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Humans rely on interaural level differences �ILDs� to determine the location of sound sources,
particularly for high-frequency sounds. Previously, ILD-discrimination performance with a 4-kHz
pure tone was reported to improve with multi-hour training. Here the effect of the same training
regimen on ILD discrimination with a 4-kHz tone sinusoidally amplitude modulated �SAM� at 0.3
kHz was examined. Ten of the 16 trained listeners improved more than untrained controls,
demonstrating training-induced learning. However, compared to the learning previously obtained
with the 4-kHz pure tone, learning with the SAM tone was less predictable based on starting
performance, took longer to complete, and was characterized by specificity to stimulus type �SAM
vs pure tones� rather than stimulus frequency. These differences demonstrate an influence of
amplitude modulation on learning of ILD discrimination. This influence suggests that the auditory
system makes use of amplitude envelope information in determining ILD-discrimination
performance, a form of interaction between time and level processing in the binaural system.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3177267�

PACS number�s�: 43.66.Pn �RLF� Pages: 1349–1358
I. INTRODUCTION

Many auditory skills improve with practice even in
adults �for review, see Watson, 1980; Irvine and Wright,
2005; Wright and Zhang, 2006, 2009�, raising the possibility
that training programs can be used to treat individuals with
hearing disorders and to create new hearing expertise. To
help establish the principles of auditory learning, we have
been examining how basic auditory skills in normal-hearing
adults improve with training and how the improvements gen-
eralize to untrained conditions. They also use these learning
patterns to make inferences about the neural processes un-
derlying the trained skills �also see Karni and Sagi, 1991;
Ahissar and Hochstein, 2004�. Of interest here is how listen-
ers learn to better detect changes in two primary sound-
localization cues, interaural level differences �ILDs� and in-
teraural time differences �ITDs�. Sensitivity to these cues
allows us to register the source of a sound in space as well as
to separate concurrent sounds from different sources.

Human sensitivity to ILDs and ITDs represents an ex-
quisite example of neural computation by the central nervous
system through which information that is not available at the
sensory periphery is extracted �Hafter, 1984�. ILDs arise be-
cause a sound is attenuated by the head and torso during its
transmission so that the sound level at the ear closer to the
source is larger than that at the ear farther from the source.
The ILD magnitude depends on the stimulus frequency as
well as the stimulus source location. Because at low frequen-
cies the sound wave largely “bends around” the head and
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torso and therefore undergoes little attenuation, ILDs are
considered to function best at high frequencies. ITDs are
created because it takes the sound less time to travel to the
closer ear than to the farther ear. The magnitude of the ITD is
almost solely determined by the difference in the sound-
transmission length to the two ears. For pure tones, ITDs can
only serve as an effective cue to sound source location at low
frequencies ���1.5 kHz�. However, they are effective at
high frequencies for sounds with low-frequency amplitude
envelopes.

Though ILD and ITD sensitivities have been extensively
studied with both physiological and psychophysical methods,
examinations of the change in such sensitivity with experi-
ence have only recently begun �Wright and Fitzgerald, 2001;
Rowan and Lutman, 2006, 2007; Zhang and Wright, 2007�.
We previously observed learning on ILD, but not ITD, dis-
crimination in normal-hearing adults induced by multiple-
day training, suggesting a type of modifiability that influ-
ences level but not timing sensitivity in the binaural system.
In these tasks, listeners discriminated sounds that differed
only in their ILD or ITD value. Following convention, we
term the task ILD or ITD discrimination based on the cue
manipulated �e.g., see Stern et al., 1983; Koehnke
et al., 1986; Yost and Dye, 1988�. In their initial investiga-
tion, we trained one group of listeners for multiple days on
ILD discrimination with a high-frequency �4 kHz� pure tone
and another group on ITD discrimination with a low-
frequency �0.5 kHz� pure tone �Wright and Fitzgerald, 2001�.
Training-induced learning �defined as significantly more im-
provement in trained listeners than untrained controls� was
observed for ILD but not for ITD discrimination, and the

ILD learning did not generalize to the ITD condition. The we
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subsequently tested whether the distinct learning patterns ob-
served in their initial investigation resulted from the differ-
ence between the stimulus frequencies �4 vs 0.5 kHz� by
training another group of listeners, using the same regimen
as before, on ITD discrimination with a 4-kHz tone sinusoi-
dally amplitude modulated �SAM� at 0.3 kHz �Zhang and
Wright, 2007�. The SAM tone was used because humans are
not sensitive to ITDs in pure tones in the high-frequency
region. There was no training-induced improvement on this
4-kHz SAM ITD condition, similar to the training results for
ITD discrimination with the 0.5-kHz pure tone but different
from those for ILD discrimination with the 4-kHz pure tone.
Thus, the learning pattern varies with the cue manipulated,
instead of with the stimulus frequency region used �Zhang
and Wright, 2007�. Taken together, these results demonstrate
that our multi-day training regimen can differentially modify
the neural processes governing performance on interaural
discrimination when different cues are manipulated.

