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Abstract
Adults can improve their performance on many perceptual tasks with training, but when does the
response to training become mature? To investigate this question, we trained 11-year-olds, 14-
year-olds and adults on a basic auditory task (temporal-interval discrimination) using a multiple-
session training regimen known to be effective for adults. The adolescents all began with
performance in the adult range. However, while all of the adults improved across sessions, none of
the 11-year-olds and only half of the 14-year-olds did. The adolescents who failed to learn did so
even though the 10-session training regimen provided twice the number of sessions required by
adults to reach asymptotic performance. Further, over the course of each session, the performance
of the adults was stable but that of the adolescents, including those who learned, deteriorated.
These results demonstrate that the processes that underlie perceptual learning can continue to
develop well into adolescence.

Introduction
One of the most remarkable aspects of human sensory perception is that it can be improved
with practice even in adulthood, resulting in more skilled perceptual performance than is
typically reached through development alone. In other words, adults are fully developed in
terms of their initial performance on a given perceptual skill yet they are able to refine that
performance if provided with the right experience. Of interest here is when during
development mature perceptual learning emerges. While there has been considerable interest
in the honing of perceptual skills in adults (for reviews see Fahle, 2009; Ahissar, Nahum,
Nelken & Hochstein, 2009; Wright & Zhang, 2009), virtually nothing is known about the
time course over which adult-like learning appears. Any quantifiable changes in perceptual
learning during development would need to be incorporated into attempts to identify the
neural correlates of these improvements. Here we report that a multiple-session training
regimen that yielded perceptual learning in adults did not do so in adolescents, indicating
that perceptual learning processes can have a prolonged maturational course.

Mature perceptual learning is, by definition, the improvement pattern that results from
training in adults. Thus, immature learning would be indicated by any difference in the
response to the same training regimen between adults and younger populations. However,
this direct comparison has been made only rarely and never for more than one session of
training (Fahle & Daum, 1997; Halliday, Taylor, Edmondson-Jones & Moore, 2008). Most
developmental studies of perceptual learning have included only children and therefore do
not provide a within-experiment comparison to adults (Edwards, Giaschi, Low & Edgell,
2005; Merzenich, Jenkins, Johnston, Schreiner, Miller & Tallal, 1996; Soderquist & Moore,
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1970). Across-experiment comparisons between child and adult learning also are impeded
because the child studies typically employed training regimens that differed from those used
for adults.

In the present investigation we trained adolescents and adults with the same multiple-session
training regimen and compared their performance within as well as across these sessions.
Within-session behavior demonstrates the immediate response to training. It therefore
reflects elements of the initial stage of learning, acquisition, during which the specific
experiences that can lead to permanent improvement are provided (e.g. Banai, Ortiz,
Oppenheimer & Wright, 2010; Censor, Karni & Sagi, 2006; Mednick, Nakayama &
Stickgold, 2003). Across-session behavior provides an assessment of the delayed response to
training. Improvements on many perceptual tasks continue over multiple training sessions
and occur only between and not within sessions. Thus, the experiences gained during
acquisition are maintained and can even be augmented between sessions. These across-
session (delayed) improvements are attributed to a later stage of learning, consolidation,
which occurs after each training session and is characterized by the transfer of the acquired
skill from labile, short-term memory to more stable long-term memory (e.g. Banai et al.,
2010; Censor, Karni & Sagi, 2006; Mednick et al., 2003).

More specifically, we compared the immediate and delayed responses to 10 sessions of
training on auditory temporal-interval discrimination between adolescents and adults. To
reduce the potential contribution of differences in starting performance to learning
outcomes, we included only those adolescents who had adult-like naïve performance. We
chose to train auditory temporal-interval discrimination because improvements on this task
accumulate across sessions in adults (Banai et al., 2010; Karmarkar & Buonomano, 2003;
Wright, Buonomano, Mahncke & Merzenich, 1997; Wright & Sabin, 2007) and therefore
occur only if acquisition and consolidation are both successful. This task also provides a
clear standard of mature performance, as both naïve performance and learning on it are
relatively uniform across adults. We used a 10-day training regimen because it provided
additional iterations of the acquisition and consolidation cycle beyond the first five over
which most adult learning on temporal-interval discrimination occurs. It therefore enhanced
the opportunity to document potential differences in the initial onset or time course of
learning between adults and adolescents. Finally, we chose to examine adolescents because
differences in learning between this population and adults would be a powerful
demonstration that perceptual learning can mature quite late in development.

