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Abstract

This study compared the influence of musical and psychoacoustical training on auditory pitch discrimination abilities. In a first exper-
iment, pitch discrimination thresholds for pure and complex tones were measured in 30 classical musicians and 30 non-musicians, none of
whom had prior psychoacoustical training. The non-musicians’ mean thresholds were more than six times larger than those of the clas-
sical musicians initially, and still about four times larger after 2 h of training using an adaptive two-interval forced-choice procedure; this
difference is two to three times larger than suggested by previous studies. The musicians’ thresholds were close to those measured in ear-
lier psychoacoustical studies using highly trained listeners, and showed little improvement with training; this suggests that classical musi-
cal training can lead to optimal or nearly optimal pitch discrimination performance. A second experiment was performed to determine
how much additional training was required for the non-musicians to obtain thresholds as low as those of the classical musicians from
experiment 1. Eight new non-musicians with no prior training practiced the frequency discrimination task for a total of 14 h. It took
between 4 and 8 h of training for their thresholds to become as small as those measured in the classical musicians from experiment 1.
These findings supplement and qualify earlier data in the literature regarding the respective influence of musical and psychoacoustical

training on pitch discrimination performance.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

While a mystique surrounds the auditory abilities of
musicians, relatively few studies have been devoted to com-
paring the performance of musicians and non-musicians in
basic auditory perception tasks. Pitch is a fundamental
dimension of auditory perception, which plays an essential
role in most forms of music; differences in pitch define
musical intervals, and pitch variations over time are used
to convey melodies. Accordingly, one might expect musi-
cians to show substantially enhanced performance, com-
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pared to non-musicians, in tasks that involve
discriminating sounds along the pitch dimension. This
expectation is partly confirmed by the results of two earlier
studies (Spiegel and Watson, 1984; Kishon-Rabin et al.,
2001). These results demonstrate significantly smaller fre-
quency discrimination thresholds, i.e., higher performance,
in musicians than in non-musicians. However, the differ-
ence between the two groups is relatively modest (a factor
of about two, on average), and the results of Kishon-Rabin
et al. (2001) suggest that, within an hour of practice of the
frequency discrimination task, non-musicians with no prior
psychoacoustical training can obtain thresholds that are,
on average, as small as those achieved at first by experi-
enced musicians.


mailto:cmicheyl@mit.edu

C. Micheyl et al. | Hearing Research 219 (2006) 3647 37

Given the extensive and rigorous training undertaken by
many musicians, it may seem surprising that the initial dif-
ference in frequency discrimination thresholds between
musicians and non-musicians is not larger than just a factor
of two, and that an hour or less of practice in the frequency
discrimination task is sufficient for non-musicians to obtain
thresholds as small as the musicians. In fact, several obser-
vations suggest that the difference between the musicians’
and the non-musicians’ average thresholds observed in
the two studies of Spiegel and Watson (1984) and Kis-
hon-Rabin et al. (2001) may not represent the full benefit
of musical training on pitch discrimination performance.
Firstly, some of the “non-musicians” in Spiegel and Wat-
son (1984) study had a “high degree of musical or psycho-
acoustical experience” (Spiegel and Watson, 1984, p. 1692),
which may have contributed to blurring the difference
between the two groups. Secondly, more than half of the
musicians in Kishon-Rabin et al. (2001) study had a con-
temporary (i.e., modern or jazz) background, and these
musicians exhibited significantly higher frequency discrim-
ination thresholds than the seven other musicians, who had
a classical music background; retrospectively, this suggests
that the average threshold of the musicians in that study
does not represent the optimal performance possible
through musical training. Thirdly, in both Spiegel and
Watson’s and Kishon-Rabin et al.’s studies, the subjects
were given relatively limited opportunity to practice the
frequency discrimination task and, even at the end of the
test session, their average thresholds were elevated com-
pared to those reported in the psychoacoustical literature
using highly trained listeners (e.g., Moore, 1973; Wier
et al., 1977). While these clevated thresholds may reflect a
genuine limitation on the sensory discrimination ability
of untrained listeners, they could also reflect the listeners’
incomplete familiarization with the specifics of the psycho-
acoustical test and/or with the unnatural sounds used in it;
the latter factor may have prevented the musicians from
performing as well as they could have, had they been given
more time to acquaint themselves with the procedure and
stimuli.!

' The notion that the listeners’ initial lack of familiarity with the
procedure and/or stimuli could lead to an under-estimation of the actual
difference in sensory discrimination abilities between musicians and non-
musicians can be understood in terms of a signal-detection-theoretic
model (Green and Swets, 1966) wherein frequency discrimination perfor-
mance is limited by two types of additive sources of internal noise:
“sensory”’ noise, which imposes an absolute upper limit on frequency
discrimination abilities and is smaller in musicians than in non-musicians,
and “‘cognitive” noise, which reflects the listeners’ lack of familiarity with
the specifics of the procedure and stimuli, and is the same for musicians
and non-musicians. Under this model, the mean frequency discrimination
threshold of the musicians can be expressed as O, o /s2, + ¢, and that of
the non-musicians as 0, o /s2 + ¢?, where s* and ¢ denote the variance
of the sensory and cognitive noises, respectively, the subscripts m and n
refer to musicians and non-musicians, respectively, and o is used to
indicate a proportionality relationship. Based on these equations, the
musicians-to-non-musicians threshold ratio, 0,,/0,, decreases as the
variance of the “cognitive’” noise, 2, increases.

