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Developmental dyslexia, a reading disability, presents
as a linguistic deficiency. Given at least nonverbal intelli-
gence, reading achievement falls substantially below the
level expected from age and intelligence(Roush,1995;Rut-
ter & Yule, 1975). The disorder apparently affects upwards
of 5% of the population (Shaywitz, Shaywitz, Fletcher, &
Escobar, 1990).The exact definitionof the syndrome,how-
ever, remains subject to debate (see Turner, 1997).

According to a widely disseminated view, developmen-
tal dyslexia is purely linguistic in origin (Vellutino, 1987;
Vellutino,Steger, & Kandel, 1972). The disability includes
poor phonologicalawareness, the ability to understandand
manipulate letter-sound units. Dyslexic children make
more errors than do normal subjects in recalling a string of
rhyming letters (Shankweiler, Liberman, Mark, Fowler, &
Fischer, 1979) and also have trouble detecting rhyme in a
sequence of spoken words, even before entering school
(Bradley & Bryant, 1983). Phonologicaldeficits also per-
sist in adult dyslexics (Pennington, Van Orden, Smith,
Green, & Haith, 1990).

A complementaryview (see, e.g., Stein & Walsh, 1997)
proposes that relatively low-level disturbancesin visual and
auditory perception in dyslexics somehow interfere with
the acquisition of reading skills. Reduced phonological
awareness is hypothesized to result from underspecified
representations of phonemes owing to impaired acoustic

processing (Tallal, 1980). In turn, inability to read an al-
phabetic script further reduces phonological competence,
making matters worse for dyslexics. Chinese adults who
read only traditionalChinesecharacters are poor at phoneme
deletion. Other subjects who could also read pinyin, an al-
phabetic form of Chinese, did perfectly well on the phono-
logical test. This contrast is even more striking, given that
spoken Chinese has numerous rhymes and segmental con-
trasts (Read, Zhang, Nie, & Ding, 1986) and that the ma-
jority of Chinese ideographsactuallycontainphonological
units (Mair, 1996).Morais (1985) found that illiterateswere
impaired on phoneme deletion, whereas literates within
the same family were not. Illiteracy even affects patterns
of cerebral cortical activation during pseudoword repeti-
tion (Castro-Caldas, Petersson,Reis, Stone-Elander,& Ing-
var, 1998).

Psychophysical experiments have revealed basic visual
and auditory perceptual deficits in adult developmental
dyslexics (hereafter, simply dyslexics). The impairments
have been attributed mainly to poor temporal processing
of stimuli (Farmer & Klein, 1995). In vision,Lovegroveand
his colleagues reported reduced transient functioning in
dyslexics(see Lovegrove,1993, for a summary). Additional
psychophysical deficits have been found in motion per-
ception (Cornelissen, Richardson, Mason, Fowler, &
Stein, 1995; Talcott, Hansen, Elikim, & Stein, 2000; Tal-
cott et al., 1998) and in flicker fusion (Talcott et al., 1998).
The visual impairments may, in part, reflect abnormalities
that have been observed in large cells (magnocells) in the
visual system in many dyslexics(Galaburda& Livingstone,
1993;Stein, 1993;Stein & Walsh, 1997; cf. Skottun,2000).

The increasedvisual thresholds in adultdyslexicsare only
about 2.5 times those of controls. Such relatively small ef-
fects in children, however, could compound the difficulty
of acquiring sufficient reading skills and might even be
signs of more serious visual disturbances that obstruct the
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controls at longer ISIs. Signal detection analysis suggests that both sensory variance and trace variance
are larger in dyslexics than in controls.
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acquisitionof reading. In support of this argument, monoc-
ular eye patching, a distinctly nonlinguistic maneuver,
produces striking gains in reading skills in dyslexic chil-
dren who show visual disturbances (Stein, Richardson, &
Fowler, 2000).

In the auditory domain, dyslexics show perceptual im-
pairments of about the same size as those in vision. Start-
ing from observations on children with specific language
impairment (Tallal & Piercy, 1973, 1974), Tallal (1980)
found that reading-disabled children performed worse
than controls in judging the order of two rapidly succes-
sive 75-msec complex auditory stimuli that could differ in
fundamental frequency. The poor readers were also im-
paired on a same–different discrimination task with those
stimuli. Nagarajan et al. (1999) reported that adult dyslex-
ics were less accurate than controls in determining the
order of two rapidly successive 20-msec sinusoids that
could have different frequencies. Dougherty, Cynader,
Bjornson,Edgell, and Giaschi (1998) found that 10- to 12-
year-old dyslexics failed more often than controls to per-
ceive dichotic pitch; no group differences appeared for
pure tone detection. Other auditory deficits observed in
dyslexics include reduced FM detection at lower modula-
tion rates (Witton et al., 1998), poor FM discrimination
(Stein & McAnally, 1995) at low carrier frequencies, and
deficits in detection of amplitude modulation (Hari,
Sääskilahti,Helenius, & Uutela, 1999;Menell,McAnally,
& Stein, 1999). Finally, dyslexics produce abnormal neu-
rophysiological responses to various nonspeech auditory
stimuli (Baldeweg,Richardson,Watkins,Foale,& Gruzilier,
1999; McAnally & Stein, 1996; Nagarajan et al., 1999).1

The best-attested auditory psychophysical deficit in
dyslexics is impaired auditory frequency discrimination.
DeWeirdt (1988) originally observed that children who
read poorly also showed reduced auditory frequency dis-
crimination. McAnally and Stein (1996) and Hari et al.
(1999) found elevated just noticeable differences (JNDs)
for auditory frequency in adult dyslexics. Ahissar, Pro-
topapas, Reid, and Merzenich (2000) made similar obser-
vations on adults with a history of reading difficulties in
childhood.Using an oddball stimulus paradigm, Baldeweg
et al. (1999) found that dyslexics showed poorer psy-
chophysical detection of the deviant frequencies than did
controls. The two groups, however, showed no differences
in detecting oddball variation in the duration of 1-kHz
tones.

