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Difficulties with Pitch Discrimination Influences Pitch
Memory Performance: Evidence from Congenital Amusia
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Abstract

Music processing is influenced by pitch perception and memory. Additionally these features interact, with pitch
memory performance decreasing as the perceived distance between two pitches decreases. This study examined
whether or not the difficulty of pitch discrimination influences pitch retention by testing individuals with congenital
amusia. Pitch discrimination difficulty was equated by determining an individual’s threshold with a two down one up
staircase procedure and using this to create conditions where two pitches (the standard and the comparison tones)
differed by 1x, 2x, and 3x the threshold setting. For comparison with the literature a condition that employed a
constant pitch difference of four semitones was also included. The results showed that pitch memory performance
improved as the discrimination between the standard and the comparison tones was made easier for both amusic
and control groups, and more importantly, that amusics did not show any pitch retention deficits when the
discrimination difficulty was equated. In contrast, consistent with previous literature, amusics performed worse than
controls when the physical pitch distance was held constant at four semitones. This impaired performance has been
interpreted as evidence for pitch memory impairment in the past. However, employing a constant pitch distance
always makes the difference closer to the discrimination threshold for the amusic group than for the control group.
Therefore, reduced performance in this condition may simply reflect differences in the perceptual difficulty of the
discrimination. The findings indicate the importance of equating the discrimination difficulty when investigating
memory.
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Introduction

Pitch perception and pitch memory are interwoven in the
processing of music [1,2]. In order to discriminate/identify pitch
changes in a sequence of pitches it is necessary to form a
memory of the pitch events heard. This pitch memory trace
would be dependent on the initial perception of the pitches.
Musical expertise influences pitch memory with musicians
outperforming nonmusicians on pitch memory tasks [3,4].
Memory for pitch might be stored in a system that is associated
with a pitch perceptual representation system [5,6].

It has been reported since the 1960s that phonological
similarity has a negative impact on verbal working memory
[7–10]. This is also the case for pitch memory where pitch
proximity impacts upon memory performance. By manipulating
the pitch distance between a standard tone and the intervening
tone(s) in a memory task, memory performance was worse for
small pitch distances than for large pitch distances [11].
Similarly, when the pitch distance between the pitches of notes

within to-be-remembered sequences was manipulated,
nonmusicians showed a significant negative effect of pitch
proximity, while musicians showed no effect of pitch proximity
for musical sequences [4]. This interaction between pitch
proximity and expertise has been demonstrated previously [12].
Differences between musicians and nonmusicians in the pitch
discrimination difficulty of the tasks may account for the
interaction between pitch proximity and expertise. In other
words, the pitch-proximal tones may sound more similar for the
nonmusicians than for the musicians because of the
differences in pitch perception between musicians and
nonmusicians.

In this investigation, we examined whether or not pitch
discrimination difficulty influences pitch memory performance
by testing individuals with congenital amusia, a neuro-
developmental disorder of pitch processing. Individuals with
congenital amusia (hereafter amusia) show deficits in
discriminating fine-grained pitch changes [13–16], pitch contour
[13,17], and pitch direction [13,18,19]. These musical pitch
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deficits extend to speech processing with amusia
[17,18,20–27].

 In addition to the pitch discrimination deficits, some studies
have investigated the potential for a pitch specific memory
deficit to be associated with amusia [28–32], and furthermore
another has examined the possibility of timbre memory deficits
[33]. Among these studies, four studies employ the same
stimuli for both the controls and the amusics [28,29,31,32]
while in one study the stimuli were adjusted for amusics with
high pitch discrimination thresholds [30]. However, even in this
last study, a common set of stimuli were employed for the
majority of amusics, and all controls. 

The use of the same stimuli for both groups complicates the
interpretation of the data from pitch memory studies involving
amusics because the tones are less discriminable for amusics
than for controls, even when the pitches are quite far apart
[15,28]. If both amusics and controls are required to
discriminate differences in pitch using stimuli separated by the
same interval, then the perceptual discrimination required is
harder for the amusics than for the controls. Therefore, unless
the stimuli for both groups are equated at the individual level
for perceptual difficulty and familiarity, then the finding that the
amusic group performs more poorly on the memory task does
not necessarily lead to the conclusion that there is impairment
in a pitch memory system. Rather, such a finding may simply
reflect the amusic group’s increased difficulty with the stimulus
discrimination.  Put more simply, such a finding may simply
reflect increased task difficulty.

