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Abstract

McArthur and Bishop (2004) found that people with specific language impairment (SLI) up to 14 years of age have poor behav-
ioural frequency discrimination (FD) thresholds for 25-ms pure tones, while people with SLI upto 20 years of age have abnormal
auditory N1–P2–N2 event-related potential (ERP) responses to the same tones. In the present study, we extended these findings to
more complex non-speech and speech sounds by comparing younger (around 13 years) and older (around 17 years) teenagers with
SLI and controls for their behavioural FD thresholds and N1–P2 ERPs to 25 and 250-ms pure tones, vowels, and non-harmonic
complex tones. We found that a subgroup of people with SLI had abnormal responses to tones and vowels at the level of behaviour
and the brain, and that poor processing was associated with the spectral complexity of auditory stimuli rather than their phonetic
significance. We suggest that both the age of listeners and the sensitivity of psychoacoustic tasks to age-related changes in auditory
skills may be crucial factors in studies of sound processing in SLI.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Around 5% of children have problems understanding
or producing spoken language despite having normal
general cognitive abilities and no medical problems.
The cause of this condition, known as specific language
impairment (SLI), is not yet known. In fact, there may
be no single cause. SLI may result when a number of
risk factors co-occur (Bishop, Carlyon, Deeks, &
Bishop, 1999). These risk factors may include deficient
short-term verbal memory (Gathercole, 1993), a limited
processing capacity (Leonard, 1996), and an impaired
ability to acquire grammatical rules (Rice, Wexler, &
Redmond, 1999). Another potential risk factor for SLI
is poor auditory processing, which could affect the abil-
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ity to discriminate between speech sounds. This may re-
sult in less stable or specific neural representations of
speech sounds, which may ultimately interfere with per-
ceiving and producing spoken language.

One aspect of auditory processing that is receiving
increasing attention in studies of language impairment
is frequency discrimination (FD). Although most re-
search has focused on discrimination of brief or rapid
stimuli (see Tallal, 2000; for review), some recent studies
have found clear evidence for poor FD in children with
SLI when there is no stress on rapid processing (Kor-
pilahti, 1995; Ors et al., 2002; Uwer, Albrecht, & von
Suchodoletz, 2002). For example, Mengler, Hogben,
Michie, and Bishop (in press) found that a group of 9-
to 12-year-olds with SLI were significantly poorer than
age-matched controls at discriminating between the fre-
quencies of 100-ms pure tones. When most of these chil-
dren were re-tested 21

2
years later by Hill, Hogben, and

Bishop (in press), the FD thresholds of the SLI group

mailto:gmcarthu@maccs.mq.edu.au


G.M. McArthur, D.V.M. Bishop / Brain and Language 94 (2005) 260–273 261
had improved, but were still significantly poorer than
the control group.

Other behavioural studies have found less clear evi-
dence for poor FD in SLI. McArthur and Bishop
(2004) found that only five out of sixteen 9- to 20-
year-old teenagers with SLI had poorer FD thresholds
than controls. When they re-tested most of these people
11
2
years later, two people with poor FD thresholds were

still impaired while two others had improved to reach
the normal range (Bishop & McArthur, in press). These
variable findings could reflect heterogeneity of SLI: An
FD deficit may be only one of a number of risk factors
for SLI, so only a subgroup of people with SLI would
perform poorly on behavioural tests of FD. However,
another possibility suggested by our data (Bishop &
McArthur, in press; Hill et al., in press) is that poor
FD improves with age. A similar argument was recently
put forward by Wright and Zecker (2004) to account for
varied behavioural findings on auditory deficits in chil-
dren with language and learning disabilities. They sug-
gest that these children have a maturational lag in
auditory discrimination of about 3–4 years. Whether
an auditory deficit is seen in SLI will depend both on
the age of the sample and the developmental trajectory
of the specific auditory function that is tested. Wright
and Zecker (2004) further postulated that auditory mat-
uration ceases at puberty. This would explain why de-
layed auditory processing in some people with SLI
does not catch up by early adulthood.

One limitation of behavioural studies of FD in people
with SLI is that poor scores on behavioural FD tests
could result from poor attention or low motivation as
well as an FD deficit. Event-related potentials (ERPs)
can be used to measure auditory processing without
the attention of a listener. Auditory ERPs represent
the average pattern of electrical activity emitted by
groups of neurons in response to a sound. This activity,
which is thought to reflect post-synaptic activation, is
measured using electrodes that are placed on a listener�s
scalp. These electrodes detect the electrical activity that
is present immediately after the onset of a sound. When
many exemplars of the same sound are presented, the ra-
tio of activity generated by a sound (signal) compared to
activity generated by other factors (noise) becomes great
enough for an auditory ERP waveform to emerge for
that sound (see Fig. 2 for examples of ERP waveforms).
The first and second positive peaks in the auditory ERP
waveform are called P1 and P2, respectively. The first
and second negative peaks are called N1 and N2, respec-
tively. The locations of the neurons that produce these
peaks are not fully understood. Some evidence suggests
that P1 stems from the secondary auditory cortex (Lie-
geois-Chauvel, Musolino, Badier, Marquis, & Chauval,
1994); N1 originates from multiple sources that include
the primary auditory cortex, the posterior–superior tem-
poral plane, and non-specific frontal regions (Bruneau &
Gomot, 1998; though cf Liegeois-Chauvel et al., 1994);
P2 originates from the mesencephalic reticular activat-
ing system (Ponton, Eggermont, Kwong, & Don,
2000); and N2 is produced by cells in the superior tem-
poral gyrus and medial temporal lobes (O�Donnell et al.,
1993).

A handful of studies have tested people with SLI for
their auditory ERPs to non-speech sounds. Some have
found that people with SLI, as a group, had abnormal
N1 responses (Lincoln, Courchesne, Harms, & Allen,
1995; Tonnquist-Uhlen, 1996; Tonnquist-Uhlen, Borg,
Persson, & Spens, 1996) and P2 responses to tones
(Adams, Courchesne, Elmasian, & Lincoln, 1987; Tonn-
quist-Uhlen, 1996). Neville, Coffey, Holcomb, and Tallal
(1993) found that a subgroup of their children with SLI,
who had poor performance on a behavioural auditory
processing measure, had abnormal N1 and N2 responses
to tones under certain conditions. However, other stud-
ies of SLI have found normal N1 or P2 responses to
tones (Courchesne, Lincoln, Yeung-Courchesne, Elm-
asian, & Grillon, 1989; Marler, Champlin, & Gillam,
2002; Mason & Mellor, 1984; Ors et al., 2002).

