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The reliability and validity of a frequency discrimination (FD) task were tested in
16 people with specific language impairment (SLI) and 16 people with normal
spoken language (controls). The FD thresholds of the 2 groups indicated that FD
thresholds for 25-ms and 250-ms tones were remarkably stable across 18
months. The FD thresholds were lower for control listeners than for listeners with
SLI for both duration conditions, and the FD thresholds for both groups of listeners
were lower for 250-ms tones than for 25-ms tones. Moreover, the FD thresholds
were influenced litfle by nonperceptual, task-related abilities (e.g., paired-
associative learning, memory for temporal order, sustained attention, and control
of attention) of the listener groups. The significant group difference between the
mean FD thresholds of the SLI and control groups was explained by a subgroup
of people with SLI who had particularly poor thresholds compared with those of
controls and the majority of the SLI group. This subgroup did not differ from the
remainder of the SLI sample in terms of age or nonverbal ability but was charac-
terized by very poor reading that was associated with poor phonemic awareness.
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he speed and facility with which children learn their native lan-

guage is impressive. Nevertheless, some children are late to achieve

language milestones and may persist in using simplified grammar
and vocabulary well into the school years. These children, who are also
at risk for developing reading problems (Catts, 1993), are said to have a
specific language impairment (SLI). The nature of SLI is remarkable
because there is no obvious factor in a child’s history that can explain
their selective problem with language. They have nonverbal cognitive
abilities in the normal range, their hearing appears to be adequate when
assessed with traditional techniques, and there are no physical or envi-
ronmental abnormalities that could account for their difficulties.

One theory explains SLI as a consequence of a reduced ability to
process sounds that occur briefly or rapidly in time (Tallal, 2000). This
“rapid auditory processing deficit” may distort the perception of speech
sounds, which requires listeners to discriminate and classify spectrally
complex sounds that change rapidly in time. This distortion may in-
terfere with the development of stable neural representations of the
basic speech sounds in a language (phonemes), impairing both the
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comprehension and production of speech (Tallal, 2000).
Interestingly, poor rapid auditory processing has also
been held accountable for specific reading disability (i.e.,
developmental dyslexia; Farmer & Klein, 1995). To read
fluently, a child must learn to segment words into pho-
nemic units, which may not be fully formed if a rapid
auditory processing deficit has compromised the devel-
opment of phonemic representations.

Although the rapid auditory processing deficit ac-
count of SLI and dyslexia has received support from
many studies, it is not universally accepted because some
studies have failed to find evidence for a rapid auditory
processing deficit in people with SLI and dyslexia. After
reviewing this literature, McArthur and Bishop (2001)
suggested that one reason for these mixed findings may
be that poor performance on rapid auditory processing
tasks arises from an impairment other than rapid audi-
tory processing. Furthermore, we proposed that studies
using rapid auditory processing tasks that stressed this
impairment were more likely to find a rapid auditory
processing deficit in people with SLI than were studies
that used tasks that did not stress this impairment. We
also suggested that one likely candidate for this alter-
native impairment was a frequency discrimination (FD)
deficit, which is an impaired ability to distinguish be-
tween sounds that differ in frequency. Support for the
idea that people with SLI have an FD deficit rather than
a rapid auditory processing deficit comes from four
sources:

1. In common with other researchers (e.g., Helzer,
Champlin, & Gillam, 1996; Rosen, 1999), we have not
found reliable group differences between listeners with
SLI and listeners with normal spoken language (con-
trols) on tests of rapid auditory processing (Bishop,
Carlyon, Deeks, & Bishop, 1999; McArthur & Bishop,
2004).

2. Anumber of studies have found that at least some
people with SLI or dyslexia show deficits in FD even
when the rapid auditory processing demands of the task
are minimal (Ahissar, Protopapas, Reid, & Merzenich,
2000; Baldeweg et al., 1999; Cacace, McFarland, Ouimet,
Schreiber, & Marro, 1999; De Weirdt, 1988; France et
al., 2002; Hari, Saaskilahti, Helenius, & Uutala, 1999;
Hill et al., 1999; Korpilahti, 1995; McAnally & Stein,
1996; McArthur & Bishop, 2004). Of particular note is a
study by Wright et al. (1997), which has been widely
cited as supporting the rapid auditory processing defi-
cit account of SLI on the grounds that children with SLI
showed a striking deficit on a test of auditory backward
detection masking. However, much less attention has
been given to the other finding of this study, which was
that the poor thresholds of children with SLI on a back-
ward masking task that used a spectrally “notched”
masking noise reached control levels when the width of

the spectral notch was increased. As Wright et al. pointed
out, this indicated that the children with SLI “did not
display a general deficit in the perception of rapidly
presented sounds” and that they were “less able than
controls to take advantage of a frequency separation
between the tone and noise to aid detection of the tone”
(p. 177).

We came to a similar conclusion in a study that
asked people with SLI and control listeners to make an
FD judgment (which one of two tones was higher in pitch)
when each tone was followed by a masking sound. The
masker was presented after a silent interstimulus in-
terval (ISI) that differed in each of four conditions (i.e.,
20, 50, 150, or 300 ms; McArthur & Bishop, 2004). We
predicted that people with SLI would do particularly
poorly in the backward masking conditions that used a
short ISI (i.e., 20 and 50 ms). In fact, we found that a
subset of people with SLI did have poor FD thresholds
at short ISIs. However, these people also had poor FD
thresholds in a control condition that presented tones
without a masker. This result strengthens the case for a
deficit in FD rather than rapid auditory processing in
at least a subset of people with SLI.

3. The classic task used to assess rapid auditory pro-
cessing, the Rapid Perception Test, relies heavily on FD.
In this task, the listener has to recreate the order of
pairs of high and low tones (i.e., high-low, low-high, high-
high, low-low) using appropriate key presses. The si-
lent ISI that separates the tones in each pair defines
the rate of stimulus presentation: Short ISIs mean that
the tones are presented rapidly whereas long ISIs mean
that the tones are presented slowly. A number of stud-
ies have found that children with SLI or dyslexia per-
form worse than controls when the tones are presented
rapidly but not when the tones are presented slowly (e.g.,
Farmer & Klein, 1995; Reed, 1989; Tallal & Piercy, 1973;
Tallal, Stark, Kallman, & Mellits, 1981). This result has
been interpreted as evidence for a specific rapid audi-
tory processing deficit in children with SLI or dyslexia.
However, more recent studies have found that these
children discriminate tones presented slowly just as
poorly as tones presented rapidly (Bishop, Bishop, et
al., 1999; Cacace et al., 1999; France et al., 2002; Lin-
coln, Dickstein, Courchesne, Elmasian, & Tallal, 1992;
Marshall, Snowling, & Bailey, 2001; Nittrouer, 1999;
Share, Jorm, MacLean, & Matthews, 2002; Waber et al.,
2001). Furthermore, some children with SLI or dyslexia
have been excluded from studies using the Rapid Per-
ception Test because they were unable to make the ap-
propriate response to tones even when these stimuli were
presented individually in practice trials (Bishop, Bishop,
et al., 1999; Breier, Gray, Fletcher, Foorman, & Klaas,
2002; Heath, Hogben, & Clark, 1999; Reed, 1989; Tallal
et al., 1981). These findings suggest that, in some cases,
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poor scores on the Rapid Perception Test may be a prod-
uct of poor FD rather than a rapid auditory processing
deficit (Heath et al., 1999; McArthur & Bishop, 2001).

