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Enhancing Perceptual Learning by Combining Practice with
Periods of Additional Sensory Stimulation
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Perceptual skills can be improved even in adulthood, but this learning seldom occurs by stimulus exposure alone. Instead, it requires
considerable practice performing a perceptual task with relevant stimuli. It is thought that task performance permits the stimuli to drive
learning. A corresponding assumption is that the same stimuli do not contribute to improvement when encountered separately from
relevant task performance because of the absence of this permissive signal. However, these ideas are based on only two types of studies,
in which the task was either always performed or not performed at all. Here we demonstrate enhanced perceptual learning on an auditory
frequency-discrimination task in human listeners when practice on that target task was combined with additional stimulation. Learning
was enhanced regardless of whether the periods of additional stimulation were interleaved with or provided exclusively before or after
target-task performance, and even though that stimulation occurred during the performance of an irrelevant (auditory or written) task.
The additional exposures were only beneficial when they shared the same frequency with, though they did not need to be identical to,
those used during target-task performance. Their effectiveness also was diminished when they were presented 15 min after practice on the
target task and was eliminated when that separation was increased to 4 h. These data show that exposure to an acoustic stimulus can
facilitate learning when encountered outside of the time of practice on a perceptual task. By properly using additional stimulation one

may markedly improve the efficiency of perceptual training regimens.

Introduction

Perceptual skills can be improved even in adulthood. This capac-
ity enables optimization of normal abilities and opens treatment
options for perceptual disorders. However, a major constraint on
the practical application of perceptual learning is that it takes
considerable effort. This is because such learning typically does
not result from sensory stimulation alone, but rather requires
substantial practice performing a perceptual task with relevant
stimuli. The need for active practice has led to the idea that task
performance provides a permissive signal that allows the accom-
panying stimulation to drive learning. The lack of learning from
stimulus exposures alone, in turn, has been attributed to the ab-
sence of this permissive signal. Implicit in these ideas is the as-
sumption that task performance is necessary throughout the
entire course of training and thus that only stimulus exposures
that occur simultaneously with active practice contribute to
learning. We challenge that assumption here by showing that task
performance is required for only a portion of each training ses-
sion. In doing so, we demonstrate that the influences of task
performance and additional stimulation can interact temporally
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to enhance improvements, providing a means to markedly re-
duce the effort required for perceptual learning.

The idea that task performance provides a permissive signal
that is necessary for learning on many perceptual skills arises
primarily from two lines of evidence. First, learning resulting
from performing a given target task (the task to be learned) typ-
ically does not lead to better behavioral performance on a differ-
ent, untrained, task even with the same standard stimulus (Karni
and Sagi, 1991; Shiu and Pashler, 1992; Treisman et al., 1992;
Ahissar and Hochstein, 1993; Levi and Polat, 1996; Crist et al.,
1997; Fahle, 1997; Sigman and Gilbert, 2000; Meinhardt, 2002;
Meinhardt and Grabbe, 2002). If improvements were driven
solely by stimulus exposures, learning should transfer across
tasks. Second, physiological changes that have been observed to
accompany perceptual learning either do not occur or are mark-
edly reduced when the stimulus exposures are not linked with
active performance of a task (Ahissar et al., 1992; Recanzone etal.,
1992, 1993; Gao and Suga, 1998; Crist et al., 2001; Bao et al., 2004;
Li et al., 2004; Stefan et al., 2004; Blake et al., 2006; Polley et al.,
2006).

While the preceding cases clearly demonstrate the need for
target-task performance, all of those data were obtained using
training regimens in which the task was either always performed
or not performed at all. Thus, it is not known whether that active
practice must continue throughout each training session or could
instead occur only during a portion of each session. To investi-
gate this question, we examined how multiple-session training
affected the performance of normal-hearing adults on a target
auditory frequency-discrimination task using different training
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Figure 1.  The frequency- and temporal-interval discrimination tasks. Two brief tones were
presented in each observation period of a two-presentation, forced-choice trial. In the
frequency-discrimination task (4), the two tones had a standard frequency ( f) in one presen-
tation and a lower comparison frequency in the other ( f — Af). In the interval-discrimination
task (B), the two tones were separated by a standard interval (t) in one presentation and by a
longer comparison interval in the other (t + At). The listener selected the comparison sound
(lower frequency or longer interval). In most cases, during training the standard stimulus for
both tasks had a frequency of 1kHz and a temporal interval of 100 ms.

regimens in which practice on this task was or was not paired with
extra stimulus exposures. If only stimuli that are presented simul-
taneously with target-task performance contribute to learning,
the additional exposures should provide no benefit. Instead,
learning was enhanced in a variety of regimens that provided the
additional exposures, indicating that stimulation that occurs out-
side of the time of task performance can facilitate learning.