Hill, Bailey, Griff iths, and Snowling (1999), however,
recently reported no deficit in frequency discrimination in
dyslexics. They made no attempt to explain the discrep-
ancy between their findings and all prior results. The pres-
ent paper examines one possible source of the contradic-
tion between the results of Hill et al. and those of numerous
other investigators.

All previous experiments on frequency discrimination
in poor readers have used two-interval same–different
(2IAX) paradigms, except for the work of Hill et al. (1999).
Instead, they utilized a four-interval forced-choice (4IFC)
procedure. In the first and fourth intervals of each trial,

their subjects heard two stimuli known to be identical.The
subject indicatedwhether the second or third interval con-
tained a stimulus that differed from the initial and final
sounds. In a 2IAX test, however, subjects do not get re-
peated exposures to known identical stimuli on each trial.
Many dyslexics have relatively short auditory digit spans,
a fact knownat least sinceTorgeson’s (1978) reviewof stud-
ies on serial memory in children.Defects in auditorymem-
ory could make the 2IAX procedure difficult for dyslex-
ics. Repeatedexposure to known identical stimuli on each
trial, as in the 4IFC task, might counteract such deficits
and improve dyslexics’ frequency discrimination.

To test this hypothesis, we measured auditory fre-
quency discrimination in dyslexics and controls under two
conditions,using pure tones centered around 500 Hz. In the
first condition,we employedMcAnally and Stein’s (1996)
roving 2IAX adaptive method, since this had revealed
poor frequency discrimination by dyslexics. For clarity,
we designate this paradigm as 2I_1A_X, two-interval
same–different discriminationwith one A-stimulus. In the
other main condition, designated 2I_6A_X, six succes-
sive, identical A-stimuli occurred on each trial. The sub-
ject made a same–different judgment on the succeeding
X-stimulus, compared with the six preceding A-tones.
Studies on detection have utilized multiple observations,
which improve performance (see Green & Swets, 1966,
chap. 9). Subjects can apparently average the strengths of
multiple sensory impressions on a given trial, thereby re-
ducing signal variance. We know of no previous use in ex-
periments on discrimination. We expected that both
dyslexics and controls would have lower JNDs under
2I_6A_X, as compared with 2I_1A_X. The results of Hill
et al. (1999) suggested that the dyslexics might even per-
form as well as the controlsunder the 2I_6A_X procedure.

All previous 2I_1A_X studies on frequency discrimi-
nation by dyslexics used relatively long interstimulus in-
tervals (ISIs), 300 msec or more. That could have magni-
fied any effect of poor auditory memory in dyslexia. To
examine this possibility, we varied the ISI between the two
stimuli on each 2I_1A_X trial. The ISIs were 0, 10, 400,
and 1,000msec.We specify a particularISI such as 400msec
under this condition as 2I_1A_X-400. Similarly, we var-
ied the ISI between the end of the six identicalA-stimuli and
the start of the X-stimulus on each 2I_6A_X trial. On the
basis of pilot work (France, Hansen, Rosner, & Stein,
1997), we set the ISIs for the 2I_6A_X condition at 10,
200, 400, and 1,000 msec. A particular ISI such as
10 msec under this condition is labeled as 2I_6A_X-10.
Within a condition, the ISI varied randomly from trial to
trial, thereby increasing stimulus uncertainty. All the sub-
jects experienced both forms of discrimination,with order
balanced across subjects.

METHOD

Stimuli
Sinusoidal stimuli were generated with Tucker-Davis Technolo-

gies System II equipment, controlled by a PC. Frequency ranged
from 480 to 580 Hz in 1-Hz steps. Each stimulus lasted 300 msec
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onset to offset, had cosine-gated 20-msec rise/fall times, and was
presented binaurally at 63 dB SPL through headphones.

Procedure
Tests were conducted in a quiet room. Each subject participated

in two experimental sessions of no more than 40 min each, on sepa-
rate days. One session was devoted to Condition 2I_1A_X, with ISIs
of 0, 10, 400, or 1,000 msec between the A- and the X-tone. The
other session was devoted to Condition 2I_6A_X, with ISIs between
the last A-tone and the X-tone of 10, 200, 400, or 1,000 msec. The
interval between successive A-tones was 50 msec.

A trial began with a 400-msec visual prompt on the computer
VDU. Immediately thereafter, one A-tone (2I_1A_X) or six identi-
cal A-tones (2I_6A_X) occurred, followed by an ISI and then one X-
tone. The subject decided whether the A-tone(s) and the X-tone had
the same or a different pitch. No time limit was placed on respond-
ing. All A-tones on any 2I_6A_X trial were known to be identical.
The experimenter registered the subject’s response, using a mouse.
We followed McAnally and Stein’s (1996) roving-level procedure.
The standard frequency in 2I_1A_X and 2I_6A_X was randomly set
on each trial at a value between 480 and 519 Hz; the comparison fre-
quency always exceeded that of the standard. The order of presenta-
tion of standard and comparison frequencies varied randomly across
the 2I_1A_X pairs and across the six initial A-tones and the X-tone
for 2I_6A_X.