4. Finally, there is a theoretical basis for an “FD
deficit” account of SLI. The speech signal is composed of
rapid changes in spectral information across time. If a
person is less able to discriminate between the frequen-
cies of sounds, then he or she may have problems dis-
criminating the spectral patterns of certain speech
sounds. This limitation could affect the development of
neural representations for the different phonemes in a
language. In turn, an FD deficit could impair the com-
prehension and production of phonemes, which is a char-
acteristic of SLI. Skeptics may argue that an FD deficit
alone could not impair speech perception, because adults
are able to perceive speech even when many spectral
cues are absent (e.g., Shannon, Zeng, Kamath, Wygonski,
& Ekelid, 1995). However, adults have well-established
neural representations of phonemes to use as “tem-
plates” to interpret the degraded speech signal. We can-
not assume that children, who are still formulating the
phonemic templates of their language, can cope as well
as adults without all the available speech cues.

Given our interest in FD deficits in people with SLI,
the first issue we addressed in this experiment was
whether our previous finding of an FD deficit in a sub-
group of people with SLI (McArthur & Bishop, 2004)
was reliable over time. We tested this by reassessing
most of the people from our previous study to see if they
had the same FD thresholds 18 months later.

The second issue addressed in this study was the
validity of our initial findings. One factor we needed to
consider was whether the poor FD thresholds in our
original study arose because we used relatively brief (25
ms) tones. Children with SLI have been found to per-
form particularly poorly on the Rapid Perception Test
with very short stimuli (Tallal & Piercy, 1973). This re-
sult could arise if children with SLI had poor rapid au-
ditory processing associated with a slower rate of per-
ceptual sampling of sounds. Fewer samples of a stimulus
would leave them with less information to detect or dis-
criminate short sounds. Thus, we administered another
FD task to the SLI and control groups that used 250-ms
tones rather than 25-ms tones.

A further factor we evaluated was the impact that
nonperceptual, task-related factors had on FD thresh-
olds. In the traditional two-interval, two-alternative,
forced-choice (2I-2AFC) task used by McArthur and
Bishop (2004), the participant had to (a) attend to a “low”
tone (600 Hz) and a “high” tone (higher than 600 Hz),
(b) create a memory of the tones, (¢) compare them, (d)
recall the temporal order of the tones, and then (e) ac-
cess the verbal concepts of “high” and “low” to report
the interval that contained the higher tone. Any of these

steps could pose problems for people with SLI. In the
present study, we tested the SLI and control groups
for four task-related factors that could affect perfor-
mance on FD tasks: paired-associative learning, memory
for temporal order, sustained attention, and control of
attention.

The third issue we addressed was the linguistic pro-
file of people who have poor FD. McArthur and Bishop
(2004) found that one third of the listeners with SLI
had poor FD thresholds compared with controls, which
suggested that only a subset of people with SLI have
auditory difficulties. If these difficulties are causally
linked to language or reading problems, then we would
expect to see relations between FD thresholds and scores
on measures of spoken language, reading, and phono-
logical processing. Accordingly, we administered a bat-
tery of language and literacy tasks to our participants
to explore these associations.

Method

All methods were approved by the Ethics Commit-
tee of the Department of Experimental Psychology at
the University of Oxford. Informed consent was obtained
from each listener and his or her parent or guardian to
participate in the research.

Participants

Eleven people with SLI and 13 controls who par-
ticipated in the study 18 months previously (McArthur
& Bishop, in press) agreed to return for the present ex-
periment. Their data were used to test the long-term
reliability of FD thresholds. To boost the power of the
analyses for the rest of the study, we recruited a further
5 people with SLI and 3 controls so that each group com-
prised 16 people.

The people with SLI (7 females) ranged in age from
12 to 21 years and were recruited from language devel-
opment centers and support groups around England. The
people with normal spoken language skills (9 females)
were matched for age and nonverbal 1Q to the people
with SLI and were recruited from scout and guide
groups, a college, and a high school in Oxfordshire. All
participants had nonverbal 1Q scores within the aver-
age range; had no reported auditory, physiological, or
neurological problems; and had good hearing sensitiv-
ity for a 750-Hz tone (i.e., were able to detect its pres-
ence at 20 dB HL). The people with SLI scored more
than 1 standard deviation below the level expected for
their age on at least two of four key spoken language
tests (see below). Control participants scored within the
average range on at least three of the four spoken lan-
guage tests. Group statistics are illustrated in Table 1.

McArthur & Bishop: Frequency Discrimination in People With SLI 529



Table 1. Mean age, Nonverbal IQ, and spoken language scores of the SLI and control groups.

SU (n=16) Control (n = 16)

Variable M SD Range M SD Range Comparison n?e
Age 15.82 2.70 12-20 1502 258 12-21 #30) = 0.85, p = .40 .02
Nonverbal IQ 91.87 1336 75-113 97.50  9.70 75-113 #30) =1.36,p=.18 .06
BPVS 7912 1588 56-110 109.94  9.68 93-128 #30) = 6.63, p < .001° .59
Figurative language 4.38 1.78 3-9 11.12 3.05 7-16 #30) = 7.64, p < .001° .66
Recreating sentences 4.31 2.15 3-6 8.43 2.13 6-13 #30) = 5.45, p < .001® .50
Recalling sentences 4.25 1.34 3-10 10.25 1.98 6-13 #30) = 10.02, p < .001® 77

Note.

SLI = specific language impairment; BPVS = British Picture Vocabulary Scale, Long Form.

°Effect size is represented by eta squared (n?), which is calculated in the same way as r? but is reported as n? when one variable is nonlinear.

bp < .008 (Bonferroni correction for six analyses).

Nonverbal Intelligence Test

Nonverbal intelligence was assessed with the Stan-
dard Progressive Matrices (Raven, Raven, & Court,
1998). In each of 60 items, the participant was presented
with a large pattern with a missing section. Below the
large pattern were six sections with different patterns.
The participant had to indicate which one of the six
sections matched the missing section of the large pat-
tern. Performance was expressed as age-standardized
scores with a mean of 100 and a standard deviation of
15. Norms for young adults were not provided, so the
scores of the people who were 17 years or older were
calculated from the norms provided for the oldest age
group (i.e., 16-year-olds).

Spoken Language Tests

We assessed spoken language with four standard-
ized tests of receptive and expressive semantics and
syntax that are widely used in the United Kingdom.