Materials and Methods

General protocol

Each experiment consisted of an initial familiarization session, a pre-
training test, 6—11 training sessions, and a post-training test, all of which
were conducted on separate days. During the ~1 h familiarization ses-
sion, all listeners completed tone-detection tests in quiet and in noise to
introduce them to the laboratory setting and basic testing procedures and
to confirm that they had normal hearing. All listeners then completed a
~2 h pretraining test in which they performed a variety of related tone-
discrimination conditions (described below). Subsets of listeners, re-
ferred to as the trained listeners, next completed one of 13 different
training regimens consisting of 6—11 ~1 h daily sessions during a train-
ing phase (described below). The remaining listeners, referred to as con-
trols, received no training. Finally, all listeners completed a post-training
test that was identical to the pretraining test. The pre- and post-training
tests were separated by 14.6 d for the trained listeners (n = 98) and 12.1d
for the controls (n = 10).

Tasks

We used two different auditory discrimination tasks in this investigation:
frequency discrimination and temporal-interval discrimination. For
both tasks, we presented two brief tones in each observation period of a
two-presentation, forced-choice trial. In the frequency-discrimination
task (Fig. 1A), the two tones were separated by the same fixed interval (¢)
in both presentations, but had a standard frequency ( f) in one presen-
tation and a lower comparison frequency in the other ( f —Af). In the
interval-discrimination task (Fig. 1 B), the two tones had the same fixed
frequency ( f) in both presentations, but were separated by a standard
interval (¢) in one presentation and by alonger comparison interval in the
other (¢ +At). Each presentation was marked on a computer screen by a
visual display. The onsets of the first tones in the first and second presen-
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tations were separated by 900 ms. The listener pressed a key on a com-
puter keyboard to indicate which of the two randomly selected
presentations contained the comparison sound (lower frequency or
longer interval). A visual display indicated whether the response was
correct or incorrect after every trial throughout the entire experiment.

Procedure

We adaptively varied the value of the comparison interval in each 60-trial
block to determine the discrimination threshold. The Af or At changed
between trials according to a three-down/one-up rule to determine the
value each listener needed to discriminate the comparison stimulus from
the standard one on 79.4% of trials (Levitt, 1971). This value is referred to
as the threshold. The initial comparison frequency or interval was always
equal to that of the standard, forcing the listener to guess on the first trial.
For the frequency-discrimination task, the step size was 0.05% of the
standard frequency until the third reversal, and was 0.01% thereafter. For
the interval-discrimination task, the step size was 10% of the standard
interval until the third reversal, and was 1% thereafter.

Stimuli

All sounds were generated digitally and presented to the left ear through
headphones. Each 86-dB SPL tone had a total duration of 15 ms, includ-
ing 5 ms raised cosine ramps, and was always presented in zero phase.
The temporal interval between the two tones in each tone pair was mea-
sured from the onset of the first tone to the onset of the second tone.

Pretraining and post-training tests

In the pre- and post-training tests, all listeners completed five threshold
estimates (300 trials) in three frequency-discrimination conditions and
three temporal-interval discrimination conditions, with the following
exception. In place of the interval conditions, listeners in one group
[All-Freq (360 trials), see below] instead completed one temporal-
interval discrimination condition and two additional frequency-
discrimination conditions. The condition order was randomized across
listeners, but fixed between the pre- and post-training tests. Because
learning on frequency discrimination was the focus of this investigation,
we only report the results for the three frequency-discrimination condi-
tions completed by all listeners here. One of these conditions was the
target (standard: 1 kHz, 100 ms). This was the condition listeners prac-
ticed during periods of target-task performance. The other two, un-
trained, conditions differed from the trained one either in the temporal
interval (standard: 1 kHz, 50 ms) or the frequency (standard: 4 kHz, 100
ms) of the standard.