It is difficult to explain these contradictory findings.
There is no obvious difference between the studies that
did and did not find abnormal auditory ERPs people
with SLI in terms of stimulus type, inter-stimulus interval
(ISI), or number of stimuli. However, these studies do
differ slightly in sample size, with studies finding abnor-
mal ERPs in people with SLI using larger groups. There
may also be a difference in the types of people recruited
for the SLI groups. Three of the five studies that found
abnormal ERPs in SLI noted that their participants
had particularly severe learning disabilities (i.e., Tonn-
quist-Uhlen, 1996; Tonnquist-Uhlen et al., 1996; Neville
et al., 1993). For example, the two studies by Tonnquist-
Uhlen and colleagues tested children with mild to moder-
ate delays in mental function, whose reference values for
their intelligence quotient were adjusted to the 8-year-old
level (the mean age of the children was 11.9 years). Nine
of their 20 children with SLI had pathological EEGs and
two were border-line. Thus, this study may have tested
children with more global cognitive impairments who
would not usually meet the typical criteria for SLI.

Age is another factor that might explain why some
studies find abnormal ERPs in people with SLI while
others did not. It has been suggested that an auditory
processing deficit present early in life may resolve with
age (Farmer & Klein, 1995). We know that the studies
that did and did not find abnormal ERPs in people with
SLI had comparable age-ranges across studies (8–15
years and 7–16 years, respectively). However, we do
not know the proportion of children at each age in each
study. It is possible that the studies that found abnormal
ERPs in children with SLI had a higher proportion of
young children in their SLI group than studies that
found normal ERPs in children with SLI.
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Another factor to consider when measuring ERPs in
children with SLI is that auditory ERP components
change throughout childhood and adolescence. These
changes make it difficult to study ERP components such
as the N1 and P2 because they are often missing in chil-
dren when relatively fast presentation rates are used
(Albrecht, von Suchodoletz, & Uwer, 2000; Ponton et
al., 2000). Fortunately, it is possible to compare ERPs
with missing components using intra-class correlation
coefficients (ICC). The ICC provides a global index of
how similar two ERP waveforms are in their shape and
amplitude. ICC values are like Pearson r values in that
they range from 0 (the two waveforms are completely dif-
ferent) to 1.0 (the waveforms are exactly the same) to
�1.0 (the waveforms are inverted). However, ICC values
are typically much lower than Pearson r values because
they take both the shape and the absolute amplitude of
the two waveforms into account, while Pearson r values
only consider the shape of the two waveforms.

McArthur and Bishop (2004) used ICCs to measure
how well the auditory ERPs of people with SLI with
poor and normal behavioural FD thresholds matched
a grand average auditory ERP for controls the same
age. They found that people with SLI with poor FD
thresholds and people with SLI with normal FD thresh-
olds had inappropriate auditory N1–P2–N2 ERPs for
their age compared to controls. This was surprising as
only the people with poor FD thresholds were expected
to have abnormal auditory ERPs. However, it tran-
spired that the people with SLI with poor FD thresholds
tended to be younger than the people with SLI with nor-
mal FD thresholds. The interpretation offered by McAr-
thur and Bishop (2004) for this pattern of results was
similar to Wright and Zecker�s (2004) explanation for
conflicting auditory behavioural findings. That is, be-
cause auditory ERPs continue to mature into adulthood
(Albrecht et al., 2000; Courchesne, 1990; Ponton et al.,
2000), a teenager or young adult who is four years be-
hind in auditory maturation will have an immature
auditory ERP. However, behavioural FD thresholds
typically reach adult levels at around 9 years of age
(Thompson, Cranford, & Hoyer, 1999). Thus, a 4-year
delay would not be evident in people with SLI above
the age of around 13 years.

If people with SLI do have poor FD due to immature
auditory processing, the question arises as to whether
this is linked to abnormal speech perception (Rosen,
2003). It is possible that abnormal FD is a marker for
a general developmental delay, but is not directly impli-
cated in leading to observed language difficulties (Bishop
& McArthur, 2004).

We are aware of only two studies that have compared
FD and speech discrimination in the same group of
people with SLI. Ors et al. (2002) measured how quickly
10- to 14-year-old children with SLI and controls
responded to 1000-Hz rare deviant tones presented
amongst frequent standard tones (the tones and ISIs
were 50 and 1200 ms long, respectively). They were also
tested for how quickly they could respond to 40 (Condi-
tion A) or 70 (Condition B), 350-ms, rare deviant speech
sounds (the Swedish word ‘‘buss’’) presented amongst
160 (Condition A) or 140 (Condition B) frequent stan-
dard speech sounds (the Swedish word ‘‘puss’’). The
speech sounds were separated by an ISI of either
3000 ms (Condition A) or 1500 ms (Condition B).
The children�s electroencephalograms (EEGs) were
measured while they did the discrimination tasks. The
results revealed that the SLI group had slower behav-
ioural responses for the 1000-Hz tones and for ‘‘buss.’’
They also had significantly smaller and later P3
responses to both tones and the speech sounds. This
suggested that there was an association between poor
non-speech and speech processing in children with SLI
at the level of behaviour and the brain. It also suggested
that children with SLI may be slower to categorise
sounds and update representations in working memory.

In a similar study, Uwer et al. (2002) measured how
well 5- to 10-year-old children with receptive and expres-
sive SLI and controls could discriminate between 175-ms,
1000-, and 1200-Hz tones, and between 175-ms conso-
nant–vowels (CVs; /da/, /ga/, and /ba/), using a same-dif-
ferent behavioural task and an ERP mismatch response.
The children with expressive SLI made significantly more
errors than the other groups on the behavioural discrim-
ination task for both the tones and CVs. The ERP data
were less clear-cut: The differential brain response to
standard and deviant stimuli (the mismatch response)
was normal in the SLI group when tones were used, but
was attenuated for CVs. However, the difference between
standard and deviant tones in this study was substantial,
leaving open the possibility that the method was too
insensitive to detect more subtle FD deficits.

The first aim of the present study was to compare
non-speech (pure tones) and speech (vowels) processing
in people with SLI to controls using more sensitive
threshold estimation methods than the methods of con-
stant stimuli used by Ors et al. (2002) and Uwer et al.
(2002). We also compared the auditory N1–P2 ERPs
of people with SLI and controls to steady-state pure
tones and vowels. If SLI is caused by abnormal process-
ing of sound frequency, we might expect to find that
people with SLI with abnormal FD thresholds and
N1–P2 ERPs to pure tones would also have abnormal
response thresholds and ERPs to vowels, since vowels
are distinguished principally by sound frequencies that
are relatively stable across time (Tallal & Piercy,
1975). Parenthetically, the integrity of vowel processing
in people with SLI has not yet been resolved. Tallal,
Stark, and Curtiss (1976) and Tallal and Stark (1981)
found that 5- to 9-year-old children with SLI were able
to discriminate between 250-ms vowels that differed
in formant frequency as well as controls. However,
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Frumkin and Rapin (1980) and Stark and Heinz (1996)
found that at least some 6- to 12-year-old children with
SLI were less able than controls to discriminate between
vowels that varied in formant frequency.