In the present study, we attempted to avoid the potential
limitations of earlier studies, and to maximize group sepa-
ration. This was done in two ways. Firstly, we included in
the group of musicians only full-time classical musicians
who had 10 years or more of experience playing an instru-
ment, and we included only individuals who had no musi-
cal training in the group of non-musicians. We also
excluded subjects with any prior psychoacoustical experi-
ence from either group, so that all listeners were on equal
footing in this respect. Secondly, we let the musicians prac-
tice the psychoacoustical task long enough to ensure that
their thresholds had reached an asymptotic value, thus
allowing comparisons of performance at a point where
incomplete familiarization with the procedure or the stim-
uli was no longer a potential confound. In a further effort
to optimize the expected benefit of musical training, we
used both pure and harmonic complex tones, and selected
the reference frequency of these tones to correspond to a
note on the musical scale.

One last feature of the present study, which also distin-
guishes it from earlier studies, relates to the fact that we
systematically tested both the right and the left ears in each
listener using monaural, rather than diotic test tones, and
also used contralateral noise masking, in order to test for
ear differences in pitch discrimination performance within
or across the two study groups. The results of several psy-
choacoustical, neuropsychological, and brain-imaging
studies suggest the existence of hemispheric and ear asym-
metries in various tasks involving pitch perception (Bever
and Chiarello, 1974; Divenyi et al., 1977; Johnson, 1977,
Johnsrude et al., 2000; Messerli et al., 1995; Peretz and
Morais, 1983; Peretz and Babai, 1992; Sidtis, 1980, 1981;
Zatorre et al., 1992). In most cases, the asymmetry was
found to be in favor of the right hemisphere. However,
some investigators have reported opposite patterns of ear
dominance in musicians and non-musicians, perhaps
reflecting differences in listening strategies (Bever and Chi-
arello, 1974; Johnson, 1977; Messerli et al., 1995).

Using the above inclusion criteria and test conditions,
two experiments were performed. The first experiment
involved 30 musicians and 30 non-musicians, and enough
trials to ensure that the musicians’ thresholds reached an
asymptotic value before the end of the test session. How-
ever, because the number of trials in experiment 1 was
not sufficient for the non-musicians to achieve an optimal
level of performance, a second experiment was performed,
which involved protracted training in eight additional non-
musician listeners, using one of the stimulus conditions
from experiment 1. Although several earlier studies have
documented long-term training effects in frequency dis-
crimination in non-musicians (Amitay et al., 2005; Ari-
Even Roth et al., 2003, 2004; Campbell and Small, 1963;
Delhommeau et al., 2002, 2005; Demany, 1985; Demany
and Semal, 2002; Grimault et al., 2002, 2003; Irvine
et al., 2000; Wright and Fitzgerald, 2005), we reasoned that
documenting learning effects in non-musicians using the
same stimuli and test procedure as in one of the conditions
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of experiment 1 would permit direct comparisons between
the two experiments, and the two groups of listeners.

2. Methods
2.1. Listeners

This study involved a total of 68 subjects who had nor-
mal hearing (as defined by pure-tone absolute thresholds of
20 dB HL or less at octave frequencies between 500 and
8000 Hz), no history of hearing disorders, and no prior
psychoacoustical experience. Sixty subjects took part in
the first experiment. Half of them were either music stu-
dents from the National Superior Music Conservatory of
Paris, or professional musicians from the same Music Con-
servatory’s symphony orchestra (Orchestre des Lauréats du
Conservatoire). Recruiting the musicians from a National
Music Conservatory ensured that music was a full-time
activity for these individuals. All had been playing their
instrument for over 10 years, and they were still practicing
music on a daily basis (for several hours a day) at the time
of the study. Specifically, 18 of the musicians had been
playing an instrument for 12-16 years, 6 for over 16 years,
and the remaining 6 for less than 12 years; the mean num-
ber of years of instrumental practice across the whole
group was 14 years. One third of the musicians were intro-
duced to music before the age of 6, 12 between the ages of 6
and 8, and the remaining 8, after 8. One third of the musi-
cians played a keyboard instrument (the piano). Eleven
other musicians played a wind instrument (the flute, the
clarinet, or the trumpet). The remaining 9 played a string
instrument (mainly, the violin or the viola). Seventeen of
the musicians reported having absolute pitch, although this
was not formally verified in this study.

The other 30 subjects in experiment 1 had never learned
to play any musical instrument. The musicians and non-
musicians were similar in age (mean = 22 years, SD = 1.9
for the musicians; mean =20 years, SD = 1.29 for the
non-musicians), gender (15 female in each group), handed-
ness (only right-handed subjects were included; mean score
at the Edinburgh Handedness Inventory, Oldfield,
1971 =70%, SD =27 for the musicians and 66%,
SD = 18 for the non-musicians) and education (all subjects
had a college-level education).