Training regimens

Initial experiments. In the initial experiments, the trained listeners par-
ticipated in one of five different 6—11 d training regimens (Fig. 2A). In
the three key regimens, listeners practiced the target task (frequency
discrimination with a 1 kHz, 100 ms standard) 360 trials per day for 6—8
d. These daily trials were presented in three sets of 120 trials each and
alternated with one of three additional experiences, of equal duration,
depending on the regimen. In one regimen, listeners performed a written
symbol-to-number matching task in silence (Freq-alternating-with-Si-
lence; n = 7). In another, they performed that same written matching
task while stimuli were played in the background (Freq-alternating-with-
Sound; n = 8). In the symbol-to-number matching task, listeners wrote
on a worksheet the number corresponding to each of a series of printed
images presented in random order, based upon a key in which each
number was associated with a different image. The background sounds
consisted of presentations of stimuli from representative adaptive tracks
from a temporal-interval discrimination task that used the same stan-
dard as the target frequency-discrimination task (120 “trials” per set, 360
total per session). Note that these background sounds differed in tempo-
ral interval across presentations, but all had the same frequency. In the
third regimen, listeners actually performed that temporal-interval dis-
crimination task (Freq-alternating-with-Interval; n = 8). In the two re-
maining regimens, used for comparison, listeners practiced either only
the temporal-interval discrimination task (All-Interval (900 trials); n =
6) or only the target frequency-discrimination task (All-Freq (900 trials);
n = 8) 900 trials per day for 10—11 d.
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Figure2. Initial experiments. 4, Training regimens. Different groups of adults with normal hearing were given one of five daily training regimens for 6 11 d. In the three key regimens, in each
session, practice on a target frequency-discrimination task (standard: 1 kHz, 100 ms) alternated with performance of either (1) a written symbol-to-number matching task in silence (Freg-
alternating-with-Silence), (2) the written task while stimuli were played in the background (Freg-alternating-with-Sound), or (3) a temporal-interval discrimination task (Freg-alternating-with-
Interval). The additional stimulus exposures (background sounds or stimuli for temporal-interval discrimination) had the same standard as in the target frequency-discrimination task, but varied in
temporal interval rather than frequency. In the two remaining regimens all of the practice was on either the temporal-interval discrimination task [All-Interval (900 trials)] or the target
frequency-discrimination task [All-Freq (900 trials)], again with the 1 kHz, 100 ms standard. Each box represents 120 trials or the equivalent. B, Pre- and post-training data. Mean frequency-
discrimination thresholds (Afin Hz for 79.4% correct) before (open squares) and after (filled squares) completing one of the five multiple-day training regimens (n = 6 —8 per trained group) or
receiving no training over that same time period (controls; n = 10). Results are shown for the standard stimulus used in all of the training regimens (top: 1kHz, 100 ms) and for the two untrained
standard stimuli used to test the generalization of learning (middle: 1kHz, 50 ms and bottom: 4 kHz, 100 ms). Error bars indicate == SEM. Dashed boxes indicate significantly greater improvement
between the pre- and post-training tests by a trained group than controls ( p << 0.05). €, Performance across sessions. Group mean thresholds (squares) across sessions for the target frequency-
discrimination task (standard: 1 kHz, 100 ms) for each of the four groups who practiced frequency discrimination (panels), with regression lines fitted to the thresholds on the log of the session
number. Error bars indicate == SEM. Thresholds were adjusted to account for individual differences in pretraining threshold (Cohen, 1988). The p-values reflect whether the slope of the regression
line was significantly different from zero. The key result is that the combination of practice on the target frequency-discrimination task and additional stimulus exposures (Freg-alternating-with-
Sound and Freg-alternating-with-Interval) facilitated learning on frequency discrimination. Learning was enhanced relative to when the training involved only the target-task performance portion
of the combined regimens (Freg-alternating-with-Silence), as well as to when stimulus exposures in greater numbers than in those regimens were presented in the absence of target-task
performance [All-Interval (900 trials)].

Follow-up experiments. In follow-up experiments, eight new groups of ~trials occurred consecutively rather than in separate 120-trial sets as in

listeners each participated in a different training regimen. These regi-
mens differed from each other in terms of the presentation order of, the
duration between, and the stimuli used during the periods of target-task
performance and additional stimulus exposure. In all eight new regi-
mens, listeners again practiced the target task (frequency discrimination
with a 1 kHz, 100 ms standard) for 360 trials per day for 67 d, but these

the alternating regimens of the initial experiments. In one regimen, the
listeners completed only these frequency-discrimination trials (All-Freq
(360 trials); n = 8) (Fig. 3A). In the other seven regimens, in addition to
the frequency-discrimination trials, the listeners also performed 360
consecutive trials per day of temporal-interval discrimination or per-
formed the written symbol-to-number matching task while 360 “trials”
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Figure 3.

Follow-up experiments: presentation order. 4, Training regimens. In one regimen all of the practice in each session was on a target frequency-discrimination task (standard:

1kHz, 100 ms) [All-Freq (360 trials)]. In the other three regimens, in each session, practice on the target frequency-discrimination task occurred either (1) exclusively before performance
of a temporal-interval discrimination task (Freg-then-Interval), (2) exclusively after performance of that temporal-interval task (Interval-then-Freq), or (3) exclusively after performance
of a written symbol-to-number matching task while stimuli were played in the background (Sound-then-Freq). Otherwise, as in Figure 2. B, Pre- and post-training data. As in Figure 2,
with the data from controls (Fig. 2) replotted for comparison. C, Performance across sessions. As in Figure 2. The key result here is that the additional stimulus exposures enhanced
learning on the target frequency-discrimination task regardless of whether those exposures were presented exclusively before or after target-task performance.