In this investigation, we examined pitch retention in amusia
when stimuli were equated on an individual basis for the
perceptual difficulty of the discrimination. A standard tone
comparison paradigm developed by Deutsch [34] was
employed in the current memory study. We included two
retention tasks: a same/different pitch discrimination task and a
pitch direction identification task. Moreover, a simple two down
one up staircase procedure was used to equate the
discrimination difficulty at a 70.7% accuracy level [35], which
for an unbiased observer using a difference strategy would
translate to a d’ value of 1.76 [36]. This discrimination threshold
value can then be used to create different conditions of similar
difficulty.  Because the intervals between the resulting tones
are generally not tonal, and do not correspond to semitones,
the changes in pitch will be unfamiliar to both amusics and
controls. If amusics have normal pitch memory but pitch
memory task performance is influenced by the perceptual
difficulty of the discrimination, then performance for both
amusics and controls should improve at the same rate as the
discrimination is made easier. However, when the same stimuli
are employed for both groups, it is expected that the amusics’
performance will appear to show a pitch memory deficit even
when the stimuli are set well above the amusic group’s
discrimination threshold. As with a previous study [32], a
constant difference of four semitones was employed in the
current study.

Methods

Participants
Participants were recruited by means of advertisements in

the bulletin board system of universities in Shanghai. Their
music abilities were tested on the Montreal Battery of
Evaluation of Amusia (MBEA) [37]. A detailed questionnaire
was conducted to get further information about the participants.
Fourteen amusics and 14 controls were tested in the current
study. None of them reported a history of neurological,
psychiatric diseases, or any learning or memory problems with
their university studies. Among all participants, two amusics
received extracurricular musical training: one for six months,
and other one for three years. All but two participants (one
amusic and one control participants, respectively) were right-
handed as assessed by the Edinburgh Handedness Inventory
[38]. The demographic characteristics and MBEA scores of the
participants are shown in Table 1. Ethical approval was
attained from Shanghai Normal University in China, and written
informed consents were obtained from all of the participants
before testing.

Pretests: Psychophysical measures of pitch perception
Method and procedure.  As noted above, the purpose of

the pretest was to determine each participant’s perceptual
70.7% accuracy threshold [35]. This ensured that the pitch
distance used in the subsequent memory tasks was not below
the chance perceptual threshold for any given participant. This
also enabled the equating of the discrimination difficulty of the
subsequent retention tasks. Pitch change detection and pitch
direction discrimination threshold tests were included in the
pretests. To avoid a perceptual direction bias, each test
contained two tasks. In one task the low tone was kept
constant as the high tone was changed, while in the other task
the high tone was held constant and the low tone was
changed. A two-alternative forced choice AXB procedure was
used in the two threshold tests since the AXB paradigm is
regarded as a procedure demanding reduced short-term
memory [39,40].

Table 1. Participants’ demographic characteristics and the
MBEA scores.

Demographic Characteristics Amusic (n=14) Control (n=14) t-test
Mean age (SD) 27(7.34) 27(7.64) NS
Gender 7M,7F 7M,7F  
Years education (SD) 17(1.7) 17(1.2) NS
Global score of MBEA (SD) 20(1.7) 28(0.8) p < .001
Scale subtest (SD) 17 (3.0) 28 (1.5) p < .001
Contour subtest (SD) 19 (2.8) 28 (1.7) p < .001
Interval subtest (SD) 17 (2.3) 28 (1.5) p < .001
Rhythm subtest (SD) 23 (3.1) 28 (1.8) p < .001
Meter subtest (SD) 20 (6.0) 27 (2.2) p = .001
Memory subtest (SD) 21 (4.2) 29(1.2) p < .001

Note: F = female; M = male.
doi: 10.1371/journal.pone.0079216.t001
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For the pitch change detection threshold test, the participants
were presented with three pure tones: A, X, and B. The second
tone (X) was identical to either the first one (A), or the last one
(B) as illustrated in Figure 1. Among the two tasks of the pitch
change detection threshold test, the frequencies of the first
tones (A) were 290 Hz and 460.4 Hz, respectively, and
correspondingly the last tones (B) either varied from 290.3 Hz
to 460.4 Hz, or from 459.8 Hz to 290 Hz in frequency. Each
pure tone was 200 ms in duration, gated with 10 ms onset and
offset amplitude ramps, and was separated by a silent interval
of 300 ms. Participants were required to determine whether the
second tone was identical in pitch to the first or last tone.