Eight additional non-musician listeners took part in the
second experiment. They were aged between 18 and 21
years (mean = 20 years, SD = 1.76). None of these listeners
had taken part in the first experiment.

2.2. Stimuli

Two types of test tones were used in this study: pure
tones and harmonic complex tones. The latter were
obtained by summing four sinusoids with frequencies cor-
responding to harmonics 2 to 5 of a fundamental frequency
(FO) of 330 or 330 + Af Hz. The four sinusoids all started
in sine (0°) phase and had equal amplitudes. The pure tones

consisted of a single sinusoid with a frequency of 330 or
330 + Af Hz. The 330 Hz frequency was chosen because
it corresponds to the E4 note on the equal-tempered Wes-
tern musical scale with which the musicians were highly
familiar.

All tones were 200 ms each in duration, including 20-ms
raised-cosine on and off ramps, and were presented monau-
rally under headphones at a level of 65 dB SPL. Depending
on the condition being tested, the contralateral ear was
either not stimulated (monaural condition) or stimulated
with noise bursts (contralateral-noise condition), which
were synchronous with the tones. The synchronous contra-
lateral noise masker was introduced in an attempt to pro-
mote inter-hemispheric competition (Kimura, 1964) and
prevent binaural neurons activated primarily by the contra-
lateral ear from contributing substantially to performance.
Two contralateral-noise conditions were tested: in the con-
tra/on-frequency condition, the noise was lowpass filtered
at 4 kHz, so that its frequency range encompassed that of
the test tones (i.e., from 330 Hz up to about 2 kHz); in
the contra/off-frequency condition, the noise was band-
pass filtered between 4 and 8 kHz, so that its spectrum
did not overlap with that of the test tones. The contra/
off-frequency condition was used to check whether the
influence of the contralateral noise was merely due to the
presence of noise in the opposite ear (as would be the case
if the contralateral noise had merely a distracting effect), or
if the noise had to occupy the same frequency region as the
tones in order to significantly influence performance (which
would be more consistent with the hypothesis that the noise
influenced frequency-specific neural populations). The
overall level of the noise was approximately 85 dB SPL.
It can be estimated that the RMS level of the noise passing
inside auditory filters with center frequencies correspond-
ing to the tones presented in the other ear was between
about 4.8 and 10.8 dB higher than the RMS of the tones.
Thus, had the noise been presented in the same ear as the
tones, it would have masked them. However, because the
noise was presented in the contralateral ear, the tones were
always audible.

2.3. Procedure

A two-interval, two-alternative forced-choice procedure
was used to measure frequency and FO discrimination
thresholds. On each trial, two tones were presented succes-
sively. One of the tones (the standard) had a frequency (or
FO0) of 330 Hz. The other tone (the target) had a frequency
or FO of 330 + Af' Hz. The order of presentation of the two
tones was random, with the higher frequency (or F0) tone
being equally likely a priori to fall in the first or the second
interval. The listener’s task was to indicate in which inter-
val the higher frequency tone was presented. Visual feed-
back was provided following each response. The
frequency difference between the two tones, Af, was varied
adaptively using a two-down/one-up rule, which tracked
the 70.7%-correct point on the psychometric function. At
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the beginning of a “run” of the adaptive procedure, Af was
set to 20% of 330 Hz (i.e., 66 Hz), a value large enough to
ensure that the listeners would have no difficulty perceiving
the difference between the two tones. Following two con-
secutive correct responses, Af was decreased by a certain
factor; it was increased by the same factor after any incor-
rect response. Up to the fourth reversal in the direction of
the change in the value of Af, the factor by which Af was
decreased or increased was equal to 2; following the fourth
reversal, it was set to 1/2. On the twelfth reversal, the track-
ing procedure stopped and the discrimination threshold
was computed as the geometric mean of the Af values cor-
responding to the last 8 reversals. The resulting values were
expressed as percentages of the standard frequency or FO.

2.4. Experiment 1 design

Experiment 1 involved a single test session, which lasted
between two and a half and 3 h per subject, including
breaks. During the session, the listener’s frequency discrim-
ination thresholds were measured five times in each of
twelve different stimulation conditions, which resulted
from the combination of tone type (pure or complex), test
ear (right or left), and presentation mode (monaural, con-
tra/on-frequency noise, and contra/off-frequency noise).
The conditions were tested in pseudo-random order: all
12 conditions were tested in one block, then another block
of the same 12 conditions was tested, and so forth, until
five blocks were completed. The order of testing of the con-
ditions within each block was completely randomized, and
could differ across blocks as well as across listeners. As a
result, each listener in experiment 1 performed a total of
60 runs of the adaptive threshold-tracking procedure. Typ-
ically, a run involved around 40 trials (the actual number
of trials could vary across runs because the turnpoints in
the adaptive staircase did not always occur at the same
point). Accordingly, each listener from experiment 1 per-
formed around 2400 trials in total.

