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Relation of backward masking and frequency discrimination
to reading and language among 5-12 year old children
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Psychoacoustic adaptive threshold estimation procedures were implemented as “computer
games” to measure, with no experimenter intervention, backward detection masking and fre-
guency discrimination in 54 children aged 5-12 years. Assessments of the subjects’ pure-tone
hearing thresholds, language abilities, and reading skills were also made. Thresholds were
successfully obtained for backward masked pure tone detection, and for pure tone frequency
discrimination (unmasked and backward masked). Receptive language ability was significantly
correlated with backward masking and reading skills were significantly correlated with back-
ward masking and frequency discrimination, consistent with an auditory processing deficit
hypothesis in reading and language impairments.

The origin of language and reading difficulties has long beerSee Leonard (1998) for a recent review and discussion (an
an issue of controversy, in parallel with competing theories okarly review can be found in Lubert, 1981).

reading and language acquisition and of the skills thoughtto  poor reading has also been associated with deficient non-
underly competent linguistic and reading performance. Beyerbal auditory processing. Findings include, for adults, im-
cause of the primarily auditory nature of linguistic input, pairments in modulation detection (Witton et al., 1998), tone
deficits in auditory processing may reasonably be expectegequencing (Protopapas, Ahissar, & Merzenich, 1997), pro-
to result in deficient linguistic representations, an argumengessing of rapid sound sequences (Hari & Kiesll996), fre-
most clearly applicable in the domain of phonology and conquency discrimination (McAnally & Stein, 1996; Protopapas
sistent with our current understanding of reading difficultieset al., 1997; Watson & Miller, 1993), and binaural unmask-
as often stemming primarily from phonological impairments.ing (McAnally & Stein, 1996); for children, impairments in
The relation pf language impairments to rgadlng dlfflcqlnesauditory fusion (McCroskey & Kidder, 1980), frequency dis-
and t'he possuble overlap of the'correspondlng diagnostic cagrimination (De Weirdt, 1988), and tone sequencing (Reed,
egories is well documented (Bishop & Adams, 1990; Catts]980; Tallal, 1980). See Farmer and Klein (1995) for a re-
1993; Kamhi & Catts, 1986; Kamhi, Catts, Mauer, Apel, & view and discussion of some of the nonverbal auditory pro-
Gentry, 1988; Scarborough, 1990). cessing findings with respect to the temporal dimension.

Specifically language impaired (SLI) children (variably If the auditory perceptual deficit hypothesis for reading
termed “language-learning impaired,” “dysphasic,” or suffer-and language problems is correct, one might expect to find
ing from “developmental aphasia,” “language impairments”that auditory perceptual performance is related to the reading
or “specific language disorders”) have been found to differand language ability even in children with no impairments or
as a group, from normal children in several nonverbal audifficulties. This prediction was tested in a group of normally
ditory tasks including simple and complex tone sequencingieveloping children with normal hearing attending a private
(Ludlow, Cudahy, Bassich, & Brown, 1983; Robin, Tomblin, school in Sunnyvale, CA. Due to time contstraints only a re-
Kearney, & Hug, 1989; Tallal & Piercy, 1973; Tallal, Stark, stricted set of tests could be administered to each child, se-

Kallman, & Mellits, 1981), gap detection (Ludlow et al., |ected to be most representative of the respective skills mea-
1983), and masked pure tone detection (Wright et al., 1997%ured.

Helzer, Champlin, & Gillam, 1996 only in learning the task).
Method
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Figure 1  Screen shots of the graphical interfaces in the implementation of the psychoacoustic threshold estimation tasks as “computer
games.’Left: The “magician,” implementing a two-alternative forced choice detection task. Each trial is initiated by a mouse click on the
magician’s medallion upon which the little ball disappears and then each cup lights up (left first and then right) coinciding with a selection
interval (in the backward masking task conveniently also marked auditorily by the presence of masking noise). The child has to use the mouse
cursor (indicated by the open hand icon) to click on the cup containing the ball, i.e., select the interval in which a tone occurred preceding
the noise masker. The ball is revealed, the magician winks, and the score is increased with every correct Rgin$&e “gumball

