z
/|
~ |

Learning problems, delayed development,

and puberty

Beverly A. Wright*** and Steven G. Zecker*

*Department of Communication Sciences and Disorders and fInstitute for Neuroscience, 2240 Campus Drive, Northwestern University,

Evanston, IL 60208-3550

Edited by James L. McClelland, Carnegie Mellon University, Pittsburgh, PA, and approved May 24, 2004 (received for review March 15, 2004)

Language-based learning disorders such as dyslexia affect millions
of people, but there is little agreement as to their cause. New
evidence from behavioral measures of the ability to hear tones in
the presence of background noise indicates that the brains of
affected individuals develop more slowly than those of their
unaffected counterparts. In addition, it seems that brain changes
occurring at ~10 years of age, presumably associated with pu-
berty, may prematurely halt this slower-than-normal development
when improvements would normally continue into adolescence.
The combination of these ideas can account for a wide range of
previous results, suggesting that delayed brain development, and
its interaction with puberty, may be key factors contributing to
learning problems.

Language-based learning problems (LPs) affect ~8% of the
population (1), but their causes are still poorly understood.
These problems comprise a variety of disorders, all of which
hinder the ability of individuals with normal intelligence to
produce or understand oral or written language. Prevalent
among these diagnoses are dyslexia, specific language impair-
ment, and central auditory processing disorder. The effects of
these disorders are far-reaching. Beyond the psychosocial stress
experienced by affected individuals and their families, LPs cost
society billions of dollars annually in special education services,
lost productivity, and un- and underemployment (2). Most
current theories of these LPs focus on particular impairments in
the neurological (3-6), perceptual (7-10), cognitive (11, 12), or
linguistic (13-19) functioning of affected individuals. However,
few attempts have been made to integrate the wide range of
abnormalities seen in these populations (3, 15). Here, we pro-
pose that a broad array of these impairments arises from delayed
neurological development and that, because of this delay, de-
velopment that would normally continue into adolescence is
halted at ~10 years of age, presumably by sexual maturation.
This theoretical framework allows us to predict a wide range of
deficits in children and adults with LPs, suggesting that neuro-
developmental immaturity may be a key contributor to LPs.
This proposal arises from our investigation of the performance
of individuals with LPs on behavioral tasks that measure their
ability to hear a brief tone in the presence of a noise masker. We
previously observed deficiencies in this ability in a group of
8-year-old children with specific language impairment and sug-
gested that these deficits may be a key contributor to LPs (10).
In that experiment, we measured tone-detection thresholds in
five conditions: a long tone presented during a noise and a brief
tone presented before, at the beginning of, toward the middle of,
or after that noise. Compared with age-matched controls, the
mean detection thresholds for the affected children ranged from
completely normal (for the long tone presented during the noise)
to severely impaired (for the brief tone presented before the
noise), seeming to indicate that the perceptual deficits of chil-
dren with specific language impairment only occurred in par-
ticular sound contexts (10). The evidence for a developmental
delay emerged from analyses of data on these same conditions
obtained from individuals with different LPs. We initially col-
lected these data with the intent of determining whether the
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same auditory deficits we observed in individuals with specific
language impairment (10) also occurred in populations with
dyslexia and central auditory processing disorder. Apparent
from these analyses was that there was little difference between
diagnostic groups but large differences with age. Here we report
the data, combined across these and previous (20) experiments,
from a total of 54 listeners with LPs and 61 unaffected controls.
These listeners were assigned to one of five age groups that
spanned the range from 6 years to adult (Table 1).

The results are consistent with the idea that these auditory
perceptual deficits reflect neurological immaturity and that
deficits that persist into adulthood do so because development
ceases if a critical level of performance has not been reached by
puberty. Others have reported evidence that children with LPs
are late to reach a broad range of developmental milestones (21)
and suggested that developmental delay may play a key role in
LPs (15, 17, 22-24). What we add is that, because of this delay,
further development on attributes with normally long develop-
mental courses seems to be halted by sexual maturation. The
combination of these ideas seems to provide a unifying account
of the wide array of disparate abnormalities observed in indi-
viduals with LPs.