A weighted adaptive paradigm based on Kaernbach’s (1991) pro-
cedure was used. Within a condition, each of the four ISIs occurred
separately in individual initial runs. A starting difference of 60 Hz
was adjusted in a 6-Hz-down-3-Hz-up procedure until two failures
to detect a difference had occurred. After the initial runs, the ISI val-
ues occurred in four randomly interleaved 1-Hz-down-2-Hz-up
staircases. The starting frequency difference for a given ISI was set
3 Hz above the final value in the corresponding initial run. Each
staircase continued through 10 reversals. The frequency JND (DF )
for each ISI was the arithmetic mean of the last 8 reversals. In addi-
tion, catch trials, comprising an X-tone differing by 0 or 60 Hz from
the A-tone(s), occurred randomly 20% of the time to check for un-
duly high false alarm and miss rates. Visual feedback was given on
the VDU on these check trials, but not otherwise. Data were elimi-
nated from subjects whose error rates exceeded .25 on the check tri-
als in either the 2I_1A_X or the 2I_6A_X condition.

Subjects
Twenty adult dyslexics and 20 nondyslexic adult controls partic-

ipated. All were unpaid volunteers with no reported hearing prob-
lems, confirmed by a brief audiometric screening test. Educational
psychologists had positively diagnosed all dyslexics within the past
5 years, using among other criteria, the conventional one of a sig-
nificant discrepancy between reading ability and IQ. The controls re-
ported no history of reading problems. To assay reading ability, we
administered to each subject the reading and spelling subscales from
the Wide Range Achievement Test– Revised (WRAT–R; Jastak &

Wilkinson, 1984). We also measured their performance on the auditory
digit span, block design, and picture arrangement subtests of the re-
vised Wechsler Adult Intelligence Scale (WAIS–R; Wechsler, 1981).

Half the dyslexics and half the controls received the experimen-
tal conditions in the order 2I_1A_X, then 2I_6A_X. The other sub-
jects underwent the two conditions in the opposite order. Assign-
ment of subjects to orders was unsystematic.

RESULTS

The samples of psychometric and psychophysical data
were often not Gaussian. Except for three initial overall
analyses of the frequency discriminationdata with general
linearmodels (GLMs), exact nonparametric tests were used
for statisticalcomparisons.Significantcorrelationsbetween
many of the dependentvariables made Bonferroni correc-
tions inappropriate,since these assume independenttrials.
To guard against errors of Type I, we set a at .025, using
two-tailed tests.

One dyslexic performed 2.3 standard deviations below
averageon picture arrangementand 1.3 standard deviations
below average on block design. These scores raised seri-
ous doubts about the subject’s original diagnosis as a dis-
crepant reader (see Siegel, 1992; Stanovich, 1991). We
dropped further considerationof this subject’s data. Of the
remaining 19 dyslexics, the 2 who had the shortest digit
spans and 1 other subject produced error rates above .25
on the 2I_1A_X check trials. The data from these 3 dyslex-
ics were also eliminated from further consideration. This
left 16 dyslexics and 20 controls.

Psychometric Findings
Table 1 shows the psychometric results for each group.

To facilitate comparisons between the WRAT–R and the
WAIS–R data, the former have been transformed to stan-
dardized scores with a mean of 10 and standard deviation
of 3. The WRAT–R tests confirmed that the dyslexics
were poor readers. They scored significantly lower than
the controls on reading (exact Mann–Whitney U = 1.500,
p < .001) and spelling (U = 0.000, p < .001). One dyslexic
performed slightly better than the lowest control on read-
ing. The groupsdid not overlapon spelling,however, giving
a value of zero for U. As was expected, the dyslexics had a
shorter digit span than did the controls (U = 61.0, p = .001).
The two nonverbal performance subtests of the WAIS–R
showed no group differences.

Table 1
Psychometric Results (Means and Standard Deviations)

for Controls and Dyslexics

Controls (n = 20) Dyslexics (n = 16)

Measure M SD M SD

WRAT–R readinga 13.6 ± 0.7 7.6** ± 3.2
WRAT–R spellinga 13.5 ± 1.3 6.3** ± 3.1
WAIS–R digit span 12.4 ± 2.4 8.7** ± 2.7
WAIS–R block design 14.1 ± 3.0 13.7 ± 2.7
WAIS–R picture arrangement 11.8** ± 3.0 10.8 ± 2.5
aTransformed to a mean of 10 and a standard deviation of 3. **p < .01 (two-tailed).
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Analysis of JNDs With General Linear Models
We performed three analyses of the DF values with

GLMs. In all three cases, after transformation by y = arc-
tan(JND0.9 ), the data satisfied Levene’s test for homo-
geneity of variances and Mauchly’s test of sphericity.

The first GLM was applied to the 2I_1A_X data. The
within-subjects factor was ISI (0, 10, 400, or 1,000 msec).
Status (control, dyslexic) and order (2I_1A_X first,
2I_6A_X first) were between-subjects factors. Box’s test
of equality of covariance matrices was met. ISI had a sig-
nificant effect [F(3,96) = 3.429, p < .025], as did status
[F(1,32) = 17.769, p < .001]. No order effect and no sig-
nificant interactions appeared. Marginal means indicated
that DF increased for both groups as ISI lengthened and
that dyslexics had higher thresholds than did controls.