British Picture Vocabulary Scale
(BPVS), Long Form (Dunn, Dunn,
Whetton, & Pintilie, 1982)

In this test of receptive semantics, participants in-
dicated which of four pictures matched a word spoken
by the tester. Scores were expressed as age-standard-
ized scores with a mean of 100 and a standard deviation
of 15. The scores of people aged 18 years or older were
based on the norms provided for 17-year-olds.

Recalling Sentences

Recalling Sentences is a test of expressive syntax
and is a subtest of the Clinical Evaluation of Language
Fundamentals—Revised (Semel, Wiig, & Secord, 1987).
It uses 26 sentences of increasing difficulty, each one of
which the participant repeats after presentation by the
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examiner. Age-standardized scores had a mean of 10 and
a standard deviation of 3. The standard scores of people
older than 17 years were calculated from the norms pro-
vided for 16-year-olds.

Recreating Sentences

Recreating Sentences is a test of expressive seman-
tics and syntax, and is a subtest of the Test of Language
Competence—Expanded Edition (TLC-EE; Wiig &
Secord, 1989). It is composed of 13 items that presented
a picture and three printed words. The participant’s task
is to create a sentence that was relevant to the picture
and contained the three words in any order. Standard
scores had a mean of 10 and a standard deviation of 3.
The scores of people who were 19 years or older were
taken from the norms provided for 18-year-olds.

Figurative Language

Another subtest of the TLC-EE, Figurative Lan-
guage, is a test of receptive semantics, which is com-
posed of 12 two-part items. In the first part, the partici-
pant interpreted a situation that had been described by
the experimenter. In the second part, the participant
selected one of four written expressions that best re-
flected the meaning of the same situation. Standard
scores had a mean of 10 and standard deviation of 3.
The scores of people older than 19 were taken from norms
provided for 18-year-olds.

Reading Tests

Reading was not used as a criterion for inclusion in
the study. However, we tested three types of reading in
the SLI and control listeners, as previous findings sug-
gested that reading skill may differentiate people with
SLI with and without auditory processing deficits
(McArthur & Bishop, 2004).
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Nonword Reading

The ability to read nonwords (i.e., nonsense words
such as pag) is an index of phonological decoding of un-
familiar words (i.e., the ability to transform the vi-
sual symbol of the nonword pag into the corresponding
speech sounds of /p/, /a/, /g/). Nonword reading was as-
sessed with the Martin and Pratt Nonword Reading Test
(Martin & Pratt, 1999), which is composed of 54 increas-
ingly difficult nonwords that were read aloud until eight
consecutive incorrect responses were made. Standard
scores had a mean of 100 and standard deviation of 15.
Scores for people 17 years or older were calculated from
the norms provided for the oldest age group (16;0 [years;
months] to 16;11).

Regular Word Reading

The ability to read regular words (i.e., words that
follow letter-to-sound conversion rules, such as pat) is
an index of phonological decoding of familiar words (i.e.,
the ability to transform the visual symbol of the word pat
into the corresponding speech sounds of /p/, /a/, /t/). We
tested this using a list of 30 regular words that were
modified by Coltheart and Leahy (1996) and by Edwards
and Hogben (1999) from Castles (1993). The words were
presented on cards that the participant shuffled and then
read aloud at his or her own pace. Scores were the num-
ber of regular words read correctly out of 30.

Irregular Word Reading

The ability to read irregular words (i.e., words that
do not follow letter-to-sound conversion rules, such as
yacht) is an index of whole-word reading (e.g., the abil-
ity to transform the visual symbol of the word yacht into
the corresponding speech sound that sounds like “yot”).
We tested this using 30 irregular words, which were also
modified by Coltheart and Leahy (1996) and Edwards
and Hogben (1999) from Castles (1993) and were pre-
sented on cards that the participant shuffled and then
read aloud at his or her own pace. Scores were the num-
ber of irregular words read correctly out of 30.

Phonological Processing Tests

People with SLI and controls were tested for their
phonological processing skills because an FD deficit ac-
count of SLI predicts that impaired FD gives rise to
SLI by impairing the comprehension and production
of phonemes.

Phoneme Deletion

The Phoneme Deletion test (Bruck, 1990) taxes pho-
nemic awareness, memory, and retrieval. This test is
composed of 24 items in which the participant repeats a

nonword after removing the first or last sound. For ex-
ample, if instructed to remove the last sound of bink,
the correct response would be bin. Scores were the num-
ber of items correct out of 24.

Phoneme Discrimination

Phoneme discrimination is the ability to discrimi-
nate between words or nonwords that differ in one (or
more) of their component speech sounds (e.g., cab ver-
sus cad). This was tested with the Alliteration Test With
Pictures, which is a subtest of the Phonological Assess-
ment Battery (PhAB; Frederickson, Frith, & Reason,
1997). The task was split into two halves, each present-
ing two practice items and five test items. Each item
was composed of three words that the tester read aloud
while pointing to the appropriate picture on a card. The
participant had to report, either verbally or by pointing
to the pictures, which one of two words started with the
same sound. Because this test only had norms for chil-
dren from ages 6 to 9 years, raw scores (out of 10) were
used to represent performance.

Naming Speed Test for
Pictures

Semantic retrieval, phoneme retrieval, and phoneme
production abilities were assessed with another subtest
of the PhAB, the Naming Speed Test for Pictures. The
participant named a series of 50 pictures printed on a
card (5 pictures repeated 10 times in random order) as
quickly as possible. Standardized scores (with a mean
0f 100 and standard deviation of 15) were calculated from
the time taken to name all 50 items. Scores for partici-
pants older than 15 were taken from norms provided
for the oldest age group (i.e., 14;11).

Naming Speed Test for Digits

The Naming Speed Test for Digits test assessed
phonemic retrieval and production in a manner similar
to the Naming Speed for Pictures, except that the par-
ticipant had to name a series of single digits presented
on a card (the numbers 1 to 9 repeated five or six times
in random order). Because digits are overlearned stimuli,
this task placed fewer demands on semantic retrieval
than Naming Speed for Pictures, making it a purer test
of phonemic retrieval and production.

Frequency Discrimination Tasks

Listeners completed three FD tasks. One task was
the same 2I-2AFC task used by McArthur and Bishop
(2004) as a control task. Another FD task was a three-
interval, two-alternative forced-choice task, which, like
the 2I-2AFC task, presented 25-ms tones (3[-2AFC-25).
However, unlike the 2I-2AFC task, the 3I-3AFC-25 task
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was designed to minimize the influence of verbal label-
ing and memory for the temporal order of sounds. The
third FD task was the same as the 3I-2AFC-25 task ex-
cept that it presented 250-ms tones (3I-2AFC-250 task).
Longer tones were used to address our concern that per-
formance on the 2I-2AFC and 3I-2AFC-25 tasks may be
confounded by the brevity of the 25-ms tones, which may
pressure rapid auditory processing by requiring the for-
mation of an auditory representation in a short period
of time. These tasks are described in more detail below.