machine,” implementing a same-different discrimination task. A trial is initiated by a mouse click on the circle with the thunderbolt, upon
which the two sounds to be compared are presented. The child then uses the mouse cursor (the open hand icon) to click on one of the two
levers. The right lever is orange colored and represents the “same” response; the left lever is multicolored and represents the “different”
response. Upon “pulling a lever,” two balls roll out of the machine on the selected side. The two balls are of the same color if the two sounds
were the same or of different colors if the two sounds were different. When two balls of the same color meet at the rolling ramp, they merge
forming a larger ball, which will be collected on the right (“same” response) side due to the wide rail but fall out on the left (“different”
response) side due to the narrow rail. Conversely, two balls of different colors do not merge and are successfully collected on the left but not
on the right side. Sound effects accompany the events of rolling, collection, and loss, and the score is increased with every correct response.

Language and reading assessmebanguage skills were (a) The number of reversals was increased by 1.0 and not by
assessed using the receptive language scales from the CIia-0 in the denominator of the formula for the determination
ical Evaluation of Language Fundamentals—Third Editionof the step size, and (b) reversals were discarded to accel-
(CELF-3; Semel, Wiig, & Secord, 1995): Sentence Structureerate threshold approximation in the case of too many con-
(for the younger childern only), Semantic Relationships (forsecutive correct or incorrect responses. Testing was termi-
the older children only), Concepts and Directions, and Worchated based on number of reversals (10 for the detection and
Classes. Scores on the three age-appropriate of these fd8ifor the discrimination tasks) and the threshold was defined
scales combine to form the age-standardized CELF-3 “Reas the arithmetic mean of the reversal points excluding the
ceptive Language Quotient.” Reading ability was measuredirst two. This method was found to be exceptionally reliable
using the Word Identification, Word Attack, and Passagdn producing stable thresholds in one or two sessions from
Comprehension scales from the Woodcock Reading Mastemyntrained subjects including children and adults (in contrast
Tests—Revised (Woodcock, 1987) and the Spelling subtesd more modern, and theoretically much faster to converge,
from the Wide Range Achievement Test 3 (WRAT-3; Wilkin- maximum likelihood methods, which were found to be un-
son, 1993). In all these tests, raw scores are converted &able when used with untrained and occasionally inattentive
age-standardized scores with a mean of 100 and a standasdbjects).
deviation of 15, termed “standard scores.” Of the many auditory processing tasks that have been re-

ported in the literature to correlate with language and reading

Psychoacoustic assessmer®sychoacoustic measures skills we selected two simple complementary tasks and their
were necessarily restricted to those that could be obtainecbmbination. Specifically, we measured brief pure tone de-
within an hour of testing and without experimenter supervi-tection under backward masking, which was recently found
sion. To elicit the children’s interest and maintain their atten-by Wright et al. (1997) to be impaired for SLI children,
tion, they were programmed to appear as “computer gamesind long pure tone frequency discrimination, which has been
with engaging graphical interfaces (Figure 1). All thresh-found (Protopapas et al., 1997) to be difficult for adult poor
olds were estimated using an adaptive staircase procedureaders. These two tests are particularly informative as they
with variable asymmetric step size based on the Acceleratealssess temporal integration and spectral resolution in a form
Stochastic Approximation method (Kesten, 1958, cited inrelatively uncontaminated from each other and with minimal
Treutwein, 1995, p. 2509) with the following modifications: cognitive requirements.
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Tt were administered to each child, referred to below individu-
] ] ally as first and second measurement.

In addition to the two simple tasks, it was desirable to ob-
tain a measure of a “combination task,” in which backward
- ‘ masking was applied in a recognition context, i.e., where

20 ms 300 ms it was requred that two masked brief tones not be merely
PURETONE BANDPASS NOISE detected, but actively compared to each other on the basis
Figure 2 lllustration of the temporal relations between auditory Of their frequency. This task, termed “frequency salience,’
components of the backward masking and frequency salience taskeSembled the frequency discrimination task in that the fre-
(not to scale)Left: A single 20 ms pure tone followed by a 300 ms quencies of two tones had to be compared, in the graphical
bandpass noise masker. Both are ramped in amplitude to prevemterface, and in the proportion of trials in which the two
audible artifacts.Right: A succession of two tone-noise pairs as tones were identical (40%). It resembled the tone detection
used in the frequency salience task. The ISI between each tone amgsk in the duration of tones and masker noise and in the spec-
the ensuing noise is the same for the two pairs. tral content of the masker noise. It was unique in that the

frequency of each tone was either 900 Hz and 1100 Hz and
the adaptively varying parameter was the I1SI between each