Methods

Listeners. A total of 115 listeners, distributed among five age
groups (Table 1), participated in the testing. Each listener was
represented in only one age group. Thus, no longitudinal data
were included. None of the listeners had any history of hearing
loss or any previous experience with psychoacoustic tasks.
Sixty-one listeners (31 males and 30 females) with no suspected
LPs served as controls. The remaining 54 listeners (26 males and
28 females) had clinical diagnoses of specific language impair-
ment (n = 12), dyslexia (n = 27), or central auditory processing
disorder (n = 15) and formed the sample with LPs. We
previously reported the data of 54 of the 61 controls (10, 20) and
8 of the 54 LP listeners (10).

Outside professionals had previously diagnosed all listeners
with LPs and referred them to us for testing. We had confirma-
tory clinical records on 51 of the 54 listeners with LPs derived
from recent clinical reports, our own clinical testing, or both. For
all 12 of our listeners with specific language impairment, we had
standardized measures of both nonverbal intelligence [mean =
106.5 (SD = 12.7)] and language [mean = 76.0 (SD = 6.1)] (10).
For 24 of the 27 listeners with dyslexia, we had measures of both
nonverbal intelligence and reading (19 listeners), only reading (4
listeners), or only nonverbal intelligence (1 listener). Overall,
their average nonverbal intelligence standard score was 113.1
(SD = 13.7), and their average reading standard score was 93.4
(SD = 11.9). No scores were available for the remaining three
listeners with dyslexia. Finally, we had clinical records for all 15

This paper was submitted directly (Track ) to the PNAS office.
Abbreviation: LP, learning problem.
*To whom correspondence should be addressed. E-mail: b-wright@northwestern.edu.

© 2004 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0401825101



z
/|
~ |

Table 1. Number of listeners tested in each condition

Age group, years 6.5 8
Age range, years 6.2-6.9 7.1-8.9
LP* — 8.1 (0.44)

n* — 18

n* — 18

ns — 10
Controls* 6.5 (0.23) 8.0 (0.54)

nt 15 18

n* — 8

ns — 8

10 13 Adult
9.0-11.7 12.1-15.5 16.8-43.6
10.1 (0.75) 13.1(1.48) 23.7 (4.79)
16 6 14
16 6 14
8 — 12
10.0 (0.65) — 26.7 (7.54)
1 — 17
— — 7
— — 7

*Mean age in years (SD).

"Number of listeners tested in the long-tone, backward, and delay conditions.

*Number of listeners tested in the forward condition.
SNumber of listeners tested in the onset condition.

of the listeners with central auditory processing disorder. All
were judged to have at least average intelligence, based primarily
on school records available to the clinicians, and had performed
at least two SDs below the mean on at least three of the
auditory-skill tests commonly used to diagnose central auditory
processing disorder (25). The standard scores for nonverbal
intelligence ranged from 93 to 137 across all listeners for whom
scores were available. These scores were higher for the adults
than the children, on average, but were very similar between
groups at each age (8-year-old group: LPs = 103.1, control 105.1;
adult group: LPs = 116.0, control = 117.6). There seemed to be
no relationship between nonverbal intelligence and performance
among either listeners with LPs or controls in either the 8-year-
old or adult age groups. Among these four listener-type and
age-group combinations, Spearman correlations () between
intelligence and threshold in the backward and forward condi-
tions ranged from —0.06 to 0.24.

We combined the listeners with the three different clinical
diagnoses into one LP group because examination of mean
performance for each age group indicated that the differences
between these diagnoses were minimal. The number of listeners
diagnosed with specific language impairment decreased and the
number of listeners diagnosed with dyslexia increased with
increasing age. We had sufficient numbers of listeners to statis-
tically compare subgroups (n = 6 per subgroup) for only two
subgroups at each of two ages: 8-year-olds with dyslexia vs.
8-year-olds with specific language impairment and 10-year-olds
with dyslexia vs. 10-year-olds with central auditory processing
disorder. Of the 10 possible same-age comparisons (five condi-
tions X two age groups), 8 were not statistically significant. The
two significant differences both occurred in the backward con-
dition; the thresholds of the listeners with dyslexia were signif-
icantly lower in each case. Note that the developmental trends
reported for all listeners with LPs held for the subset of listeners
with LPs that were diagnosed with dyslexia (the only subset for
which there was a sufficient number of listeners per age group
to evaluate development), with the exception that these listeners
showed no improvement with age in the long-tone condition. We
did not conduct formal analyses of gender differences because,
for both listener types, there were insufficient numbers of
listeners of one or the other gender within several age groups.