Materials and methods
Listeners

Eleven-year-olds (n = 11, five females, mean age = 11.4 years, range = 11 years 0 months to
12 years 0 months), 14-year-olds (n = 12, five females, mean age = 14.4 years, range = 13
years 11 months to 14 years 11 months) and adults (n = 15, nine females, mean age = 21.2
years, range = 18–26 years) served as listeners in this cross-sectional study. These listeners
had normal hearing, reported no past or present language or learning problems, and had no
prior experience with psychoacoustic tasks. All listeners were paid for their participation.
All data were collected in accordance with Northwestern University policies on the conduct
of research with human subjects and with approval of the Institutional Review Board.
Subjects were recruited through fliers posted on the Northwestern University campus and
through letters to parents or guardians sent home from a local school.
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Organization of experiment
The experiment consisted of three parts: pre-training test, training phase, and post-training
test. During the pre- and post-training tests, all listeners (n = 38) were tested on the
condition used in training and five other conditions not reported here (300 trials per
condition; five threshold estimates). Some listeners (n = 19), referred to as controls,
completed both the pre- and post-training tests but did not undergo training. Others (n = 19),
referred to as the trained listeners, participated in the pre-training test, the training phase,
and the post-training test. During the training phase, these listeners practiced a single
temporal-interval-discrimination condition for 900-trials (15 threshold estimates; 1 to 1.5
hours) per day for 10 days. The pre- and post-training tests were separated by an average of
14.6 days (SD = 4.9) for the controls and 17.1 days (SD = 2.2) for the trained listeners. To
reduce the potential contribution of differences in starting (naïve) performance to learning
outcomes, we selected only those 11- and 14-year-olds whose performance on the target
condition at the pre-training test was within 2 standard deviations of the adult average. The
trained groups consisted of six adults, eight 14-year-olds and five 11-year-olds. The control
groups consisted of nine adults, four 14-year-olds and six 11-year-olds.

Trained condition
The trained condition was a temporal-interval discrimination task with a 100-ms, 1-kHz
standard. In each presentation of a two-presentation forced-choice trial, two brief 1-kHz
tones were presented. In one randomly chosen presentation, the tones were separated by a
standard interval (t = 100 ms), while in the other presentation the tones were separated by a
longer comparison interval (t + Δt). The listener was asked to select the comparison (longer)
interval. The interval was measured from the onset of the first tone to the onset of the second
tone. The onsets of the initial tones in the first and second presentations were separated by
900 ms. Stimulus generation was as in Wright and Sabin (2007).

Procedure
We estimated discrimination thresholds using an adaptive, two-alternative, forced-choice
procedure with feedback. Listeners pressed a key on a computer keyboard or used a mouse
to click a button on a computer display to indicate which of the two randomly selected
presentations contained the longer temporal interval. Throughout the experiment, each
condition was described verbally and practice trials were provided immediately before
testing began on that condition. All listeners indicated that they understood the task and
could discriminate between practice trials. During testing, written instructions were provided
on the computer display. Visual feedback (correct/incorrect) appeared on the computer
screen after each trial during all phases of the experiment. Threshold estimates were
calculated over blocks of 60 trials using a 3-down/1-up adaptive rule. The Δt decreased after
three consecutive correct responses and increased after one incorrect response. When the
change in Δt switched from decreasing to increasing, or vice versa, the value at which that
change occurred was labeled a reversal. The first three reversals were discarded, and the
mean of the largest remaining even number of reversals was calculated. This procedure
yielded an estimate of the value of Δt that the listener could successfully discriminate on
79.4% of trials, defined here as threshold (Levitt, 1971). Blocks that contained fewer than
seven total reversals were excluded from the analyses. On the first trial of every block, the
listener was forced to guess because the comparison temporal interval was equal to that of
the standard. The step size was 10 ms until the third reversal, and 1 ms thereafter.
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Results
Across-session performance