Measuring the detection threshold for brief backwardtone and the ensuing noise masker. In sum, in each trial two
masked pure tones (henceforth termed “backward maskingBrief (20 ms) tones were presented at approximately 70 dB
closely followed the method of Wright et al. (1997), with the SPL, each of a frequency either 900 Hz or 1100 Hz and fol-
addition of a set of training sessions preceding actual testowed by a bandpass (600-1400 Hz) 300 ms long 60 dB SPL
ing (threshold estimation) sessions. In each trial, two bandnoise masker at an adaptively varied 1Sl (see Figure 2, right).
pass (600-1400 Hz) approximately 60 dB SPL 300 ms londiwo threshold estimation sessions were administered to each
noise bursts were presented, 750 ms apart, one of which wasiild, referred to below individually as first and second mea-
immediately preceded (0 ms ISI) by a 20 ms 1 kHz puresurement.
tone (2.5 ms sine-squared ramped on each side) of adaptively
varying amplitude (see Figure 2, left). Each noise burst coResylts
incided with the “lighting up” of a brightly colored cup in
a magician’s hand on the screen (see Figure 1)—this way CELF-3 receptive language quotients ranged between 75
there was a spatial and a primary visual (color) correlate ofind 143 (mean 11916) and reading standard scores ranged
temporal order to ensure that children would not have to reas follows: For Word Identification, between 93 and 175
member the order of the stimuli but only to click with the (mean 12#%19); for Word Attack, between 95 and 148
mouse on the cup under which the tone occurred, thus rgmean 12#11); for Passage Comprehension between 89 and
moving a possible confound of order memory with detection143 (mean 11412); and for Spelling between 90 and 155
performance. Each correct response was visually rewardg@hean 123:17). Hence it is evident that the children tested
(with a ball being uncovered under the chosen cup, a friendlyvere in general in the high average range or better with re-
wink, and a score indicator advancing. Training to the taskspect to their reading and language skills.
included recorded verbal instructions at the beginning of the ' valid psychoacoustic thresholds were obtained from the
game along with a visual demonstration, as well as prelimimajority of children, and more for the backward masking
nary threshold estimation sessions first without any maskingask than for the frequency discrimination and frequency
noise and then with a 230 ms ISI between tone and maskesalience tasks (Table 1). After excluding sessions with an
Finally, the desired detection threshold at 0 ms ISI was estimsufficient number of reversals or with “at-floor” perfor-
mated three times. The mean of the latter two measuremenggance, threshold validity was further determined as follows:
is referred below as the “backward masking threshold” unfor the backward masking measurements by visually examin-
less otherwise specified. ing the plotted progression of the adaptively varying parame-

The frequency discrimination threshold was measured foter and excluding sessions lacking evidence for convergence
250 ms long pure tone pairs at approximately 70 dB SPL(i.e., widely distant reversals or an upward sloping trend in
separated by 750 ms, with frequencies in the range of 60Qhe last few reversals). For the frequency discrimination and
1400 Hz. The two tones were of the same frequency in 40%requency salience measurements, an objective criterion of
of the trials (and not 50% in order to reduce the total numbeat least 75% correct responses to “same” trials (i.e., trials
of trials) and differed by an adaptively varying amount in thein which the two tones were of the same frequency) was
remaining trials. The child was to indicate whether the twoadopted instead of the subjective visual examination (result-
tones were the same or different by clicking on (“pulling”) ing, nevertheless, in the same sessions being rejected). The
one of two levers to let two colored balls roll down to be col- relatively small percentage of children with valid frequency
lected (in the case of a correct response) or lost (in the casmlience thresholds indicates the difficulty of the task, as most
of an incorrect response; see Figure 1, right). There was nof the excluded data points were because of poor perfor-
training to this task; however, it was used as training for themance resulting in a “floor” threshold estimation, i.e., an ISI
more difficult task of backward masked frequency discrim-of 500 ms, or in a low percentage of “same” trails correctly
ination which followed. Two threshold estimation sessionsresponded to (or both).
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Table 1