The second aim of the study was to identify whether
poor vowel processing in people with SLI stemmed from
a speech-specific deficit that is only seen when stimuli
have phonetic status (i.e., are perceived as speech
sounds), or a general FD deficit that is stressed by the
spectral complexity of vowels. The vowels used in this
study were composed of a fundamental formant (F0)
with a frequency that was fixed between vowels
(200 Hz), a higher formant (F1) with a frequency that
was varied between vowels (600–1000 Hz), and two high-
er formants (F2 and F3) with frequencies that were fixed
between vowels (2200 and 3000 Hz, respectively). To dis-
criminate between vowels, a listener had to discriminate
between F1 frequencies that were embedded amongst the
F0, F2, and F3 frequencies. Wright et al. (1997) found
that children with SLI were less able to discriminate a
tone followed by a masking noise containing similar fre-
quencies compared to a tone followed by a masking noise
containing a spectral notch around the frequency of the
tone. They suggested that the children with SLI were less
able to separate the frequencies of the tone from the
noise. The presence of the F0, F2, and F3 formant fre-
quencies in the vowels used in this study could place ex-
tra pressure on discriminating F1 in the same way. This
might make vowel processing harder for a person with an
FD deficit than a person with normal FD.

We tested whether poor vowel processing resulted
from a speech-specific deficit or an FD deficit that is
stressed by spectral complexity by comparing the pro-
cessing of vowels to non-harmonic complex tones. These
non-harmonic complex tones resembled the vowels inso-
far as two higher frequency bands were present in the
signal (i.e., F2 and F3) in addition to the frequency to
be distinguished (i.e., F1). However, they had no har-
monics, no F0, and no formant bandwidths, so they
were not at all speech-like. If people with SLI had poor
vowel processing because they had a speech-specific def-
icit, then they should have poorer responses to the vow-
els than the non-harmonic complex tones, and their
vowel thresholds should correlate less well with their
complex-tone thresholds. However, if they had poor vo-
wel processing because they had an FD deficit that was
stressed by spectral complexity, then they should have
poor responses to both the vowels and the non-har-
monic complex tones, and their vowel thresholds should
correlate well with their complex tone thresholds.
2. Methods

Methods were approved by the Ethics Committee
of the Department of Experimental Psychology at the
University of Oxford. Each listener and their parent or
guardian gave their informed consent to participate in
the research.

2.1. Listeners

The 16 people with SLI (seven females) were aged
from 12 to 21 years, and were recruited from language
development centres and support groups. All these par-
ticipants had received special educational support for
SLI, and had previously had thorough screening to en-
sure that no exclusionary conditions (hearing loss, autis-
tic disorder, neurological damage, etc.) were present.
The 16 people with normal spoken language skills (con-
trols; nine females) were recruited from scout and guide
groups, a college, and a high school. They were matched
to the people with SLI for age and non-verbal IQ. Twen-
ty-four of these participants (11 people with SLI and 13
controls) had taken part in the study by McArthur and
Bishop (2004) some 18 months previously. All partici-
pants had non-verbal IQ scores within the average
range, had no reported auditory, physiological, or neu-
rological problems. They also had normal hearing sensi-
tivity for tones (i.e., were able to detect a tone at 20 dB
HL) that were similar in frequency (i.e., 750 Hz) to the
components of the experimental sounds that were ad-
justed to calculate thresholds.

The people with SLI scored more than 1 SD below
the age-mean level on at least two of four key spoken
language tests (see below). Controls scored within the
average range on at least three of the four spoken lan-
guage tests. Group statistics are illustrated in Table 1.

Because we had previously found that FD thresholds
varied with age in people with SLI (McArthur & Bishop,
2004), we subdivided participants into two age bands.
We used a cut-off point of 14.5 years to subdivide the
groups because it was the central point that was closest
to the cut-off point used in McArthur and Bishop (2004,
14 years) that produced the best balance in group sizes.
There were six younger teenagers with SLI (SLI-young
group; 12.39–14.42 years; M = 13.37 years, SD = 0.90;
2 females), 10 older teenagers with SLI (SLI-old group;
14.92–20.88 years; M = 17.28 years, SD = 2.32; 5
females), seven younger teenagers with normal language
skills (control-young group; 12.34–13.67 years; M =
12.84 years, SD = 0.47; 4 females), and nine older
teenagers with normal language skills (control-old
group; 14.71–21.01 years; M = 16.71 years, SD = 2.24;
5 females).

2.2. Psychometric tests

The psychometric test battery is described in detail in
McArthur and Bishop (2004). We used the Standard
Progressive Matrices (Raven, Raven, & Court, 1998)
to ensure that all participants had non-verbal IQ of 75



Table 1
Mean age, non-verbal IQ, and spoken language scores of the SLI and control groups

SLI (N = 16) Control (N = 16) Group Effect (g2)b

M SD Range M SD Range

Age 15.82 2.70 12–20 15.02 2.58 12–21 t (30) = 0.85, p = .40 .02
Non-verbal IQ 91.87 13.36 75–113 97.50 9.70 75–113 t (30) = 1.36, p = .18 .06
BPVS 79.12 15.88 56–110 109.94 9.68 93–128 t (30) = 6.63, p < .001a .59
Figurative language 4.38 1.78 3–9 11.12 3.05 7–16 t (30) = 7.64, p < .001a .66
Recreating sentences 4.31 2.15 3–6 8.43 2.13 6–13 t (30) = 5.45, p < .001a .50
Recalling sentences 4.25 1.34 3–10 10.25 1.98 6–13 t (30) = 10.02, p < .001a .77

a p < .05.
b Effect size is represented by Eta squared (g2), which is calculated in the same way as r2, but is reported as g2 when one variable is non-linear.
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or above, plus four oral language tests that are widely
used in the diagnosis of SLI: the British Picture Vocab-
ulary Scale (BPVS), Long Form (Dunn, Dunn, Whet-
ton, & Pintilie, 1982), the Recalling Sentences sub-test
of the Clinical Evaluation of Language Fundamentals-
Revised (Semel, Wiig, & Secord, 1987), and the Recreat-
ing Sentences and Figurative Language sub-tests of the
Test of Language Competence-Expanded Edition
(TLC-EE; Wiig & Secord, 1989). Standard scores on
the Raven�s Matrices and BPVS have mean of 100 and
SD of 15, and standard scores on the other subtests have
a mean of 10 and standard deviation of 3.

2.3. Behavioural thresholds

2.3.1. Stimuli
There were six stimulus conditions: 25- and 250-ms

pure tones, 25- and 250-ms vowels, and 25- and 250-
ms non-harmonic complex tones. We used the 25-ms
sounds to obtain behavioural responses to the same
sounds that were used to trigger the ERPs. We used
the 250-ms sounds to check that the 25-ms FD thresh-
olds of the SLI groups were not disproportionately con-
founded by the brevity of the 25-ms sounds compared to
the controls. This is important because a popular theory
holds that people with SLI are have a specific problem
processing rapid or brief auditory information (Tallal,
2000). Each condition presented standard and deviant
sounds at 80 dB SPL (see Procedure). The conditions
were counterbalanced between listeners.