Although the listeners in all three age groups began with adult-like performance on the
trained temporal-interval discrimination condition, the effectiveness of the training increased
between 11 years of age and adulthood. None of the three control groups showed significant
improvement between the pre- and post-training tests (Figure 1a–c, open squares, paired t-
tests: |t(3, 5 or 8)| ≤ 1.30 p ≥.29). Of the trained groups (filled triangles), only the adults
improved across the 10 training sessions. The daily mean thresholds of the adult group
decreased during the training phase (linear regression of threshold on log of training session:
slope = −4.22, t(58) = −4.96, p < .01) and improved more between the pre- and post-training
tests than those of the adult controls (ANOVA, repeated on test, 2 group × 2 test interaction:
F(1, 13) = 7.23, p = .02). In contrast, the 14-year-old group did not improve across training
sessions (regression: t(78) = 0.94, p = .35) or differ from same-age controls in the change
between the pre- and post-training tests (2 × 2 interaction: F(1, 10) < 0.01, p = .96). Finally,
the 11-year-old group actually got worse across the 10 training sessions (regression: slope =
23.36, t(48) = 2.64, p = .03), though not enough as to differentiate their performance
between the pre- and post-training tests from that of same-age controls (2 × 2 interaction:
F(1, 9) = 0.27, p = .62). In addition, the three trained groups differed in their patterns of
performance during the training phase (ANOVA, repeated on session, 3 group × 10 session
interaction: F(18, 144) = 2.08, p < .01), but while the 11-year-olds differed from the adults
(2 × 10 interaction: F(9, 81) = 4.51, p < .01), the 14-year-olds differed from neither the 11-
year-olds nor the adults (both F(9, 99) and F(9, 108) ≤ 1.19, p ≥.15).

The improved effectiveness of training with increasing age was also apparent at the
individual level. Learning in a given listener was indicated by a significant and negative
slope resulting from the linear regression of individual threshold estimates on the log of the
session number. By this definition, all of the adults, but none of the 11-year-olds, improved
across the 10 training sessions (Figure 1d–f; adults: slope ≤ −2.55, t(148) ≤ −2.28, p ≤.02;
11-year-olds: either slope ≥ 0 or p ≥.05). Of the 14-year-olds, half learned (learners: filled
circles, slope ≤ −3.60, t(148) ≤ −2.35, p ≤ .02), while the other half did not (non-learners:
open circles, either slope ≥ 0 or p ≥ .05). These differences in the proportion of learners in
each group are unlikely to have occurred by chance (Freeman-Halton extension of the Fisher
exact probability test; p < .01). As a group, the 14-year-old non-learners did not differ from
the 11-year-olds in their pattern of performance across training sessions (2 × 10 interaction:
F(9, 63) = 0.25, p = .98). Interestingly, the group of 14-year-old learners showed a different
performance pattern during the training phase from that of adults (2 × 10 interaction: F(9,
72) = 3.46, p < .01), indicating that the learning among these adolescents, while present
(slope = −6.44, t(38) = −2.28, p = .03), still was not adult-like. Thus, it appears that the
influence of this training regimen on across-session performance becomes fully mature
sometime after 14 years of age.

We also analyzed the results from all three trained groups using only the data from the first
five, rather than from all 10, training sessions. In doing so, we focused the analyses on those
training sessions across which the adults showed the greatest improvements and also
eliminated the across-session worsening that was observed in the 11-year-old group. Only
the adults learned over the first five sessions (slope = −4.36, t(28) = −2.44, p < .01); the 11-
year-olds and the 14-year-old non-learners neither improved nor worsened (11-year-olds:
slope = 8.02, t(23) = 0.99, p = .33; 14-year-old non-learners: slope = 5.90, t(18) = 0.44, p = .
67). Thus, the adolescents classified as non-learners showed no improvement over the
period of time during which the adults learned the most and hence were not adult-like even
before they began to worsen with additional training. Further, the 14-year-olds who learned
over all 10 sessions did not improve over the first five sessions (Figure 1e; slope = 0.51,
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t(18) = 0.09, p = .93), indicating that the learning in adolescents, when present, occurred at a
slower rate than in adults.