Stimuli and Procedure. The stimuli and procedure have been
described (10, 20). Briefly, the tone to be detected had a
frequency of 1,000 Hz and a total duration of 20 or 200 ms. The
masking noise ranged from 600 to 1,400 Hz and had a total
duration of 300 ms and a spectrum level of 40 dB sound pressure
level. All stimuli were gated with either a 10-ms (new data) (10)
or 6-ms (20) cosine-squared rise-fall time. The onset of the 20-ms
tone came 20 ms before noise onset (backward condition), at
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noise onset (onset condition), 200 ms after noise onset (delay
condition), or immediately after noise offset (forward condi-
tion). The onset of the 200-ms tone came 50 ms after noise onset
(long-tone condition). We presented the stimuli to the right ear
over Sennheiser (Old Lyme, CT) HD450 headphones.

We estimated the tone level necessary for 94% correct de-
tections with a two-interval forced-choice procedure in which we
adaptively adjusted the tone level in each 30-trial block by using
the maximum-likelihood method (26). Tone thresholds for in-
dividual listeners are based on either one or the mean of two
estimates for the long tone and on the mean of two or three
estimates for the short tone. We omitted the most deviant of
three estimates if the SD was >15 dB either across three
estimates (new data) (10) or across the first two estimates (20).
Such deviant thresholds have been obtained, and removed from
analyses, in other investigations using the maximum-likelihood
method (27-29). They have been reported to occur with approx-
imately equal frequency (on ~7% of estimates) for listeners with
LPs and controls (29) and in approximately equal numbers of
8-year-old, 10-year-old, and adult controls (20). The average
within-listener SD of the final threshold estimates ranged from
~2to 7 dB across conditions. Listeners completed the long-tone
condition first, followed by the short-tone conditions. The order
of the short-tone conditions was randomized across listeners.

Analysis. We analyzed each condition with a two-way, typically 2
(group) X 3 (age), ANOVA followed by Fisher’s protected ¢
tests. We compared between LP and control listeners within the
selected age groups and within each listener type across age
groups. We also calculated the effect size index (d), which is the
between-groups difference expressed in SD units (30).

Results

When we compared the thresholds of listeners with LPs with
same-age controls, as is standard, the listeners with LPs often
had significantly higher thresholds, but their impairment pattern
across the five masking conditions varied with age. The listeners
with LPs had significantly higher thresholds in 9 of the 13
possible comparisons between them and same-age controls (Fig.
la). However, as indicated by the effect size indices of these
comparisons (Fig. 1c, black bars), the pattern of impairments in
the listeners with LPs varied with age, because across the five
masking conditions, the deficits of these listeners were ultimately
resolved (onset condition, row 4; forward condition; row 5),
maintained (delay condition, row 3), and even acquired or
magnified (long-tone condition, row 1; backward condition, row
2) as they progressed toward adulthood. Thus, what we had
presumed to be a stable impairment pattern in fact varied with
age. These developmental trends are consistent with data from
other investigations in which multiple masking conditions, sim-
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(a and b) Average tone level required by listeners with LPs and controls to just detect a tone in the five masking conditions (rows; see schematics at far

right). LP listeners (open squares) are compared with controls (filled squares) of the same age (a) and with controls ~4 years younger (b). Between-group
differences: **, P < 0.01; *, P < 0.05; n.s., P> 0.05. Error bars indicate =SEM. (¢) Effect size indices (d) on the same conditions calculated between LP listeners
and (i) same-age controls (black bars), (i) controls ~2 years younger (hashed bars), and (iii) controls ~4 years younger (white bars). SPL, sound pressure level.

ilar to the present ones, were tested. Compared with same-age
controls, thresholds were significantly higher (effect sizes are not
available) in the backward but not the onset condition for
~9.3-year-old children with specific language impairment (31)
and in the backward but not the forward or delay conditions for
~13-year-old children with dyslexia (29). Additionally, thresh-
olds for a briefer tone than was used here tended to decrease
with increasing age in backward, forward, and delay conditions
in controls between 5 and 11 years old (32).