For the pitch direction discrimination threshold test, the only
difference from the pitch change detection test is that each of
the three parts of A, X, and B in the AXB paradigm contained a
two-tone pair. The two-tone pairs in the first (A) and the third
(B) parts were always kept constant, while the two-tone pair in
the second part (X) was adjusted. More specifically, the first
tone and the second tone in the first part (A) were always 220
Hz and 622.3 Hz in frequency (low-high), while the first tone
and the second tone in the third part (B) were always 622.3 Hz
and 220 Hz in frequency (high-low). Among the two tasks of
the pitch direction discrimination threshold test, by analogue,
the frequencies of the first tones in the second part (X) were
290 Hz and 460.4 Hz, respectively, and correspondingly the
second tones in the second part (X) either varied from 290.3
Hz to 460.4 Hz or from 459.8 Hz to 290 Hz in frequency. The
three parts in the AXB paradigm were separated by a silent
interval of 1100 ms as illustrated in Figure 2. Participants were
told that the two-tone pairs in the first (A) and the third (B) parts
were kept constant, respectively, and required to indicate
whether the two-tone pairs in the second part (X) moved in the
same direction as those in the first (A) or third part (B).

Experimental trials were presented with an adaptive
staircase procedure using the software package E-Prime. The
initial pitch difference was four semitones and was varied in
terms of a “two- down, one- up” staircase procedure, where the
pitch distance increases when an incorrect response is given,
and decreases only after two consecutive correct responses.
We used a step size of one semitone for the reversals one
through four, a step size of 0.1 semitones for the reversals five
through eight, and a step size of 0.02 semitones for the
reversals nine through sixteen. The procedure terminates after
16 reversals, and the threshold was computed based on the
average the last six reversals. The number of steps to reach
threshold did not differ between the groups for either the pitch
change (t(26) = 1.46 , p > 0.05, mean number of steps 63.6 vs
53.5, amusics and controls, respectively) or the pitch direction
(t(26) = 0.48, p > 0.05; mean number of steps 71.3 vs 66.7,
amusics and controls, respectively) staircase. In addition,
threshold estimates remained stable after turnaround 9 for both
groups in both tasks. Participants were given six practice trials
for pitch change detection and ten practice trials for pitch
direction discrimination, respectively. Among the practice trials,
the pitch difference between the first and the last tones for pitch
detection, and between the first and the second tones in the
second part (X) for pitch direction ranged from six to ten
semitones. Feedback was provided only for the practice trials.

The four threshold tasks were presented in a counterbalanced
order across participants.

Results.  The thresholds for the two tasks in the pitch
change detection and pitch direction tests were averaged,
respectively. Figure 3 shows box and whisker plots of the
individuals’ averaged thresholds for both groups from the A)
pitch change detection and B) pitch direction discrimination.
The amusic participants had higher thresholds than the
controls for both of pitch change detection [1.18 vs 0.20
semitones, respectively; t(13.13) = 2.99, p < 0.05; degrees of
freedom are adjusted because of unequal variance between
the groups; log transformation of the threshold data leads to
the same results] and pitch direction discrimination [3.90 vs
1.01 semitones, amusics vs controls, respectively; t(19.21) =
3.67, p < 0.05]. The ratio of these threshholds (pitch direction /
direct discrimination) did not differ between the groups [t(17.97)
= -0.45, p > 0.05, mean threshold ratios of 5.14 and 6.24 for
the amusic and control group, respectively]. It can be observed
from Figure 3 that there were overlaps in thresholds between
the two groups in both tasks. Overall, 10 out of 14 amusics had
pitch detection thresholds below one semitone with 4 amusics
scoring detection thresholds over one semitone. The pitch
discrimination threshold was correlated with the pitch direction
discrimination threshold for the amusic group [r(12) = 0.62, p <
0.05], but not for the controls [r(12) = 0.26, p > 0.05]. It is worth
noting that nothing changes if the data of the 4 amusics with
thresholds over 1 semitone are dropped.