Valid (V), invalid (1), and total (T) number of thresholds obtained in each age group for each psychoacoustic measure. BM230:
Backward masked pure tone detection with a 230 ms ISI between the tone to be detected and the ensuing noise masker (used
in the training part of the backward masking sequence). BMO: Backward masked pure tone detection with a O ms ISI;
three successive measures were taken, numbered here 1 (considered “training” to the task), 2, and 3. FRDIS: Frequency
discrimination of 250 ms long pure tones, two measurements (1 and 2). FRS: Frequency salience (ISI required for frequency

discrimination of backward masked brief pure tones), two measurements (1 and 2). See text for criteria determining threshold
validity.

Age group
<6 6-7 7-8 8-9 9-10 >10 Total

Measure V I T vV I T vV I T vV I T vV I T vV I T \Y I T

BM230 4 3 7 9 2 11 17 1 18 4 1 5 4 0 4 7 0 7 45 7 52
BMO0.1 5 2 7 10 1 11 15 3 18 5 0 5 4 0 4 7 0 7 46 6 52
BMO0.2 4 3 7 10 1 11 17 1 18 5 0 5 2 1 3 6 1 7 4 7 51
BMO0.3 5 2 7 11 0 11 17 1 18 4 1 5 3 0 3 7 0 7 47 4 51
FRDIS1 5 2 7 9 2 1 13 2 15 5 0 5 3 0 3 7 0 7 42 6 48
FRDIS2 6 1 7 8 3 1 13 1 14 4 1 5 3 0 3 7 0 7 41 6 47
FRS1 4 3 7 5 6 11 7 7 14 3 2 5 3 0 3 6 1 7 28 19 47
FRS2 6 1 7 5 6 11 7 7 14 3 1 4 3 0 3 5 2 7 30 16 46

Threshold validity (i.e., number of cases with valid vs. in-  As seen in table 3, language scores were correlated with
valid thresholds) did not vary significantly with age for any backward masking but not with frequency discrimination.
of the three tasks (by? tests separately for each measure).Specifically, backward masking thresholds were significantly
In the following analyses only the valid thresholds are takercorrelated with the raw scores on the CELF-3 subscales
into account. The term “correlation” refers to Pearsan’s Concepts and Directions and Word Classes, with the stan-
coefficient of correlation. dard scores on the CELF-3 subscales Concepts and Direc-
tions and Sentence Structure, and with the CELF-3 Receptive
Panguage Quotient. Frequency discrimination thresholds
vere not significantly negatively correlated with any CELF-

3 scores (the positive correlation with Sentence Structure
Faw score is discussed later). Frequency salience thresholds,
however, were significantly correlated with the raw scores,
before controlling for the effect of age, on the CELF-3 sub-
Scales Concepts and Directions and Word Clagses(.55,
p=0.02, and=-0.50,p=0.03, respectively; not shown in the
ble), in the same pattern as the backward masking thresh-
olds. It is possible that this reflects the backward mask-
ing component on frequncy discrimination in this task (fre-
quency salience) but a stronger interpretation is not at present
Table 2 possible because performance on frequency salience is age-
Relation of the psychoacoustic measures to age: (a) corredependent (whereas on backward masking is not, at least
lation coefficients (and corresponding levels of significance)n this population) and the correlations between frequency
between the psychoacoustic measures and the age of the siadience and the corresponding age-partialled CELF-3 scores
jects in years; (b) one-way analyses of variance (and levelsvere not statistically significant (see Table 3).
of significance) of psychoacoustic measures across the Six The correlation coefficients between reading scores and

age groups (as shown in Table 1). See caption of Table 1 fo5sy choacoustic measures are shown in Table 4. Backward
an explanation of the measure abbreviations. masking was correlated with Word Identification scores, both

Table 2 shows the correlations between the psychoacou
tic thresholds and age for all measures. Backward mas
ing thresholds were not significantly correlated with age,
except for the first measurement at 0 ms ISI, and did no
vary significantly £ <1) in one-way ANOVA by age groups.
Frequency discrimination and frequency salience, howeve
were significantly correlated with age and approached (fre
guency discrimination) or reached (frequency salience) sig
nificance when compared via one-way analysis of varianc
across age groups.

