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ABSTRACT

Frequency discrimination thresholds (FDTs) at 750,
1500, 3000, and 6000 Hz were measured in 32 nor-
mal-hearing listeners before and after each listener
practiced the task for 12 h at one of the above fre-
quencies using a single ear. Marked improvements in
thresholds taking place over several hours were ob-
served during the frequency- and ear-specific training
period. Comparisons between pre- and posttraining
thresholds showed large improvements at the trained
frequency, but also at other frequencies. The im-
provements were initially slightlyVbut significantlyV
larger at the trained frequency than at untrained fre-
quencies. However, this trained-frequency advantage
disappeared rapidly during the course of the two-
hour multifrequency posttraining session, suggesting
rapid relearning or learning generalization across
frequencies. In contrast, no significant ear specificity
was found, not even at early stages of the posttraining
session. These findings add to earlier results suggest-
ing that, in humans, frequency discrimination learn-
ing is only weakly frequency-specific, and they reveal
that a complete generalization across frequencies can
occur rapidly with little retraining at the initially
untrained frequencies. Implications regarding under-
lying mechanisms are discussed.

Keywords: audition, learning, frequency discrimi-
nation

INTRODUCTION

Performances in a variety of basic visual- and auditory-
perception tasks can improve dramatically with prac-
tice. In the visual modality, for instance, spectacular
perceptual-learning effects have been demonstrated
in texture-, contrast-, orientation-, or movement-dis-
crimination tasks (e.g., Ahissar and Hochstein 1996,
1997; Ball and Sekuler 1982; Fiorentini and Berardi
1980, 1981; Karni and Sagi 1991, 1993; Karni and
Bertini 1997; Schoups and Orban 1996; Ahissar 2001;
Gilbert 1994, 1996). In the auditory modality, consi-
derable improvements in thresholds with practice
have been shown in frequency- and duration-discrim-
ination tasks (Ari-Even Roth et al. 2003; Campbell
and Small 1963; Delhommeau et al. 2002; Demany
1985; Demany and Semal 2002; Grimault et al. 2002,
2003; Hawkey et al. 2004; Irvine et al. 2000; Wright
and Fitzgerald 2005; Wright et al. 1997). The mech-
anisms responsible for these improvements remain
unclear. They could involve a genuine change in sen-
sory discrimination abilities (i.e., sensory learning), or
they could reflect the subject’s progressive adaptation
to the cognitive demands of the task and test proce-
dure (i.e., procedural or task learning) (Robinson and
Summerfield 1996).

Auditory frequency discrimination is often taken
as an example of sensory learning subtended by
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training-induced changes in plastic sensory maps
inside the central nervous system. Specifically, train-
ing-related improvement in frequency discrimination
thresholds (FDTs) in the Rhesus monkey were shown
to be paralleled by enlargements of areas of the
tonotopically organized primary auditory cortex (A1)
that corresponded to the frequencies used during
the training (Recanzone et al. 1993). These local
changes in sensory maps effects are consistent with
behavioral results obtained in the same animals,
which indicate the improvement in FDTs to be
limited to the narrow frequency range used during
the training. A natural and important question is
whether the same type of explanation also holds in
humans. If frequency discrimination learning is
mediated by similar neural mechanisms in humans
and monkeys, then it should also be highly frequen-
cy-specific in humans. A review of existing psycho-
acoustical data on this questionVwhich are considered
in the discussion of the current articleVsuggests that
the answer is still unclear. While some earlier studies
conclude that frequency discrimination learning is
strongly frequency-specific (Demany and Semal
2002), or at least somewhat frequency-specific (Irvine
et al. 2000; Wright and Fitzgerald 2005; Wright et al.
1997), others conclude that it is not frequency-
specific (Demany 1985; Ari-Even Roth et al. 2003;
Grimault et al. 2003), at least within the frequency
range tested. The reasons for such different out-
comes across studies are unclear. They are likely to
relate, at least in part, to the use of different experi-
mental designs.