2.5. Experiment 2 design

Experiment 2 involved seven test sessions, which took
place on different days and lasted between 1.5 and 2.5h
each. The first and the last sessions are referred to as the
pre- and post-training sessions. During these two sessions,
the listener’s pure-tone frequency thresholds were mea-
sured in four different test conditions, which resulted from
the combination of test ear (right or left) and presence or
absence of contralateral noise — similar to the on-frequency
noise used in experiment 1. On each of the two sessions, the
four conditions were tested in a pseudo-randomized
blocked fashion (similar to experiment 1). Seven blocks
were consecutively performed, yielding a total of 28 runs
(an estimated 1120 trials) per session. On each of the five
training sessions that followed the multi-condition pre-
training session, the listeners performed 30 runs in a single
test condition, with the pure tones presented monaurally to

the right ear and no contralateral noise. These five mono-
condition training sessions are hereafter referred to as the
training sessions proper and numbered from 1 to 5. Thus,
over the course of the mono-condition training period,
each listener performed a total of 150 runs, representing
an estimated 6000 trials.

2.6. Apparatus

Stimuli were generated in the time domain on a Pentium
computer, played out at a sampling rate of 44.1 kHz via a
16-bit Roland UA30 sound card, and delivered through
Sennheiser HD465 headphones. Listeners were tested in a
sound-insulated room.

3. Results

3.1. Experiment 1: differences between musicians and
non-musicians

The mean frequency and FO discrimination thresholds
(FDTs and FODTs, respectively) measured in the 30 musi-
cians and the 30 non-musicians of experiment 1 are shown
in Fig. 1. On average across all test conditions and runs,
the discrimination thresholds of the musicians (0.13%) were
more than six times smaller than those of the non-musi-
cians (0.86%). The difference proved highly significant
when tested using an ANOVA on the log-transformed
thresholds® [F(1,58) = 77.11, p < 0.001]. Further inspection
of Fig. 1 reveals the following. First, the musicians’ advan-
tage was more pronounced with complex tones than with
pure tones. This was confirmed by a significant group X
tone type interaction [F(1,58) =11.97, p = 0.001]. Second,
while contralateral noise was found to cause a significant
increase in thresholds [F(2,116) = 19.57, p <0.0001], this
effect was mainly due to the contra/on-frequency noise
[p <0.0005]; the effect of the contra/off-frequency noise
failed to reach statistical significance [p = 0.058]. Further-
more, the influence of the contralateral noise did not differ
significantly between the musicians and the non-musicians
[F(2,116) = 2.60, p = 0.078]. Finally, there were no consis-
tent differences in thresholds between the right and left ears
[F(1,58) = 2.3, p =0.13]. Marginally, a significant left-ear

2 The application of a logarithmic transformation on the thresholds
prior to their submission to parametric statistical analyses was motivated
by theoretical and practical considerations. From a theoretical standpoint,
it is consistent with the notion that the underlying perceptual scale in
frequency discrimination tasks is a ratio scale. From a practical stand-
point, the logarithmic transformation is consistent with the use of
multiplicative (rather than additive) steps in the adaptive threshold-
tracking procedure. Furthermore, the logarithmic transformation helps to
correct for the fact that the variability of frequency discrimination
thresholds increases with their magnitude, which might otherwise result in
a violation of the homoscedasticity assumption of the parametric
statistical tests. Note that the use of a logarithmic or square-root
transformation of frequency discrimination thresholds is common practice
in the psychoacoustic literature (e.g., Irvine et al., 2000; Delhommeau
et al., 2002, 2005; Demany and Semal, 2002).
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the data were averaged across the two ears and the five con-
secutive measures. As in the previous figure, FODTs (mea-
sured with complex tones) are shown in the left-hand panel
and FDTs (measured with pure tones) are shown in the
right-hand panel. This plot makes apparent the large vari-
ability of results in the non-musicians’ group, with some of
the non-musicians having smaller thresholds than some of
the musicians, while others had thresholds more than an
order of magnitude larger than the musicians. For pure
tones, nearly half the non-musicians had thresholds in the
same range as the musicians; for complex tones, the pro-
portion of non-musicians whose thresholds were in same
range as the musicians was less than a third.

Fig. 3 shows how discrimination thresholds improved
across trial runs in the two subject groups. Although a sig-
nificant overall improvement in thresholds was observed in
both groups [F(4,232) =50.35, p <0.001], the improve-
ment was markedly larger in non-musicians than in the
musicians [block x group interaction: F(4,232) =15.15,
p <0.001]. The non-musicians improved by a factor of
approximately 3 on average, between the first and the third
blocks; the musicians only improved by a factor of about
1.33. Furthermore, in the musicians, post-hoc comparisons
(Tukey’s HSD) demonstrated a significant improvement
(p <0.001) between the first and second blocks only, and
not thereafter (p > 0.5 for all further pairs). For the non-
musicians, significant improvements were observed until
the third block (p <0.001 for block 1 vs. block 2,
p <0.05 for block 2 vs. block 3, and p > 0.05 thereafter),
and visual inspection of the data indicates a trend for
thresholds to continue improving throughout the five
blocks in this group, suggesting that the absence of signif-
icant difference beyond the third block might be due to
insufficient statistical power. On the first block, the thresh-
olds of the non-musicians were an order of magnitude lar-
ger than those of the musicians. When considering only the
last two blocks, which the listeners performed after they
had been practicing the task for more than an hour (includ-
ing rest times) and completed 36 runs (an estimated 1140
trials), thresholds were still approximately five times smal-
ler in the musicians than in the non-musicians, and the dif-
ference was still highly significant [F(1,58) = 58.19,
p <0.001].