of the same background sounds as in the initial experiments were pre-
sented. Of these regimens, in one, the listeners practiced the target
frequency-discrimination task immediately before performing the
temporal-interval discrimination task (Freq-then-Interval; n = 8) (Fig.
3A). In two other regimens they practiced the target task immediately
after, rather than before, performing the temporal-interval discrimina-
tion task (Interval-then-Freq; n = 7) or performing the symbol-to-
number matching task in the presence of the background sounds
(Sound-then-Freq; n = 7) (Fig. 3A). In another two regimens the listen-
ers completed the temporal-interval task either 15 min (Freq-15 min-
Interval; n = 9) or 4 h (Freq-4 h-Interval; n = 8) after practicing the
target frequency-discrimination task (Fig. 4A). In all of these regimens
the standard sound was the same for both tasks (100 ms, 1 kHz). In the
remaining two regimens listeners practiced frequency discrimination
followed by temporal-interval discrimination, but the standard stimuli
differed between the two tasks. The temporal-interval task used a stan-
dard that differed from that in the target frequency-discrimination task

(1 kHz, 100 ms) only in frequency in one regimen (4 kHz, 100 ms;
Freq-then-Interval (different frequencies); » = 7) and only in temporal
interval in the other (1 kHz, 350 ms; Freq-then-Interval (different inter-
vals); n = 7) (Fig. 5A).

Listeners

One hundred and eight listeners (69 females) ranging in age from 18 to 30
years [mean 20.7 years (SD 3.2)] were paid for their participation. All had
normal hearing and no previous experience with psychoacoustic tasks.
Some data from the All-Freq (360 trials), All-Freq (900 trials) and All-
Interval (900 trials) groups were reported previously (Wright and Sabin,
2007), but the post-training performance of these groups is shown for the
first time here.

Analyses
All analyses were conducted on log-transformed (log,, Hz) thresholds.
The data of individuals whose pretraining thresholds were >2 SDs above
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Follow-up experiments: temporal separation. 4, Training regimens. In one regimen all of the practice in each session was on a target frequency-discrimination task (standard: 1kHz, 100

ms) [All-Freq (360 trials)]. In the other three regimens, in each session, practice on the target frequency-discrimination task occurred before performance of a temporal-interval discrimination task
using the same standard stimulus, with the two events separated by either (1) 0 min (Freg-then-Interval), (2) 15 min (Freg-15 min-Interval), or (3) 4 h (Freq-4 h-Interval). Otherwise, as in Figure
2. B, C, Pre- and post-training data (B) and performance across sessions (€). As in Figure 2, with the data from controls (Fig. 2) and from the All-Freq (360 trials) and Freq-then-Interval groups (Fig.
3) replotted for comparison. The key result here is that some benefit from the additional stimulus exposures remained when they were presented 15 min, but not 4 h, after performance of the target

frequency-discrimination task.

the mean of all 108 listeners were removed from the analyses on a
condition-by-condition basis (5.4% of the total values). The pretraining
thresholds combined across all groups were positively correlated with the
post-training thresholds for each of the three different standard stimuli:
1kHz,100ms (r=0.61,p < 0.0001), 1 kHz, 50 ms (r = 0.53, p < 0.0001),
and 4 kHz, 100 ms (r = 0.78, p < 0.0001). Therefore to evaluate the
influence of training, we used analyses of covariance (ANCOVAs) to
adjust the post-training thresholds of each group, using pretraining
thresholds as the covariate. The main statistical conclusions are based on
separate ANCOVAs comparing the post-training thresholds of each
trained group for each standard to those of the controls. In the few cases
in which the heterogeneity of regression was significant, we instead eval-
uated whether there was a significant interaction in a two group (trained
vs control) by two time (pre- vs post-training test) ANOVA. These anal-
yses followed omnibus ANCOVAs for each standard: 1 kHz, 100 ms
(F(1.88) = 2.56,p = 0.005), 1 kHz, 50 ms (F,, g5, = 3.36, p < 0.0001), and
4 kHz, 100 ms (F(, g5, = 1.51, p = 0.15). The test for heterogeneity of
regression was not significant for any of these analyses: 1 kHz, 100 ms
(Fi13.75) = 0.84, p = 0.61), 1 kHz, 50 ms (F,5,3) = 0.65, p = 0.80), and
4 kHz, 100 ms (F;5 75, = 0.98, p = 0.48). We also fitted separate regres-
sion lines through the daily mean frequency-discrimination thresholds
of the individual listeners against the log of the session number for each

of the groups who received training on frequency discrimination. These
fits included data from the pretraining test, the first six training sessions
(the maximum number obtained from every listener), and the post-
training test. The training-phase and post-training thresholds were ad-
justed using pretraining threshold as the covariate (Cohen, 1988).