The primary aim of the present study was to test
for differences in how FDTs improve with training at
different frequencies. While this has not been looked
at in detail in previous studies, differences in the time
course of learning at different frequencies might help
to clarify discrepancies in outcomes among earlier
studies. For instance, Demany and Semal’s (2002)
finding that FDTs at 1200 and 6500 Hz can still
improve markedly with practice after FDTs at 3000
Hz have ceased to do so, which these authors inter-
preted as evidence for frequency-specific learning,
might be explained differently if, for some reason,
FDT improvements were found to take longer at
the latter than at the former two frequencies. There
are various reasons for which training-induced im-
provements in FDTs should not necessarily have the
same time course at all frequencies. For instance,
certain frequencies may be more important than
others for communication in natural settings, and dis-
crimination abilities at these frequencies may already
be enhanced prior to the psychoacoustical training.

Another main objective of the present study was to
provide further data on the influence of long-term
training at a single frequency on FDTs at other fre-

quencies, distributed over a relatively wide rangeV
between 750 and 6000 Hz. In particular, we looked at
how FDTs at the trained and other frequencies varied
during the course of a relatively long (two-hour) post-
training session. Specifically, we were interested in
whether the learning, although initially frequency-
specific, would rapidly generalize across frequency as
listeners were again exposed to multiple test frequen-
cies. If so, this might also contribute to clarify some
of the discrepancies between earlier studies, some of
which used very brief posttraining sessions (e.g.,
Irvine et al. 2000).

Finally, another objective assigned to the present
study was to provide further data on how frequency
discrimination learning transfers across the right and
left ears. While the above-cited study by Demany and
Semal (2002) and a recent study by Ari-Even Roth
et al. (2004) showed no significant ear-specificity in
frequency discrimination learning, a former study by
Delhommeau et al. (2002) showed a slight, but
significant, ear-specific component. Thus, half of
the listeners in the present study were trained with
stimuli presented to the right ear and the other half
was tested with stimuli presented to the left ear.

MATERIAL AND METHODS

Subjects

Thirty-two adult (mean age = 21 years, SD = 1.42)
male subjects with normal-hearing (pure-tone hear-
ing thresholds e20 dB HL at octave frequencies be-
tween 500 and 8000 Hz) took part in the study. They
had no prior experience with psychoacoustical tests
and no particular musical training. They were paid
an hourly wage for their services. Testing took place
in a quiet room. In accordance with the requirements
of the ethics committee from which approval for this
study was received, written informed consent was
obtained from each subject prior to testing.

Stimuli and procedure

All subjects took part in an initial test session, which
began with the measurement of absolute hearing
thresholds at four different test frequencies (750,
1500, 3000, and 6000 Hz) using a two-interval, two-
alternative, forced choice (2I-2AFC) procedure with
a two down, one up adaptive level variation rule
tracking 70.7% correct points on the psychometric
function. The measured absolute thresholds were
used to adjust the level of the tones in the frequency
discrimination test: the tones were presented at
50 dB SL, i.e., 50 dB above the absolute threshold
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measured at the corresponding frequency. FDTs were
measured using a three-interval, two-alternative,
forced choice (3I-2AFC) procedure, which tracked
70.7% correct points on the psychometric function.
Each trial involved the presentation of three succes-
sive tones of 200 ms each (including 20-ms cosine
ramps) separated by 200-ms silent intervals. The first
tone had a frequency, F, which was equal to one of
the above frequencies (750, 1500, 3000, or 6000 Hz)
and which remained constant throughout a block of
trials or Brun.^ This reference tone was followed by
two tones, one of the same frequency, the other of
frequency F + DF Hz, where DF represents a variable
frequency increment. At the beginning of a block of
trials, DF was equal to 20% of the standard frequency.
The order of presentation of the latter two tones was
chosen randomly, the two possible orders of presen-
tation being equally likely. The subject’s task was to
indicate which of the last two intervals contained the
tone with a different frequency, i.e., they had to Btell
the odd one out.^ Responses were given using keys
B2^ and B3^ on a PC’s numerical keypad. After two
consecutive correct responses, the size of the fre-
quency difference, DF, was divided by 2 (until the
fourth reversal, or ¾2 after the fourth reversal); DF
was multiplied by the same factor after any incorrect
response. The procedure stopped after a total of
12 reversals, and the FDT was computed as the
geometric mean of DF at the last four reversals. A
run typically involved around 50 trials.