The 2I-2AFC Task

Each trial of the 2I-2AFC task presented two sinu-
soidal tones that were separated by a 500-ms silent in-
terval. The two stimulus intervals were represented vi-
sually on a computer monitor by a pair of square buttons
that flashed when the respective tone was played
(marked “1” for the first tone and “2” for the second tone).
The standard tone had an intensity of 80-dB SPL, a
duration of 25 ms (including 2.5-ms onset and offset),
and a frequency of 600 Hz. The signal tone was the same
except that it had a higher frequency. The listener’s task
was to use a computer mouse to click on the button on
the monitor that represented the interval containing the
higher-frequency signal tone. A correct response was
rewarded by a colored “thumbs-up” sign on the monitor.
An incorrect response prompted an uninteresting black
Ccross.

The higher frequency of the signal tone was adjusted
over 60 trials using a 3-down, 1-up tracking algorithm
(Levitt, 1971) to measure 79% correct identification of
that tone. The frequency of the signal tone was initially
set at 700 Hz (the ceiling value was 800 Hz) and was
adjusted in 25-Hz steps. These steps were reduced to 5
Hz after the first four reversals in response adjustment.
The FD threshold estimate was based on the mean fre-
quency of the signal tone calculated from the last even
number of the small step-size reversals. This threshold
estimate was considered valid only if the listener’s per-
formance was stable after the fourth reversal in response
adjustment (i.e., the midpoints between the reversal
points formed a flat line, and the final 4-6 reversal points
were less than 20 Hz away from the estimated thresh-
old point). Acceptable FD threshold values were trans-
formed into logarithmic units to normalize the distribu-
tion for statistical analyses.

The 31-2AFC-25 Task

FD thresholds for 25-ms tones were also measured
in 3I-2AFC-25 trials, using the same standard tones
as the 2I-2AFC task. Each trial was composed of three
consecutive tones, each tone presented in an interval
separated by a 500-ms period. For all 3I-2AFC-25 tri-
als, the second interval, which was visually cued by a

“jumping” dinosaur on the computer monitor, always
contained the standard tone. The standard tone was also
presented with equal likelihood in either the first inter-
val (cued by a yellow ball to the left of the dinosaur) or
the third interval (cued by a red ball to the right of the
dinosaur) of the trial. The remaining interval contained
the signal tone with a frequency higher than 600 Hz.
The listener used the computer mouse to click on the
ball that represented the interval containing the signal
tone. A correct response was rewarded with a small to-
ken on the computer screen that was stacked in a col-
umn. When the column reached the top of the screen,
the listener was rewarded by the dinosaur and the two
balls jumping to a short jingle.

The frequency of the higher tone was adjusted be-
tween trials using the parameter estimation by sequen-
tial tracking (PEST) procedure (Taylor & Creelman,
1967). This algorithm tracked 79% correct identification
of the signal tone to achieve the same threshold point
as that in the 2I-2AFC task. The higher frequency of
the signal tone was initially set at 1000 Hz (the ceiling
value) and was adjusted in 80-Hz steps. These steps were
reduced to 2 Hz after the first six response reversals.
The task was finished once the listener either made 10
response reversals or completed 60 trials, whichever
came first. The threshold estimate was based on the
mean frequency of the higher tone after the sixth re-
sponse reversal. A threshold estimate was accepted if
the listener’s performance was stable after the sixth
reversal (i.e., the midpoints between the reversal points
formed a flat line, and the final 4-6 reversal points were
close to the threshold point). FD threshold estimates
were again transformed into logarithmic units to nor-
malize their distribution for statistical analyses.

As mentioned above, the 3I-2AFC-25 task was de-
signed to minimize the influence of verbal labeling and
memory for the temporal order of sounds. In contrast to
the 2I-2AFC task, the 3I-2AFC-25 task minimized ver-
bal labeling by asking the listener to identify the inter-
val that contained the tone that sounded different from
the standard tone (i.e., the second tone). This task was
easier than making a relational judgment of “high” or
“low” that is required in the 2I-2AFC task (Bishop,
Carlyon, et al., 1999; Maxon & Hochberg, 1982; Thomp-
son, Cranford, & Hoyer, 1999). The 3I-2AFC-25 task also
reduced the load on memory for temporal order by re-
quiring relative judgments about the stimuli (i.e., were
the two tones different?) rather than both relative and
absolute judgments about the stimuli (i.e., were the tones
different, and if so, then were they high then low, or low
then high?). It could do this in two ways. First, the lis-
tener may compare the second tone to the first and judge
whether they were the same or different and then com-
pare the third tone to the second and judge whether they

532 Journal of Speech, Language, and Hearing Research ® Vol. 47 o 527-541 e June 2004



were the same or different. Listeners could then decide
which pair sounded more different and make their re-
sponse accordingly. Alternatively, a listener might sim-
ply compare the second tone to the first and judge whether
they were the same or different. Either approach would
be less taxing of memory for the temporal order of the
sounds than the 2I-2AFC task because the listener in
the 3I-2AFC-25 task would not have to identify which
interval contained the “high” tone. Instead, the listener
just had to detect whether there was a difference. An-
other advantage of the 3I-2AFC-25 task was that it used
a child-friendly, gamelike format that held the atten-
tion of the listeners better than the 2I-2AFC task.

The 3I-2AFC Task With 250-ms
Tones (3I-2AFC-250)

The 31-2AFC-250 task was the same as the 3[-2AFC-
25 task, except that the duration of each tone was 250
ms rather than 25 ms. As mentioned above, we used
longer tones to ascertain whether the 2I-2AFC and 31-
2AFC-25 threshold estimates of FD were confounded by
using short stimuli (i.e., 25-ms), which could place ex-
tra pressure on rapid auditory processing ability.

Nonperceptual, Task-Related
Abilities

To address our concern that poor FD estimates may
stem from poor task-related abilities rather than a bona
fide FD deficit, we tested listeners for four task-related

abilities: memory for temporal order, paired-associated
learning, sustained attention, and control of attention.

Auditory Temporal Order Task

Auditory temporal order judgment was measured
with a task that tested how well a listener remembered
the temporal order of two sounds that were easy to dis-
criminate on the basis of many cues. Each trial was com-
posed of two stimulus intervals and a probe interval.
The two stimulus intervals were visually represented
by a blue or green dinosaur that appeared on a com-
puter screen. One dinosaur emitted a “woof-woof” sound,
and another dinosaur emitted a “growl.” The woof-woof
and growl sounds were acoustically complex and long
(the woof-woof was 400 ms, and the growl was 700 ms),
making them easy to discriminate. The two sounds were
followed by a probe interval that presented either the
woof-woof or the growl sound alone (i.e., without the
dinosaur). The listener had to use two buttons on the
keyboard to indicate as quickly and accurately as pos-
sible whether the probe sound was emitted by the first
or second dinosaur. The task comprised eight practice
trials followed by 10 trials of each of four trial types
(growl-woof with growl probe; growl-woof with woof

probe; woof-growl with growl probe; woof-growl with
woof probe) presented in random order (i.e., random
selection without replacement). Scores were number and
mean reaction time of correct and incorrect trials.