Fig. 4 shows the mean frequency discrimination thresh-
olds measured in three sub-groups of musicians, based on
the family of musical instrument played. On average, musi-
cians who played a keyboard instrument (mainly, the
piano) had larger thresholds than those who played other
families of instruments (strings and winds) [contrast analy-
sis: F(1,27) =5.98, p <0.05]. This effect was independent
of the type of stimulus used; it was observed with the pure
tones [F(1,27) = 5.29, p <0.05] as well as with the complex
tones [F(1,27) = 4.35, p <0.05]. Despite their worse perfor-
mance compared to other musicians, the musicians in the
keyboard group still had significantly lower thresholds on
average than the non-musicians [F(1,38)=21.94,
p <0.001].

No significant correlation was found between the thresh-
olds measured in the musicians and either the number of
years that they had practiced music (r =0.114, p = 0.55)
or the age at which they started practicing (r = 0.005,
p = 0.98). Similarly, no significant difference in thresholds
was found between musicians who claimed to possess abso-
lute pitch and those who did not [F(1,28) = 0.18, p = 0.67].

3.2. Experiment 2: influence of psychoacoustical training in
non-musicians

The results of experiment 2 are illustrated in Fig. 5. This
figure shows how the thresholds of the eight non-musicians
improved across the seven sessions of that experiment. For
the pre- and post-training sessions, the different symbols
represent the mean thresholds measured in different testing
conditions (right or left ear, monaural or dichotic), as indi-
cated in the legend of Fig. 5. For these two sessions, each
symbol represents the (geometric) mean of 56 threshold
measurements, which resulted from pooling data across lis-
teners and blocks (8 listeners X 7 blocks on each session).
The data of the five specific training sessions (numbered
1-5) are indicated by empty circles, the symbol that was
also used in Figs. 1 and 3 to represent data obtained in
the monaural right-ear testing condition. This was the only
stimulus condition used during the five specific training ses-
sions of the current experiment. For these sessions, each
symbol represents the geometric mean of 240 threshold
measurements, which resulted from pooling data across lis-
teners and runs (8 listeners x 30 runs per session). An
ANOVA on the log-transformed thresholds of the mono-
condition training sessions (i.e., sessions 1-5) revealed a
significant improvement between the first two such sessions
[F(1,7) =7.69, p =0.028]. Despite an apparent trend for
thresholds to improve between sessions 2 and 3, the
improvement failed to reach statistical significance
[F(1,7) =2.05, p =0.195]. Detailed inspection of the indi-
vidual data revealed that this was because the thresholds
of one subject increasing markedly between the second
and third sessions. The reasons for this increase remain
unclear; it could be due to the subject being unusually tired
or unmotivated at the time of the third session. However,
evidence that learning continued beyond the second train-
ing session is provided by the finding of a significant differ-
ence in average thresholds between the second and fourth
sessions [F(1,7) = 6.437, p = 0.040].

By the end of the training period, the mean pure-tone
frequency threshold of the non-musicians in this experi-
ment was as small as, and not statistically different from,
that measured in the musicians of the previous experiment
— approximately, 0.16%, as illustrated by the horizontal
dashed line (Student’s z-test on independent samples:
p =0.18). This lack of significant difference cannot be
ascribed simply to insufficient statistical power due to a
smaller sample size here than in experiment 1, because
there was a highly significant difference (p < 0.001) between
the thresholds measured on the first training session of the
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presentation, on a given block of measurements. The five consecutive test blocks are indicated by the numbers underneath the x-axis of the bottom plot.
The upper panel shows FODTs (complexes tones); the lower panel shows FDTs (pure tones). Thresholds measured using different modes of stimulus
presentation are denoted by different symbols, as indicated by the legend; these symbols are the same as in Fig. 1. Also similar to Fig. 1, the data of the
non-musicians are indicated by larger symbols than those of the musicians. The error bars show plus or minus one standard error around the

corresponding geometric mean. Overlapping error bars are not displayed.

current experiment and the pure-tone thresholds of the
musicians from experiment 1.