The standard and deviant sinusoidal pure tones had
2.5-ms onset and offset ramps. Standard tones had a fre-
quency of 600 Hz while deviant pure tones had a higher
frequency that was adjusted between trials (602–
1000 Hz).

The standard and deviant vowels, which fell along the
/e/-/a/ continuum (i.e., set to sat), were generated with
the Cascade branch of a Klatt synthesiser. We used syn-
thesised vowels rather than spoken vowels because we
wanted to measure the discrimination thresholds of
vowels using the same adaptive psychophysical proce-
dures that were used to measure thresholds for pure
tones and non-harmonic complex tones. It is difficult
to generate spoken speech stimuli that vary in the sys-
tematic way that is required by these adaptive proce-
dures. We generated the vowels using the formant
frequencies and bandwidths outlined by Kewley-Port
and Watson (1994). The standard vowel (/e/) set f0,
F1, F2, and F3 at 200, 600, 2200, and 3000 Hz, respec-
tively, and used bandwidths of 70, 90, and 170 Hz for
F1, F2, and F3, respectively. The deviant vowels were
the same except that the frequency of F1 was higher
than the standard vowel and was adjusted between trials
(602–1000 Hz). The 250-ms vowels increased to half
their amplitude from 0 to 30 ms, increased to their full
amplitude from 31 to 230 ms, and then fell back to 0
from 231 to 250 ms. The 25-ms vowels simply increased
in amplitude from 0 to 25 ms. In both the 25-ms and
250-ms conditions, the gain of each deviant vowel was
adjusted to ensure that they were all the same amplitude
(i.e., 80 dB SPL).

The 25- and 250-ms standard and deviant non-har-
monic complex tones had rise and fall times of 2.5 ms,
and were composed of three pure tones with frequencies
similar to the F1, F2, and F3 frequencies of the vowel
formants (i.e., 600, 2207, and 3001 Hz, respectively).
The two highest pure tones were set at 2207 and
3301 Hz rather than 2200 and 3000 Hz (respectively)
to avoid harmonics. Thus, the non-harmonic complex
tones were less spectrally complex than the vowels but
more spectrally complex than the pure tones. The devi-
ant non-harmonic complex tones were the same as the
standard non-harmonic complex tone except that the
lowest pure tone was set at a higher frequency that
was adjusted between trials (602–1000 Hz).

2.3.2. Procedure

Behavioural FD thresholds for the 25- and 250-ms
pure tones, vowels, and non-harmonic complex tones
were calculated using the same psychophysical para-
digm. Each trial in the paradigm was composed of three
sounds of the same type (e.g., 25-ms pure tones) that
were each separated by 500-ms silence. The second
sound was the ‘‘standard’’ (i.e., the frequency of the
pure tones, the F1-frequency of the vowels, and the fre-
quency of the lowest pure tone of the non-harmonic
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complex tones was set at 600 Hz) and was visually rep-
resented by a dinosaur that jumped in the centre of
the PC monitor when the standard was presented. Either
the first sound (visually represented by a yellow ball, to
the left of the dinosaur, which jumped when the first
stimulus was presented) or the third sound (represented
by a red ball, to the right of the dinosaur, which jumped
when the third stimulus was presented) was the same as
the standard sound. This was randomly allocated be-
tween trials. The remaining ‘‘deviant’’ sound was differ-
ent to the standard stimulus (i.e., the frequency of the
pure tone, the F1-frequency of the vowel, and the fre-
quency of the lowest pure tone of the non-harmonic
complex tone was higher than 600 Hz). The listener used
a PC mouse to click on the ball that represented the
deviant sound. If the response was correct, a thumbnail
image was added to a column of images on the left edge
of the PC screen. When the column reached the top of
the screen, the dinosaur and the two balls jumped up
and down to a short tune.

The parameter estimation by sequential tracking
(PEST) procedure was used to adjust the frequency of
the deviant sound between trials to the level where the
listener correctly identified the different sound 79% of
the time (Taylor & Creelman, 1967). The frequency
was initially set at 1000 Hz (ceiling value) and was ad-
justed in 80-Hz steps. These were reduced to 2 Hz after
the first six reversals in response adjustment. The task
finished when the listener made 10 reversals in response
adjustment or had completed 60 trials. A listener�s
threshold score was the mean frequency after the sixth
reversal in response adjustment. Higher threshold scores
represented poorer discrimination. These scores were
transformed into logarithmic units to normalise their
distribution for statistical analyses.

2.4. Auditory ERPs

2.4.1. Stimuli

The three stimulus conditions—25-ms pure tones, 25-
ms vowels, and 25-ms non-harmonic complex tones—
were all presented at 80 dB SPL. It was not feasible to
measure ERPs to the 250-ms sounds because we wanted
to minimise the length of the testing session (i.e., 3 h) for
the comfort of our volunteers. We used 25-ms stimuli
rather than 250-ms stimuli because we had already
established that 25-ms sounds produce reliable auditory
ERPs in both adults (McArthur, Bishop, & Proudfoot,
2003) and people with SLI (McArthur & Bishop, 2004).

Each condition was composed of 1700 standard and
300 deviant trials, which were divided into eight blocks
of 250 trials. Four of the eight blocks in each condition
used 600-Hz standards (i.e., set the frequency of the pure
tones, the F1 of the vowels, and the lowest pure tone of
the non-harmonic complex tones at 600 Hz) and 700-Hz
deviants (i.e., set the frequency of the pure tones, the F1
of the vowels, and the lowest tone of the non-harmonic
complex tones at 700 Hz). The remaining four blocks re-
versed the stimuli. (Note. we presented standard and
deviant stimuli in each condition to calculate the mis-
match negativity (MMN). However, the MMN was
not reliable enough to be included in the analysis.)
The 24 blocks of trials (eight blocks for each of the three
stimulus types) were presented in random order. The
mean stimulus-onset-asynchrony (SOA) between each
trial was 734 ms. The SOA was randomly jittered be-
tween trials (the standard deviation was 78 ms) to avoid
anticipatory ERP effects.

2.4.2. Procedure
Volunteers were seated in a lounge chair in an electri-

cally and acoustically shielded testing booth. The sounds
were presented diotically through headphones while lis-
teners watched a video on a small television 1.3 m away.
The soundtrack of the television was played at a low-le-
vel (approximately 50 dB SPL) to alleviate boredom and
maintain attention away from the experimental sounds.
Playing a video soundtrack at this volume has little ef-
fect on the reliability of the auditory P1, N1, and P2
components in adults (McArthur et al., 2003).

The EEG was recorded from sintered electrodes that
were placed in line with the 10–20 International system:
two sites along the midline of the head (Fz and FCz),
four sites over the left hemisphere (FP1, F3, FC3, and
F7), and four sites over the right hemisphere (FP2, F4,
FC4, and F8). The ground electrode was positioned on
the midline between FPz and Fz. Linked mastoids were
used as the online reference. The vertical electro-oculo-
gram (VEOG) was recorded from above and below the
right eye; the horizontal electro-oculogram (HEOG)
was recorded 1 cm from the outside of the outer canthi
of each eye. The signal was amplified 20,000 times and
sampled at 250 Hz (i.e., once every 4 ms) with an online
bandpass filter of 0.05–30 Hz.