Within-session performance
In addition to these across-session differences, there were also developmental changes in the
patterns of performance within sessions. Within each session, the thresholds of the 11- and
14-year-olds increased across the multiple estimates, while those of the adults either
improved or stayed relatively constant (Figure 2). To analyze within-session performance,
we compared the thresholds obtained early to those obtained late in each training session
separately for each group using 2 time (early: mean of first three thresholds per session vs.
late: mean of last three thresholds) × 10 session ANOVAs with repeated measures on time.
For the adults (Figure 2a), the influence of time differed across sessions (time × session
interaction: F(9, 50) = 2.58, p = .02). The adults improved during the first session but not in
any subsequent sessions, according to follow-up paired t-tests on the early versus late
performance within each session (session 1: t(5) = 4.99, p < .01; sessions 2–10: all |t(5)| ≤
2.03, all p ≥.10; see also Wright & Sabin, 2007). In contrast, for each of the three adolescent
groups (Figure 2b–d), performance tended to deteriorate within sessions, as indicated by
significant main effects of time and non-significant time by session interactions (main
effects for time: all F(1, 40 or 1, 30) ≥ 15.38, all p < .01; time × session interactions: all F(9,
40 or 9, 30) ≤ 1.07, all p ≥.41). Direct comparisons across the groups confirmed that the
patterns of within-session performance differed with age (4 group × 2 time × 10 session
ANOVA; group × time interaction: F(3, 150) = 10.59, p < .01). The adult pattern differed
from that of each of the three adolescent groups (2 group × 2 time interactions: all F(1, 90 or
1, 80) ≥ 13.18, p < .01). Among the adolescents, the magnitude of within-session worsening
was greater for the 11-year-olds than for the 14-year-old learners (F(1, 70) = 7.08, p = .01),
while that of the 14-year-old non-learners differed from neither of the other two adolescent
groups (both F(1, 60 or 1, 70) ≤ 2.54, p ≥ .15). For the 14-year-old learners, the magnitude
of the worsening decreased over the course of training, as indicated by a significant main
effect of time (early vs. late) during the first five sessions of the training phase (F(1, 15) =
10.14, p = .01) but not during the last five sessions (F(1, 15) = 3.04, p = .10). Within-session
worsening was significant during both the first five and last five sessions for the other two
adolescent groups (main effects for time: all F(1, 15 or1, 20) ≥ 4.84, all p ≤.04). Thus, it
looks as if within-session performance with this regimen changes during adolescence and
becomes fully mature sometime after 14 years of age.

To determine whether the within-session worsening was masking across-session
improvement in the adolescents, we reanalyzed the adolescent data using only the first three
(early) or lowest three (best) threshold estimates per session from each listener. Just as when
all of the estimates were included in the analyses, both the early and the best thresholds of
the adolescent groups neither improved nor worsened across the first five sessions (all |t(18
or 23) | ≤ 0.91, all p ≥.37), while over all 10 sessions, these thresholds got worse in the 11-
year-olds (early: t(48) = 2.64, p = .01, best: t(48) = 6.01, p = .04), did not change in the 14-
year-old non-learners (both t(38) ≤ 1.37, p ≥.18) and improved in the 14-year-old learners
(early: t(38) = −2.05, p = .05, best: t(38) = −2.39, p = .02). These results suggest that the
lack of across-session improvement in the adolescent non-learners cannot be attributed
solely to their within-session worsening. They also imply that the decrease in within-session
worsening over the course of training in the 14-year-old learners cannot fully account for the
across-session improvement in that group. We also note that, even though the groups were
matched for pre-test performance, the first three (early) thresholds of the first session were
actually significantly better for the 11-year-olds than the adults (t(9) = 1.39, p = .03).
However, this difference does not seem to account for the lack of across-session learning in
the 11-year-olds. For example, during the first session, the early thresholds of the 11-year-
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olds who did not learn (mean = 12.5 ms) were similar to those of the 14-year-olds who did
(mean = 14.2 ms), suggesting that good performance early in Session 1 did not preclude
across-session learning. Conversely, the adults who learned had early thresholds in Session
1 (mean = 21.2 ms) that were quite similar to those of the 14-year-olds who did not improve
(mean = 21.3 ms), suggesting that poorer performance early in Session 1 did not assure
across-session learning.