Correlation ANOVA raw (controlling for age) and standard. Frequency salience
Measure r p F p thresholds were significantly correlated with the raw scores
BM230 —.23 .14 067 .65 in all three Woodcock Reading Mastery scales before par-
BMO.1 —.42 .004 402 .005 tialling out the effect of age (Word Identification=—0.67,
BMO.2 -.17 .29 Q30 91 p=0.002; Word Attack:r=—0.51, p=0.030; Passage Com-
BMO0.3 —.13 .38 066 .66 prehensionr=—0.55,p=0.02; Spellingr=—0.63,p=0.005)
FRDIS1 -.35 .025 214 .08 but only with Word Identification after controlling for age.
FRDIS2 —37 018 229 .07 Frequency salience was also significamqbsitivelycor-
FRS1 —-60 001 346 02 related with Passage Comprehension standard scores, as was
FRS2 —.69 <.0005 570 .002

frequency discrimination with Word Attack standard scores
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Table 3

Correlation coefficients between psychoacoustic measures and language scores from the CELF-3. Correlations with raw
scores are partial, controlling for agePsychoacoustic measureBM230: Backward masked pure tone detection with a

230 ms ISI between tone and masker. BMO: Backward masked pure tone detection with 0 ms ISI, mean of second and third
threshold. FRDIS: Frequency discrimination of 250 ms tones, mean of two thresholds. FRS: Frequency salience, mean of
two thresholds.CELF-3 scoresSS: Sentence structure; C&D: Concepts and directions; WC: Word classes; SR: Semantic
relationships; RLQ: Receptive language quotient.

With Raw Scores With Standard Scores
Measure SS C&D WC SR SS C&D wWC SR RLQ
BM230 —.17 - 37 —.29 T3 —.34 — 37 —.18 .45 —.28
BMO —.22 — 47 —.36* .09 —.35¢% — .48 -.29 12 — 42
FRDIS T2 —.03 .11 .33 —-.01 -.23 .04 .35 —.07
FRS .26 —-.32 -.27 .58 .27 —-.31 12 .35 —-.13

*p <0.05;**p <0.01;

Table 4

Correlation coefficients between psychoacoustic measures and reading scores from the Woodcock Reading Mastery Test —
Revised (WRM) and the Wide Range Achievement Test 3 (WRAT). Correlations with raw scores are patrtial, controlling for
age. Psychoacoustic measurddM230: Backward masked pure tone detection with a 230 ms IS| between tone and masker.
BMO: Backward masked pure tone detection with O ms ISI, mean of second and third threshold. FRDIS: Frequency discrimi-
nation of 250 ms tones, mean of two thresholds. FRS: Frequency salience, mean of two threszaloig scoredVI: Word
Identification; WA: Word Attack; PC: Passage Comprehension (from the WRM). Sp: Spelling (from the WRAT).

With Raw Scores With Standard Scores
Measure WI WA PC Sp WI WA PC Sp
BM230 -.15 —.08 —.18 —.07 .18 A1 .07 .02
BMO —.30 -.19 —.37* —.28 —.26 —.10 —.33F —.28
FRDIS —.00 —.20 —.06 —.02 .25 .32* .00 .14
FRS —.49* -.30 —.26 —.44 43 .34 A5¢ 12

*p <0.05,*p <0.01;

and with CELF-3 Sentence Structure raw scores (controllinghe hypothesis that deficits in auditory perception may be
for age). That s, children with higher reading (or language)causally related to language and reading impairments with-
scores performed worse (obtained higher thresholds) in fresut denying that other factors, not directly related to acoustic
guency discrimination. This is a spurious result, explainedrocessing, may also be involved in the development of lin-
by thedecreasingrend in standard scores with age for our guistic skills. One potentially very important factor, in par-
population, in conjunction with the age-dependency of theicular, that has not been taken into account in the present
frequency discrimination and frequency salience tasks. Fostudy is general mental ability, or intelligence. Although
example, the correlation of age with Passage Comprehensidhe relationship between indices of intelligence and language
standard score is-0.58, with Word Attack standard score and reading skills is a complicated one and the time course of
—0.51, and with Sentence Structure standard seddeé2  this relationship still not understood (Naglieri, 1996; Shay-
(all p<0.0005). In other words, these spurious correlationswitz et al., 1995; Stanovich, 1994), it is important to dis-
indicate simply that the younger children in the sample teste@ntangle, to the extent possible, the contributions of distinct
were on average more advanced in their language and readausal factors to language and reading development and to
ing skills relative to the general population than were thefailures thereof.