For the GLM analysis of the 2I_6A_X results, the
within-subjectsfactorwas ISI (10, 200,400,or 1,000 msec),
and status and order were between-subjects factors. Box’s
test of equality of covariance matrices proved significant
[F(30,2527.455) = 2.095, p < .001]. Reliable effects ap-
peared for ISI [F(3,96) = 13.389, p < .001] and status
[F(1,32) = 11.753, p = .002]. As under 2I_1A_X, DF
seemed to increase for both groups as ISI lengthened,and
the dyslexics had higher thresholds than did the controls.
All interactions involving ISI fell well short of signifi-
cance. The failure of Box’s test impugns none of these re-
sults. Both order [F(1,32) = 3.601,p = .067], and status 3
order [F(1,32) = 3.266, p = .080], however, approached
significance. Had Box’s test been satisfactory, one or both
F values could have become significant.2

The final GLM used data where the ISI was the same
under conditions2I_1A_X and 2I_6A_X. Within-subjects
factors were condition (2I_1A_X, 2I_6A_X) and ISI (10,
400,or 1,000 msec), the values being common to both con-
ditions. Order and status were between-subjects factors.
Box’s testwas satisfactory. Significantmain effects emerged
for condition [F(1,32) = 32.194, p < .001], ISI [F(2,64) =
19.821, p < .001], and status [F(1,32) = 18.249, p < .001].
A significant interactionoccurred between ISI and condi-
tion [F(2,64) = 12.426, p < .001]. The marginal means in-
dicated that performance grew worse at longer ISIs and
that the dyslexics had larger JNDs than did the controls.
The 2I_6A_X condition yielded lower JNDs than did the
2I_1A_X condition.The ISI 3 condition interaction arose
because differences between JNDs under the two condi-
tions were largest at the 10-msec ISI and smallest at the
1,000-msec ISI.

To summarize, the GLM analyses yielded four find-
ings. First, DF increased as ISIs lengthened for all the
subjects. Second, the dyslexicsgenerally had larger values
of DF than did the controls. Third, DF in the 2I_1A_X
condition was larger than that under 2I_6A_X. Fourth,
condition interacted with ISI. At shorter ISIs, DF values
were larger under 2I_1A_X than under 2I_6A_X, whereas
such differences at longer ISIs were negligible.

The discrimination data were combined across order,
since it had produced no reliable main effects. Figure 1

displays box plots of the JNDs for the controls and the
dyslexics at each ISI. The upper and lower panels contain
the results for 2I_1A_X and 2I_6A_X, respectively. Each
plot displays all outliers beyond the 10th and 90th per-
centiles. The data for the dyslexics are positively skewed.
For ease of comparison, Table 2 presents the median DF
values and the resulting Weber fractions for each group
under each ISI for each condition.

Between-Group Differences
Figure 1 shows that the median values of DF for the

dyslexics exceed those for the controls at all ISIs under
the 2I_1A_X condition, agreeing with the main effect of
status in the GLM results. For more detailed analysis, we
compared (DF) valuesbetween the controlsand the dyslex-
ics at each ISI under each condition. Under condition
2I_1A_X, the comparisons between groups were signifi-
cant at each ISI (exact Mann–WhitneyU = 36.0,50.0,36.5,
and 51.0, N = 36, p < .001, for the 0-, 10-, 400-, and 1,000-
msec ISIs, respectively). For 2I_6A_X, however, group
differences were significant at only the two longest ISIs
(U = 66.5, N = 36, p < .0025, and U = 50.0, N = 36, p <
.001, at the 400- and 1,000-msec ISIs, respectively). Open
diamonds in Figure 1 indicate these six significant differ-
ences. We also performed exact Wald–Wolfowitz runs
tests on the differences between the dyslexics and the con-
trols for 2I_6A_X-10 and 2I_6A_X-200. These tests con-
firmed the two negative Mann–Whitney results and indi-
cated that the samples from the two groups were similarly
shaped.

The dyslexics and the controls did not differ signifi-
cantly in incorrect response rates on the check trials under
2I_1A_X (U = 157.0, N = 36, p > .025). They differed
marginally, however, under 2I_6A_X (U = 900.5, N = 36,
p = .026), with the dyslexics responding more erratically.

Figure 1 suggests that JNDs for dyslexics are more vari-
able than those for controls at each ISI under each condi-
tion. In each set of data, some dyslexic JNDs equal those
for some controls. We tested each of the eight differences
in variability between groups, using the Ansari–Bradley
statistic in a nonparametric procedure (see Randles &

Table 2
Median Just Noticeable Differences D F and Weber Fractions

D F/F for Controls (n = 20) and Dyslexics (n = 16)

Interstimulus DF (Hz) DF/F

Interval (msec) Controls Dyslexics Controls Dyslexics

Condition 2I_1A_X
0 6.8 16.5 0.014 0.033

10 7.1 19.1 0.014 0.038
400 7.0 23.6 0.014 0.047

1,000 7.5 15.9 0.015 0.032

Condition 2I_6A_X
10 4.1 5.2 0.008 0.010

200 4.3 6.2 0.009 0.012
400 5.7 9.4 0.011 0.019

1,000 6.5 15.1 0.013 0.030
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Figure 1. Box plots of auditory roving-level just noticeable frequency differences
D F for adult developmental dyslexics and controls at increasing interstimulus intervals
(ISIs) under the 2I_1A_X (upper panel) and the 2I_6A_X (lower panel) conditions.All
outlying datapointsshown are below the 10th and above the 90th percentile. Diamond,
significant difference between groups; encircled plus sign, significant difference be-
tween conditions.

Wolfe, 1980, pp. 315–320). None of the eight tests yielded
significant results.

Within-Group Differences: Condition and ISI
Exact Wilcoxon tests were used to examine the effect

of condition in more detail. We compared DF values
across the 2I_1A_X and 2I_6A_X conditions,within each
group at each common ISI (10, 400, and 1,000 msec).