Auditory Paired-Associative
Learning Task

The ability to associate a stimulus with a response
was measured with a choice reaction time paradigm.
This paradigm involved two tasks: a simple reaction time
task and a choice reaction time task. Both tasks com-
prised 20 practice trials and 50 experimental trials. Each
trial presented an 80-dB SPL, 250-ms tone that had a
frequency of 600 Hz (low) or 1000 Hz (high), with fre-
quency varied randomly between trials. These tones
were long enough and different enough to be easily dis-
criminated and were comparable to the tones used in
the FD tasks.

In the simple reaction time task, the listener held
the mouse with their nonpreferred hand so that the two
mouse keys were on the right-hand side (i.e., the mouse
was rotated 90° to the right). They then used the index
finger of their preferred hand to click on the top key as
quickly and accurately as possible when they heard a
tone, regardless of whether it was high or low. In the
choice reaction time task, the listener used same index
finger to press the top mouse button if a tone was high
(1000 Hz) and the bottom button if a tone was low (600
Hz). Because performance on the choice reaction task
relied on simple reaction time plus choice reaction time,
choice reaction time alone was calculated by subtract-
ing simple reaction time values from choice reaction time
values (i.e., number and mean reaction time of correct
and incorrect trials.)

Sustained Attention

Sustained attention to auditory stimuli was mea-
sured with the !Score subtest of the Test of Everyday
Attention for Children (TEA-Ch; Manly, Robertson,
Anderson, & Nimmo-Smith, 1999), which has norms for
people aged 6 to 16 years. !Score comprised two practice
trials and 10 experimental trials, each comprising 9 to
15 “laser gun” noises that were separated by long, ir-
regular silences. The participant counted the number
of noises heard. Because the task was protracted and
uninteresting, it taxed the ability to sustain attention
to the task. Standard scores had a mean of 10 and stan-
dard deviation of 3. The scores of people older than 16
were taken from the norms provided for the oldest age
group (15;0 to 15;11).

Control of Attention

Another subtest of the TEA-Ch (Manly et al., 1999),
Control of Attention was measured over two phases. The
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Figure 1. Associations between new (present study) versus old
(previous experiment; McArthur & Bishop, 2004) two-interval, two-
alternative, forced-choice (21-2AFC) frequency discrimination (FD)
thresholds on log-log frequency coordinates. SLI = specific
language impairment.
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first part, called Same World, presented a series of boxes
in a meandering path that were each labeled with ei-
ther a “1” or “2.” Standard scores, which had a mean of
10 and standard deviation of 3, were calculated from the
time taken to name all the digits in order as fast as pos-
sible. Scores of people older than 16 were calculated from
the norms provided for the oldest age group (15;0 to 15;11).

The second part of the test, called Opposite World,
was the same as the Same World subtest, except that

the participants had to reverse their response (i.e., re-
port “1” when they saw a 2 and report “2” when they
saw a 1). Again, standard scores were calculated from
the time taken to report all the numbers in the path.
The authors of this test note that the “speed with which
children can perform this cognitive reversal is the cru-
cial measure” (Manly et al., 1999, p. 7). However, they
do not provide standard scores for the amount of extra
time taken to complete the Opposite World compared
with the Same World subtests, so we subtracted each
person’s Same World standard score from their Oppo-
site World standard score to get a measure of their con-
trol of attention required for the cognitive reversal.

Results
Reliability of the 2I-2AFC Thresholds

The individual 2I-2AFC FD thresholds of the 11
people with SLI and 13 controls in the present and pre-
vious studies are compared in Figure 1 (2I-2AFC-new
as a function of 2I-2AFC-old, respectively). Higher
thresholds represent poorer FD. The group mean thresh-
olds are compared in Table 2. The SLI group was miss-
ing a data point because 1 listener had an invalid 2I-
2AFC-old threshold (i.e., the midpoints between the
reversal points did not form a flat line, and the final 4—
6 reversal points were more than 20 Hz away from the
estimated threshold point). A criterion of p < .05 was
used in all analyses unless a Bonferroni correction was
required.

The Pearson r correlation coefficient between the
2I-2AFC-new and 21-2AFC-old FD thresholds evalu-
ated across the two groups was .61 (p =.002). This mod-
erately strong correlation indicates that the 2I-2AFC

Table 2. 2I-2AFC-Old, 2I-2AFC-New, 31-2AFC-25, 31-2AFC-250, and mean FD thresholds (log Hz) of the SLI and control groups.

SLI Control
Variable M SD n M SD n Comparison n2e
2I-2AFC-old 172 0.47 10 1.34 035 13 {21)=2.22, p= .04 19
2I-2AFC-new 1.58 0.44 16 1.24  0.43 16 {30) =2.23, p= .03 .14
3I-2AFC-25 1.42  0.46 16 1.14  0.25 16 {30)=2.17, p= .04 .14
3I-2AFC-250 118 057 16 0.84 029 16 #30) = 2.20, p=.04 14
Composite mean FD 1.40 0.45 16 1.07 024 16 {30) = 2.54, p= .02 18

21-2AFC-old vs. 2I-2AFC-new
2I-2AFC-new vs. 3I-2AFC-25
3I-2AFC-25 vs. 3I-2AFC-250

19)=1.12, p=.29
f15)=2.12, p= .05
f15) = 3.35, p = .004>

{12)=1.15,p=.27
115)=1.06, p = .31
115) = 3.74, p = .002°

Note.

2I-2AFC-old and 2I-2AFC-new = two-interval, two-alternative, forced-choice task in a previous study (McArthur & Bishop, 2003) and in the

present study, respectively; 31-2AFC-25 and 3I-2AFC-250 = three-interval 2AFC task with 25-ms and 250-ms tones, respectively; FD = frequency

discrimination.

°Effect size is represented by eta squared (n?).

bp < .02 (Bonferroni correction for three condition comparisons).
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thresholds of the SLI and control groups were reason-
ably consistent over 1.5 years. In general, people with
SLI who had poor FD thresholds in the previous experi-
ment still had poor FD thresholds 18 months later.

The mean 2I-2AFC-old and mean 2I-2AFC-new FD
thresholds of the SLI group were higher (1.72 and 1.58
log Hz, respectively) than those of the control group (1.34
log Hz and 1.24 log Hz, respectively; see Table 2), but
these effects just failed to reach significance after the
Bonferroni correction. Both the SLI and control groups
produced similar thresholds on the 2I-2AFC-old and 21-
2AFC-new tasks (see Table 2), and these were not sig-
nificantly different within the groups.