Taking advantage of this demonstration, here we used
the same training regimen to investigate whether the timing
characteristics of the stimulus influence ILD processing in
terms of its modifiability. Specifically, they asked whether
amplitude modulating the trained stimulus results in a differ-
ent learning pattern on ILD discrimination from that previ-
ously obtained with the 4-kHz pure tone �Wright and Fitzger-
ald, 2001�. While the binaural system is best known for the
microsecond level of time calculation shown by ITD sensi-
tivity, impressive temporal fidelity in the range of a few mil-
liseconds is also present in the neural circuits traditionally
considered as the ILD pathway �for review, see Tollin, 2003�.
Tollin �2003� suggested that such high temporal fidelity in
ILD processing allows temporal variations in the stimuli ar-
riving at each ear to be accurately represented and compared
in a time-locked manner over short time intervals. However,
to date, behavioral demonstrations that the timing character-
istics of the stimulus influence ILD processing are lacking.
Here, we compared ILD processing, in terms of its modifi-
ability, between two stimuli with different timing character-
istics: a 4-kHz pure tone �data from Wright and Fitzgerald
�2001�� and a 4-kHz SAM tone �the present experiment�.
Toward this end, they trained a new group of listeners on
ILD discrimination with the SAM tone using the same train-
ing regimen as in the previous ILD-discrimination training
experiment with the pure tone. The amplitude modulation
�AM� rate of the SAM tone was 0.3 kHz �a period of 3.3 ms�,
a rate that likely taxes the temporal fidelity in ILD process-
ing. Thus, ILD performance with this stimulus could poten-
tially benefit from improved temporal processing. A differ-
ence in ILD-discrimination learning patterns between the
SAM tone and the pure tone would indicate an influence of
AM on the neural processes governing ILD-discrimination
performance.

II. MATERIALS AND METHODS

A. Listeners

Thirty-two normal-hearing human adults �19 women�

between the ages of 18 and 36 years �average of 22.5 years�
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participated in the experiment. All were paid for their partici-
pation. None of the listeners had previous experience in any
psychoacoustic experiment.

B. Experimental organization

The experiment consisted of a pretest session, nine �1-h
training sessions, and a post-test session conducted on con-
secutive days except weekends. Half of the listeners �n
=16�, referred to as the trained listeners, participated in all of
the sessions. The other half �n=16�, referred to as controls,
only participated in the pre- and post-test sessions. In each
training session, listeners obtained 12 threshold estimates
�see Sec. II D� on a single condition, referred to as the
trained condition. In the pre- and post-tests, they obtained
five threshold estimates on each of six conditions, one
trained and five related untrained conditions. The condition
order was randomized across listeners but fixed for each lis-
tener between the pre- and post-tests.

C. Task and conditions

For all stimulus conditions, the listeners were asked to
discriminate between two sounds, presented through head-
phones, that differed only in their ILD or ITD value. Dis-
crimination ability was measured in a two-interval-forced-
choice procedure. In each trial, stimuli were presented in two
visually marked 300-ms observation intervals that were sepa-
rated by a 660-ms silent period. In one interval randomly
chosen on each trial, a standard stimulus was presented. In
the other interval, a signal stimulus was presented that dif-
fered from the standard stimulus only by a variable �ILD or
�ITD that always favored the right ear �Wright and Fitzger-
ald, 2001; Zhang and Wright, 2007�. The listeners reported
which interval they perceived as containing the signal stimu-
lus by pressing a key on a computer keyboard. Visual feed-
back was provided after each response throughout the entire
experiment. Before starting each condition in the pretest, lis-
teners were presented with samples of the standard and sig-
nal stimuli that, as they reported verbally or by pointing,
produced distinct lateral positions. These samples were also
provided before each 60-trial block throughout the experi-
ment.

Here, we report data from seven stimulus conditions,
one trained and six untrained. The trained condition, ILD
discrimination with a 4-kHz tone SAM at 0.3 kHz and a
0-dB standard ILD, was included in the pre- and post-tests of
all listeners. Each of the six untrained conditions included in
this report was tested in only half of the listeners �eight
trained listeners and eight controls per condition�. These un-
trained conditions differed from the trained one either only in
the standard ILD �6 vs 0 dB�, the carrier frequency �6 vs 4
kHz�, the modulation rate �0.15 vs 0.3 kHz�, the stimulus
type �pure tone �4 or 0.3 kHz� vs SAM tone�, or the cue
manipulated �ITD vs ILD�. Four other untrained conditions
were tested for a purpose unrelated to the current experiment

and thus are not described here.
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D. Procedure

From each 60-trial block, a discrimination threshold for
ILD or ITD was estimated using a 3-down, 1-up adaptive
procedure. The �ILD or �ITD value was decreased after
every three consecutive correct responses and increased after
each incorrect response �Levitt, 1971�. The signal values at
which the direction of change switched from decreasing to
increasing or from increasing to decreasing were denoted as
reversals. When there were seven or more reversals within a
block, we discarded the first three reversals �if the total num-
ber of reversals was odd� or four reversals �if the total num-
ber of reversals was even� and averaged the remaining rever-
sals to estimate the �ILD or �ITD value required for 79%
correct responses �threshold�. When there were fewer than
seven reversals, performance on that block was marked as
“insufficient reversals.” In the ILD conditions, the starting
value of the �ILD was 6 dB, and the step size was 0.5 dB
until the third reversal and 0.25 dB thereafter. In the ITD
condition, the starting value of �ITD was 1 �s, forcing the
listeners to guess on the first trial �see also Wright and
Fitzgerald, 2001; Zhang and Wright, 2007�. The step size
was multiplications or divisions by 100.2 until the third rever-
sal and by 100.05 thereafter �Saberi, 1995�. The minimum
value was 0 dB for �ILD and 1 �s for �ITD. The maximum
value was 650 �s for �ITD, approximately the maximum
naturally occurring time delay between the two ears in hu-
mans �e.g., Feddersen et al., 1957; Kuhn and Guernsey,
1983�. There was no maximum for �ILD. We chose these
parameters for the adaptive algorithms to be consistent with
their previous experiments on interaural discrimination
learning �Wright and Fitzgerald, 2001; Zhang and Wright,
2007�. The differences in the parameters between the ILD
and ITD conditions do not appear to influence the effective-
ness of threshold estimation �Zhang and Wright, 2007�.