Each participant�s EEG was processed offline. The
influence of VEOG activity was removed from the
EEG sites (ocular artefact reduction) using an algorithm
of an average �blink� that was calculated from at least 20
VEOG epochs of 400 ms that were triggered by a 10% in-
crease in VEOG activity (Neurosoft Inc., 1999). The
EEG was divided into 536-ms epochs with a 50 ms pre-
stimulus interval. Epochs were baseline corrected from
�50 to 0 ms. Epochs with changes in HEOG or EEG
activity greater than 150 lV from baseline were rejected.

There were high ICCs between each listener�s entire
ERP (i.e., �50 to 486 ms) to 600-Hz stimuli (tones, vow-
els, or complex tones) and their ERP to 700-Hz stimuli
(tones, vowels, and complex tones, respectively), which
did not differ between groups (see Section 3.2.1 and Ta-
ble 3 for statistics). Therefore, ERPs were calculated by
averaging the epochs of all the standard stimuli (600 and
700 Hz) bar those that fell immediately after a deviant
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stimulus (i.e., a maximum of 1400 standard stimuli in
each condition; see Section 3.2.1 and Table 3 for statis-
tics on the number of accepted epochs for each stimulus
in each group). We used the activity at Fz to represent
auditory ERPs as it appears to be the most reliable single
site for measuring auditory ERPs. It is the site that pro-
duces the largest response, it is the site most commonly
used to represent auditory ERPs, and is one of the few
sites where adults and children produce analogous
ERP components (Ponton et al., 2000). We did not ana-
lyse activity at the other channels because we used linked
mastoids to record the EEG so our data were not appro-
priate for comparing activity across hemispheres. The
N1 response measured at fronto-central sites is often re-
ferred the N1b subcomponent of the N1 response. How-
ever, in the absence of any data for discriminating
between the N1 subcomponents in this study, we shall
simply refer to this component as N1.

Seven listeners did not have a N1–P2 complex to
either pure tones, vowels, or non-harmonic complex
tones (three people in the SLI-young group, two people
in the SLI-old group, one person in the control-young
group, and one person in the control-old group). Conse-
quently, we used ICCs to measure how appropriate each
listener�s auditory ERP was for their age in the N1–P2
ERP region, which was taken as the interval 100–
228 ms post-stimulus-onset for comparability with our
previous analyses (Bishop & McArthur, in press). For
listeners with SLI, we calculated the ICC between their
own ERP waveform and the average ERP waveform
of controls either younger than 14.5 years (if the listener
with SLI was younger than 14.5 years) or the average
ERP waveform of controls older than 14.5 years (if
the SLI listener was older than 14.5 years) in the N1–
P2 ERP region. We did the same for controls except that
we compared their own individual ERP waveform to the
mean ERP waveform of all the other controls in their
appropriate age group (i.e., above or below 14.5 years).
We did not include a control listener�s ERP in the mean
ERP waveform for their age group because this would
have artificially inflated each control listener�s ICC.
Fig. 1. Mean thresholds (log Hz) and 95% confidence intervals for tones (ligh
the SLI-young, SLI-old, control-young, and control-old groups for 25-ms
combined (right).
We calculated ICC values using the formula: (MS
between � MS within)/(MS between + MS within),
where MS between = (((

P
(X2) +

P
(Y2) + 2

P
(XY))/

2 � (
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(X) +
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(Y))�2/(2N)))/(N � 1), MS with-
in = (0.5(

P
(X2) +
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(Y2)) �

P
(XY))/N, and N is the

number of pairs of data points. This is equivalent to
the formula used to compute ICC values in the SPSS
one-way random model reliability analysis (Note: this
is not equivalent to the ICC analysis in the Neurosoft
Inc. (1999) software). The ICC values were transformed
to Fisher z values to normalise the data for statistical
analyses. The larger the ICC score, the better the match
between a listener�s auditory ERP and the auditory ERP
expected for their age.
3. Results

3.1. Behavioural FD thresholds

A Levene Median test indicated that there was no sig-
nificant difference between the variance in group scores
for each stimulus condition. Kolmogorov–Smirnov tests
of normality indicated that the distributions of all bar
two of the 4 (groups) by 3 (stimuli) by 2 (durations) vari-
ables did not differ significantly from normal (the excep-
tions were 250-ms vowels for the SLI-old group:
D(10) = .27; p = .03; and 25-ms complex tones for the
SLI-old group: D(10) = .28; p = .02; Note: At least
one of these significant effects may be due to a Type I
error resulting from multiple (i.e., 24) comparisons for
normality). Thus, parametric statistics were used to test
the data for significant main effects and interactions. A
criterion of p < .05 was used to test whether differences
between means were statistically significant in all behav-
ioural and ERP analyses.

The thresholds of the SLI-young, SLI-old, control-
young, and control-old groups for 25-ms (left) and
250-ms (middle) pure tones, vowels, and non-harmonic
complex tones are illustrated in Fig. 1. A 2 (group:
SLI versus control) by 2 (age: young versus old) by 3
t grey), vowels (dark grey), and non-harmonic complex tones (black) of
stimuli (left), 250-ms stimuli (middle), and 25- and 250-ms stimuli



G.M. McArthur, D.V.M. Bishop / Brain and Language 94 (2005) 260–273 267
(stimulus: pure tones versus vowels versus non-har-
monic complex tones) by 2 (duration: 25-ms versus
250-ms) repeated measures ANOVA revealed a main ef-
fect of duration, with lower (i.e., better) thresholds for
250-ms stimuli than 25-ms stimuli in all four groups
(see Table 2 for statistics). There was no duration by
group interaction (F (1,56) = 0.35, p = .56, g2 = .01),
duration by age group interaction (F (1,56) = 0.34,
p = .57, g2 = .01), or duration by group by age interac-
tion (F (1,56) = 0.2, p = .88, g2 = .001). Given (1) stimu-
lus duration did not have a disproportionate effect on
the SLI groups compared to the control groups, and
(2) the need to maximise statistical power to compensate
for small sample sizes, we combined the data for the 25
and 250-ms sounds. The mean discrimination thresholds
for tones, vowels, and complex tones are illustrated in
Fig. 1 (right-hand side).