Results

Initial experiments

Of the three key training regimens used in the initial investiga-
tion, only the two that provided additional stimulus exposures
yielded learning between the pre- and post-training tests (Fig.
2B). The Freq-alternating-with-Silence group, who did not re-
ceive the additional exposures, did not improve significantly
more than controls either with the trained standard (1 kHz, 100
ms) (F, 14 = 0.001, p = 0.97) or with the standard that had the
untrained interval (1 kHz, 50 ms) (F(, ;4 = 1.47, p = 0.25) and
actually showed a trend toward less improvement than controls
with the standard that had the untrained frequency (4 kHz, 100
ms) (F(, 14 = 4.06, p = 0.06). In contrast, the Freq-alternating-
with-Sound and Freq-alternating-with-Interval groups, who
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Follow-up experiments: stimulus dependence. A, Training regimens. In one regimen all of the practice in each session was on a target frequency-discrimination task (standard: 1 kHz,

100 ms) [All-Freq (360 trials)]. In the other three regimens, in each session, practice on the target frequency-discrimination task immediately preceded performance of a temporal-interval
discrimination task. As compared with the standard stimulus used in the target frequency-discrimination task, the standard for the temporal-interval discrimination task either (1) was the same (1
kHz, 100 ms; Freg-then-Interval), (2) had a different frequency but the same temporal interval [4 kHz, 100 ms; Freq-then-Interval (different frequencies)], or (3) had the same frequency but a
different temporal interval [1 kHz, 50 ms; Freq-then-Interval (different intervals)]. Otherwise, as in Figure 2. B, , Pre- and post-training data (B) and Performance across sessions (C). As in Figure
2, with the data from controls (Fig. 2) and from the All-Freq (360 trials) and Freg-then-Interval groups (Fig. 3) replotted for comparison. The key result here is that the additional stimulus exposures
led to enhanced learning on the target frequency-discrimination task only when those exposures had the same frequency as, though they did not have to be identical to, the stimuli encountered

during performance of the target task.

both received the additional exposures, learned significantly
more than controls with the trained standard (F, ;5 = 8.38,p =
0.015 F(; 15y = 9.11, p = 0.009, respectively) and generalized their
learning to the standard with the untrained interval (F, ;5, =
6.90, p = 0.02; F(; ;5 = 20.00, p = 0.0004), though not to the one
with the untrained frequency (F, ;5y = 0.002, p = 0.96; F, ;5) =
0.21, p = 0.65).

The learning afforded by the additional stimulus exposures did
not result simply from exposure to the trained standard, to stimuli
with different temporal intervals or from the transfer of learning
from temporal-interval to frequency discrimination (Fig. 2B). The
All-Interval (900 trials) group was exposed to stimuli with different
temporal intervals just like the Freg-alternating-with-Sound and
Freq-alternating-with-Interval groups and even received more total

exposures to the standard used in the frequency-discrimination
training than did those additional-exposure groups (900 vs 720 ex-
posures per day; 10 vs 7 d). Nevertheless, the All-Interval (900 trials)
listeners showed no more learning than controls on any of the three
frequency-discrimination conditions (trained standard: F, ;5 =
0.007, p = 0.93; untrained interval: F, 5, = 0.07, p = 0.80; un-
trained frequency: F, ;,) = 1.89, p = 0.19).

It is noteworthy that the two regimens that combined target-
task performance and additional stimulus exposures yielded the
same improvement pattern as did extended training on the target
task throughout each training session (Fig. 2B). The All-Freq
(900 trials) group improved significantly more than controls with
the trained standard (F, 5 = 6.89, p = 0.02) and untrained
interval (F(, ;5 = 20.50, p = 0.0004) but not with the untrained
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frequency (F, ;5y = 0.07, p = 0.79) just as the two additional-
exposure groups had. Thus, the combination of 360 daily trials of
target-task performance and 360 daily “trials” of additional stim-
ulus exposures had the same effect as a regimen that provided an
even greater number of stimulus exposures, all of which were
encountered while performing the target task.

The benefit received from the additional stimulus exposures
was also evident over the course of training (Fig. 2C). For the
Freg-alternating-with-Silence group, the slope of the regression
line fitted to the frequency-discrimination thresholds against the
log of the session number was negative, but was not statistically
significant, indicating minimal improvement at best (slope =
—0.08, p = 0.12). However, the slope was significant for the
Freq-alternating-with-Sound (slope = —0.22, p < 0.0001) and
Freg-alternating-with-Interval (slope = —0.21, p = 0.0001)
groups, indicating systematic and gradual learning with these
additional-exposure regimens. The slope was also significant for
the All-Freq (900 trials) group (slope = —0.22, p < 0.0001).