During the initial test session, FDTs were mea-
sured at each of the four different test frequencies,
in each earVthe stimuli being always presented mon-
aurally. The eight different frequency � ear combi-
nations yielded eight testing and training conditions.
Three threshold measurements (runs) were per-
formed in each condition, resulting in a total of 24
threshold measurements in total on this Bpretraining^
session. The different conditions were tested in com-
pletely random order, i.e., the order was generally
different across subjects, and not the same between the
pre- and posttraining sessions.

After this initial test session, the subjects took part
in six successive training sessions proper. These took
place on different days, with three sessions per week.
During each training session, the subjects performed
15 runs of the FDT measurement procedure, leading
to a total of 90 runs over the whole two-week training
period. For a given subject, the standard frequency F
was maintained constant throughout these 90 runs,
and the tones were always presented in the same ear.
Eight subjects were trained using a standard frequen-
cy F of 750 Hz. Four of these subjects were trained
with the stimuli presented in the right ear, the other
half being trained with stimuli in the left ear. Three
similar subject groups were formed for the other

three frequencies (1500, 3000, and 6000 Hz). Thus,
the study involved 32 subjects overall.

After completing the six training sessions, the sub-
jects took part in a posttraining session, which took
place on a different day than the last training session.
During this posttraining session, FDTs were measured
three times at each of the four test frequencies, in each
earVjust like on the pretraining session.

Apparatus

The stimuli were generated in the time domain using
a Pentium computer. A 44.1-kHz sampling rate and a
16-bit dynamic range were used. The digital wave-
forms were converted to analog signals and played
out using a Sound Blaster Pro audio card. The signals
were delivered to the subject’s right or left ear via
Sony MDR-CD470 headphones.

RESULTS

Pre- and posttraining thresholds

The FDTs measured at the different test frequencies
on the pre- and posttraining sessions are shown in
Figure 1. All FDTs in this article are expressed as
DF/F in percent, plotted on a logarithmic scale, and
were log-transformed before statistical analyses.
While some variability across groups is apparent in
both the pre- and the posttraining data, overall, no
significant difference in FDTs across groups was ob-
served on these two sessions (F3,28 = 0.078, p = 0.97
for the pretraining session; F3,28 = 0.13, p = 0.94 for
the posttraining session). There was no significant dif-
ference in FDTs between right and left ears either
(F1,28 = 0.95, p = 0.34 for the pretraining session;
F1,28 = 1.25, p = 0.27 for the posttraining session). On
the other hand, there was a highly significant effect
of frequency on both sessions (F3,84 = 53.63, p G
0.00001 for the pretraining session; F3,84 = 74.01, p G
0.00001 for the posttraining session): FDTs were
smallest at 1500 Hz and largest at 6000 Hz. There was
also a highly significant main effect of session (F1,28 =
158.09, p G 0.00001): FDTs were generally smaller on
the post- than on the pretraining session, confirming
the occurrence of perceptual learning. No significant
interaction was observed between the session and
training-frequency factors (F3,28 = 0.65, p = 0.59), or
between the session and test-ear factors (F1,28 =
0.0014, p = 0.97). There was no significant interaction
between the session and test-frequency factors either
(F3,84 = 1.61, p = 0.19). In other words, similar global
improvements were obtained at all test frequencies
and in both ears, irrespective of which frequency and
ear were used during the training. However, as ex-
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plained below, this outcome was qualified by the results
of more detailed analyses.