This age-related variation in the impairment pattern can be
accounted for by assuming that the perceptual development of
children with LPs is delayed, and that some factor halts this
(delayed) development in particular, predictable conditions.
Supporting the assumption that the perceptual development of
the children with LPs was delayed, all but one of the nine
statistically significant differences between groups of the same
age disappeared when we compared the thresholds of children
with LPs to those of younger controls. We calculated effect sizes
between the children with LPs (=13-year-old age group) and two
subsets of controls, those who were averages of 2 or 4 years
younger than the children with LPs (Fig. 1¢). These effect sizes
were smaller with the 2-year-younger (hashed bars) than with the
same-age (black bars) controls in five of six possible compari-
sons. The effect sizes were smaller yet, or even negative, with the
4-year-younger (white bars) than with the 2-year-younger
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(hashed bars) controls in another five of six possible compari-
sons. Correspondingly, the children with LPs had significantly
higher thresholds in 7 of 8 possible comparisons with same-age
controls (Fig. 1a) but only 3 of 11 comparisons with the controls
who were 2 years younger (data not shown) and 1 of 7 compar-
isons with the controls who were 4 years younger (Fig. 1b). Also
supporting the comparison with younger controls, the thresholds
of the 8-year-old children with LPs make plausible predictions of
the extrapolated thresholds of control children younger than
those reported here (Fig. 1b, 8-year-old data). Overall, these
comparisons suggest that the children with LPs were develop-
mentally delayed by ~2-4 years in their performance on these
masking tasks.

Finally, indicating that some factor halted the delayed
development of listeners with LPs in some conditions, adults
with LPs showed deficits only in conditions in which controls
continued to improve after 10 years of age. In adulthood, the
largest effect sizes between listeners with LPs and controls
were associated with the longest developmental courses in
controls (Fig. 2). The adults with LPs reached the performance
of control adults in the three conditions in which normal
development was either complete at or before 10 years of age
(delay and forward conditions) or continued for an undeter-
mined, although presumably brief, period after 8 years of age
(onset condition; note that the 10-year-old listeners with LPs
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Fig. 2. Effect size indices (d) calculated between adults with LPs and adult
controls in each of the five conditions (black bars, replotted from Fig. 1) and
the age at which listeners in each group reached the performance of adults in
that group.

had already reached the level of adult controls). In contrast,
the adults with LPs remained impaired in the two conditions
in which development continued after 10 years of age in
controls but stopped at 10 years of age in listeners with LPs
(backward and long-tone conditions). Thus, it seems that
something occurred at ~10 years of age that transformed the
LP listeners’ delayed perceptual development in childhood
into a difference in adulthood.

Discussion

In summary, these results suggest that individuals with LPs often
perform poorly on auditory masking tasks, because their per-
ceptual development is delayed in childhood and then halted, for
some tasks, at =10 years of age. The present data thus add a set
of nonlinguistic perceptual abilities to a growing list of wide-
ranging skills reported to be delayed in children with LPs (15, 17,
21-24). They also are consistent with a recent proposal that
reduced processing efficiency can explain the excessive amounts
of auditory masking in individuals with LPs (33), because
processing efficiency improves with increasing age (34). In
addition, the current results indicate that some factor prevents
these individuals from overcoming their delayed perceptual
development and reaching the performance levels of their
unaffected counterparts on skills that normally continue to
develop through adolescence.

The observed developmental delay may arise from either
genetic or environmental factors. If genetic factors are respon-
sible, it may be that at least some of the specific genes already
associated with LPs (35) play a role in determining develop-
mental rate. Similarly, a number of environmental factors linked
to LPs (36) might also contribute to the developmental delay. In
any event, the generality of these auditory deficits across various
diagnostic categories suggests that an understanding of the
genetic and environmental contributions to LPs might be facil-
itated by examining a specific deficit across seemingly disparate
subgroups that share it rather than within a single subgroup.