Discussion
The present results suggest that mature perceptual learning on auditory temporal-interval
discrimination does not emerge until late in adolescence, even after naïve performance is
adult-like. The 10-session training regimen that we employed yielded learning in the adults,
but not in most of the adolescents tested. The improvement in adults accumulated across
sessions and typically occurred between, rather than within, sessions. In contrast, the
majority of the adolescents, all of whom started like adults, did not improve across the
sessions and actually got worse within each session. Even the adolescents who improved
across sessions learned more slowly than adults and showed deteriorating performance
during each session. Based on these cross-sectional data, it appears that both across- and
within-session performance reached maturity sometime after 14 years of age.

It is possible that more of the adolescents would have exhibited mature learning under
different circumstances because learning patterns can differ markedly across different tasks
and training regimens (for reviews, see Fine & Jacobs, 2002, visual learning; Wright &
Zhang, 2009, auditory learning). However, for any given task, adolescents and adults should
respond differently to the same regimen only if some aspect of learning is immature in
adolescents. Conversely, if learning on a particular task is mature in adolescents, then,
regardless of the training regimen, identically trained adolescents and adults should show the
same learning patterns. Thus, even if the present lack of learning in adolescents is a product
of the particular task and training regimen used here, the demonstration that the
effectiveness of training increases with age suggests that perceptual learning can have a
prolonged developmental course.

The maturation of human perceptual learning has been directly evaluated in only two
previous studies, each of which employed a single training session and thus provided
information about only within-session performance. In one case, an investigation of aging-
related changes in visual perception, single-session learning on vernier acuity did not differ
among groups of participants ranging in age from 12 to 66 years (Fahle & Daum, 1997).
However, evidence of the maturation of this learning may have been obscured because the
youngest age group was composed of individuals between 12 and 20 years of age, an age
span similar to that over which we observed marked developmental changes. In the other
case, 6- to 11-year-olds were given a single session of training on auditory frequency
discrimination to determine whether they could reach the starting performance of naïve
adults through practice (Halliday et al., 2008). Learning among the children was reported to
be similar to that of adults who had completed the same training regimen. However, those
children who had adult-like performance prior to training did not benefit from the training,
suggesting a possible immaturity in learning (though parallel analyses confirming learning
in the adult group alone were not reported). In addition to these limited studies of the
development of perceptual learning in humans, a recent report documents the influence of
multiple-session perceptual training on the detection of amplitude modulation in juvenile
and adult gerbils (Sarro & Sanes, 2009). Perceptual learning in the gerbils showed similar
maturational changes to those that we report in humans in this study
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The present results demonstrate maturational differences in perceptual learning both within
and across training sessions. Improvement over multiple sessions necessarily requires that
the specific experiences that lead to improvement have been acquired and subsequently
consolidated into a more stable, longer lasting form. Therefore the lack of mature across-
session improvement in the adolescents indicates an immaturity in either the acquisition or
consolidation of learning. Proposed requirements for the successful completion of each of
these stages in adults point to several possible contributors to this immaturity.