Learning curves

Figure 2 shows how the FDTs improved during the
six frequency-specific training sessions that followed
the multifrequency pretraining session. A general
linear model (GLM) analysis was performed on these
learning data, using the trained frequency and the
trained ear as categorical factors, the run number as
linear predictor, and the log-transformed thresholds
as dependent variable. The results showed signifi-
cant differences in learning slopes between frequen-
cies (F3,2864 = 3.70, p = 0.01). Planned comparisons
(Table 1) revealed significantly shallower slopes at
1500 Hz than at the other frequencies. In fact, and by
contrast with the other training frequencies, in five
out of eight subjects trained at 1500 Hz, the slopes of
the lines fitted through the learning data were found
to be nonsignificantly different from zero, suggesting
no significant improvement during the training
period in roughly half of the subjects at that fre-
quency. Because 1500 Hz was also the frequency at
which FDTs were initially the smallest, we decided
to test whether the slopes of the learning functions

were generally related to the pretraining thresholds.
Indeed, a significant correlation was observed be-
tween pretraining FDTs and learning-function slopes
(Pearson’s r = j0.46, p = 0.009).

To determine whether the finding of shallower
learning curves in the 1500-Hz group could be ex-
plained by something unusual about this group,
other than the particular training frequency used,
we tested whether listeners in this group had un-
usually low thresholds (at all frequencies) prior to
training. An ANOVA contrasting pretraining FDTs in
the 1500-Hz training group with FDTs in the other
training groups, for all frequencies, showed no sig-
nificant difference across groups (F1, 28 = 0.15, p =
0.70). We also tested, more specifically, whether pre-
training FDTs measured at the sole 1500-Hz frequen-
cy were unusually smaller in the 1500-Hz training
group than in the other groups. Again, the answer
was negative (F1, 28 = 0.13, p = 0.72). Therefore, it
appears that there was nothing unusual about the
listeners making up the 1500-Hz training group. The
finding of unusually shallow learning curves in this
group seems to be specific to the training frequency
used in this group (1500 Hz), rather than to the
group itself.

The apparent discrepancy between our finding of
similar pre-to-post improvements across all frequen-

FIG. 1. Pre- and posttraining FDTs at the different test frequencies
and in the different training groups. The different training groups/
frequencies are identified by different symbols. The test frequencies
are indicated on the abscissa. Pretraining data are connected by
dashed lines; posttraining data, by solid lines. Consistent with the
use of geometric averages and with the fact that statistical analyses
were performed on the log-transformed FDTs, the error bars in this
and following figures represent geometric standard errors, which
were computed as the exponential of the standard errors of the log-
transformed FDTs (in percent). The resulting values are factors rather
than additive quantities, so that they yield symmetric plus and minus
error bars when plotted on a log scale.

FIG. 2. FDTs measured on consecutive training sessions in each
frequency-training group. The symbols identifying the different
training groups/frequencies are the same as in the previous figure.
Each of the connected data points is the (geometric) mean of 15
thresholds measured on each session in each of eight listeners (a
total of 120 threshold estimates per point). The (geometric) mean
FDTs at the training frequency corresponding to each training group
are also shown here as unconnected data points on the left and right
for the pre- and posttraining sessions. The error bars show geometric
standard errors.
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cies in the previous section and the current finding
of shallower learning slopes in the 1500-Hz training
group may be explained by noticing in Figure 2 that
while in all the other training groups thresholds
increased visibly between the last frequency-specific
training session and the posttraining session, in the
1500-Hz training group, they did not. Because of this
effect, the pre-to-post difference in thresholds was as
large in the 1500-Hz training group than in the other
groups, despite the fact that thresholds improved
significantly less during the training period itself. We
cannot offer an explanation for why FDTs at the
training frequency did not increase between the last
frequency-specific training session and the posttrain-
ing session in the 1500-Hz group. We expected
changes in the test frequency across blocks of trials
to have some detrimental influence on FDTs at all
frequencies and in all listeners. The present results
indicate that this is not always the case.

Finally, it is worth mentioning that no significant
overall difference was found between the groups
trained in the right and left ears (F1,2864 = 0.54, p =
0.46), and that no significant interaction was ob-
served either between the frequency and training-ear
factors (F3,286 = 0.54, p = 0.46), indicating that the
FDTs measured in the right and left ears during the
frequency-specific training sessions were of similar
size and improved similarly.