Validity of 2I-2AFC-New Thresholds

2I-2AFC-New Thresholds Versus
3I-2AFC-25 Thresholds

The Pearson r correlation coefficient between thresh-
olds produced by all the people who participated in this
study (i.e., 16 people with SLI and 16 controls) on the
2I-2AFC-new task and the 3I-2AFC-25 task (designed
to minimize the influence of memory for temporal order
and verbal labeling) was .67 (p < .001). This moderately
strong, statistically significant, relationship suggests
that 2I-2AFC-new thresholds may have been influenced
somewhat by task-specific factors such as variations in
memory for temporal order or verbal labeling but not
enough to confound the validity of the 2I-2AFC-new
thresholds as an acceptable index of FD. The general
similarity of the two sets of thresholds, which were col-
lected in the same session, also suggests that the differ-
ent procedures of the 2I-2AFC-new and 3I-2AFC-25
tasks generally did not affect the pattern of results across
the listeners.

Like 2I-2AFC-new thresholds, the mean 3I-2AFC-
25 threshold of the SLI group was higher (i.e., 1.42 log
Hz) than that of the control group (1.14 log Hz; see Table
2), but this difference failed to reach significance after
the Bonferroni correction. There also was no significant
difference between the mean 2I-2AFC-new and 31-2AFC-
25 thresholds for either the SLI or control groups (see
Table 2).

3I-2AFC-25 Thresholds Versus
3I-2AFC-250 Thresholds

We compared individual FD thresholds on the 3I-
2AFC-25 task with corresponding FD thresholds on the
3I-2AFC-250 task to determine the effect of stimulus
duration on performance (see Figure 2). The Pearson r
between 3I-2AFC-25 and 3I-2AFC-250 thresholds was
.78 (p < .001). Both the SLI and control groups had
significantly lower thresholds on the 3I-2AFC-250 task

Figure 2. Association between 25-ms versus 250-ms FD thresholds
for the three-interval, two-alternative, forced-choice (31-2AFC)
tasks displayed on log-log frequency coordinates.
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(1.18 and 0.84 log Hz, respectively) than on the 3I-2AFC-
25 task (1.42 and 1.14 log Hz, respectively; see Table 2
for means). This finding indicates that the longer tones
made the task easier for both groups. However, people
with the poorest 3I-2AFC-25 thresholds also had the
poorest 3[-2AFC-250 thresholds, which is evident in Fig-
ure 2. This indicates that poor 3I-2AFC-25 thresholds,
although higher than for the 3I-2AFC-250 task, were
not disproportionately influenced by the brevity of the
25-ms tones used in the task.

Like the 2I-2AFC-new and 3I-2AFC-25 thresholds,
the 3I-2AFC-250 thresholds of the SLI group were higher
(1.18 log Hz) than the corresponding thresholds of the
control group (0.84 log Hz), but this difference just failed
to reach statistical significance after the Bonferroni cor-
rection (see Table 2). Thus, increasing the length of the
tones had a similar effect of reducing FD thresholds in
both the SLI and control groups (i.e., there was no sig-
nificant interaction).

Composite Mean FD Thresholds
of the SLI and Control Groups

To obtain a more stable estimate of FD thresholds,
we averaged the three FD threshold values for the 21-
2AFC-new, 3I-2AFC-25, and 3I-2AFC-250 tasks for
each listener. This composite calculation seemed rea-
sonable for two reasons: (a) the significant relations be-
tween 2I-2AFC-new and 3I-2AFC-25 thresholds (r = .67),
2I-2AFC-new and 3I-2AFC-250 thresholds (» = .59), and
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Figure 3. Composite mean FD thresholds for individual listeners in
the SLI and control groups.
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3I-2AFC-25 and 31-2AFC-250 thresholds (r = .78) indi-
cated similar response patterns for each task, and (b)
we had no evidence to suggest that one task was a bet-
ter measure of FD than any other. The resulting com-
posite mean FD thresholds for the individual listeners
in the SLI and control groups are shown in Figure 3.

There was a sizeable difference between the com-
posite mean FD thresholds of the SLI (1.40 log Hz) and
control groups (1.07 log Hz). The difference, which just
failed to reach significance after a Bonferroni correc-
tion (see Table 2), is explained by 5 people with SLI who

had mean composite FD thresholds that fell above the
95% confidence limits of the control group’s composite
mean thresholds. Accordingly, we subdivided the SLI
group into two: 5 people with SLI with poor FD (SLI-
poor FD group; M = 1.94, SD = 0.22) and 11 people with
SLI with normal FD (SLI-normal FD group; M = 1.15,
SD = 0.27).

FD Thresholds, Age, Nonverbal
IQ, and Task-Related Factors

To ascertain whether the poor composite mean FD
thresholds of the SLI-poor FD group were a function of
task-related factors, we compared the SLI-poor FD, SLI-
good FD, and control groups for their age, nonverbal 1Q
scores, and performance on the auditory temporal or-
der, auditory paired associative-learning, sustained at-
tention, and control of attention tasks (see Table 3).
There were no significant differences between the mean
scores of the SLI-poor FD, SLI-normal FD, and control
groups on the attention tests. There were only nonsig-
nificant trends for group differences in age, nonverbal
1Q, reaction time for correct responses on the temporal
order and paired association tasks, and reaction time
for errors on the paired association task. The mean re-
action time for errors on the temporal order test was
significantly greater (i.e., later) in the SLI-poor FD
group, indicating that their incorrect answers were not
due to impulsive responses. The SLI-poor FD group
made significantly more errors on the temporal order
and paired association tasks than the SLI-normal FD
and control groups, although the error rate of the SLI-
poor FD group was reassuringly low. Further analysis

Table 3. Age, Nonverbal IQ, task-related measures (temporal order, paired association, sustained attention, control of attention) in the SLI-

Poor FD, SLI-Normal FD, and control groups.

SLI-Poor FD (n = 5)

SLI-Normal FD (n = 11)

Controls (n = 16)

Variable M SD M SD M SD Comparison n2e

Age 13.99 1.43 16.64 2.78 15.02 2.59 F2,29)=2.30,p=.12 14
Nonverbal IQ 85.20 11.10 94.91 13.64 97.50 9.69 F2,29)=222,p=.13 13
Temporal order

RT correct 1187.30 294.80 877.67 411.28 729.24 221.19 F2,29) =4.24, p= .02 .23

RT errors 1665.62,  426.18 74333, 322.47 624.61,  390.40 F(2,20)=13.80, p<.001> .58

Errors 5.60, 3.91 1.73, 1.27 1.00, 1.09 F(2,29)=12.40, p<.001> .46
Paired association

RT correct 383.20 112.35 250.58 82.93 244.25 184.58 F2,29)=1.81,p=.18 1

RT errors 1429.69 310.13 1506.52 378.90 1342.83 280.30 F2,24)=0.70, p= .51 .06

Errors 6.60, 4.93 2.09, 1.97 1.94, 1.39 F(2,29) =7.86, p=.002" .35
Sustained attention 9.40 4.04 10.18 1.94 10.06 3.27 F2,29)=0.12, p= .88 .01
Control of attention -2.25 1.50 -0.18 2.99 0.50 2.13 F2,29)=207,p=.14 13

Note.  Means with different subscripts differed significantly on a Scheffe test (p < .05). RT = reaction time; PA = paired association.