Consistent with our previous experiment �Zhang and
Wright, 2007� for the ITD-discrimination condition with the
trained SAM tone, a substantial proportion �36%� of blocks
failed to yield valid threshold estimates. Because omitting
these blocks can lead to underestimation of ITD discrimina-
tion thresholds �Zhang and Wright, 2007�, we reevaluated
performance in the invalid blocks following the approach
used in that report. Briefly, for tracks that yielded fewer than
seven reversals �and hence were marked as insufficient re-
versals�, they estimated thresholds based on the last four re-
versals when there were six total reversals and excluded the
tracks yielding fewer than six reversals in total. When a track
yielded a threshold estimate greater than 650 �s by calling
for nominal �ITD values exceeding 650 �s, they replaced
the estimate with 650 �s.

E. Stimulus generation

The SAM tones were synthesized by sinusoidally modu-
lating the amplitude of a sinusoidal carrier to 100% depth. In
all conditions, the stimuli to both ears started and ended si-
multaneously, and each stimulus had a total duration of 300
ms, including 10-ms rise/fall cosine ramps. For pure tones,
the starting phase of the right-ear stimulus was randomized

across intervals. For SAM tones, the starting phases of both
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the carrier and modulation waveforms to the right ear were
randomized across intervals and were independent of each
other. The nominal stimulus level was 50 dB SPL both for
the pure tones and for SAM tones before modulation. This
level was low enough to avoid the influence of combination
products in the SAM-tone stimuli �Plomp, 1965�. In the ILD
conditions, the sound level was 50 dB SPL minus 0.5 times
the desired ILD for the left-ear stimulus, and 50 dB SPL plus
0.5 times the desired ILD for the right-ear stimulus. There
was no time or phase difference between the two ears. In the
ITD condition, the desired ongoing ITD was set by delaying
the starting phases of both the carrier and the modulator of
the left-ear stimulus relative to those of the right-ear stimu-
lus. There was no level difference between the two ears.

We used a digital-signal processing board �Tucker-Davis
Technologies in Gainesville, Florida, AP2� to generate all
stimuli. The stimuli to each ear were then delivered through
separate 16-bit digital-to-analog converters �TDT DD1�,
anti-aliasing filters �8.5-kHz low-pass, TDT FT5�, and pro-
grammable attenuators �TDT PA4�. Finally, the stimuli were

FIG. 1. Performance on the trained condition. �A� The mean ILD-
discrimination thresholds for the 10 learners �filled squares�, 6 non-learners
�open circles�, and 16 controls �open triangles� from the pretest, training
sessions, and post-test. �B� Individual data for the ten learners �filled
squares� and six non-learners �open circles�. Error bars represent �1 stan-
dard error �A� across or �B� within listeners.
sent through a headphone buffer �TDT HB6� to headphones
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with circumaural cushions �Sennheiser, HD265�. Listeners
were seated in a double-walled sound-attenuating booth.

III. RESULTS

A. Learning during the training sessions

Through multi-hour training, performance on the trained
condition �ILD discrimination with a 4-kHz carrier SAM at
0.3 kHz and a 0-dB standard ILD� improved significantly in
the majority of the trained listeners �Fig. 1�. As a group, the
trained listeners showed a significant decrease in their daily
mean thresholds across the nine training sessions �not
shown�, as indicated by a repeated-measures one-way analy-
sis of variance �ANOVA� �p�0.001� and a negative slope of
a regression line fitted over training sessions �slope=
−0.123 dB /session, p=0.004�. However, the effect of train-
ing varied markedly across individual listeners. We identified
an individual listener as having learned across training ses-
sions only if that listener’s performance met all of the fol-
lowing three criteria: �1� a significant one-way ANOVA on
thresholds across training days without repeated measures,
�2� a significant linear regression of thresholds fitted over
training days, and �3� a negative slope of the regression.
Alpha was set at 0.05 in all of the analyses. Using these
criteria, the 16 trained listeners fell into two groups accord-
ing to their performance during training. Ten out of the 16
listeners improved through training and are referred to as
learners �Fig. 1�b�, L1–L10, ANOVA: all p�0.012, regres-
sion: all p�0.007 and all slopes�0 dB /session�. The other
six listeners did not meet the criteria and are referred to as
non-learners �Fig. 1�b�, L11–L16�. Among the six non-
learners, one failed all three criteria �all p values�0.20,
slope=0.785 dB /session�, one failed both the criteria for
ANOVA and for significant regression �all p values�0.24�,

FIG. 2. Pre- and post-test performance on the trained and untrained conditio
�circles�, and the controls �triangles� for both the pretest �open symbols� an
condition �right panel�. The error bars represent �1 standard error across lis
the carrier frequency, the modulation rate, and the standard cue value. The
feature is marked. Asterisks indicate that there was a significant difference in
and controls �p�0.05 for the group by time interaction in a two group �lea
three did not show a significant regression �all p values
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�0.38�, and one did not have a significant ANOVA �p
=0.23�. The mean thresholds of the learners decreased
steadily across all training sessions �Fig. 1�a�, filled squares,
regression: slope=−0.117 dB /session, p=0.007�, while
those of the non-learners remained at approximately the
same level throughout training �open circles, regression:
slope=−0.009 dB /session, p=0.894�. Interestingly, the
learners and non-learners had similar pretest thresholds �t
test, p=0.777�, so whether or not a listener would improve
through training could not be predicted from starting perfor-
mance. Because of their distinct patterns of behavior during
the training sessions, we conducted the following analyses
separately for the learners and non-learners �also see Wright
et al., 1997; Karmarkar and Buonomano, 2003�.