Two apparent requirements for the successful acquisition of learning in adults are the
adequate engagement of top-down processes such as attention or reward and the provision of
sufficient daily training. Immaturities affecting either or both of these elements could have
disrupted across-session learning in the adolescents. Top-down processes appear to play a
key role in perceptual learning (Ahissar et al., 2009; Fahle, 2009; Li, Piech & Gilbert, 2004;
Polley, Steinberg & Merzenich, 2006; Seitz & Dinse, 2007). Activation of these processes is
thought to be necessary for the selection and sensitization of the neural substrate to be
modified. Many top-down processes, including attention, reward (Geier & Luna, 2009;
Spear, 2000), working memory (Luna, Garver, Urban, Lazar & Sweeney, 2004; Swanson,
1999), and executive functions (Kuhn, 2006; Welsh, Pennington & Groisser, 1991), as well
as the brain regions associated with them (for a review, see Toga, Thompson & Sowell,
2006), continue to develop into adolescence or young adulthood. Thus, the particular top-
down processes involved in adult learning, or the capacity of the targeted neural substrate to
be influenced by these processes, may have been immature in the adolescents examined
here. If so, these processes may have failed to engage, or to sustain the engagement of, the
substrate to be modified, resulting in the observed lack of improvement across sessions.
Acquisition also requires a sufficient number of daily training trials (Seitz & Dinse, 2007;
Wright & Sabin, 2007). The stimuli encountered during these trials are thought to activate
the substrate to be modified, with a critical level of activation required for successful
learning. Thus, the adolescents may have needed more activation than the adults, or may
have had the same activation requirement as adults but needed more trials to reach it. In
either case, the adolescents would require more than the 900 daily training trials provided in
the present training regimen. This number already far exceeds the number required for
adults, who improve on temporal-interval discrimination with only 360 daily trials (Wright
& Sabin, 2007).

It is important to note that the within-session worsening observed in the adolescents does not
necessarily indicate a failure in acquisition. The performance of both the 11- and 14-year-
olds deteriorated within the training sessions, while that of the adults improved during the
first session and stayed relatively constant within each of the subsequent sessions. However,
these developmental differences in within-session behavior cannot account for the lack of
across-session improvement in the adolescents. Even among adults, improvement during the
first session is not a requirement for improvement across sessions. Adults who practiced the
present trained task for only 360 trials (rather than 900 trials) per session showed no learning
within the first session but nevertheless improved across sessions (Wright & Sabin, 2007).
The 14-year-old learners also learned across sessions without any improvement within the
first or any other session. Further, across-session improvement can occur despite within-
session worsening. Perceptual deterioration within a single training session, accompanied by
across-session learning, has been reported in adults (Mednick, Nakayama, Cantero, Atienza,
Levin, Pathak & Stickgold, 2002; Mednick, Arman & Boynton, 2005; Mednick, Drummond,
Arman & Boynton, 2008) and was also observed in multiple sessions here in the 14-year-old
learners. In the cases where within-session worsening was reported in adults, it was
attributed to excessive neural stimulation after the results of control experiments indicated
minimal contributions of waning attention, dwindling motivation, or overall fatigue
(Mednick et al., 2002; Mednick et al., 2008). Overstimulation also may have caused the
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worsening in the adolescents here. If so, these adolescents were much more susceptible to
overstimulation than the adults, because the adults showed no deterioration with the same
number of trials. The possibility also remains that inattention, poor motivation, and fatigue,
which apparently play a minimal role in within-session worsening in adults, do contribute to
this behavior in adolescents. However, this alternative seems inconsistent with the decline in
within-session worsening across the multiple training sessions in the 14-year-old learners,
because the negative influence of these general factors is likely to increase rather than
decrease across training sessions.

Regardless of the exact cause of within-session worsening in the adolescents, the lack of
such worsening in the adults indicates that the performance of the adolescents during the
period of training was immature. The observation of learning across sessions both when
there was within-session worsening (as in the 14-year-old learners) and when there was
either improvement or no change within sessions (as in the adults) indicates that some of the
processes engaged during a period of training need not be fully mature, and may even be
unnecessary for, the acquisition that enables across-session learning. Thus, it could be that
the adolescents required more daily stimulation than we provided in order to improve across
sessions but less to prevent within-session worsening.