Neurobiological changes associated with puberty (37) are a
likely cause for the halt in development on slowly acquired skills.
Two pieces of circumstantial evidence support this idea: Human
puberty begins at approximately the same time as the develop-
mental arrest (38), and puberty in humans and other animals is
associated with neurological changes that are thought to reduce
brain plasticity (39, 40). To account for the current results, we
assume that listeners with LPs and controls both reach the stage
of puberty that affects perceptual development at ~10 years of
age. We are unaware of any data on the timing of puberty in
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individuals with LPs. However, illustrating that disordered neu-
rological development need not delay sexual maturation, indi-
viduals with Down’s syndrome reach puberty at, or perhaps
before, the normal age (41, 42). We also assume that puberty
only has the potential to influence the development of percep-
tual skills that normally continue to improve after the onset of
puberty, a situation that could occur if, for example, different
mechanisms were to govern slowly versus rapidly developing
skills. In this scenario, children whose perceptual skills are
developmentally delayed would acquire, more or less com-
pletely, auditory abilities that fully develop before puberty in
controls (onset, delay, and forward conditions). They would just
do so later than normal. However, these children would not fully
acquire auditory abilities that normally continue to develop after
puberty (backward and long-tone conditions). Two possible
explanations for this failure would be that (i) puberty has a
stronger effect on perceptual development in listeners with LPs
than controls or (if) listeners need to reach some critical level of
performance by the time of puberty to continue improving after
puberty and a delay in perceptual development prevents children
with LPs from reaching this critical level. Intrinsic to the latter
explanation is the possibility that puberty may actually enable
further improvement on slowly acquired skills in normal devel-
opment. Thus, the present data provide indirect evidence that
puberty affects brain development in humans on skills other than
language acquisition (39), as is expected from animal studies (39,
40), and indicate that investigations of individuals with percep-
tual delays but otherwise intact intellectual skills might help
determine the role of puberty in human brain development.

One implication of these ideas is that the combination of
delayed (15, 17, 21-24) and prematurely arrested development
may account for an array of abnormalities observed in LP
individuals compared with same-age controls. Consistent with
this view, abnormalities in LP adults often occur on measures on
which normal development extends into adolescence and thus
might be halted by puberty. Paralleling the primary areas of
focus of theories of language-based LPs, there are examples of
this pattern in neurology [brain asymmetry (5, 43), white matter
distribution (4, 44), and cerebellar activation (6, 45)] as well as
in perceptual [auditory backward and long-tone masking (here
and refs. 10 and 20) amplitude modulation detection (46, 47),
and intensity discrimination (48, 49)], cognitive [working mem-
ory (12, 50) and rapid naming (18, 19, 51)], and linguistic
[phonological awareness (13, 14, 16, 51)] functioning. Indeed,
the mixture of normal and abnormal characteristics often ob-
served in LP individuals, as well as the partial overlap between
LP individuals and controls at any given age, may arise, in part,
from an interaction among differences in the normal develop-
mental time courses of those characteristics, the delayed devel-
opment of LP individuals on those characteristics, and puberty.
Of course, this interaction could be quite complicated if delay on
one measure early in life were to alter the developmental course
on other measures. Nevertheless, this developmental perspective
might help unite the array of disparate individual abnormalities
observed in individuals with LPs.

These ideas could be tested more thoroughly by retrospective
or, ideally, longitudinal examinations of a variety of neurological,
perceptual, cognitive, and linguistic measures in groups of
individuals who are matched for gender and socioeconomic
status and are well characterized both diagnostically and in terms
of their sexual maturation. If correct, the data of children with
LPs should resemble those of controls 2—4 years younger on at
least a subset of these measures. Additionally, for the affected
measures, the data of adults with LPs should match those of
adult controls on measures that ordinarily reach asymptote
before puberty but should be more similar to those of children
at the age of puberty on measures that normally continue to
develop during adolescence.
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What remains to be determined is the precise relationship
between delayed development and LPs. Two possibilities de-
serve consideration. Delayed development on any given measure
may (i) accompany but not cause other developmental or
nondevelopmental impairments that lead to LPs or (i7) cause LPs
either by itself or in concert with other impairments. If there is
a causal relationship, differences in clinical presentation across
diagnostic subgroups could result from differences in which key
neurological, perceptual, cognitive, and linguistic characteristics
are developing later than normal or in the magnitude of the
delay. Given the focus of the present experiment on auditory
perceptual development, it is interesting to note that the earlier
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