B. Learning between the pre- and post-tests

On the trained condition, the learners improved signifi-
cantly more than the controls between the pre- and post-tests
�Fig. 2, the condition on the far left�. The thresholds of the
controls �triangles� decreased significantly between the pre-
�open symbols� and post-tests �filled symbols�, as revealed
by a paired t test �p=0.013�. However, the learners �squares�
showed an even greater improvement, as indicated by a sig-
nificant group by session interaction in a two group �learners
vs controls� by two session �pretest vs post-test� ANOVA
�p=0.022�. Confirming this result, the pretest thresholds of
the two groups did not differ significantly �independent t test,
p=0.151�, but the post-test thresholds were significantly
lower in the learners than in the controls �independent t test,
p=0.006�. It is worth noting that, though not significantly
different, the average pretest threshold of the learners �3.16
dB� was 1 dB lower than that of the controls �4.16 dB�.
Group differences in starting performance have been ob-

e mean discrimination thresholds of the learners �squares�, the non-learners
st-test �filled symbols� in the six ILD conditions �left panel� and one ITD
s. Conditions are denoted on the abscissa by the interaural cue manipulated,
ed condition is at the far left. For each untrained condition, the untrained
mount of improvement from the pretest to the post-test between the learners
vs controls� by two time �pretest vs posttest� ANOVA�.
ns. Th
d po

tener
train
the a
rners
served frequently in perceptual learning investigations with-
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out consistent patterns or clearly identifiable causes �e.g.,
trained listeners started worse than controls: Wright and
Fitzgerald, 2001; Fitzgerald and Wright, 2005; the opposite
pattern: Mossbridge et al., 2006�. In the present case, the
lower starting thresholds in the learners than in the controls
actually strengthens the claimed effect of training because
lower starting thresholds are associated with smaller
training-induced improvements on this task �see below�.

The learners also improved more than the controls on
the untrained ILD-discrimination conditions with SAM
stimuli but not on those with pure-tone stimuli or on the
untrained ITD-discrimination condition. The controls �Fig. 2,
triangles� showed significant learning between the pre-�open
symbols� and post-tests �filled symbols� only on two of the
six untrained conditions: the 6-dB standard ILD and the
4-kHz pure-tone conditions �paired t tests, p�0.038; for
other conditions, p�0.3�. Compared to the controls, the
learners �squares� improved significantly more on all of the
untrained ILD SAM conditions tested �Fig. 3, second to
fourth condition from the left�, including those with the un-
trained standard ILD �6 dB; ANOVA group by session inter-
action: p=0.024�, the untrained carrier �6 kHz; p�0.001�,
and the untrained modulation rate �0.15 kHz; p=0.086, but
p=0.039 according to an analysis of covariance that took
into account the difference in pretest threshold between the
two groups�. For the remaining three untrained conditions
�right three conditions�, there was no difference between the
learners and controls �all p values�0.304�.

Unlike the learners, the non-learners �Fig. 2, circles� did
not improve more than controls �triangles� between the pre-
�open symbols� and post-tests �filled symbols� on any condi-

FIG. 3. The relationship between the pretest threshold and the amount of i
�ordinate� for individual learners �filled squares�, non-learners �open circles�
�panels�. On each condition, the number of the regression lines fitted is based
dashed lines�, two lines �learners, solid lines; controls and non-learners, dashe
short-dashed lines�. The dotted lines represent zero improvement.
tion, trained or untrained �p=0.038 for the ILD 6-kHz carrier
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condition, but with more improvement in the controls than
non-learners; p�0.202 for the other conditions�. Note, how-
ever, that on four out of the six untrained conditions, the
analyses were based on only two non-learners and thus
should be viewed as tentative. For example, the two non-
learners both happened to improve �though neither signifi-
cantly, independent-sample t tests, p�0.25� between the pre-
and post-tests on the ITD condition �Fig. 3, bottom right
panel, circles� and appeared to show a trend of learning more
than controls. However, considering the marked variability in
the improvement of controls �Fig. 3, bottom right panel, tri-
angles�, the sample size of the non-learners was too small to
support any specific conclusion.