In order to determine at what point of the training phase
the thresholds of the non-musicians in the current experi-
ment approached those of the musicians, the mean thresh-

old measured on each of the five specific training sessions in
the current experiment was compared with the (log-trans-
formed, geometric) mean pure-tone monaural threshold
measured in the musicians on the last three blocks of runs
of experiment 1. The results revealed that on the first
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Fig. 4. Mean FDTs and FODTs in three sub-group of musicians, sorted
based on the family of their primary instrument. The names of the three
instrument families are indicated underneath the x-axis. Each data point
in this figure corresponds to the geometric mean, across all musicians who
played an instrument from the considered family, of the FDTs or FODTs
measured in the left and right ears, under monaural testing conditions.
FDTs are indicated by diamonds; FODTs, by hourglass-like symbols. The
error bars show plus or minus one standard error around the correspond-
ing geometric mean. Overlapping error bars are not displayed.
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Fig. 5. Influence of protracted psychoacoustical training on FDTSs in non-
musicians. Each data point corresponds to the geometric mean, across the
eight non-musician listeners who took part in experiment 2, of the FDTs
measured in a given test condition, on a given test session. For the pre-
and post-training sessions, different symbols are used to denote thresholds
measured in the left and right ears, in the absence or in the presence of
contralateral on-frequency noise, as indicated by the legend. The data
points were slightly shifted away from each other horizontally in order to
avoid clutter. The mean FDTs from the five specific training sessions
(monaural presentation mode, right ear only), numbered from 1 to 5 on x-
axis, are indicated by empty circles. The dashed line shows the geometric
mean FDT measured in the same (i.e., monaural, right ear) condition in
the musicians from experiment 1. The surrounding dotted lines show plus
and minus one standard error around this mean.

specific training session, the non-musicians’ thresholds
were still significantly higher than the musicians’
(t=13.29, p <0.005). On the second training session, the

difference was already no longer significant, but a trend
was present (p < 0.085). On subsequent sessions, the differ-
ence was clearly non-significant (p > 0.05). Based on these
results, it can be concluded that between 4 and 8 h of psy-
choacoustical training were required for the non-musicians
to obtain pure-tone frequency discrimination thresholds as
small as the musicians, on average — note that this estimate
includes the two-hour, multi-condition pre-training ses-
sion. Interestingly, although the non-musicians were
allowed further training, their thresholds did not become
significantly smaller than those of the musicians.

4. Discussion

4.1. How large is the musicians’ advantage in pitch
discrimination?

The results of experiment 1 provide further evidence for
enhanced pitch discrimination performance in musicians,
compared to non-musicians. This is in line with earlier
results from Spiegel and Watson (1984) and Kishon-Rabin
et al. (2001). However, whereas the musicians’ advantage in
these earlier studies amounted to a factor of about two on
average, here, the difference in frequency discrimination
thresholds between the musicians and the non-musicians
was initially found to correspond to a factor of about six.
Even after the listeners had practiced the pitch discrimina-
tion task for approximately 2 h and performed an esti-
mated 1440 trials, the non-musicians’ thresholds were still
around four times larger, on average, than those of the
musicians.

The difference in effect size between the present and ear-
lier studies is unlikely to be due merely to the use of different
testing conditions, because the stimuli and procedure used
here were not dramatically different from those used in ear-
lier studies. Of course, the nominal stimulus frequency used
here (330 Hz) was not exactly the same as in previous stud-
ies; however, Spiegel and Watson (1984) and Kishon-Rabin
et al. (2001) used frequencies that were not too far off on
either side (e.g., 250 and 430 Hz), which makes it highly
unlikely that the difference in effect size between both of
these studies and the current one is due to some fre-
quency-specific factor. Furthermore, Spiegel and Watson
(1984) tested both musical and non-musical frequencies,
and they found the difference in thresholds between musi-
cians and non-musicians to be approximately the same in
the two cases; this makes it unlikely that the difference in
effect size between the current and previous studies is due
primarily to our choice of testing at a frequency that corre-
sponds exactly to a musical note on the diatonic scale.

The most likely explanation for the finding of a larger
difference in pitch discrimination thresholds between musi-
cians and non-musicians in the present study than in earlier
studies relates to our use of more stringent selection crite-
ria. Specifically, our decision to include in the musician
group only individuals who had a classical music back-
ground and had played an instrument for over 10 years,
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probably contributed to the musicians of the present study
having smaller frequency discrimination thresholds, on
average, than that of Kishon-Rabin et al. (2001) — more
than half of which was comprised of jazz or modern musi-
cians. Consistent with this, Kishon-Rabin et al. (2001)
found that the classical musicians in their study sample
had lower frequency discrimination thresholds than the
modern-style musicians. A possible explanation for the dif-
ference in pitch discrimination performance between these
two sub-groups of musicians is that classical music places
more emphasis on correct tuning than other musical styles,
and that this emphasis on correct tuning promotes the
development of more accurate pitch discrimination abili-
ties. Along the same lines, our decision to include in the
non-musician group only individuals who had no musical
training and no prior psychoacoustical experience may also
have contributed to the separation between musicians and
non-musicians being larger here than in the Spiegel and
Watson’s (1984) study. Indeed, in that study, the control
group included subjects with a “high degree of musical or
psychoacoustical experience”, and the authors pointed
out that these subjects were more likely to have thresholds
in the same range as the musicians.

Thus, the most likely reason for the identification of large
differences in pitch discrimination performance between
musicians and non-musicians in the present study was the
use of stringent selection criteria for the two groups. One
implication of the present finding of larger differences in
pitch discrimination thresholds between musicians and
non-musicians is that classical musical training can have a
more profound influence on initial pitch discrimination per-
formance than suggested by the results of earlier studies.