There was a main effect of group due to the higher
(i.e., poorer) FD thresholds of the listeners with SLI
compared to the controls. There was also a main effect
of age, with younger participants having higher FD
thresholds than older participants. There was a signifi-
cant group by age interaction, which was examined fur-
ther by separate ANOVAs for the younger and older
groups. For the young participants (below 14.5 years),
there was a significant effect of group (F (1,11) = 8.29,
p = .02, g2 = .43), with the SLI-young group having
higher FD thresholds than the control-young group.
There was also a significant interaction between group
and stimulus (F (2,22) = 4.24, p = .03, g2 = .28). To ex-
plore this interaction, paired t tests were conducted to
compare average thresholds for pure tones, vowels,
and non-harmonic complex tones for the SLI-young
and control-young groups separately. While the con-
Table 2
Repeated measures ANOVAs on behavioural FD thresholds, ERP reliability
ICC values

Measure Main effects

Behavioural FD thresholds Groupa: F (1,28) = 7.89, p = .009, g
Agea: F (1,28) = 7.15, p = .01, g2 =
Stimulusa: F (2,56) = 32.12, p < .00
Durationa: F (1,28) = 34.18, p < .00

Split-half reliability ICC (Fisher z) Group: F (1,27) = 5.58, p = .03, g2

Age: F (1,27) = 0.80, p = .38, g2 =
Stimulus: F (2,54) = 1.98, p = .15, g

Number of epochs Tones: H(3) = 9.57, p = .02
Vowels: H (3) = 3.16, p = .37
Complex tones: H (3) = 7.13, p = .0

N1–P2–N2 ICC (Fisher z) Groupa: F (1,27) = 15.75, p < .001,
Age: F (1,27) = 2.00, p = .17, g2 =
Stimulus: F (2,54) = 2.25, p = .12, g

a p < .05.
b Only values for significant interactions are included.
c Effect size is represented by Eta squared (g2), which gives the proportion

variable.
trol-young group had significantly higher thresholds
for vowels compared to non-harmonic complex tones
(t (6) = 3.96, p = .007) and compared to pure tones
(t (6) = 5.63, p = .001), the SLI-young group did not
(vowels versus non-harmonic complex tones: t (5) =
0.11, p = .92; vowels versus pure tones: t (5) = 1.70,
p = .14). For the old groups (aged above 14.5 years),
the effect of group was not significant (F (1,17) = 0.37,
p = .55), and no interactions with group were
significant.

There was also a main effect of stimulus, with higher
thresholds for vowels than non-harmonic complex
tones, which in turn were higher than thresholds for
pure tones. This stimulus effect interacted significantly
with group. To examine this further, paired t tests were
used to compare average thresholds for vowels, non-
harmonic complex tones and pure tones for the SLI
and control groups separately. In the control group,
thresholds for vowels were significantly higher than for
non-harmonic complex tones (t (15) = 7.31, p < .001)
but the difference between non-harmonic complex tones
and pure tones just fell short of significance
(t (15) = 1.87, p = .08). Conversely, in the SLI group,
thresholds for vowels and non-harmonic complex tones
did not differ (t (15) = 1.33, p = .20), but thresholds for
non-harmonic complex tones were significantly higher
than for pure tones (t (15) = 2.81, p = .01).

The Pearson r correlation coefficient between thresh-
olds for vowels and pure tones was .70 for the SLI-
young group, .49 for the SLI-old group, .62 for the con-
trol-young group, and .52 for the control-old group. The
Pearson r correlation coefficient between thresholds for
vowels and complex tones was .71 for the SLI-young
group, .44 for the SLI-old group, .65 for the control-
measures (number of epochs and split-half reliability), and N1–P2–N2

Significant interactionsb

2 = .22c Group · Agea: F (1,28) = 4.39, p = .04, g2 = .14
.20 Stimulus · Groupa: F (2,56) = 5.01, p = .01, g2 = .15
1, g2 = .53
1, g2 = .55

= .17
.03
2 = .07

7

g2 = .37 Group · Agea: F (1,27) = 4.72, p = .04, g2 = .15
.07
2 = .08

of variance in the dependent variable accounted for by an independent
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young group, and .57 for the control-old group. These
moderate to strong correlation coefficients did not reach
statistical significance because of low statistical power
due to small sample sizes.

3.2. Auditory ERPs

3.2.1. Reliability

Our first consideration was whether the ERPs of the
younger and older SLI and control groups were equally
reliable. We tested this in two ways. First, we used
ICCs to calculate the split-half reliability between each
participant�s mean ERP to the 600-Hz stimuli (pure
tones, vowels, and non-harmonic complex tones,
respectively) compared to their mean ERP to 700-Hz
stimuli (pure tones, vowels, and non-harmonic complex
tones, respectively). Second, we compared the mean
number of epochs that were included in each listener�s
ERP. We found that one young control had remark-
ably low split-half ICCs (�0.21, 0.03, 0.31) and far few-
er epochs (around 400 out of a possible 1400) than the
other participants. The ERPs of this child were ex-
cluded from all subsequent analyses, so the control-
young group was composed of six, rather than seven,
participants.

Kolmogorov–Smirnov tests of normality on the split-
half ICCS to tones, vowels, and complex tones indicated
that the distributions of all 4 (groups) by 3 (stimuli) vari-
ables did not differ significantly from normal. Levene
Median tests indicated that there was no significant dif-
ference between the variance of the four groups for each
stimulus condition. Thus, a 2 (group) by 2 (age) by 3
(stimulus) repeated measures ANOVA was used to test
the split-half ICCs for significant main effects and inter-
actions (see Table 2 for ANOVA results and Table 3 for
means and standard deviations).
Table 3
ERP reliability and N1–P2–N2 ICC measures to tones, vowels, and non-ha
Control-old groups

SLI-young (N = 6) SLI-old

M SD M

Split-half reliability ICC (Fisher z)a

Tones 0.86 0.27 0.99
Vowels 1.02 0.33 1.09
Complex 0.97 0.62 1.20

Number of epochsa

Tones 1321.00 115.72 1303.80
Vowels 1319.00 131.34 1309.70
Complex 1317.50 117.39 1324.50

N1–P2–N2 ICC (Fisher z)
Tones 0.13 0.51 0.22
Vowels 0.33 0.27 0.29
Complex �0.09 0.28 0.16

a p < .05.
The main effects of age and stimulus, and the group
by age interaction, were not statistically significant.
There was a main effect of group, with higher spilt-half
ICCs in the control group. This stemmed from unusu-
ally high spilt-half ICCs of the control-young group
compared to the control-old, SLI-young and SLI-old
groups. Post hoc t tests revealed that the spilt-half ICCs
of the SLI and control groups only differed for vowels
(t (29) = 32.59, p = .02). Pearson r correlation coeffi-
cients were used to test whether lower split-half ICCs
for vowels might confound N1–P2 ICCs for vowels.
There were only very low or inverse coefficients in the
SLI group (r = �.39, p = .14), the control group
(r = �.13, p = .64), and the two groups combined
(r = .06, p = .73) between split-half ICCs and N1–P2
ICCs. Thus, the (robust) split-half reliability of the
SLI and control groups� ERPs were independent of their
N1–P2 ICCs.