°Effect size is represented by eta squared (n?).

bp < .005 (Bonferroni correction for 10 comparisons).
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revealed that the number of errors on the temporal or-
der task was significantly associated with nonverbal IQ
(Pearson’s r = —.45, p = .01) and performance on the
Opposite World control of attention task (r = —.57, p =
.001). Similarly, errors on the paired association task
were significantly associated with control of attention
(r=—45,p =.01).

This pattern of results suggested that it was the
temporal order and paired association tasks that were
affected by task-related factors rather than the FD
thresholds. We tested this idea by recomparing the SLI-
poor FD, SLI-normal FD, and control groups for tempo-
ral order errors, paired association errors, and the mean
FD thresholds while taking age, nonverbal 1Q, and at-
tention into account. Using a Bonferroni correction for
four analyses (p < .01), we found a significant differ-
ence between the three groups for the mean FD thresh-
olds, F(2, 25) = 6.12, p = .007, but not for the mean
number of errors on the paired association and tempo-
ral order tasks: paired association, F(2, 25) = 0.70, p =
.51; temporal order, F(2, 25) = 5.09, p = .015. We also
found that the mean FD thresholds of the SLI-poor FD,
SLI-normal FD, and control groups were still signifi-
cantly different when the number of errors on both the
temporal order and paired association tasks were ac-
counted for simultaneously, F(2, 27) = 6.43, p = .005.
Considered together, these findings indicate that, al-
though temporal order and paired association may ac-
count for some variance in FD thresholds, this amount
is too small to explain the poor FD thresholds of the
SLI-poor FD group. In contrast, a significant amount of

variance in temporal order and paired association scores
may be explained by task-related factors such as non-
verbal IQ and attention.

FD Thresholds and Reading,
Phonological Processing, and
Spoken Language Measures

The significant relationships between FD thresh-
olds and the measures of reading and phonological pro-
cessing across groups (see Table 4) indicated that poor
FD thresholds were associated with poorer reading of
nonwords, regular words, and irregular words, poorer
phoneme discrimination, phoneme deletion, and rapid
naming of pictures, and poorer spoken language ability.
To ensure that these associations were not the product
of the trends for group differences in age, nonverbal 1Q,
temporal order errors, and paired association errors, we
recompared the reading, phonological processing, and
spoken language scores of the SLI-poor FD, SLI-normal
FD, and control groups while taking these factors into
account (see Table 4).

Differences between the mean scores of the three
groups were still significant for nonword reading, regu-
lar word reading, irregular word reading, phoneme dis-
crimination, and spoken language. The differences be-
tween the mean phoneme discrimination and rapid
digit naming scores of the groups were significant at
p < .05, but they were not large enough to pass the
stricter criterion of the Bonferroni correction. The dra-
matic reduction in the group effect on phoneme deletion

Table 4. Reading, phonological processing, and spoken language scores for the SLI-Poor FD, SLI-Normal FD, and control groups.

SLI-Poor FD SLI-Normal FD Controls
(n=5) (n=11) (n=16)
Variable M SD M SD M SD Comparison n?e

Reading

Nonword reading 70.60, 15.06 87.73, 17.67 110.38, 11.07 F(2,29)=17.98, p<.001" .55

Regular word 19.80, 572 27.54, 2.91 30.00, 0.00 F(2, 29) = 26.66, p < .001° 65

Irregular word 18.20, 5.93 21.64, 4.15 27.94, 5.14 F(2, 29) = 20.15, p < .001® .58
Phonological processing

Phoneme Deletion 12.80, 7.98 20.27, 3.69 22.50, 1.63 F(2,29) =12.06, p < .001® .45

Phoneme Discrimination 7.60, 1.82 9.64, 0.92 10.00, 0.00 F(2,29) = 14.84, p < .001" 51

Naming Pictures 80.00, 11.44 9691, 14.79 107.56, 14.15 F(2,29)=7.65, p=.002" .34

Naming Digits 82.40 16.26 85.73 15.70 101.31 17.00 F2,29)=4.15,p=.03 22
Spoken language

BPVS 82.00 7.50 77.65, 18.65 109.94,  9.68 F(2,29) =21.77, p< .001® .60

Figurative Language 4.20, 1.79 4.45, 1.86 11.12, 3.05 F(2, 29) = 28.24, p < .001® .66

Recreating Sentences 3.80, 1.30 455, 246 844, 213 F2,29)=14.77, p < .001® .50

Recalling Sentences 420, 268 500, 1.7 10.88, 245 F2,29)=29.91, p<.001" 67
Note. Means with different subscripts differed significantly on a Scheffe test (p < .05).
oEffect size is represented by eta squared (n?).  Bp < .004 (Bonferroni correction for 11 comparisons).
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is noteworthy. This outcome was due primarily to the
strong association between phoneme deletion and tem-
poral order error scores (r = —.76, p < .001), suggesting
that the phoneme deletion task was linked to the abil-
ity to recall the order sounds.

The profiles of the SLI-poor FD and SLI-normal FD
groups on the various tests differed on post hoc tests
(see Table 5). Although both groups were equally im-
paired on the four spoken language tests relative to con-
trols, the SLI-poor FD group was significantly worse
than the SLI-normal FD group at reading nonwords and
regular words and had poorer phoneme discrimination.
Thus, the SLI-poor FD group was characterized by the
poorest reading and phonological processing skills. Al-
though the SLI-normal FD group had significantly lower
mean reading scores than the control group, their
nonword and regular-word reading scores were more
similar to those of the control group than to the scores
of the SLI-poor FD group and fell within the normal
range (see Table 4). The SLI-normal FD group also had
similar phoneme discrimination scores to those of the
control group. However, like the SLI-poor FD group, the
SLI-normal FD group did have poor irregular-word read-
ing scores and poor rapid naming scores for digits, com-
pared with controls.

Discussion

In a previous study, we found that 31% of people
with SLI produced poor FD thresholds compared with

those of controls and that the remaining 69% of the SLI
group had normal FD scores (McArthur & Bishop, in
press). Most of these people returned to be retested on
the same FD task 1.5 years later and they produced re-
markably similar FD thresholds. This finding indicates
that there is a distinct subset of people within the SLI
population who have poor FD thresholds. Moreover, their
poor FD persists across time.

After recruiting new people to boost the size of the
SLI and control groups, we compared FD thresholds on
the original task (2I-2AFC-new) to a new FD task that
reduced the influence of memory for temporal order and
verbal labeling (the 3I-2AFC-25 task). There was no sig-
nificant difference between the 2I-2AFC-new and 3I-
2AFC-25 FD thresholds. This outcome, combined with
a significant association between an individual’s 2I-
2AFC-new and 3I-2AFC-25 FD thresholds, suggested
that both measures were valid reflections of FD.