Three of the six tests were significant, as is indicated by
encircled crosses in the bottom panel of Figure 1. One was
for the controls at the 10-msec ISI (z = 3.300, N = 20, p <
.001); the other two were for the dyslexics at the ISIs of 10
msec (z = 3.294,N = 16, p < .001) and 400 msec (z = 3.413,
N = 16, p < .001). Performance improved in all three in-
stances under 2I_6A_X, confirming the favorable effect
of this paradigm found in the third GLM analysis.
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Although ISI was statistically significant in the GLM
analysis of the 2I_1A_X data, that effect is not obvious in
Figure 1. Within both dyslexics and controls, however, the
2I_6A_X median DF values seem comparable at the 10-
and 200-msec ISIs and then increase under 2I_6A_X-400
and 2I_6A_X-1000. To follow up these observations, we
tested the differences between DF at the shortest and
longest ISIs within each group under each condition.
Under 2I_1A_X-0, DF was significantly lower than under
2I_1A_X-1000for the controls(z = 2.777,N = 20,p = .021),
but not for the dyslexics. Under 2I_6A_X-10, perfor-
mance was better than under 2I_6A_X-1000 for both the
controls (z = 3.018,N = 20, p = .001) and the dyslexics (z =
3.464, N = 16, p < .001). These findings confirm the sep-
arate GLM analyses of the 2I_1A_X and the 2I_6A_X
data. We examined the differences between pairs of suc-
cessively longer ISIs under 2I_6A_X. The control DF val-
ues rose significantlybetween2I_6A_X-200and 2I_6A_X-
400 (z = 2.427, N = 20, p < .025). For the dyslexics, DF
increased significantly between 2I_6A_X-200 and
2I_6A_X-400 (z = 2.482, N = 16, p = .011) and again be-
tween 2I_6A_X-400 and 2I_6A_X-1000 (z = 2.689, N =
16, p = .005). In brief, increases in ISI made performance
in both groups clearly worse under condition 2I_6A_X
but had only a modest effect under condition 2I_1A_X on
the controls alone. The dyslexics performed equally
poorly at all ISIs under the 2I_1A_X condition.

Correlational Analyses
To evaluate the consistency of individual performance,

we computed Spearman correlation coefficients on DF
values within each group across all pairs of the eight com-
binationsof conditionsand ISI. We also calculated within-
group correlation coefficients between DF and the scores
on the psychometric variables. Appendices A and B give
the results for the controls and the dyslexics, respectively.

For the controls, 21 of the 28 correlations between DF
values were positive, 19 at the .01 level and 2 at the .025
level. The dyslexics were less consistent, with only 7 sig-
nificant correlations at the .01 level and 2 significant at
the .025 level. For both groups, more correlations were
significant at the .01 level within than between conditions.

A negative correlation between DF and psychometric
results indicates that better psychophysical performance
tends to accompany higher psychometric scores. The con-
trol subjects produced only one significant correlation be-
tween frequency discriminationand psychometric results:
a negative correlation between the 2I_6A_X-1000 DF
values and picture arrangement scores (rs = 2.51, N = 20,
p < .025). The dyslexics, however, produced significant
negative correlations between reading scores and DF
under longer ISIs (for 2I_1A_X-400, rs = 2.68, N = 16,
p < .01; for 2I_6A_X-200, rs = 2.60, N = 16, p < .025; for
2I_6A_X-1000, rs = 2.59, N = 16, p < .025). No signifi-
cant correlations occurred between the dyslexics’ DF
values and scores for picture arrangement, block design,
or spelling. In contrast to the controls, the dyslexics

yielded significantnegativecorrelationsbetween auditory
digit span and DF values for 2I_1A_X-10 (rs = 2.58, N =
16, p < .025) and 2I_1A_X-400 (rs = 2.62, N = 16, p < .01).
(The latter may have affected the correlation between DF
under 2I_1A_X-400 and reading scores.) The correlations
between digit span and thresholds under 2I_1A_X-1000,
2I_6A_X-10, and 2I_6A_X-200 were marginally signifi-
cant (.025 < p < .05) for dyslexics. Finally, we combined
data across the two groups and calculated the correlation
between digit span and the difference between JNDs at 10
and 1,000 msec under 2I_6A_X. This correlation was sig-
nificant (rs = 2.41, N = 36, p < .025).3

Correlationalanalysis, then, yielded four main findings.
First, the dyslexics seemed less consistent in their psy-
chophysical performance than did the controls. Second,
within each condition and each group, JNDs at one ISI
tended to predict JNDs at the other ISIs; weaker relation-
ships prevailed between JNDs across conditions. Third,
JNDs and reading were related within the dyslexics.Fourth,
digit span was related to JNDs, especially among the
dyslexics.

DISCUSSION

We have confirmed previous reports of higher JNDs for
auditory frequency in dyslexics (Ahissar et al., 2000;
Baldeweg et al., 1999; Hari et al., 1999; McAnally &
Stein, 1996) and in poor readers (DeWeirdt, 1988) in a
two-interval procedure with one A-stimulus per trial
(2I_1A_X). The previous results were obtained at ISIs of
300 msec or more. We extended this past work by finding
larger JNDs in dyslexics than in controls at ISIs of 0 and
10 msec in the 2I_1A_X paradigm.

Under condition2I_6A_X, the subjects received six A-
stimuliper trial.As was expected,dyslexicand control JNDs
both decreased. The difference thresholds for the two
groups, however, were statistically indistinguishable at
ISIs of 10 and 200 msec. This result suggests that the mul-
tiple observationsavailable in the 4IFC experiment by Hill
et al. (1999) helped to bring their dyslexics’ JNDs down
to control levels.Our dyslexics,however, were significantly
less sensitive than the controls under 2I_6A_X at the 400-
msec ISI, precisely the value that Hill et al. had employed.
Two further differences between their experiment and ours
may explain this fact. Hill et al. offered feedback on every
trial; like other previous investigators, we employed no
feedback (except on catch trials). All the dyslexics stud-
ied by Hill et al. were university undergraduates. Our
dyslexic subjects had more variable educational back-
grounds and, on average, may not have been so well com-
pensated.