Follow-up experiments

Presentation order

The additional stimulus exposures yielded enhanced learning on
the target task regardless of whether they were presented exclu-
sively before or after target-task performance (Fig. 3B,C). The
All-Freq (360 trials) group, who practiced all of the trials of the
target frequency-discrimination task consecutively and did not
receive additional exposures, showed no improvement over the
course of training (slope = —0.002, p = 0.96) and did not im-
prove significantly more than controls between the pre- and post-
training tests on any of the three standards (trained standard:
F15 = 0.22, p = 0.64; untrained interval: heterogeneity of re-
gression: F(; 13, = 5.85,p = 0.03, ANOVA group X time: F, ;5=
0.07, p = 0.80; untrained frequency: F, 5, = 1.90, p = 0.19). In
contrast, both the Freq-then-Interval and Interval-then-Freq
groups learned significantly across sessions (slope = —0.20, p =
0.0008; slope = —0.16, p = 0.0005, respectively) and improved
significantly more than controls on the trained standard (F, |5, =
8.02, p = 0.01; F(; 5y = 5.10, p = 0.04). The Sound-then-Freq
group also improved significantly over the course of training
(slope = —0.24, p = 0.0006) and showed a trend toward greater
improvement than controls with the trained standard (F, 4, =
3.78, p = 0.07). However, while learning enhancement on the
target task occurred for both presentation orders of the addi-
tional exposures and target-task performance, only one order
clearly yielded generalization. The two groups who received the
additional exposures first in each session (Interval-then-Freqand
Sound-then-Freq) improved significantly more than controls
with the untrained standard interval (F, ;5 = 8.35, p = 0.01;
F(113) = 4.53, p = 0.05, respectively), though not with the un-
trained standard frequency (F, 4 = 0.67, p = 0.42; heterogene-
ity of regression F(; ;) = 9.98, p = 0.007, group X time ANOVA:
F(115 = 1.92, p = 0.19). The learning in the group who received
the additional exposures second (Freq-then-Interval) instead ap-
peared to be specific to the trained standard (untrained frequency:
F(1,15 = 0.001, p = 0.97; untrained interval: I, ,5y = 2.38, p = 0.15;
see below for an analysis that addresses the relatively low starting
threshold in this group on the untrained interval). Thus, the regi-
mens in which the additional stimulus exposures preceded target-
task performance yielded the generalization pattern that was most
similar to that obtained with extensive daily training on frequency-
discrimination alone [All-Freq (900 trials)].
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Temporal separation

Some benefit from the additional stimulus exposures remained
when they were presented 15 min, but not 4 h, after target-task
performance (Fig. 4B,C). The listeners who received the addi-
tional exposures 4 h after practicing the target frequency-
discrimination task each day (Freq-4 h-Interval) did not improve
over the course of training (slope = —0.06, p = 0.22) or distin-
guish their performance from that of controls on any of the three
standards (trained standard: heterogeneity of regression F, |, =
5.53, p = 0.03, group X time ANOVA F, ;5 = 0.34, p = 0.57;
untrained interval: F(, ;5) = 0.94, p = 0.35, untrained frequency:
F15 = 0.43, p = 0.52). When the separation between the two
events was reduced to 15 min (Freq-15 min-Interval), the listen-
ers did improve significantly across sessions (slope = —0.14, p =
0.01), but did not improve significantly more than controls
between the pre- and post-training tests (F; ;5) = 2.13,p = 0.17)
on the trained standard, suggesting that the learning enhance-
ment had begun to decline over this time period. Curiously this
group showed a trend toward greater improvement than controls
with the untrained standard interval (F, ;5, = 4.09, p = 0.06) in
contrast to the apparent lack of generalization to this standard
shown by the listeners for whom there was no break between the
two events. This pattern raises the possibility that the break may
have had different effects on learning and generalization.

Stimulus dependence

The additional exposures led to enhanced learning only when
they shared a key feature with, but did not have to be identical to,
those encountered during target-task performance (Fig. 5B,C).
The listeners who received additional exposures that had a differ-
ent frequency than that of the standard in the target frequency-
discrimination task (Freq-then-Interval) (different frequencies)
did not learn across sessions (slope = —0.04, p = 0.62) or im-
prove more than controls between the pre-and post-training tests
(trained standard: F, ;3 = 0.26, p = 0.62; untrained interval:
F(114) = 0.51, p = 0.49; untrained frequency: F(, o) = 0.04, p =
0.85). When the additional exposures instead had the same fre-
quency as but a different temporal-interval than the standard of
the target-task (Freq-then-Interval) (different intervals), the lis-
teners improved over the course of training (slope = —0.22,p =
0.0003) and also improved more than controls between the
pre- and post-training tests on the trained standard (F(, ;4 =
7.56, p = 0.02). However, they did not appear to generalize this
learning to either the untrained interval (F, ;3, = 2.23, p = 0.16)
or frequency (F, 3 = 0.04, p = 0.85). While this specificity
could have been influenced by the different stimuli encountered
during the periods of additional exposures and target-task per-
formance, another possibility given the available data is that it
resulted from having received the additional exposures immedi-
ately after performing the target-task. The Freq-then-Interval
group, who received the exact same training but using standard
stimuli that did not differ between the two events, also did not
seem to generalize their learning. It is worth noting that the lack
of improvement on the untrained interval in these two groups
does not appear to have arisen simply because these groups had
among the lowest pretraining thresholds with that standard. Lis-
teners with the highest pretraining thresholds across these two
groups combined (n = 8) still did not improve significantly more
than controls on the untrained interval (F, ;5 = 1.18, p = 0.29),
though their mean pretraining threshold on that condition was
comparable to that of the other groups (16.3 Hz).
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Discussion