older children, perhaps due to early intensive educational |t must be noted that the task found to correlate best with
programs, and should not be interpreted as indicating meanmanguage and reading scores was tone detection under back-
ingful population trends with respect to the relationship be-ward masking, which is known to be difficult for SLI chil-

tween acoustic processing and language. dren (Wright et al., 1997) and has not been found to corre-
late with nonverbal intelligence in adults (Raz, Willerman, &
Discussion and Conclusion Yama, 1987), in contrast to frequency discrimination, back-

ward recognition masking, and stimulus sequencing, which
Psychoacoustic performance in temporal integration andhave been associated with “general mental speed” or “cog-
to a much lesser extent, in spectral resolution has been foundtive ability” (i.e., IQ scores; Deary, 1994; Raz & Willer-
to be significantly correlated to reading and language meaman, 1985; Raz et al., 1987; Vickers, Pietsch, & Hemingway,
sures in children with normally (average or better) develop-1995; Watson, 1991) It is concluded that the relationships
ing language and reading skills. This finding strengthendetween psychoacoustic performance, intelligence, reading,
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and language merit further investigation in normal as wellRaz, N., & Willerman, L. (1985). Aptitude-related differences in
as in impaired populations in order to understand more fully adutiroy information processing: Effects of selective attention
normal development as well as to identify and possibly ame- and tone duration. Personality and individual differences,
liorate as early as possible the primary deficits underlying 299-304.

language and reading impairments. Raz, N., Willerman, L., & Yama, M. (1987). On sense and senses:
Intelligence and auditory information processingersonality
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) ) Reed, M. A. (1980). Speech perception and the discrimination
Bishop, D. V. M., & Adams, C. (1990). A prospective sutdy of the  of brief auditory cues in reading disabled childetdournal of
relationship between specific language impairment, phonologi-  Experimental Child Psychology8, 270-292.
cal disorders and reading retardatidournal of Child Psychol- Robin, D. A., Tomblin, B., Kearney, A., & Hug, L. N. (1989)
ogy and Psychiatry31, 1027'1950' . Auditory temporal pattern learning in children with speech and
Catts, H. W. (1993). The relationship between speech-language |anguage impairment®rain and Language36, 604-613.
mep;e:::‘m?ézezr:drégagl{gg%lgablIltles]ournal of Speech and Scarborough, H. S. (1990). Very early language deficits in dyslexic
De Weirdth (19&?8) ’Speech [;erception and frequency discrim children. Child Development, 1728-1743.
S . - - . Semel, E., Wiig, E. H., & Secord, W. A. (1995}linical evaluation
Tg;lciréén good and poor readeskpplied Psycholinguistics, of Ianguagegfundamentals third edit(ioSa?Antonio TX: The
o . . o Psychological Corporation.
Deary, I. H. (1994). Intelligence and auditory discrimination: Sep- .
arating processing speech and firelity of stimulus representatiorﬁhasmgéi’ng' Q"KHOE?;?]'C;' g JHogagir;yj\;it';A"SFlétCk(‘lesg‘é') M,;-\,
Intelligence 18, 189_213' . Matthew éffect for 1Q but’not fo‘r reading: Résults from a longi-
Farmer, M'.E" & K_Ie'ln,_ R. M. (1995). '_I'he ewde_nce fora temporal tudinal study.Reading Research Quarteriy0, 894-906
processing deficit linked to dyslexia: A review?sychonomic St ich K E. 1994). D dvslexi f tlb | ;‘Ch'ld
Bulletin and Reviey2, 460-493. anovich, K. E. ( ). Does dyslexia exist®urnal o i