Hill et al. (1999) found average Weber fractions for fre-
quency discrimination at 1 kHz of about 0.003 and 0.004
for controls and dyslexics, respectively. These are below
the values of 0.009 and 0.020 reported by McAnally and
Stein (1996). Hence, the 2I_1A_X paradigm seems gen-
erally harder than 4IFC. Although Hari et al. (1999) also
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obtained a Weber fraction of 0.003 for controls, their
dyslexics produced a value of 0.009. This suggests that
the 2I_1A_X procedure may be disproportionatelyharder
for dyslexics than is 4IFC. Ahissar et al. (2000) used an
ISI of 800 msec and obtained remarkably high Weber frac-
tions of 0.037 and 0.072 for controls and dyslexics, re-
spectively. These values are larger than any we report in
Table 2. Our 2I_1A_X Weber fractions, however, exceed
the rest of those obtained previously and may reflect the
additionalstimulus uncertainty induced by varying the ISI
within a session. Finally, in all past studies and our own,
control JNDs are larger than those highly trained ob-
servers produce (see Weir, Jesteadt, & Green, 1977).

Signal Detection Analysis: Sensory Variance
Macmillan, Goldberg, and Braida’s (1988) signal de-

tection model of perceptual resolution (hereafter, the
MGB model) is applicable to our data. The MGB model
follows Durlach and Braida’s (1969) preliminary theory
of intensity perception in distinguishing three types of
psychophysical variance: sensory, trace, and context vari-
ance. Sensory variance represents unavoidable internal
noise in the processing of an individual stimulus. Trace
variance is due to variability in memory processes. It in-
creases with the time between successive stimuli pre-
sented for comparison in a discrimination trial. Discrimi-
nation deteriorates as ISI increases. Context variance,
another memory component, arises only when the set of
experimental stimuli is sufficiently small that subjects can
effectively label individual items. Context variance in-
creases with the range of the stimuli and makes roving-
level discrimination between members of the set worse
than fixed-level discrimination. Our 2I_1A_X and the
2I_6A_X procedures employed sets of stimuli large
enough to prevent effective labeling. According to the
MGB model, our subjects would have used the trace mode
of discrimination, where only sensory and trace variance
affect sensitivity. Therefore, we will not consider context
variance any further.

Sensory variance b2 and trace variance AT combine in-
dependently and additively in the MGB model to yield
total variance, symbolized here as v:

v = b2 + (AT ), (1)

where T is the ISI and A is a constant. If a is the mean sen-
sation difference between two stimuli, differential sensitiv-
ity (d¢) varies inverselywith the square root of v: d¢ = a/(Öv).
Increases in either sensory or trace variance would raise v
and therefore reduce d ¢. Reduced sensitivity, in turn,
would increase the JND for frequency, DF .

Abnormalities in low-level auditoryneural responses to
single stimuli would be manifested as increased sensory
variance in the MGB model. If dyslexia is associated with
such abnormalities, frequency discrimination in dyslexics
should still be impaired at ISIs well below those used pre-
viously by McAnally and Stein (1996), Hari et al. (1999),
Baldeweg et al. (1999), and Ahissar et al. (2000). At short

ISIs, trace variance becomes minimal and can be ignored.
Table 2 shows that the dyslexics had larger JNDs than did
the controls under 2I_1A_X-0 and 2I_1A_X-10. This
eliminates trace variance as the sole source of impaired
frequency discrimination in dyslexics.

In a roving-level 2I_1A_X paradigm, the subject must
attend to both stimuli on each trial. Assume now that sen-
sory variance contains independent, additive components
for the A- and the X-stimuli. Total sensory variance is then

b1
2 = bA

2 + bX
2. (2)

Suppose that the subject efficiently averages the strengths
of sensory impressions from the successive A-tokens on
each 2I_6A_X trial, similar to the averaging that seems to
occur in detection tasks. For the 2I_6A_X paradigm, total
sensory variance becomes

(3)

in the MGB model. If the componentsof sensory variance
in the 2I_1A_X paradigmare equal, so that bA

2 = bX
2, Equa-

tions 2 and 3 yield

(4)

Let R1_6(T ) be the observed ratio of the JND obtained
under 2I_1A_X to that obtained under 2I_6A_X at an ISI
of T msec. It is commonly assumed that DF is inversely
proportional to d ¢. Since d¢ = a/(Öv), then DF = CÖv,
where C is a constant of proportionality. It follows that the
ratio R1_6(10) at the short 10-msec ISI should be Ö(12/7),
or 1.31. Table 2, however, shows that the median JND
ratio actually observed for the controls is 7.1/4.1, or 1.73.
This is larger than Equation 4 predicts.

The assumption of equal components, bA
2 = bX

2, is an
obvious reason for the failure of Equation 4. Assume in-
stead that bA

2 > bX
2 . This inequality of the components of

sensory variance might arise from retroactive interference
with the processing of the A-stimulus by the immediate
arrival of the subsequentX-stimulus.Massaro (1970,1971,
1972) reported a retroactive interference effect of this sort.
He named it backward recognition masking.4

Let bA
2 = kbX

2, where k > 1, and let bX
2 be set to unity.