The data were consistent with previous studies that have
found that amusics have higher pitch change detection
thresholds than controls [13,18,30], and replicates the standard
finding of a pitch discrimination deficits in amusia. For pitch
direction discrimination, given that pitch glide is rarely applied
to musical works, the current study required participants to
discriminate the pitch change direction between two separate
pitches to examine pitch direction perception, and did not
employ pitch glide as previous studies did [13,32,41].
Consistent with previous studies [13,18,41], the current data
showed that amusics exhibited higher pitch direction thresholds
than the controls, although this is not always found [32]. This
discrepancy between the study by Williamson and Stewart [32]
and the current study may be primarily due to the difference of
experimental stimuli (i.e., pitch glide used in the former, and
segmented tone pair used in the current study).

Figure 1.  Illustrations of the pitch change detection
threshold tasks.  A) Low tone held constant while high tone
changes. B) High tone held constant while low tone changes.
doi: 10.1371/journal.pone.0079216.g001
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As noted above, to examine the effects of discrimination
difficulty on pitch memory, the pitch distance used in the
subsequent memory tasks contained three conditions defined
by the magnitude of the difference between the tones, either
one, two, or three times the 70.7% discrimination thresholds
[35]. Moreover, to facilitate comparisons with the literature, a
constant four semitone pitch distance was also included [32],
resulting in four pitch distance conditions.

Single-tone pitch change detection and pitch direction
discrimination

Stimuli.  Two tasks were included in the current study: a
single-tone pitch retention task (same/different discrimination)
and a pitch direction retention task (direction identification). In
each task, participants were presented with two pure tones: a
standard tone and a comparison tone, separated by a period of
silence or four intervening tones. The intervening tones were
four different pure tones that did not include either the standard
tone or the comparison tone and each of intervening tones was
at least two semitones higher or lower than the standard tone
[42–44] , with the first intervening tones being a minimum of six
semitones away from the standard tone. Each of the
intervening tones was a minimum of six semitones away from
the previous tone, which is close to two semitones larger than

the highest threshold of all participants measured in the pitch
detection test.

Each tone was 70 dB lasted 200 ms in duration, gated with
10 ms onset and offset linear amplitude ramps. In the silence
interval, the standard and comparison tone were separated by
a silent interval of four seconds. In the distractor condition the
standard tone and the four intervening tones were separated
by intervals of 300 ms, except for a two-second pause between
the last intervening tone and the comparison tone. There were
48 pairs for the standard and comparison tone. For the single-
tone pitch retention, half of the pairs were identical with the
other half being different. For the pitch direction retention,
among 48 pairs, the comparison tones in the half of pairs were
higher than the standard tones, while the comparison tones
were lower than the standard tones for the other half of pairs.
When different, the physical pitch distance between the
standard and comparison tones varied between participants
based upon their relevant threshold settings from the pretests
to produce three perceptually matched conditions of 1x, 2x,
and 3x threshold. In addition, a constant difference condition of
four semitones (physically matched but perceptually varying)
was employed to determine if not basing stimuli upon
thresholds would lead to similar conclusions. Each pair was
employed in combination with the two interval conditions

Figure 2.  Illustrations of the pitch direction discrimination threshold tasks.  A) Low tone held constant while high tone
changes. B) High tone held constant while low tone changes.
doi: 10.1371/journal.pone.0079216.g002
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(silence and intervening tones), resulting in total of 192 trials in
the pitch retention and pitch direction retention tasks,
respectively.

Procedure.  There were five blocks for each task. Within
each block, the trials were presented in a pseudo-randomized

Figure 3.  Box and Whiskers plot showing individual’s
discrimination thresholds for the amusic and control
groups.  A) Pitch change detection. B) Pitch direction
discrimination. The box indicates the 25, 50, and 75% cut offs,
with the whiskers spanning to the maximum and minimum
values.
doi: 10.1371/journal.pone.0079216.g003

order with the constraint that two consecutive trials never be
identical different pairs. Participants were told that they would
hear two tones: a standard tone and a comparison tone, which
would be separated either by silence or four intervening tones.
Participants were told to ignore the four intervening tones when
they occurred. For the single-tone pitch retention task
participants were told to listen carefully in order to make a
same/different judgment on the standard and the comparison
tones. For the pitch direction task, participants were required to
indicate whether the comparison tone was higher or lower than
the standard tone. The two tasks were presented in a
counterbalanced order across the participants. There were six
practice trials with feedback in each task. No feedback was
given during the experimental trials. All stimuli were presented
binaurally through Philips SHM1900 headphones in a
soundproof room.