Turning to the number of accepted epochs in each lis-
tener�s ERP, Levene Median tests indicated that there
was no significant difference between the variance of
the four groups for each stimulus condition. Kolmogo-
rov–Smirnov tests of normality indicated that the distri-
butions of the four groups did not differ for tones or
complex tones. However, they did differ for vowels.
Thus, a Kruskal–Wallis test was used to compare the
number of accepted epochs across the four groups for
the three types of sounds (see Table 2 for ANOVA re-
sults and Table 3 for means and standard deviations).
There was no significant difference across the four
groups for vowels or complex tones. There was a signif-
icant difference for tones, with particularly high ranks
for the control-old group compared to the control-
young, SLI-young and SLI-old groups. Post hoc
Mann–Whitney U tests revealed that the elevated rank-
ings of the control-old group were significantly higher
rmonic complex tones in the SLI-young, SLI-old, Control-young, and

(N = 10) Control-young (N = 6) Control-old (N = 9)

SD M SD M SD

0.46 1.58 0.46 0.94 0.43
0.63 1.59 0.31 1.39 0.30
0.54 1.41 0.24 1.10 0.52

79.33 1348.67 50.62 1385.89 9.44
72.62 1344.50 62.59 1382.00 16.76
76.38 1384.33 13.78 1361.78 40.97

0.29 0.79 0.25 0.39 0.55
0.55 0.97 0.43 0.51 0.47
0.24 1.01 0.47 0.48 0.51
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than those of the SLI-young (U = 10, p = .04) and SLI-
old (U = 9.5, p = .004) groups, which did not differ from
the control-young group. Spearman rank correlation
coefficients were used to test if the number of accepted
epochs for tones might confound N1–P2 ICCs for tones.
There was no relationship between the number of ac-
cepted epochs for tones and N1–P2 ICCs to tones in
the SLI group (rs = .16, p = .54), the control group
(rs = �.07, p = .82), or the two groups combined
(rs = .22, p = .23). Thus, the (substantial) number of ac-
cepted epochs in both the SLI and control groups was
not related to their N1–P2 ICCs.

3.2.2. N1–P2 ERPs
The N1–P2 ICC values reflect the extent to which an

individual�s waveform in the N1–P2 region resembles
the grand average of controls in the same age band.
The auditory ERPs and mean ICCs of the SLI-young,
SLI-old, control-young, and control-old groups for
pure tones, vowels, and non-harmonic complex tones
are shown in Fig. 2 and Table 3, respectively. (Note.
Fig. 2. Mean auditory ERPs of the younger (top) and older (bottom)
SLI groups (black lines) and control groups (grey lines) to tones
(unbroken line), vowels (dotted line), and complex tones (unbroken
line).
The apparent group difference in P1 in Fig. 2 is mislead-
ing: The difference between the groups in the P1 region
were not statistically significant.)

Levene Median tests indicated that there was no sig-
nificant difference between each group�s variance for
each stimulus condition. Kolmogorov–Smirnov tests of
normality indicated that the distributions of all 4
(groups) by 3 (stimuli) variables did not differ signifi-
cantly from normal. Thus, a 2 (group) by 2 (age) by 3
(stimulus) repeated measures ANOVA (see last row of
Table 2) was used to test the data for significant main
effects and interactions. There was a significant main ef-
fect of group, due to the lower ICCs of the participants
with SLI compared to controls. Thus, the N1–P2 ERPs
of the SLI participants were less appropriate for their
age than the N1–P2 ERPs of the control participants.
There was no significant main effect of age. However,
there was a significant group by age interaction, with
younger participants having higher ICCs than older par-
ticipants in the control group. Further exploration of
this effect revealed that it was driven by four people in
the control-old group who had low ICCs. Three of these
four people fell close to the 14.5 year cut-off point (i.e.,
were 14.71, 15.42, and 15.53 years of age). Reclassifying
any one of these participants into the control-young
group reduced the group by age interaction to a non-sig-
nificant level. Thus, the reliability of this interaction is
questionable. There were no main effects or interactions
between the ICC values to the different types of stimuli.

3.3. Behavioural thresholds and auditory ERPS combined

The data of the SLI and control groups was separated
into younger listeners (i.e., SLI-young and control-
young groups combined) and older listeners (SLI-old
and control-old groups combined). The Pearson r corre-
lation coefficients between the behavioural thresholds
and ERP ICCs for pure tones, vowels, and non-har-
monic complex tones in the younger group (N = 12) were
�.42 (p = .18), �.44 (p = .15), and �.77 (p = .003),
respectively. The correlation coefficients between the
same variables in the older group (N = 19) were �.05
(p = .84), �.01 (p = .97), and �.29 (.22), respectively.
4. Discussion

4.1. Is non-speech processing associated with poor speech

processing in people with SLI?

In our previous study (McArthur & Bishop, 2004) we
found two lines of evidence for abnormal auditory pro-
cessing in people with SLI. First, behavioural FD
thresholds for pure tones were abnormally high in the
SLI-young group. Second, ERPs to pure tones in the
N1–P2–N2 region were age-inappropriate in both
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the younger and older SLI groups, regardless of their FD
thresholds. If these non-verbal auditory deficits underlie
language problems, we might expect to see analogous
difficulties with vowels that vary in formant frequency.

This expectation was confirmed in the present study.
We found deficits in processing pure tones and vowels in
the people with SLI. On the behavioural tasks, poor dis-
crimination for pure tones was associated with poor dis-
crimination of vowels in the younger SLI listeners. In
addition, there was a strong relationship between pure
tone and vowel thresholds in the SLI-young group,
which was more robust than the same relationship in
the SLI-old, control-young, and control-old groups. In
the ERP measures, we saw that younger and older peo-
ple with SLI had age-inappropriate N1–P2 ERPs to
pure tones and vowels compared to controls. This could
be taken to suggest that many people with SLI are less
like to detect (Hyde, 1997) or switch their attention
(Naatanen & Picton, 1987) to changes in the sound
environment.

