piercy, 1973a, 1973b,
974, 1975), and is in contrast to studies that found evidence for
primarily speech specific deficit (Meng et al., 2005; Mody et al.,
997; Schulte-Körne et al., 1998; Schulte-Körne et al., 1999; Sharma
t al., 2006; Snowling, 2000; Studdert-Kennedy, 2002; Studdert-
ennedy & Mody, 1995; Uwer et al., 2002).

This finding may also have practical implications. If discrimina-
ion problems in children with SLI are due to general non-speech
rocessing difficulties, one may assume that in order to improve
honological skills, it would be beneficial to train children with
phonological deficit on discriminating linguistic as well as non-

inguistic stimuli (Merzenich et al., 1996). However, to date,
ransference of training in non-phonological discrimination onto
mprovement in phonological processing remains an empirical
ssue.

It is interesting to note that whereas neither controls nor chil-
ren with SLI were able to discriminate the non-linguistic contrast
t the behavioral level, an MMN was elicited in the control group.
his suggests that although control children were unable to indi-
ate reliably whether non-linguistic stimuli differed, at the neural

evel they were able to perceive the difference. However, in the
LI group, no negative going difference was observed in the non-
inguistic contrast. This provides neural evidence for an inability of
LI individuals to distinguish the non-linguistic stimuli at the age
f five years old.
logia 49 (2011) 19–28 27

Note that the present study has some limitations. First, in our
behavioral and neural discrimination tasks, we only used one con-
trast /kɑn/vs./pɑn/. In order to study the extent of discrimination
impairment in children with SLI it is necessary to include sev-
eral contrasts in which phonological differences are varied. Second,
whereas the present study provides evidence for speech and non-
speech processing difficulties in children with SLI, it does not
prove that the linguistic discrimination problems originate from
the non-speech processing difficulties. Future longitudinal studies
are needed to uncover cause and effect relations between auditory
perception, on the one hand, and phonological variables, on the
other. Third, the role of attention skills in behavioral discrimina-
tion tasks could have been studied more thoroughly, by including
an auditory attention task (but care must be taken to avoid con-
founds with auditory processing difficulties) and questionnaires for
teachers and parents (Conners, Siteranios, Parker, & Epstein, 1998a;
Conners, Siteranios, Parker, & Epstein, 1998b). This would be rec-
ommendable for future research. In addition, if time permitted, a
working memory task could be included to make the behavioral
test battery more complete.

In conclusion, optimal assessment of auditory discrimination
problems requires the use of contrasts that contain equally com-
plex acoustic changes. At the behavioral level, it turns out be highly
complicated to assess to what extent children perceive differ-
ences in these complex sound contrasts. However, a passive MMN
paradigm, in which the brain’s automatic responses are recorded
to measure discrimination skills at a preconscious level, provides
more insight into the underlying problem. This is especially the case
since elicitation of the MMN component does not require attention,
which according to the behavioral results of this study can influ-
ence scores on discrimination tasks. Using the MMN paradigm, the
present study provides further support for an account that relates
the symptoms in children with SLI to non-speech processing diffi-
culties, coinciding with a phonological deficit.
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