4.2. Can musical training alone lead to optimal pitch
discrimination performance?

In this study, as well as those of Spiegel and Watson
(1984) and Kishon-Rabin et al. (2001), both non-musicians
and musicians showed some improvement in thresholds
with practice. In all three studies, the improvement was
found to be much less marked for the musicians than for
the non-musicians. A question that remained unanswered
by previous studies was how long musicians have to train
in order to obtain optimal thresholds. At the end of Kis-
hon-Rabin et al.’s (2001) brief experiment (1 h per subject),
the thresholds of the musician’s group were still markedly
larger (by a factor of 4 or more) than those reported in
the psychoacoustic literature for highly trained listeners
tested under comparable conditions (e.g., Moore, 1973).
Thus, whether sensory or procedural, the learning was
obviously not complete in that group. Spiegel and Wat-
son’s (1984) data are more difficult to compare to other
data in the literature, due to the use of unusual testing con-
ditions (i.e., tape-recorded stimuli presented via loudspeak-
ers) and of an unusual threshold-estimation procedure (i.e.,
visual fitting of a line through the listener’s psychometric
function). Although these authors pointed out that their

musicians’ thresholds were similar to those reported in
studies using highly trained listeners tested under head-
phones, in fact, careful inspection reveals that the musi-
cians’ thresholds in that study were larger than those
usually observed in highly trained listeners; it remains
unclear whether this difference is due solely to the use of
loudspeakers rather than headphones, or to incomplete
learning in the musicians.

In contrast, in the present study, the asymptotic average
value of the musicians’ pure-tone frequency discrimination
thresholds (around 0.15%) was similar to those reported in
studies involving highly trained listeners: between 0.26% at
250 Hz and 0.15% at 500 Hz for the “‘best” listener in
Moore (1973), between 0.5% at 200 Hz and 0.25% at
400 Hz for the mean across listeners in Wier et al. (1977)
study. Thus, the present results reveal that classical musi-
cians can achieve optimal frequency discrimination perfor-
mance within a relatively short time, and that they need
little psychoacoustical training. In fact, on the first block
(which was completed within the first hour of testing) the
musicians from this study already had average thresholds
lower than 0.2%, and no further improvement was
observed following the second block.

Considering that the rapid initial improvement in the
musicians’ thresholds observed here and in previous studies
may reflect these listeners’ necessary adaptation to the
attentional demands of the test or other forms of proce-
dural learning, rather than a genuine improvement in sen-
sory discrimination abilities, the data do not rule out the
possibility that musical training does in fact lead to the
development of optimal pitch discrimination performance.
Unfortunately, neither the present results nor those of ear-
lier studies permit a clear conclusion regarding the nature
(procedural or sensory) of the perceptual learning effects
observed in musicians; further experimentation is required
to clarify this point.

4.3. How long must non-musicians train?

Kishon-Rabin et al. (2001) found that non-musicians
had thresholds as small as those obtained initially (i.e.,
on the first block of runs) by musicians after performing
only four runs of an adaptive threshold-tracking procedure
at each of three test frequencies (i.e., an hour or less of
practice). The results of experiment 2 indicate that between
4 and 8 h of practice in the frequency discrimination task
were needed, on average, for the non-musicians to obtain
thresholds as small as those of the musicians. One way to
reconcile the present results with this earlier finding relates
to the possibility, which we mentioned in the Introduction,
that thresholds were initially elevated because of the listen-
ers’ lack of familiarity with the psychoacoustical test proce-
dure and stimuli. From that point of view, the benefit of
musical training may not fully reveal itself on initial runs
because, at this stage, thresholds may be determined in
large part by factors that are unrelated to the subject’s true
sensory discrimination abilities.
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Another possible explanation for the different outcome
between Kishon-Rabin et al. (2001) study and the present
one relates to differences in inclusion criteria, and their
influence on group separation. Our decision to include only
classical musicians may explain the finding of a substan-
tially larger initial difference in thresholds between the
two groups here than in Kishon-Rabin et al. (2001) study.
In turn, the larger initial separation between the two
groups can explain the longer time required for the thresh-
olds of the non-musicians to become statistically indistin-
guishable from those of the musicians.

In comparing the non-musicians’ learning data from
experiment 2 and the musicians’ data from experiment 1,
we have so far ignored the fact that the former were col-
lected in the context of mono-condition test sessions while
the latter were obtained in a multi-condition context. Thus,
it could be argued that the comparison is biased, because
the testing of multiple conditions in random order may have
limited listeners’ ability to focus on each condition, leading
to worse performance. While this remains a possibility, the
observation that the musicians’ thresholds, measured dur-
ing multi-condition testing, were as small as those measured
in highly trained listeners in other studies (e.g., Moore,
1973; Wier et al., 1977) suggests that multi-condition testing
had no major detrimental impact on performance.