The conjunction of impaired tone and vowel process-
ing in the same groups of people with SLI are in line
with Uwer et al. (2002), who found an association be-
tween non-speech and speech processing in people with
SLI at the level of both behaviour and the brain. Fur-
ther, the unusually high vowel thresholds of the SLI-
young group concur with previous findings of impaired
vowel processing in children with SLI (Frumkin & Ra-
pin, 1980; Stark & Heinz, 1996). Finding poor behav-
ioural discrimination thresholds for tones and vowels
in younger people with SLI and poor ERPs to tones
and vowels in both younger and older people with SLI
replicate the results of McArthur and Bishop (2004).
This adds weight to the idea that people with SLI have
a 4-year delay in auditory maturation. As previously
mentioned, this may be detected by the ERPs in both
younger and older people with SLI because ERPs reflect
maturation changes in processing into adulthood. How-
ever, it may not be detected by FD tasks in older people
with SLI because FD thresholds may hit ceiling level at
9 years of age, so FD tasks may only be sensitive to a 4-
year auditory processing delay in people younger than
14. This idea is supported by the different correlation
coefficients between the behavioural thresholds and
ERP ICC measures to pure tones, vowels, and non-har-
monic complex tones in the younger and older listeners.
In young listeners (i.e., SLI and controls combined)
there were moderate to strong relationships between
behavioural and ERP measures to the sounds. This
makes sense if both are valid measures of auditory pro-
cessing. However, the correlations between the behav-
ioural and ERP measures in the older listeners (i.e.,
SLI and controls combined) were virtually non-existent.
This makes sense if the behavioural thresholds in older
listeners had hit ceiling, reducing their validity as mea-
sures of auditory function.
Although an auditory maturational account of SLI is
consistent with the current pattern of data, alternative
interpretations must be kept in mind. For example, the
results could be taken as evidence for deviant auditory
processing resulting from abnormal neural organisation
that is not characteristic of typical development at any
age. This would explain why both younger and older
people with SLI have abnormal auditory ERPs for their
age at Fz. However, it does not so easily explain why
poor discrimination thresholds were seen only younger
people with SLI, although, it may be that by late adoles-
cence, the brain has had enough time to compensate for
its unusual organisation, allowing for normal discrimi-
nation thresholds. One way of distinguishing a matura-
tional account from a deviance account would be to
compare ERPs at different electrode sites. Previous work
on typically developing children has demonstrated a
shift in the pattern of activity in temporal, central, and
frontal sites with age (Bruneau & Gomot, 1998; Ponton
et al., 2000). Because we needed to minimize set-up time
to allow for a prolonged session of data acquisition in
our ERP study, we focused only on frontal sites, using
Fz as the electrode giving the strongest auditory ERP.
However, the maturational account could be subjected
to stronger test by considering whether the distribution
of activity across the brain in those with SLI resembled
that of younger children. Another point to bear in mind
is that the stimulus presentation conditions were differ-
ent for the behavioural and electrophysiological ses-
sions, with stimuli being presented against a soft
background of video soundtrack in the latter case.
Detection of the tones and vowels in the ERP session
therefore involved separation of signal from background
noise, and it could be that this additional auditory stress
made the ERPs more sensitive to mild auditory deficits
in the older participants.

To distinguish these possibilities we need to test lar-
ger groups of younger and older people with SLI on dis-
crimination tasks that are more sensitive to individual
differences in auditory processing at older ages and in
varying levels of background noise. We also need to test
many more people with normal spoken language skills
for their auditory ERPs to produce ERP norms for indi-
vidual ages. It will be important to consider ICC mea-
sures at multiple scalp sites to see the distribution of
activity changes with age in people with SLI. This spa-
tial information may lead to some conclusions about
the structures underlying abnormal brain responses in
the SLI population, once the sources of auditory ERPs
are better understood.

4.2. Is poor vowel discrimination related to spectral

complexity or phonetic significance?

The pattern of behavioural responses to vowels
compared to non-harmonic complex tones and pure
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tones differed for people with normal vowel discrimina-
tion (control-young, control-old, and SLI-old groups)
and those with poor vowel discrimination (SLI-young
group). The people with normal discrimination had
poorer thresholds for vowels than non-harmonic com-
plex tones, and only moderate correlations between their
thresholds for vowels and complex tones, suggesting that
the phonetic status of the vowels lead them to process
vowels somewhat differently to other non-speech sounds.
In contrast, the SLI-young group had equally poor
discrimination for vowels and non-harmonic complex
tones, and strong correlations between their vowel and
complex-tone thresholds, suggesting that their poor
vowel processing related to problems with processing
the spectral information of vowels rather than phonetic
status.

4.3. Current issues and recommendations revised

In McArthur and Bishop (2001), we suggested a num-
ber of reasons why previous studies of rapid auditory
processing in people with SLI have produced conflicting
results. In light of the present results and McArthur and
Bishop (2004), three of these ideas need revising. First,
we suggested that studies finding impaired rapid audi-
tory processing in people with SLI may have used rapid
auditory processing tasks that taxed FD to a greater de-
gree than studies that did not find impaired rapid audi-
tory processing in people with SLI. However, it now
seems unlikely that FD alone is the root of the problem.
The age-inappropriate brain responses of people with
SLI to individual sounds have the potential to interfere
with the processing of sounds presented individually,
sequentially, or simultaneously. Thus, poor perfor-
mance on rapid auditory processing tasks may not result
from poor FD. Instead, poor performance on rapid
auditory processing tasks and FD tasks may both be
indicators of age-inappropriate brain responses to
sounds in general (see also Bishop & McArthur, 2004).

A second explanation that we considered for the con-
flicting findings of previous auditory processing studies
of SLI was that an auditory processing deficit resolves
with age. We dismissed this idea because our review of
the literature revealed no systematic age differences for
studies that did and did not find evidence for impaired
processing in people with SLI. However, the present
results indicate that age may indeed be an important
factor when combined with the age-sensitivity of a
psycho-acoustic task. If a task is relatively insensitive
to age-related changes in auditory processing (e.g., FD
tasks) then performance could asymptote at adult levels
at a relatively young age (e.g., 9 years). If listeners are
older than that age (e.g., 12–21 years), then the task will
be sensitive to immature auditory processing only in the
youngest people with SLI, whose immature auditory
processing falls below the 9-year-old asymptote level.
This means that behavioural studies of auditory process-
ing in SLI need to select psycho-acoustic tasks and stim-
uli that are sensitive enough to detect abnormal
processing in the oldest participants of their samples.

A third reason we suggested for the conflicting results
of previous studies of auditory processing in SLI was
that only a subgroup of people with SLI have poorer
auditory processing scores than controls. The present re-
sults continue to support this idea because not all people
with SLI had abnormal N1–P2 ERPs to sounds for their
age. However, the size of the subgroup may be larger
than we thought. Behavioural thresholds in the present
experiment and previous studies suggest that 30–40%
of people with SLI have poorer thresholds than controls
(Heath, Hogben, & Clark, 1999; McArthur & Bishop,
2004; McArthur & Hogben, 2001). However, both the
present study and McArthur and Bishop (2004) found
immature N1–P2 ERPs to sounds in people with SLI
with normal behavioural thresholds (i.e., the SLI-old
group) as well as those with poor behavioural FD
thresholds (the SLI-young group). This suggests that
the subgroup of people with SLI who have abnormal
auditory processing for their age may be in the majority
rather than the minority.

4.4. Overview and conclusions

We tested younger (around 13 years) and older
(around 17 years) people with SLI and controls for their
FD thresholds and N1–P2 ERPs to 25- and 250-ms pure
tones, vowels, and non-harmonic complex tones. The re-
sults showed that people with SLI with poor discrimina-
tion thresholds or abnormal auditory N1–P2 ERPs to
pure tones had the same for vowels, and that abnormal
vowel processing related to the spectral complexity
rather than the phonetic significance of isolated vowels.
We suggest that age may be a crucial factor in studies of
auditory processing in SLI, and that the pattern of
behavioural deficits will depend upon the age-sensitivity
of a psychoacoustic task.
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