We went on to compare thresholds on the 3I-2AFC-
25 FD task to scores on the 3I-2AFC-250 FD task, which
used tones of 250 ms rather than 25 ms. This compari-
son allowed us to evaluate whether poor FD thresh-
olds for 25-ms tones could be explained by diminished
processing due to fewer samples of the shorter tones.
We found that people with SLI and control listeners
both performed better with the long tones than with
the short tones, presumably because they had more op-
portunities to sample the longer sounds. There was also
a significant association between the FD thresholds for
the 25-ms and 250-ms tones, so that people with poor

Table 5. Comparison of reading, phonological processing, and spoken scores of the SLI-Poor FD, SLI-
Normal FD, and control groups controlling for age, Nonverbal IQ, temporal order, and paired association.

SLI-Poor  SLI-Normal

Measure Comparison FD FD Control n2e

Reading

Nonword Reading® F(2,26)=11.67, p<.001¢ a b c A7

Regular Word F(2, 25) = 14.23, p < .001¢ a b c .53

Irregular Word F(2,25)=14.97, p< .001¢ a a b .54
Phonological processing

Phoneme Deletion F(2,25) =0.46, p = .64 .04

Phoneme Discrimination F(2, 25) = 4.93, p= .02 a b b .28

Naming Pictures® F(2,26)=3.02,p=.07 .19

Naming Digits F(2,26) = 3.49, p= .05 ab a b 21
Spoken language

BPVSP F(2, 26) = 28.43, p < .001¢ a a b .69

Figurative Language® F(2, 26) = 23.39, p < .001¢ a a b .64

Recreating Sentences® F(2,26) =10.93, p < .001¢ a a b 46

Recalling Sentences® F(2, 26) = 18.78, p < .001¢ a a b .59

Note.  Groups with different letters differed significantly (p < .05).

°Effect size is represented by eta squared (n?).  *Age was not included as a covariate for these variables as they
used normative scores that already accounted for age differences.  <p < .004 (Bonferroni correction for 11

comparisons).
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thresholds for 25-ms tones also tended to have poor
thresholds for 250-ms tones. The poor FD thresholds of
the SLI-poor FD group for both 25-ms and 250-ms tones
suggested that they had impaired FD rather than a
slower sampling rate.

We then compared each listener’s composite mean
threshold across the three FD tasks to their age, nonver-
bal IQ, and performances on four nonperceptual, task-
related abilities (paired associative learning, memory
for temporal order, sustained attention, and control of
attention). Poor FD thresholds were not significantly as-
sociated with age, nonverbal IQ, or attention, but were
associated with the number of errors made on the tem-
poral order and paired association tasks. However, tem-
poral order and paired association error scores them-
selves were associated with task-related factors
(nonverbal IQ and attention). When these factors were
controlled, indices for temporal order and paired asso-
ciation explained little of the variance in the FD thresh-
olds. These findings are in line with results from Ollson,
Bjorkman, Haag, and Juslin (1998) who found that per-
formance on temporal order tasks was significantly as-
sociated with nonverbal 1Q. The findings are also con-
sistent with the data from Amitay, Ben-Yehudah, Banai,
and Ahissar (2002), who reported that adults with dys-
lexia have larger deficits in discriminating sound fre-
quency than temporal order. Thus, it would appear that
the poor FD thresholds of our SLI-poor FD group were
valid reflections of poor FD rather than problems with
nonperceptual, task-related factors that have the poten-
tial to affect performance on psychoacoustic tasks.

On establishing the reliability and validity of our
FD thresholds, we switched our attention to the linguis-
tic profile of people who have poor FD. Our previous
experiment (McArthur & Bishop, 2004) indicated that
people with SLI and poor FD do not necessarily have
the most severe SLI, but they do tend to have the poor-
est nonword reading. The present study supported these
findings. The people with both SLI and poor FD had a
similar degree of language impairment to the people with
SLI with normal FD. However, the SLI-poor FD group
had reading skills that were significantly weaker than
those within the SLI-normal FD group. One route by
which poor FD may affect literacy would be by compro-
mising the development of phonemic categories. In line
with this, we found significant associations between FD
thresholds within our SLI sample and measures of pho-
nemic awareness and literacy. However, it should be noted
that the reciprocal relations between phonemic aware-
ness and reading complicate the interpretation of these
results. That is, although phonemic awareness is impor-
tant for learning to read, learning to read triggers im-
provements in phonemic awareness (Bentin & Leshem,
1993). Given this inextricable connection, particularly

in people who have been exposed to print for some time,
we tentatively offer the conclusion that poor FD affects
literacy development by impairing development of pho-
nological awareness.

An unexpected finding of this study was the dis-
tinctive linguistic profile of the people with SLI who had
normal FD. Although their spoken language skills were
as impaired as those of individuals with SLI and poor
FD, the SLI-normal FD group had neither the same
degree of phonemic awareness nor the phonological de-
coding problems. In fact, their only linguistic weakness,
apart from impaired spoken language, appeared to be
irregular-word reading. The profile of this group high-
lights the large individual differences in the linguistic
skills of the SLI population and challenges the general
assumption that most people with SLI have phonemic
processing and phonological decoding deficits. More in-
formation is needed about people with SLI and normal
phonological processing, who have occasionally been
noted in the literature (e.g., Briscoe, Bishop, & Norbury,
2001; Catts, 1993; McArthur, Hogben, Edwards, Heath,
& Mengler, 2000) but have not received much attention.
In this vein, an intriguing group to examine would be
persons who are “poor comprehenders,” who also have
normal phonological decoding despite certain spoken
language difficulties (Nation, 2001).

More information is also needed about how spe-
cific the auditory processing deficit in people with SLI
actually is (Cacace et al., 1999). Our previous finding
that a subgroup of people with SLI performed signifi-
cantly worse than did controls on a FD task, but not on
auditory backward recognition masking tasks, suggests
that the SLI deficit relates to spectral processing rather
than to rapid temporal processing (McArthur & Bishop,
in press). However, it is possible that people with SLI
have more than one auditory processing deficit (e.g., a
subgroup of adults with SRD, described by Amitay,
Ahissar, and Nelken [2002], who reported poor perfor-
mances on a variety of auditory tasks). Alternatively,
people with SLI might have different types of auditory
processing deficit. Either possibility could explain why
people with SLI and dyslexia have been found to per-
form poorly on a variety of nonverbal auditory process-
ing tasks.

Another issue that needs resolution is whether the
deficit is limited to the auditory modality or whether it
is a more general problem that occurs in other sensory
modalities (Cacace et al., 1999; Cacace & McFarland,
1998; McFarland & Cacace, 1995). Because this study
measured the reliability and validity of FD thresholds
for tones alone, we do not know whether a discrimina-
tion deficit in people with SLI only affects their audi-
tion or whether it is a global sensory problem. Resolv-
ing this issue is imperative for understanding the nature
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of auditory processing deficits in SLI and should be given
high priority in future research.

As a final point, we must stress that poor FD was
found in only one third of people with SLI. Our results
emphasize the heterogeneity within SLI and suggest
that, for progress to be made, we need to examine indi-
vidual differences within SLI instead of relying on tra-
ditional methods of analysis that emphasize differences
in group means.
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