Detailed comparisons of pre- and
posttraining thresholds

The results described in BPre- and posttraining
thresholds^ indicate that, on the whole, FDTs did
not improve more at the trained frequency than at
untrained frequencies. The ratio of pre-to-post train-
ing FDTs at trained frequencies was only slightly and
nonsignificantly larger than the ratio at untrained
frequencies (2.30 vs. 2.01, respectively; F1, 120 = 1.47,
p = 0.22). Thus, at first sight, there was no evidence
for significantly larger improvements at the trained
frequency than at untrained ones. However, this ap-

parently complete lack of frequency-specific learning
was qualified by a more in-depth analysis of the data.
Specifically, we observed that the FDTs improved
across the three runs performed within the course of
the pre- and posttraining sessions. This is illustrated
in Figure 3, and it was confirmed by statistical analyses
(F2,240 = 7.06, p = 0.001 for the pretraining session;
F2,240 = 3.91, p = 0.021 for the posttraining session).
Importantly, on the posttraining session, a larger im-
provement was observed between the first two runs
for untrained frequencies than for the trained fre-
quency. This was related to the fact that, on this post-
training session, FDTs at untrained frequencies were
initially larger than FDTs at the trained frequency.
However, by the second run of that session, the FDTs
at untrained frequencies had already decreased
enough to equal the FDTs measured at the trained
frequency. When contrasting the FDTs measured on
the last run of the pretraining session with FDTs
measured on the first run of the posttraining session,
we found a significant session � condition interaction
(F1,120 = 4.47, p = 0.036); however, when contrasting
the third run of the pretraining session and the third
run of the posttraining session, the interaction was
no longer present (F1,120 = 2.56, p = 0.11).

A similar detailed analysis, when applied to the
training-ear factor, showed that the lack of difference
in threshold improvement between the right and left
ears, which was found initially when including all
three runs of the pre- and posttraining sessions, re-
mained true even when the runs were analyzed sepa-

TABLE 1

Comparisons between the slopes of the regression lines fitted
through the frequency-specific training data for the different

training-frequency groups

Training frequencies (Hz) F1,1436 P

750 vs. 1500 9.26 G0.005
750 vs. 3000 0.01 0.91
750 vs. 6000 0.80 0.37

1500 vs. 3000 7.42 G0.01
1500 vs. 6000 4.49 G0.05
3000 vs. 6000 0.78 0.38

FIG. 3. FDTs measured at trained and untrained frequencies on
each of the three runs of the pre- and posttraining sessions. Pre-
training data are represented by upward-pointing triangles; post-
training data, by circles. Open circles correspond to posttraining
FDTs at the frequency used during the frequency-specific training;
filled circles, to posttraining FDTs obtained at the other frequencies.
The error bars show geometric standard errors.
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rately. This confirms the general lack of ear effect in
this study.

DISCUSSION

Differences in learning rate across frequencies

The first objective assigned to this study was to test
for differences in the rate or extent of improvements
in FDTs across frequencies. The results showed some
evidence for such differences. Specifically, the slope
of the line fitted through the training data of the
group trained at 1500 Hz was significantly smaller
than the slopes measured in other training groups,
using other training frequencies. Because the pre-
and posttraining thresholds measured in the 1500-Hz
training group were not significantly different from
those measured in the other training groups, we
suggest that the present finding of shallower learning
functions in this group reflects a specificity of the
1500-Hz frequency, rather than a particularity of the
1500-Hz training group. However, we acknowledge
that further data are needed before a firm conclusion
can be reached on this point. Currently, there are not
enough data in the literature to support the present
results suggesting that the time course of frequency
discrimination learning is different at 1500 Hz than
at other frequencies. Furthermore, we can only spec-
ulate as to why less marked improvements in FDTs
during the frequency-specific training period were
observed at 1500 Hz than at the other frequencies
tested here. Although we pointed out above that
1500 Hz happened to be the frequency at which the
FDTs measured in this study were the smallest, the
validity of this assertion depends on the particular
choice of units; had FDTs been expressed in Hz
rather than as percents of the reference frequency,
this assertion would not have been true. Even if a
significant correlation was found between the pre-
training FDTs and the slope of the learning func-
tions, the hypothesis that initial thresholds can
determine subsequent improvements needs further
scrutiny. Finally, although we pointed out in the Intro-
duction that differences in the time course of learning
across frequency might provide an alternative expla-
nation for Demany and Semal’s (2002) findings of
additional improvements at 1200 and 6500 Hz after
protracted training at 3000 Hz, the present results do
not conclusively support the hypothesis that FDTs
cease to improve earlier at 3000 Hz than at other fre-
quencies. On the other hand, the present finding of
shallower learning functions at 1500 Hz suggests that
the time course of frequency discrimination learning
is not necessarily the same at all frequencies, and that
this possibility should be seriously taken into account