Finally, the relationship between the amount of learning
and pretest threshold varied across conditions, as well as
across different listener groups. To examine the influence of
pretest threshold on the amount of learning, we fitted regres-
sion lines to the amount of threshold improvement between
the pre- and post-tests over the pretest threshold across indi-
vidual listeners �Fig. 3�. Based on the between-group com-
parisons reported above, on each condition, a separate line
was fitted to each statistically different listener group. For the
trained condition �Fig. 3, top left panel�, because the statis-
tical analyses revealed no difference between the non-
learners �open circles� and controls �open triangles� but a
difference between the learners �filled squares� and controls,
we fitted a separate regression line for learners and one com-
mon line for the other two groups. The slope of the regres-
sion line for the learners was significantly different from zero
�slope: 0.48; p=0.006; solid line�, indicating that the magni-
tude of the improvement increased with increasing pretest

vement. Pretest thresholds �abscissa� and pretest minus post-test thresholds
controls �open triangles� are shown for each of the seven tested conditions

n the results of between-group comparisons �see text�: one line �all listeners,
es�, and three lines �learners, solid lines; non-learners, dashed lines; controls,
mpro
, and
upo

d lin
threshold. In contrast, the slope of the regression line for
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controls and non-learners did not differ significantly from
zero �p=0.104; dashed line�, indicating that the amount of
improvement was approximately independent of the pretest
value. For the untrained conditions, the magnitude of im-
provement tended to increase with increasing pretest thresh-
old in general �p�0.085�, except in the cases of the 6-kHz
carrier condition, the 0.3-kHz pure-tone condition, and the
controls and non-learners in the 0.15-kHz SAM rate condi-
tion �p�0.168�.

IV. DISCUSSION

The primary purpose of the present experiment was to
examine the extent to which AM influences ILD-
discrimination learning. Here, we compare the current ILD-
discrimination training results obtained with the SAM-tone
�4-kHz carrier, 0.3-kHz AM� to those previously obtained
with a pure tone �4 kHz� using the same training regimen
�Wright and Fitzgerald, 2001� and discuss the implications of
the differences between these results in terms of the neural
processes governing ILD-discrimination ability. Before do-
ing so, we first briefly discuss the lack of learning in a subset
of the trained listeners �non-learners�.

A. Non-learners

In the current experiment, a considerable portion of the
trained listeners �6 out of 16, or 37%� failed to improve
across training sessions. The lack of learning in a subset of
trained listeners is not unusual. Large individual differences
in improvement magnitude have been frequently observed in
perceptual learning �e.g., Nagarajan et al., 1998; Irvine et al.,
2000; Delhommeau et al., 2002�. In the auditory-learning
investigations in which whether or not an individual listener
improved over training was determined, the probability of
learning across individual listeners varies considerably
across tasks �e.g., 0%–50% for ITD discrimination �Wright
and Fitzgerald, 2001; Rowan and Lutman, 2007; Zhang and
Wright, 2007�, 42%–79% for temporal-interval discrimina-
tion �Wright et al., 1997; Karmarkar and Buonomano, 2003�,
67%–86% for temporal-order discrimination �Mossbridge
et al., 2006; Mossbridge et al., 2008�, and 100% for SAM
rate discrimination �Fitzgerald and Wright, 2005�� as well as
across stimulus conditions for the same task �e.g., Karmarkar
and Buonomano, 2003�. To date, there is no systematic in-
vestigation into the cause of such individual differences in
the ability to improve perceptually. In most cases, the listen-
ers who failed to learn tended to have good starting perfor-
mance, suggesting a ceiling effect for learning. However, in
the current experiment, a ceiling effect could not explain the
lack of learning in the non-learners because whether or not a
listener improved through training could not be predicted
from the starting performance. This homogeneity of starting
performance of the learners and the non-learners also sug-
gests that the non-learners did not fail to learn due to general
factors that are likely to result in systematic changes in per-
formance, such as an inability to maintain attention, confu-
sion about the task, or the use of different strategies to solve
the task �also see Sec. IV B 2 for further discussion�. An

absence of learning that could not be predicted from starting
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performance can also be seen on an auditory temporal-
interval discrimination task in the individual-learning figure
�Karmarkar and Buonomano, 2003, Fig. 1�b��. Future experi-
ments are needed to determine whether the lack of learning
in individuals who have room to improve results from a gen-
eral inability to improve perceptually or from task-dependent
defects in cognitive or perceptual plasticity.

B. Differences between ILD-discrimination learning
with pure and SAM tones

1. Learning patterns

While multi-hour training yielded significant improve-
ment on ILD discrimination both with pure and SAM tones,
the results differed between the two cases in the predictabil-
ity, rate, and generalization pattern of that learning. First,
whether or not a listener learned could be predicted from the
starting performance when ILD discrimination was trained
with the pure tone, but not with the SAM tone. With the pure
tone, two out of eight trained listeners did not improve.
These two listeners had starting thresholds among the best.
With the SAM tone, however, as mentioned above, the six
non-learners could not be distinguished from the learners
based on pretest thresholds �Fig. 3, top left panel, open
circles�. Second, in those who learned, the rate of learning
appeared to be slower with the SAM tone than with the pure
tone, based on a two group �SAM trained vs pure-tone
trained� by nine training session ANOVA �group by session
interaction: p=0.049�. With the pure tone �Fig. 4�a�, hour-
glasses, data from Wright and Fitzgerald, 2001�, perfor-
mance improved rapidly in the first few sessions and leveled
off in the following sessions, while with the SAM tone
�squares�, performance continued to improve at a constant
rate throughout all of the nine sessions. Third, ILD-
discrimination learning generalized across stimulus frequen-
cies following training with the SAM tone, but not with the
pure tone. With the pure tone, learning did not generalize
from the trained 4-kHz tone to untrained tones at 6 or 0.5
kHz, while with the SAM tone, learning generalized from the
trained 4-kHz carrier to the untrained 6-kHz carrier.