4.4. Which type of musical instrument is practiced matters

Another finding of the present study relates to the
poorer pitch discrimination performance of pianists, com-
pared to the other classical musicians who played wind
or string instruments. A possible explanation for this
observation is that, whereas musicians who play string or
wind instruments usually tune their instrument at the
beginning of each practice or performance, pianists usually
do not tune their instrument themselves — tuning a piano is
regarded by most musicians as a difficult exercise, which
requires the intervention of a specially trained professional.
It is conceivable that self-tuning of one’s musical instru-
ment promotes the development of finer pitch discrimina-
tion abilities. A similar explanation was offered by
Spiegel and Watson (1984) to explain their observation of
smaller frequency discrimination thresholds in musicians
whose primary instrument was string, woodwind, or brass,
compared to musicians who played other types of instru-
ments and did not tune their instrument themselves or used
electronic tuners. However, because of the small size of the
latter sub-group (three subjects), Spiegel and Watson’s
conclusion on this point remained tentative. In contrast,
one third of the musicians from the present study (i.e., 10
subjects) had the piano as their primary instrument, allow-
ing a firmer conclusion to be drawn.

Kishon-Rabin et al. (2001) reported not finding evidence
in their data to support the hypothesis that musicians who
tune their instruments are better able to discriminate small
pitch changes. They suggested that frequency discrimina-
tion performance was more dependent upon musical genre

(classical vs. contemporary) than on the type of instrument
played per se. However, careful inspection of Table 1 in
their article indicates that while all the classical musicians
in that study played self-tunable instruments (the violin,
the viola, the bassoon, or the French horn), slightly more
than half of the contemporary musicians played either per-
cussion (the tuning of which is, arguably, more rudimen-
tary than that of other instruments, because of the
impulsive and broadband nature of the percussion sounds)
or keyboards (which are usually not self-tuned). From that
point of view, Kishon-Rabin et al.’s data are not inconsis-
tent with the hypothesis that the tuning of one’s musical
instrument promotes pitch discrimination abilities.

4.5. A larger advantage of musicians with complex tones

Another interesting result from the present study corre-
sponds to the finding of a larger pitch discrimination
advantage of musicians over non-musicians for complex
tones than for pure tones. A possible explanation of this
finding relates to the observation that, since most natural
musical sounds are harmonic complexes rather than pure
tones, musicians are mainly (if not exclusively) exposed
to harmonic complex tones. It is conceivable that this
repeated exposure to complex tones promotes the develop-
ment of enhanced pitch discrimination for such tones. A
similar argument has been invoked by other authors to
explain the observation that absolute pitch possessors dis-
play higher pitch identification performance when they are
tested with complex tones than when pure tones are used
(Lockhead and Byrd, 1981; Miyazaki, 1989).

On the other hand, the present results clearly demon-
strate that the superiority of musicians over non-musicians
for pitch discrimination extends to pure tones. This finding
is consistent with the results of Spiegel and Watson (1984),
who also found smaller thresholds in musicians than in
non-musicians for both pure and complex tones — although
it is worth noting that the complex tones in that study only
contained odd harmonics. The finding that the musicians’
advantage extends to pure tones, despite musical sounds
being essentially harmonic complexes, may be explained
in the light of data in the literature, which indicate that
the improvements in pitch discrimination performance that
are induced by practice with exclusively complex tones gen-
eralize partly to pure-tone pitch discrimination (Demany
and Semal, 2002). The finding that this generalization of
learning is incomplete (Demany and Semal, 2002) is consis-
tent with our finding of a larger musicians’ advantage with
harmonic complex tones than with pure tones.

4.6. Influence of years of practice, age of inception, and
absolute pitch

The present results do not demonstrate any clear link
between frequency discrimination performance and either
the age at which musical practice started, or the number
of years of instrumental practice. The apparent lack of
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influence of the latter variable could be due to our decision
to include only musicians with at least 10 years of experi-
ence. We also found no hint of a difference in pitch discrim-
ination thresholds between the musicians who reported
having absolute pitch and those who did not. However,
since we did not carry out formal tests of absolute pitch
in this study, it would be unwise to draw any strong conclu-
sion on this point.

4.7. A marginal left-ear advantage in musicians

A subsidiary finding of the present study relates to the
question of inter-aural differences and hemispheric domi-
nance in pitch processing. Specifically, a left-ear advantage
was observed in musicians in a condition that involved
pure tones with contralateral on-frequency noise. This is
partly consistent with data in the literature, which suggest
a left-ear/right-hemisphere advantage in tasks involving
pitch perception (Sidtis, 1980, 1981; Zatorre et al., 1992;
Zatorre and Samson, 1991). The fact that a left-ear advan-
tage was only observed in a condition involving contralat-
eral noise occupying the same frequency region as the test
tones, but not when the noise was either absent or occupied
a different frequency region, is consistent with the notion
that inter-hemispheric competition is required in order to
evidence hemispheric dominance in the processing of audi-
tory information (Kimura, 1964). On the other hand, it is
unclear why a left-ear advantage for pitch processing was
found specifically with pure tones, and not with harmonic
complex tones, and why it was observed only in musicians.
Clearly, the question of ear asymmetries in pitch discrimi-
nation requires further investigation. However, what we
can conclude based on the present results is that, when they
are observed, the differences in frequency discrimination
thresholds between left and right ears are extremely subtle.
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