Equation 4 becomes

(5)

Since R2
1_6 (10) = b1

2/b6
2, we can substitute into Equation 5

and solve for k:

(6)

For the controls, R2
1_6(10) = 1.732 = 3.00. This leads to k =

4.00. The control sensory variance for the A-stimulus
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under 2I_1A_X-10 was, therefore, on average about 4
times that for the X-stimulus. This value seems intuitively
acceptable.

A similar calculation of k for the dyslexics completely
fails. For these subjects, the average R2

1_6 is 13.49. This
drives the denominator of Equation 5 negative, and k also
turns negative. The 2I_6A_X procedure at short ISIs,
therefore, apparently triggers some psychologicalprocess
in dyslexics that differs from optimal averaging. One pos-
sibility is stabilization of auditory memory. Hari et al.
(1999) suggested that dyslexics suffer from a fault in early
auditory memory. This fault could interfere with auditory
processingof speech, resulting in inadequatedevelopment
of phonemic representations that are necessary for skilled
reading. The memory deficit itself could result from in-
stabilities in the temporal properties of low-level auditory
neural discharges or in the subsequent processing of those
properties, even at very short ISIs. In either case, the
2I_6A_X procedure might introduce enough stability to
overcome the fault in auditory memory.

Signal Detection Analysis: Trace Variance
Given a value for k, we can estimate A in Equation 1.

For the 2I_1A_X paradigm, that equation becomes

v1 = (k bX
2 + bX

2 + AT ). (7)

For the 2I_6A_X paradigm, we have

(8)

Take the ratio v1/v6 of Equation 6 to Equation 7. By an ar-
gument like that which yielded Equation 6, we get

(9)

At the 400- and the 1,000-msec ISIs, the estimates of A (in
units of msec21) are 0.0183 and 0.0122, respectively, for
the controls. The two estimates yield an average value of
around 0.015. A smaller value would probably be ob-
tained were ISI held constant within a session. A similar
calculation is not possible for the dyslexics, since no value
for k is available.

Under 2I_6A_X-400 and 2I_6A_X-1000, our dyslexic
subjects yielded significantly larger frequency JNDs than
did the controls.According to the MGB model, trace vari-
ance in dyslexics must exceed that in controls, at these
ISIs. The similarities and differences in the results across
controls and dyslexics under the 2I_1A_X and 2I_6A_X
conditions can thereby be tentatively explained.

Under the 2I_1A_X paradigm, dyslexics show no sta-
tistically significant effect of ISI. Applicationof the MGB
model suggests that they have abnormallyhigh variance in
processing immediately successive stimuli in the 2I_1A_X
condition.Trace variance also increases faster for dyslex-
ics than for controls. As ISI lengthens in the 2I_1A_X
condition, the processing of immediately successive stim-

uli becomes more effective, but trace variance grows. At
ISIs of 1,000 msec or less under 2I_1A_X, these two
processes effectively cancel in dyslexics. Therefore, ISI
does not affect their DF values. In contrast, JNDs are sig-
nificantly smaller at the 0-msec ISI than at the 1,000-msec
ISI for controls. They process immediately successive
stimuli efficiently but have larger JNDs at longer ISIs as
trace variance grows. For both groups, trace variance
dominates performance at the 1,000-msec ISI. Dyslexics
perform consistently worse than controls at all ISIs under
2I_1A_X, however, because total variance is always larger
in the former than in the latter group.

The controls evidently used averaging under 2I_6A_X
to reduce total sensory variance. But the abnormally high
sensory variance induced in dyslexics by short ISIs di-
minishes substantially under this paradigm. Both dyslex-
ics and controls improve at short ISIs. The dyslexics, how-
ever, now do as well as the controls. At longer ISIs in the
2I_6A_X condition, both groups perform worse than at
shorter ISIs. Trace variance increases in each group and
impairs performance. Since trace variance grows faster in
dyslexics than in controls, dyslexics perform worse than
controlsunder2I_6A_X-400 and 2I_6A_X-1000.At an ISI
of 1,000 msec, trace variance completely dominates per-
formance under 2I_6A_X, just as it did under 2I_1A_X.
Therefore, frequency JNDs obtained under 2I_1A_X-
1000, as compared with 2I_6A_X-1000, do not differ sta-
tistically for either group.

Larger trace variance in dyslexics seems to exert a sig-
nificant effect at 300–400 msec or more after the last A-
stimulus on a trial. At this time, the A-stimulus represen-
tation may start to transfer into a further stage of memory.
This stage may be a part of working memory (Baddeley,
1986), which is said to govern digit span. In line with this
supposition,significantnegativecorrelationsoccurred be-
tween digit span and JNDs for 2I_1A_X-10 and 2I_1A_X-
400 in dyslexics and between digit span and the difference
between JNDs at 10 and 1,000 msec under 2I_6A_X
across all subjects.

Does a single neurophysiological mechanism underlie
the increased sensory variance and trace variance in
dyslexics? Or do separate mechanisms produce these two
psychophysical effects? Faulty stimulus processing at an
early, low level in the auditory nervous system might also
prevent effective transfer to representations in later stages
of memory. The fact that dyslexics have significantly
smaller JNDs under 2I_6A_X-400 than under 2I_1A_X-
400 suggests that stabilizing the initial representations of
A-stimuli facilitates the transfer process and retards the
growth of trace variance in dyslexics.Distinct neuralmech-
anisms, however, could still be responsible for sensory and
trace variance and could function abnormally in dyslexics.
Our present data do not eliminate this possibility.
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NOTES

1. These various auditory abnormalities seem too small to influence
speech perception. They may indicate more serious disturbances that can
hinder language acquisition, analogous to the apparent situation in the
visual domain. Perceptual deficits of the size observed in adults could
have a large effect on the acquisition of complex skills in childhood,
when the central nervous system is immature. Although some auditory
functions, such as filter bandwidth,mature in the 1st year of life, others,
such as frequency discrimination, do not develop fully until the early
school years (see Werner & Gray, 1998). Massaro and Burke (1991) re-
ported another example of delayed maturation. Children 6 1�2 years in age
needed a larger intensity difference than do adults before they could ac-

curately classify the tones as soft or loud; once intensity differences were
adjusted, however, the children showed an adult temporal course for
backward recognition masking (Massaro, 1970, 1971, 1972).