Another interesting difference between ILD-
discrimination learning with the pure and SAM tones was
that learning in one case �the SAM tone� did not generalize
to the other �the pure tone�. In the present experiment, the
SAM-trained learners did not improve more than controls on
ILD discrimination with untrained pure tones, either at the
trained carrier frequency �4 kHz� or at the trained modulation
rate �0.3 kHz�, suggesting a failure of generalization that is
attributable to stimulus type �SAM vs pure tone� rather than
stimulus frequency. Strengthening this conclusion, for the
ILD 4-kHz pure-tone condition, these learners, just like con-
trols, improved significantly less than the listeners trained
with the 4-kHz pure tone itself �Fig. 4�b�, bottom panel;
pure-tone trained data from Wright and Fitzgerald, 2001�,
according to a two group �SAM trained vs pure-tone trained�
by two session �pretest vs posttest� ANOVA �group by ses-
sion interaction, p=0.034�. Thus, the current learners did not
fail to generalize their learning to the pure tone at the trained

carrier frequency because they had no room to improve.
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These different learning and generalization patterns for
ILD discrimination with the SAM and the pure tones suggest
that the current multi-hour training regimen differentially in-
fluenced the neural system in the two cases. First, the neural
processes affected by training with the SAM tone and the
pure tone appear to have different characteristics. In the
pure-tone case, the affected neural process seems to influ-
ence perception of different ILD values in a frequency-
specific manner and to be readily modifiable unless its output
is already near optimal. In the SAM-tone case, the modified
neural process seems to influence ILD-discrimination perfor-
mance in a stimulus-type-specific manner, responding to am-
plitude modulated tones regardless of location, carrier fre-

FIG. 4. Comparison between the current data and those previously obtained
for ILD-discrimination training with a 4-kHz tone �Wright and Fitzgerald,
2001�. �A� The mean ILD-discrimination thresholds across the test and
training sessions for the present learners �n=6 of 8� trained with a 4-kHz
tone SAM at 0.3 kHz �SAM tone, filled squares� and the previous listeners
�n=8� trained with a 4-kHz tone �pure tone, filled hourglasses�. �B� The
amount of improvement �ordinate� on the ILD 4-kHz pure-tone condition
plotted against the pretest threshold �abscissa� for each of the present SAM-
trained learners �filled squares, n=6 of 8�, the present controls �open tri-
angles, n=8�, and the previous listeners trained with the 4-kHz tone �filled
triangles, n=8�. Regression lines were fitted separately for the present learn-
ers �dashed line� and the previous listeners �solid line�. Zero improvement is
denoted by the dotted line.
quency, and modulation rate but not to pure tones even at the
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same frequency as the trained SAM tone. These different
characteristics could result from either different neural cir-
cuitries being modified or from different modifications in the
same neural circuitry. Further, the differences in the predict-
ability and time course of learning observed with the two
stimulus types also suggest different characteristics of the
modifications themselves. With the pure tone, the modifica-
tion took place readily with training, improving ILD sensi-
tivity except in listeners with the best starting performance,
and was completed relatively rapidly within a few training
sessions. In contrast, with the SAM tone, the modification
occurred with a probability of approximately 60%, indepen-
dent of the initial performance, and proceeded at a nearly
constant rate for more than ten days. These different charac-
teristics of modifications hint at different types of neural
changes resulting from training with the SAM tone and the
pure tone.

Note that the characteristics described do not specify the
physiological loci of the neural modifications incurred by
training. Specificity of perceptual learning to stimulus fea-
tures has often been taken as evidence that modifications
occur in the early stages of sensory processing �Karni and
Sagi, 1991; Poggio et al., 1992; Ahissar and Hochstein,
2004; Fahle, 2004�. Supporting this idea, neural changes ac-
companying learning have been identified in primary sensory
cortices �Furmanski et al., 2004; Clapp et al., 2005; Li et al.,
2008; Pourtois et al., 2008�. However, it has also been pro-
posed that changes in later stages of neural processing could
also result in perceptual improvements that are specific to
certain stimulus features through the reweighting of sensory
information from different channels based on the task de-
mand �Mollon and Danilova, 1996�. Indeed, neural changes
during perceptual learning have also been identified beyond
the sensory cortices, including the associative �Law and
Gold, 2008� and frontal �Krigolson et al., 2009� cortices.
Uniting the two lines of thought, there is increasing evidence
that perceptual learning involves synergistic, dynamic re-
sponses of multiple systems. For example, perceptual train-
ing has been reported to induce changes spanning sensory,
motor, associative, and cognitive systems �Vaina et al., 1998;
Schiltz et al., 2001; Sigman et al., 2005; van Wassenhove
and Nagarajan, 2007�. Further, the neural modifications are
dynamic in that different sites can be affected at different
time points in training �Karni et al., 1998; Petersen et al.,
1998; Atienza et al., 2002; Gottselig et al., 2004� and
changes at some loci can be reversed when learning is com-
plete �Vaina et al., 1998; Yotsumoto et al., 2008�.