when interpreting the results of experiments involving
an initial training phase at one frequency followed by
retraining at other frequencies.

Transfer of learning across frequencies

The second main result obtained in the present study
relates to the question of whether and how frequency
discrimination learning generalizes across frequen-
cies. While global comparisons between the pre- and
posttraining results initially suggested that the learn-
ing had generalized completely across frequencies, a
more in-depth analysis of the results revealed a dif-
ferent picture. Specifically, it was found that when
only the earliest runs of the posttraining session were
included in the comparison between the pre- and
posttraining sessions, slightly but significantly larger
improvements were observed at the trained frequency
than at untrained frequencies. This significant fre-
quency-specific component of the learning, however,
disappeared rapidly within the course of the posttrain-
ing session: by the end of that session, the improve-
ment was no longer significantly larger at the trained
frequency than at untrained ones. This result cannot
be explained by increasing fatigue during the post-
training session, because thresholds did not become
substantially worse across successive runs during that
session; on the contrary, as illustrated above, they
improved. Instead, it appears that the reason for the
disappearance of the frequency-specific component of
the learning on the posttraining session was that,
during that session, thresholds at the previously
trained frequencies were lower, and improved less,
than thresholds at previously untrained frequencies.

One interpretation of this pattern of results is
that frequency discrimination learning, while partly
frequency-specific, can nevertheless generalize rapid-
ly across frequencies when listeners are again ex-
posed to tones at multiple frequencies intermingled
within the same session. Earlier experimental results
in the visual modality demonstrated rapid generaliza-
tion of learning in motion direction discrimination
(Liu and Weinshall 2000). This can be understood
as an instance of meta-learning, i.e., Blearning of
learning:^ during the training period, subjects do not
only learn to discriminate the stimuli presented, they
also acquire knowledge about the general structure
of the task, which may facilitate later transfer of the
learning to new stimuli, even though the adaptation
to the new stimuli may not be instantaneous. The
present results suggest that after listeners had gained
substantial experience in the frequency discrimina-
tion task, this readaptation to new frequencies oc-
curred within the course of a single session, i.e., less
than two hours.

176 DELHOMMEAU ET AL.: Frequency Discrimination Learning



The present findings, showing large transfer of
learning across distant frequencies and comparatively
weak frequency-specific effects, are consistent with
earlier results by Irvine et al. (2000). These authors
also demonstrated a slight frequency-specific learn-
ing effect in a frequency discrimination task with
high-frequency tones (5 and 8 kHz). Because the
posttraining session in that study involved only three
runs at one untrained frequency in a single ear, it
remains possible that rapid generalization of learning
between the trained and the untrained frequency
would have been observed, in that study too, if the
posttraining session had included more runs. In the
present study, we found that after only one run at
each of three untrained frequencies in two ears (a
total of six runs at untrained frequencies), FDTs at
untrained frequencies were significantly less im-
proved than those at trained frequencies. However,
what we also found is that only a few additional runs
were sufficient for the improvement at untrained
frequencies to become statistically indistinguishable
from that at the trained frequency. Considering that
the trained-frequency advantage evidenced in Irvine
et al.’s (2000) results was very weak, and in fact just
about significant (p = 0.049), it seems likely that such
a fragile advantage could have rapidly vanished if
listeners had been given a little more opportunity to
practice at the untrained frequency during the post-
training session. Recent results by Stickney et al. (per-
sonal communication) also indicate a large amount of
learning transfer between widely separated frequen-
cies (400 and 6000 Hz) and comparatively weak
frequency-specific effects. Ari-Even Roth et al. (2003)
also obtained results which they interpreted as in-
dicating complete generalization of learning across
frequency (1, 1.1, and 2 kHz). Unfortunately, this in-
terpretation is not warranted because, in that study,
the pre- and posttraining thresholds were always mea-
sured first at the frequency that was used as standard
during the training.