The present results show that a variety of combinations of active
task performance and periods of additional stimulus exposure
enhanced learning on a target auditory frequency-discrimination
task. Learning was enhanced relative to when the training in-
volved only the target-task performance portion of the combined
regimens, as well as to when stimulus exposures in greater num-
bers than in those regimens were presented in the absence of
target-task performance. This learning enhancement occurred
regardless of whether the additional exposures were encountered
while performing a non-target auditory task, or were simply pre-
sented in the background during the performance of a written
task. It also arose both when the periods of additional stimulus
exposure alternated with and when they came exclusively imme-
diately before or after those of target-task performance, but not
when those periods were separated by 4 h or involved different
stimulus frequencies. The combined regimens generated as much
improvement as did practicing the target task throughout the
entire training period. Thus, while task performance was neces-
sary for learning on this task, it was only required for a portion of
the training. The necessity for some target-task performance dis-
tinguishes the current demonstration from incidental learning,
in which improvement on a target task occurs solely through
performance of a non-target task that employs the same stimuli
(Nissen and Bulemer, 1987). It also separates these results from
cases in which learning occurs merely from stimulus exposures,
in the absence of any task performance with those stimuli at all
(Saffran et al., 1996; Godde et al., 2000; Watanabe et al., 2001;
Maye et al., 2002). The capacity for stimulus exposures pre-
sented outside of the period of target-task performance to
contribute to improvement indicates that learning can be en-
hanced by a temporal interaction between these two quite
different modes of experience.

An emergent conception of perceptual learning is that learn-
ing occurs when a neural process that limits performance on the
trained skill is placed in a sensitized state in which it can be
modified and is then stimulated sufficiently while in that state
(Seitz and Dinse, 2007; Wright and Zhang, 2009). It is thought
that the sensitized state is brought about through permissive sig-
nals that are typically and optimally provided by performance of
the target task, with attention or reward as candidates (Ahissar
and Hochstein, 2004; Seitz and Watanabe, 2005; Gilbert and
Sigman, 2007). The necessary stimulation while in this state
comes through stimulus exposures (Wright and Sabin, 2007).
The present results fit within, but help to expand, this concep-
tion. The improvement on frequency discrimination follow-
ing practice on that task, but not following practice only on
temporal-interval discrimination is consistent with the idea
that performance of the target task provided the permissive
signals needed to sensitize the neural processes to be modified.
Likewise, the presence of learning on frequency discrimina-
tion when that task was practiced 900 trials per day but not
when it was practiced 360 trials per day (see also Wright and
Sabin, 2007) supports the idea that there must be sufficient
stimulation of the sensitized processes for behaviorally ob-
servable learning to arise.

In this framework, the new information here is that stimula-
tion that occurs outside of the time of the direct activation of the
sensitizing permissive signals can contribute to learning. The cur-
rent data lead to this idea because listeners improved more on
frequency discrimination when the additional stimulus expo-
sures, which helped provide the sufficient stimulation, and
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target-task performance, which provided the necessary permis-
sive signals, were combined in either order, than when either
element was provided alone. That the effectiveness of the combi-
nation of these two elements began to decline within minutes and
was gone within hours of their separation suggests that the influ-
ence of their pairing is less likely to be a component of the pro-
longed consolidation phase, during which what has been learned
is transferred from a fragile to a more stable state, than of the
acquisition phase, during which the experiences leading to learn-
ing are obtained (for recent evidence that these two phases are at
least partially separable in perceptual learning, see Banai et al.,
2010). It also reduces the possibility that the observed enhance-
ment resulted from the addition of the independent influences of
these two elements rather than from the presence of one element
directly altering the response to the other.