2. Possible explanations

The differences in ILD-discrimination learning observed
in the pure- and SAM-tone experiments appear to be attrib-
utable to the differences in the amplitude envelope shape,
rather than in the pitch, overall stimulus level, or incongru-
ence between the two cues in these two stimulus types.
Though the pure and SAM tones used in training differed in
perceived pitch, this difference does not appear to account
for the different ILD-discrimination learning patterns with
these two stimulus types. The pitch of a pure tone corre-

sponds well with the stimulus frequency, while that for a
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SAM tone is close to the modulation rate and changes little
with the carrier frequency �for an overview, see Moore,
1997�. Therefore, the two trained stimuli used in the present
and previous ILD-discrimination training experiments,
though they shared the same central frequency �4 kHz�, dif-
fered widely in pitch �4 kHz for the pure tone and �0.3 kHz
for the SAM tone�. Thus, the different learning patterns for
the pure and SAM tones might be attributed to the differ-
ences in their pitches. In the pure-tone experiment, the fre-
quency specificity of ILD-discrimination learning can be
readily translated into pitch specificity. However, in the
SAM-tone experiment, learning was generalized to both an
untrained carrier frequency �with a pitch similar to the
trained one� and an untrained SAM rate �and hence an un-
trained pitch�, but not to pure tones at either the trained car-
rier frequency �with an untrained pitch� or the trained SAM
rate �with a pitch similar to the trained one�. Thus, learning
patterns differed between the two stimulus types even when
the pitches were taken into consideration.

Similarly, it appears that the different learning patterns
did not result from the different stimulus levels that were
used in the pure- and SAM-tone experiments. The nominal
stimulus level was 70 dB SPL �sound pressure level� in the
previous pure-tone ILD training experiment �Wright and
Fitzgerald, 2001� but was only 50 dB SPL in the present
SAM-ILD training experiment �to avoid combination prod-
ucts, see Sec. II�. This difference conceivably could result in
different patterns of modification by the same training para-
digm because overall stimulus level has been reported to
influence the responses of ILD sensitive neurons along the
ascending ILD pathway �Semple and Kitzes, 1987; Irvine
and Gago, 1990; Irvine et al., 1996; Park et al., 2004�. How-
ever, this account cannot readily explain the lack of gener-
alization from the trained SAM tone to the pure tones in the
current experiment, in which all of the stimuli were pre-
sented at the same level.

Another difference between the two stimulus types, the
potential conflict between the ILD and ITD cues, also seems
unlikely to be the cause of the different learning patterns
observed in the two experiments. In natural listening envi-
ronments, ILD and ITD values co-vary with the sound
source location and thus are congruent with each other. How-
ever, in the ILD- and ITD-discrimination tasks that have
been used to separately investigate ILD and ITD sensitivity,
the ILD and ITD values are manipulated independently, cre-
ating unnatural situations in which the two cues may not
indicate the same sound source location. While there was cue
incongruence in the ILD-discrimination training with both
the SAM and the pure tones, the influence of this incongru-
ence on performance may have differed due to the difference
in human sensitivity to ITDs in the two types of stimuli. For
the 4-kHz pure tone used in the previous training experi-
ment, cue incongruence was unlikely to have influenced per-
formance because listeners are not sensitive to ITDs in high-
frequency pure tones and therefore might have solved the
task using only the ILD cue. Thus, the performance improve-
ment may faithfully reflect improved ILD sensitivity. In con-
trast, for the 4-kHz SAM tone in the current experiment, in

which the perceived sound position varies with both ITDs
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and ILDs, incongruence between the two cues might have
caused the perceived sound image to be diffused or some-
times even split �e.g., Hafter and Jeffress, 1968�. Thus, mul-
tiple strategies of solving the task might have been available
to the listeners during training with the SAM tone and con-
sequently could have influenced the learning pattern. For ex-
ample, the non-learners might have been prevented from
learning by confusion caused by the different locations indi-
cated by the two cues, and the learners, instead of having
learned the ILD cue itself, might have learned to ignore the
ITD cue or even to use image diffuseness to solve the task. If
so, the performance improvement with the SAM tone would
reflect an improved ability of the neural system to exclude
conflicting information or to make use of the diffuseness of
the sound image rather than reflect better ILD sensitivity.
However, the our previous training on ITD discrimination
with the same SAM tone, which presumably presented the
same level of cue conflict, yielded no learning in any of the
nine trained listeners �Zhang and Wright, 2007�. Thus, the
current learning pattern for ILD discrimination with the
SAM tone differs both from that of ILD discrimination with
a pure tone at the same frequency �a stimulus for which
listeners are sensitive only to ILDs and hence are unlikely to
be influenced by cue incongruence� and from that of ITD
discrimination with the same SAM tone �a stimulus for
which listeners are sensitive to both cues and hence are likely
subject to possible influences of cue incongruence�. This ob-
servation suggests that the effect of the current training regi-
men varies both with the cue manipulated �ILD vs ITD� and
with the stimulus type employed �SAM vs pure tone�, in-
stead of with the presence or absence of conflicting cues.

We instead suggest that the different learning patterns of
ILD discrimination with pure and SAM tones reflect the in-
fluence of AM on ILD sensitivity. While it is possible to
explain these different patterns by assuming that there are
separate channels of ILD processing for pure tones and AM
sounds, we do not favor this view for two reasons. First, to
date, they are aware of no report of ILD sensitive neurons
that are activated by AM stimuli but not by pure tones, or
vice versa. Second, because most naturally occurring sounds
are amplitude modulated, it seems unlikely that separate neu-
ral resources should be dedicated to pure tones. Rather, we
propose that the temporal fluctuations in the amplitude enve-
lope of high-frequency stimuli play an active role in ILD
processing. Current ILD-processing models typically imply
that these fluctuations are smoothed out and have little influ-
ence on ILD sensitivity �e.g., the level-meter model by Hart-
mann and Constan, 2002�. However, this assumption has not
been thoroughly tested, leaving open the possibility that en-
velope fluctuations do influence ILD encoding. Given this
possibility, the improvements on ILD discrimination in the
SAM-tone experiment may have resulted from modifications
in the extraction of the amplitude envelope itself and/or in
the transmission of the extracted envelope to ILD encoding.
This proposal appears feasible based on neurophysiological
data. In many high-frequency, ILD-responsive neurons in the
brainstem, fluctuations in the stimulus amplitude envelope
are faithfully preserved, or even enhanced �Joris and Yin,