The present results contrast markedly with the
earlier results by Demany and Semal (2002), which
suggest that frequency discrimination learning takes
a long time to generalize to novel frequencies after
training at a single frequency. Indeed, Demany and
Semal (2002) showed that following initial training at
3000 Hz, FDTs at two new frequencies (1200 and
6500 Hz) continued to decrease for several hours as
listeners were now trained at these frequenciesV
while at the same time, FDTs at 3000 Hz, which had
already reached an asymptotic level earlier, showed
no significant further improvement. However, as
suggested above, Demany and Semal did not check
whether, under the stimulus conditions used in their
study, FDTs did not stop to improve earlier at 3000
Hz than they would have at 1200 and 6500 Hz if these

frequencies had been used as initial training fre-
quencies; therefore, it is difficult to ascertain that the
results of that study did not overestimate the frequen-
cy specificity of frequency discrimination learning.
On the other hand, one might argue that the present
study may have underestimated the frequency-speci-
ficity of learning because the listeners received non-
specific training prior to frequency-specific training.
Results in the visual modality suggest that even very
brief exposure, prior to this training, to stimuli that
are not used during the training may promote trans-
fer of learning (Ahissar and Hochstein 1997). Admit-
tedly, the frequency-unspecific pretraining session in
the present study was rather long, as it involved sev-
eral hundreds of trials at each of the four frequencies
tested. Nonetheless, at all test frequencies except
1500 Hz, substantial improvements in thresholds were
observed during the course of the frequency-specific
training sessions that followed. It is traditionally as-
sumed that long-term improvements in thresholds
reflect primarily sensory learning, which, if subtended
by local changes in tonotopically organized maps in
the auditory cortex, should not generalize to other
frequencies.

Other results that have been interpreted as evi-
dence that frequency discrimination learning is fre-
quency-specific are cited in Wright and Fitzgerald
(2005). In that study, listeners were trained in fre-
quency discrimination with pure tones around 1 kHz.
Before and after training, they were also tested at
4 kHz. The results showed a smaller improvement at
the untrained frequency (4 kHz) than at the trained
frequency (1 kHz). However, the interpretation of
those results is complicated by the fact that the im-
provement in the trained condition was rather smallV
a factor of about 1.3 on average, compared to a factor
of 2 or more in most other studies on pure-tone fre-
quency discrimination learning considered here, in-
cluding the present oneVand in fact, turned out not
to be significantly different from that measured in
control listeners who only took part in the pre- and
posttraining sessions, with no frequency-specific
training in between. Considering that, in the present
study, the improvements in FDTs observed during
the course of the frequency-specific training period
were rather large (in some case, FDTs improved by
more than a factor of two over that period), it seems
unlikely that similar improvements would have been
obtained if listeners had only taken part in the pre-
and posttraining sessions.

Transfer of learning across ears

While some slight but significant frequency specificity
of frequency discrimination learning was found, no
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significant effect of ear was observed. The FDTs mea-
sured in the left and right ears were found to be sta-
tistically similar, and which ear was used during the
training had no significant influence on the results.
This outcome is consistent with the earlier results of
Demany and Semal (2002) and Ari-Even Roth et al.
(2004), which also failed to show a significant influ-
ence of training ear in frequency discrimination learn-
ing. On the other hand, Delhommeau et al. (2002)
did find a slight but significant difference in FDTs
between the right and left ears following monaural
training in frequency discrimination. Furthermore, we
have additional data (to be submitted) from a study
that was devoted to examining this question in more
detail, which also suggest a slight (and under some
conditions, statistically significant) advantage for the
trained ear. One possible interpretation of these dif-
ferent outcomes is that frequency discrimination
learning is perhaps weakly ear specific, but the ear
specificity is so slight that it does not reach the thresh-
old of statistical significance in all studies. Alternative-
ly, or complementarily, interindividual differences
may exist, so that even if two studies used exactly the
same experiment design and had exactly the same
statistical power, they might nevertheless produce
different outcomes in that respect. Thus, the only
conclusion that can safely be drawn based on the
currently available data is that frequency discrimina-
tion learning depends at best weakly on which ear was
used during the training; most or all of the learning
generalizes readily across the two ears.