Hari, R., & Kiesilg, P. (1996). Deficit of tmeporal auditory process- Psychology and P§ych|atr§35, 579-595. . .
ing in dyslexic adultsNeuroscience Letter205, 138-140. Tallal, P. (1980). Auditory temporal perception, phonics, and read-
Helzer, J. R., Champlin, C. A., & Gillam, R. B. (1996). Auditory ing disabilities in childrenBrain and Languaged, 182-198.
temporal resolution in specifically language-impaired and age-Tallal, P., & Piercy, M. (1973). Developmental aphasia: Impaired
matched childrenPerceptual and Motor Skill83, 1171-1181. rate of non-verbal processing as a function of sensory modality.
Kamhi, A. G., & Catts, H. W. (1986). Toward an understanding  'NeUropsychologiall, 389-397.
of developmental language and reading disordelsurnal of ~ Tallal, P., Stark, R., Kallman, C., & Mellits, D. (1981). A reex-
Speech and Hearing Disordersl, 337-347. amination of some nonverbal perceptual abilities of language-
Kamhi, A. G., Catts, H. W., Mauer, D., Apel, K., & Gentry, impaired and normal children as a function of age and sensory
B. F. (1988). Phonological and spatial processing abilities in ~modality. Journal of Speech and Hearing ReseargH, 351-
language- and reading-impaired childrdournal of Speech and

Hearing Disorders53, 316-327. Treutwein, B. (1995). Adaptive psychophysical proceduxésion
Kesten, H. (1958). Accelerated stochastic approximatitmnals Research3s, 2503-2522.

of Mathematical StatisticR9, 41-59. Vickers, D., Pietsch, A., & Hemingway, T. (1995). Intelligence
Leonard, L. B. (1998)Children with specific language impairment. and visual and auditory discrimination: Evidence that the rela-

Cambridge, MA: MIT Press. tionship is not due to the rate at which sensory information is

Lubert, N. (1981). Auditory perceptual impairments in children ~ Sa@mpledintelligence 21, 197-224.
with specific language disorders: A review of the literature. Watson, B. U. (1991). Some relationships between intelligence
Journal of Speech and Hearing Disorde#s, 3-9. and auditory discrimination.Journal of Speech and Hearing
Ludlow, C. L., Cudahy, E. A., Bassich, C., & Brown, G. L. (1983).  Research34, 621-627.
Auditory processing skills of hyperactive, language-impaired, Watson, B. U., & Miller, T. K. (1993). Auditory perception,
and reading-disabled boys. In E. Z. Lasky & J. Katz (Eds.), phonological processing, and reading ability/disabililgurnal
Central auditory processing disorde(p. 163-184). Baltimore, of Speech and Hearing Resear8®, 850-863.
MD: University Park Press. Wilkinson, G. S. (1993)Wide range achievement test\8ilming-
McAnally, K. 1., & Stein, J. F. (1996). Auditory temporal coding ton, DE: Wide Range, Inc.
in dyslexia. Proceedings of the Royal Society of Londo2&3,  jitton, C., Talcott, J. B., Hansen, P. C., Richardson, A. J., Griffiths,

961-965. T.D., Rees, A,, Stein, J. F., & Green, G. G. R. (1998). Sensitivity
McCroskey, R. L., & Kidder, H. C. (1980). Auditory fusion among to dynamic auditory and visual stimuli predicts nonword reading

learning disabled, reading disabled, and normal childderur- ability in both dyslexic and normal readeiGurrent Biology 8,

nal of Learning Disabilities13, 18-25. 791-797.

Naglieri, J. A. (1996). An examination of the relationship be- Woodcock, R. (1987).Woodcock reading mastery tests, revised.
tween intelligence and reading achievement using the MAT-SF  Circle Pines, MN: American Guidance Service.

and MAST. Journal of Psychoeducational Assessméunt 65- Wright, B. A., Lombardino, L. J., King, W. M., Puranik, C. S.

69. Leonard, C. M., & Merzenich, M. M. (1997). Deficits in audi-
Protopapas, A., Ahissar, M., & Merzenich, M. M. (1997). Auditory  tory temporal and spectral resolution in language-impaired chil-

processing is related to reading abilifpurnal of the Acoustical dren. Nature 387, 176-178.

Society of Americal02 3188.