2. The failure of the transformed 2I_6A_X data to meet Box’s test in-
creases the probabilityof a Type II error in between-group comparisons.
Had Box’s test been satisfied, order or status 3 order might have proved
statistically significant.The marginal means for order indicated that sub-
jects who had experienced 2I_1A_X before 2I_6A_X might have done
better on the latter, an apparent practice effect. The marginal means for
status 3 order suggested that the controls might have produced most of
this effect. Box’s test, however, is sensitive to some types of nonnormal-
ity that do not affect GLMs. The test is not recommended as a routinedi-
agnostic (D’Agostino & Russell, 1998).

3. For corroboration,we expanded the dyslexic group to include the 3
subjects previously eliminated for high error rates on check trials. We
then repeated all the statistical analyses. There were a few minor changes
from the prior analyses that used the data from only 16 dyslexics. For
2I_6A_X data, the GLM analysis showed that order [F(1,36 ) = 3.950,
p = .055] and status 3 order [F(1,36) = 3.555, p = .067] were closer to
significance than previously. Reanalysis of the data combined over
2I_1A_X and 2I_6A_X produced a barely significant interaction of
order and condition [Greenhouse–Geiser F(1,35) = 5.875, p = .021].
Those subjects who experienced 2I_1A_X first showed more improve-
ment under 2I_6A_X than did the subjects who underwent the condi-
tions in the opposite order. (Mauchly’s test of sphericity for ISI 3 order
had become significant, requiring reliance on the Greenhouse–Geiser
F.) Check trials under 2I_6A_X were now significantly worse for the
dyslexics than for the controls (U = 99.5, N = 39, p = .01). Spearman cor-
relation coefficients increased between JNDs for the dyslexics, both
within and between conditions. Thirteen were now significant at the .01
level, and another six were significant at the .025 level. The dyslexics’
reading scores now correlated significantly with JNDs for 2I_1A_X-400
and 2I_1A_X-1000, as did digit span.

4. Backward recognitionmasking shouldnotbe confused with backward
masking, which is greater in language-impaired than in normal children
(Wright et al., 1997).Backward masking occurs in a detection task. It has
a much shorter time course than does backward recognition masking,
which occurs with suprathreshold stimuli. The bulk of backward mask-
ing in young adults occurs at ISIs of 20 msec or less (see, e.g., Dolan &
Small, 1984;Gehr & Sommers, 1999). In contrast, backward recognition
masking remains strong at ISIs of up to 100 msec or so (Massaro, 1972).

APPENDIX A
Spearman Correlation Coefficients for Control Subjects (n = 20)

2I_1A_X DF 2I_6A_X DF

0-msec ISI 10-msec ISI 400-msec ISI 1,000-msec ISI 10-msec ISI 200-msec ISI 400-msec ISI 1,000-msec ISI

2I_1A_X Condition
10-msec ISI .85**
400-msec ISI .68** .60**
1,000-msec ISI .69** .74** .82**

2I_6A_X Condition
10-msec ISI .66** .66** .46 .68**
200-msec ISI .56** .62** .47 .74** .73**
400-msec ISI .46 .49 .44 .58** .78** .55*
1,000-msec ISI .44 .50 .53* .61** .73** .71** .70**

Psychometric Variable
Reading 2.33 2.27 2.50 2.22 .13 .04 2.34 2.45
Spelling 2.01 .02 2.30 .02 .12 .20 2.10 2.14
Digit span 2.36 2.19 2.41 2.15 2.14 .23 2.30 2.17
Block design 2.31 2.32 2.11 .04 2.14 .24 2.27 .10
Pictures 2.21 2.06 2.34 2.32 2.07 2.26 2.07 2.51*

*p < .025; **p < .01.
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APPENDIX B
Spearman Correlation Coefficients for Dyslexic Subjects (n = 16)

2I_1A_X DF 2I_6A_X DF

0-msec ISI 10-msec ISI 400-msec ISI 1,000-msec ISI 10-msec ISI 200-msec ISI 400-msec ISI 1,000-msec ISI

2I_1A_X Condition
10-msec ISI .83**
400-msec ISI .75** .84**
1,000-msec ISI .50 .42 .65**

2I_6A_X Condition
10-msec ISI .54 .46 .57 .46
200-msec ISI .42 .40 .60* .57 .60*
400-msec ISI .42 .20 .40 .53 .63** .50
1,000-msec ISI .48 .34 .57 .54 .58 .73** .79**

Psychometric Variable
Reading 2.41 2.50 2.68** 2.58 2.48 2.60* 2.49 2.59*
Spelling 2.07 2.21 2.44 2.48 2.29 2.35 2.37 2.28
Digit span 2.45 2.58 2.62** 2.51 2.55 2.53 2.36 2.46
Block design 2.02 2.01 2.09 2.14 2.06 .20 2.15 .17
Pictures .01 2.09 2.07 .01 .47 .22 2.04 .03

*p < .025; **p < .01.

(Manuscript received December 31, 2000;
accepted for publication April 25, 2001.)