The mechanisms of frequency discrimination
learning in humans

While differing in the details of their design, results,
and interpretations, the present and previously pub-
lished studies on frequency discrimination learning
all agree on at least one point: they show large fre-
quency- and ear-unspecific improvements and either
no, or comparatively much smaller, frequency- or ear-
specific effects (Ari-Even Roth et al. 2003; Demany
1985; Demany and Semal 2002; Irvine et al. 2000).
For instance, in Irvine et al.’s (2000) study, despite an
overall highly significant improvement in FDTs be-
tween the pre- and posttraining sessions (p = 0.00001),
the frequency-specific component of learning was
barely statistically significant (p = 0.049). Even in
Demany and Semal’s (2002) study, which suggests
perhaps the largest frequency-specific effects so far,
FDTs at untrained frequencies (1200 and 6500 Hz)
were already substantially reduced (by a factor of
3 to 4) just after protracted training at 3000 HzV
although at that stage of the experiment, the lis-
teners had received little exposure to these untrained

frequencies. In the present study, FDTs at the trained
frequency improved by a factor of about 2 between
the pre- and posttraining sessions, whereas the largest
difference between FDTs at trained and untrained
frequencies on the post training session was only
around 20%.

These findings in humans contrast markedly with
those of Recanzone et al. (1993) in monkeys. In that
study, thresholds at untrained frequencies were sub-
stantially larger than thresholds at the trained fre-
quency. In trying to explain this discrepancy between
human and monkey data, several points are worth
considering. First, the incentives for learning in the
human and animal studies were different: while in
monkeys correct responses were rewarded with food,
humans simply received visual feedback. Thus, to the
extent that motivation influences learning, different
learning effects are to be expected in humans and
animals. In addition, humans and laboratory animals
evolve in very different environments; stimulations in
laboratory environments are typically rarer and much
less diverse than in natural environments. As a result,
stimuli presented during the experiments may have a
stronger impact and longer-lasting effects on labora-
tory animals than on humans. Alternatively, the mech-
anisms of auditory frequency discrimination learning
may be different in humans and monkeys. Some evi-
dence for interspecies difference in training-induced
plasticity is provided by a recent report by Brown et al.
(2004), which indicates that, in cats, frequency discri-
mination learning is not paralleled by enlarged repre-
sentations of the training frequencies in the animal’s
A1, contrary to Recanzone et al.’s (1993) findings in
monkeys. The comparatively large frequency unspec-
ificity of frequency discrimination learning in hu-
mans is not compatible with local modifications in
tonotopic maps being the main mechanism behind
practice-related improvements in FDTs. Instead, it
appears that, in humans, pure-tone frequency dis-
crimination learning is mediated mainlyValthough
not entirelyVby mechanisms that do not depend
critically on the frequency region in which the two
stimuli that the listener must compare are presented.

Different mechanisms at low and
high frequencies?

As mentioned in the Introduction, it has been
suggested that frequency discrimination is mediated
by temporal (phase locking) mechanisms at low
frequencies (G4Y5 kHz), and by tonotopic or place-
based mechanisms at higher frequencies (Moore
1973; Rose et al. 1968). The present results provide
no evidence for a dissociation between 6 kHz and
lower frequencies. Frequency discrimination learning
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was not found to be any weaker or stronger at 6 kHz
than at lower frequencies, nor was it found to
generalize less or more between 6 kHz and lower fre-
quencies than among the latter. A possible reason for
this negative outcome is that, at the stage of auditory-
information processing where frequency discrimina-
tion learning takes place, low and high frequencies
are represented using a common neural code.
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