The current data further suggest that the influence of both the
direct activation of the permissive signals and of the additional
stimulation spread beyond the time periods in which they oc-
curred. It appears that the influence of the permissive signals
spread to the subsequent periods of additional stimulation, be-
cause learning was enhanced when the target-task performance
preceded the presentation of the additional stimulus exposures.
This outcome raises the possibility that task performance led sub-
sequent stimulation to have the same effect as if it had actually
occurred during the direct activation of the permissive signals.
Consistent with this idea, brief inducing events can lead to per-
sistent physiological changes (Néddtinen et al., 1993; Fritz et al.,
2003; Weinberger, 2004; Clapp et al., 2005; Froemke et al., 2007).
For example, alterations in auditory receptive field tuning in-
duced by performance of a well learned task lasted minutes to
hours after task-performance ceased (Fritz et al., 2003) and
changes in the strengths of synaptic excitation and inhibition in
auditory cortex continued for hours following a brief period of
simultaneous sensory and nucleus basalis stimulation (Froemke
et al., 2007). Additional sensory stimulation during postinduc-
tion periods such as these may lead to longer lasting changes.

It also appears that the influence of the additional stimulation
spread into the subsequent periods of activation of the permissive
signals, because learning was enhanced when the stimulus expo-
sures preceded target-task performance. A potential explanation
for the enhancement obtained with this presentation order is that
additional stimulation increased the efficacy of the stimulation
during periods of activation of the permissive signals. In this
scenario, the additional stimulus exposures did not contribute to
learning directly but rather increased the potential for improve-
ment once the various requirements for malleability, such as the
presence of the necessary permissive signals, were eventually met.
This idea is reminiscent of demonstrations that the synaptic plas-
ticity resulting from an inducing event can be altered by prior
stimulation that does not produce plasticity itself (synaptic meta-
plasticity) (Abraham and Tate, 1997). It also evokes reports that
even nonconscious exposure to a stimulus can subsequently lead
to improved perception and identification of that stimulus (percep-
tual priming) (Wiggs and Martin, 1998), possibly due to a sharpen-
ing of the internal stimulus representation via a reduction in the
responsiveness of neurons that are not crucial to the encoding of the
key features of that stimulus (repetition suppression) (Desimone,
1996; Wiggs and Martin, 1998). Along this same line, there is recent
evidence that electroencephalographic responses in the human cen-
tral auditory system can be altered by sensory stimulation in the
absence of task performance (Tremblay et al., 2010).

The suggestion that different processes may govern the en-
hancement obtained when the target-task performance preceded
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compared with when it followed the additional stimulus expo-
sures receives some support from the tentative conclusion that
the patterns of generalization differed for these two presentation
orders. If identical processes were operating in the two orders,
then the outcomes should not have differed between them. The
implication that learning on a trained condition may lead to gen-
eralization to untrained conditions under some circumstances
but not others is consistent with recent evidence that perceptual
learning and its generalization may arise from changes that are at
least partially distinct (Wright et al., 2010).

In this same framework, two other aspects of the temporal
interaction between the permissive signals and additional stimu-
lation are revealed by the characteristics of the additional stimu-
lus exposures that did and did not yield enhancement. First, the
circuitry supporting the interaction between these two elements
seems to be selective for a particular stimulus feature rather than
for the stimulus as a whole. Learning enhancement on frequency
discrimination occurred here only when the additional stimulus
exposures shared the same frequency with the standard stimuli
used during target-task performance. Yet, the additional expo-
sures did not have to be identical to those used during the target
task to be effective. Second, the functional element of the re-
quired stimulation did not seem to arise from the physical pres-
ence of the signal variations to be discriminated. The additional
stimulus exposures all had the same frequency, but nevertheless
aided learning on frequency discrimination. This observation echoes
arecent report that listeners improved on frequency discrimination
following a single session of practice on that task using constant-
frequency stimuli (Amitay et al., 2006), but extends this outcome to
a multiple-day training regimen in which those stimuli were en-
countered while not performing the target task at all.

Finally, it is important to note that learning enhancement
occurred even though the additional stimulus exposures were
presented while the listeners were performing non-target
tasks. The additional exposures thus were effective even
though they were encountered during the generation of per-
missive signals that presumably were directed to different neu-
ral processes than were engaged by the target task. However,
the observation that enhancement did not occur when the
additional exposures had a different frequency than the stan-
dard in the target task diminishes the possibility that the mere
presence of permissive signals is sufficient to generate learning
enhancement.

On a practical level, the present results suggest a means by
which perceptual training regimens might be made markedly
more efficient and less effortful. The current data indicate that it
may be possible to reduce the effort required by participants by at
least half, with no deleterious effect, simply by combining periods
of task performance with periods of additional stimulus expo-
sure. If this proves to be a general rule of nondeclarative learning,
it could help to explain how potent instances of learning can arise
when sensory stimulation is not always coupled with attention
(or some other permissive signal), including the acquisition of
language (Kuhl, 2004) and the emergence of chronic pain (Flor
and Diers, 2007).
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