In the event that acquisition was successful in the adolescents, their lack of across-session
learning would indicate a failure in consolidation. During consolidation, the experiences
obtained during acquisition are transferred into a more permanent form through a cascade of
molecular and systemic processes (see Dudai, 2004, for a review). Immaturities in any one
of these processes could have precluded consolidation of temporal-interval discrimination
learning under any circumstances. Barring that, these immaturities could have altered the
requirements for these processes to occur. In adults, two apparent requirements for
consolidation are sufficient time or sleep between sessions and the absence of interfering
events. There is recent evidence from outside the perceptual learning literature that the exact
nature of these requirements may change with development. A period of rest between
training and testing yielded improvements in performance – a behavioral manifestation of
consolidation – in both children and adults on a motor sequence task (children aged 6 to 8
years) (Wilhelm, Diekelmann & Born, 2008) and a test of implicit learning of
grammaticality (children aged 7 to 11 years) (Fischer, Wilhelm & Born, 2007). However,
only adults benefited from a period of sleep between the training and testing sessions.
Likewise, an event that interfered with between-session improvements in motor-sequence
performance in 17-year-olds did not do so in 9- and 12-year-olds (Dorfberger, Adi-Japha &
Karni, 2007). Assuming that immaturity did not prevent consolidation entirely, the
adolescents who failed to learn across sessions here may have needed a different amount of
time or sleep between sessions or been more rather than less (as in the motor learning study)
sensitive to intervening events than were the adults. It is also possible that the requirements
for consolidation were the same for the adolescents and adults, but the adolescents failed to
meet them because they slept less than the adults or engaged in activities that would have
interfered with consolidation at any age. These potential explanations apply most clearly to
the first five training sessions, over which the performance of the adults improved but that of
the adolescents stayed relatively constant. The worsening that occurred in the 11-year-olds
over the subsequent training sessions may have a different source. An obvious possibility is
that this across-session worsening resulted from waning attention or motivation. However, it
could also have been a consequence of cumulative overstimulation, which would itself be a
form of consolidation.

The present data add to a growing body of evidence that perceptual development, once
thought to be complete early in life, continues well into adolescence. While most studies of
perceptual development focus on infants, young children, and school-aged populations, there
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are a few recent reports that this development continues into adolescence on some tasks
(Alain, Theunissen, Chevalier, Batty & Taylor, 2003; Hartley, Wright, Hogan & Moore,
2000; Knoblauch, Vital-Durand & Barbur, 2000; Kovacs, Kozma, Feher & Benedek, 1999;
Skoczenski & Norcia, 2002; Wightman, Kistler & Brungart, 2006). The current results build
on these reports, which focus on naïve perceptual performance, by demonstrating that
perceptual learning can also change during adolescence. They further imply that the
processes underlying naïve performance may mature prior to those underlying perceptual
learning. Taken together, these data suggest that perceptual learning reaches maturity late in
adolescence, that this prolonged developmental course may arise from immaturity in
consolidation as well as in acquisition, that adult-like starting performance is not necessarily
a predictor of mature learning, and that the most successful perceptual training regimens will
differ between adolescents and adults.
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Figure 1.
Across-session performance of adults, 14-year-olds, and 11-year-olds. (a–c) Average group
results: Mean temporal-interval discrimination thresholds (Δt for 79.4% correct) for the
trained (filled triangles) and control groups (open squares) at the pre- and post-training tests,
and the trained groups during the training phase. Results are shown separately for the adults
(a), 14-year-olds (b), and 11-year-olds (c). Only the trained adults learned gradually across
training sessions and improved more than same-age controls between the pre- and post-
training tests. (d–f) Learners vs. non-learners: Mean temporal-interval discrimination
thresholds for each trained group, divided into learners (open circles) and non-learners
(filled circles) based on each listener’s training phase performance. The proportion of
learners in each group became greater with increasing age. Error bars indicate ± one
standard error. Trained groups: adult, n = 6, all learners; 14-year-olds, n = 8, 4 learners; 11-
year-olds, n = 5, all non-learners. Control groups: adult, n = 9; 14-year-olds, n = 4; 11-year-
olds, n = 6.
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Figure 2.
Within-session performance of adults, 14-year-olds, and 11-year-olds. (a–d) Mean values for
the first and last three threshold estimates of each training session. Results are shown
separately for the adults (a), 14-year-old learners (b), 14-year-old non-learners (c), and 11-
year-olds (d). Groups that learned across sessions are represented by filled circles and those
that did not learn across sessions are represented by open circles. Error bars indicate ± one
standard error.
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