1995�, and the brainstem nuclei that are typically thought to
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play a crucial role in ILD processing are also regarded as
contributing to AM processing �Brugge et al., 1993; Joris
et al., 2004�. In contrast, we suggest that the improvements
in the pure-tone experiment resulted from modifications in
processes unrelated to AM processing. Supporting this idea,
the specificity of the pure-tone learning to the stimulus fre-
quency but not to the standard ILD value is consistent with
reports that ILD sensitive neurons at several stages of ILD
processing, including the lateral superior olive, inferior col-
liculus, and primary auditory cortex, respond in a frequency-
specific manner to a broad range of ILD values �for review,
see Ehret and Romand, 1997; Park et al., 2004�. Note that
the proposed modifications for both stimulus types could
have occurred either in quite early stages of ILD processing
or in later stages that adjust or interpret the output of the
initial encoding stages. The latter possibility is particularly
plausible for the SAM-tone case because the affected neural
process distinguishes between SAM tones and pure tones
even at the same frequency, a feature that is more often dem-
onstrated by late than early stages of auditory processing.

One specific manner in which AM processing might af-
fect ILD sensitivity is through the adjustment of the strength
of envelope phase-locking in ILD encoding. High-frequency
ILDs are initially computed by brainstem neurons that can-
not phase lock to the fine structure of high-frequency sounds
but can do so to low-frequency AM of these sounds �up to
around 0.5 kHz AM, Joris and Yin, 1995�. If training with the
SAM tone, through either bottom-up or top-down mecha-
nisms, were to strengthen phase-locking to the peaks of the
fluctuating amplitude envelope, where the difference in the
sound level from the two ears is largest, ILD sensitivity
would be enhanced. This benefit would not be present for
pure tones. According to this scenario, though the modifica-
tions induced by ILD-discrimination training with the SAM
tone may be present in neural circuitry that is activated by
both AM sounds and pure tones, behavioral benefits would
occur only for AM sounds, as we observed in the present
experiment.

C. Differences between ILD- and ITD-discrimination
learning

The current results, when added to the previous ones
obtained with the same training regimen for ILD and ITD
discriminations with different stimuli �Wright and Fitzgerald,
2001; Zhang and Wright, 2007�, confirm the notion that
learning of lateralization was determined more by the cue
manipulated than by any other aspect of the stimulus. For
ITD discrimination, after the �2 h pretest, listeners did not
benefit from further multi-hour training with either a pure
tone or a SAM tone �0.5-kHz tone, Wright and Fitzgerald,
2001; 4-kHz tone SAM at 0.3 kHz, Zhang and Wright,
2007�. In contrast, the multi-hour training on ILD discrimi-
nation yielded significant additional learning in the majority
of the trained listeners with both stimulus types �4-kHz tone,
Wright and Fitzgerald, 2001; 4-kHz tone SAM at 0.3 kHz,
the present experiment�. In other words, under the current
training paradigm, with both pure and SAM tones, ITD dis-
crimination performance reached asymptote by the end of

the �2 h pretest �Wright and Fitzgerald, 2001; Zhang and
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Wright, 2007�, while ILD performance continued to improve
in most listeners �Wright and Fitzgerald, 2001 and the cur-
rent experiment�, though with a longer time course for the
SAM than the pure tone. Notably, this distinction between
ILD and ITD discriminations held even when the same stan-
dard stimulus �the SAM tone� was used during training. It
remains to be resolved whether the lack of learning in a
subset of the listeners trained on ILD discrimination with the
SAM tone �the current experiment� resulted from the same
cause as the lack of learning on ITD discrimination with both
stimulus types �Wright and Fitzgerald, 2001; Zhang and
Wright, 2007�. The distinct effects of multi-hour training on
ILD and ITD discriminations are consistent with the idea of
differential neural processing of ILDs and ITDs in humans. It
appears that under the current training regimen, the neural
mechanisms that determine ITD discrimination sensitivity
are less modifiable in long term than those underlying ILD-
discrimination sensitivity and that this difference in modifi-
ability lies between the two cues rather than between differ-
ent frequency regions or different amplitude envelope
shapes.

V. CONCLUSIONS

We examined the effect of multi-hour training on ILD
discrimination with a 4-kHz tone SAM at 0.3 kHz. Ten out of
the 16 trained listeners improved more than untrained con-
trols. Compared to previous results of ILD-discrimination
training with a 4-kHz pure tone �Wright and Fitzgerald,
2001�, learning with the SAM tone showed less predictabil-
ity of occurrence based on starting performance, a longer
time course, and specificity to stimulus type �amplitude
modulated tones vs pure tones� rather than stimulus fre-
quency. Among several other possibilities, we suggest that
the differences between the two ILD-discrimination training
results indicate that the sound-localization system has the
ability to access amplitude envelope information in a sound
and use that information to improve ILD representation. This
ability, if confirmed, would represent an under investigated
type of interaction between temporal and level processing in
the binaural system.
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