Results

Performance on both tasks was measured by the sensitivity
index d’. In the single-tone pitch retention task a hit was
defined as responding different to a different pair, while a false
alarm was defined as responding different to an identical pair.
In the pitch direction retention task a hit was defined as
responding downward when the C tone was lower than the S
tone, while a false alarm was defined as responding upward
when the C tone was lower than the S tone. To avoid the
biasing effect of extreme proportions on values of d’ the log-
linear correction recommended by Hautus [45] was used, d’
was calculated as for a same/different task based upon a
differencing model in the single-tone pitch retention, and
calculated as for a two alternative forced choice task in pitch
direction retention [36].

Single-tone pitch change detection analysis
The d’ data from the four semitone condition were analysed

in a two-way, mixed factor ANOVA, with interval content
(silence/distractors) as a within subjects factor and group
(amusic/controls) as a between groups factor. This resulted in
a main effect of group [F(1,26) = 13.26, p < 0.05] with the
controls outperforming the amusics (d’ = 3.71 vs 2.32,
respectively). There was a main effect of interval content
[F(1,26) = 42.96, p < 0.05], with the intervening tones
interfering with the pitch retention (d=2.24 vs 3.78 for
distractors and silence, respectively). There was no interaction
between group and interval condition, suggesting the effect of
the intervening tones was of a similar magnitude for both
groups [F(1,26) = 2.10, p > 0.05]. These data can be seen in
Figure 4A and indicate that when a constant pitch distance
(four semitones) is used amusics have impaired performance
on the pitch retention task compared to controls, and both
groups are similarly impaired by the presence of intervening
tones.

The d’ values for the threshold matched pitch distance
condition was analysed in a mixed factor, three-way ANOVA,
with threshold setting (1x, 2x, 3x pitch change detection
threshold) and interval content (silence/distractors) as within
subjects factors and group (amusic/controls) as a between
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subjects factor and can be seen in Figure 4B. Performance at
the 1x threshold level in silence was below the d’ value of 1.76
that the staircase procedure should target for both groups [t(13)
= -4.39, and t(13) = -6.15, both p < 0.05, for amusics and

controls, respectively]. This is consistent with signal loss
occurring due to the increase in retention time between the S
and C tones during the memory test relative to the staircase
procedure. The threshold factor was investigated for trends

Figure 4.  Sensitivity index (d’) of single-tone pitch change detection for the two groups.  A) Different trials employ a constant
four semitones change with a silent interval and distractors, respectively. Error bars indicate ±1 standard error. B) As a function of
an individual’s threshold for both silent and intervening tone conditions.
doi: 10.1371/journal.pone.0079216.g004
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with planned contrasts to test for linear and quadratic
components, and non-significant trends will not be reported
and can be assumed to be associated with p > 0.05. This
resulted in a main effect of interval content [F(1,26) = 11.42, p
< 0.05], with the interval of intervening tones resulting in overall
worse performance than the silent interval (d’= 0.30 vs 1.09,
respectively), and a main effect of threshold setting [F(2,52) =
9.84, p < 0.05], which was due to a significant linear trend
[F(1,26) = 20.20, p < 0.05]. There was a significant interaction
between interval content and threshold setting [F(2,52) = 25.55,
p < 0.05], which was primarily due to an interaction in the linear
trend components [F(1,26) = 55.76, p < 0.05]. There was no
main effect of group (F(1,26) = 1.08, p > 0.05), nor did group
interact with either interval content [F(1,26) = 0.18, p > 0.05] or
threshold setting [F(2,52) = 1.93, p > 0.05] at the omnibus test
level, although the interaction between group and the planned
linear trends was significant [F(1,26) = 4.28, p < 0.05].
Similarly, the omnibus test of the three way interaction between
threshold setting, interval content, and group was not
significant [F(2,52) = 2.84, p > 0.05], however the 3-way
interaction in the linear trend components was at the criterion
level of significance [F(1,26) = 4.06, p = 0.05].

To examine the potential three way interaction in more detail,
a simple effects analysis was performed examining the factors
threshold and group at each level of interval content
separately. These two-way mixed factor ANOVAs revealed that
when the interval was silent, there was a main effect of
threshold setting [F(2,52) = 42.79, p < 0.05], which was due to
a linear trend [F(1,26) = 92.54, p < 0.05], but no difference
between the groups [F(1,26) = 1.19, p > 0.05] nor was there an
interaction between threshold setting and group [F(2,52) =
0.82, p > 0.05], and of specific interest, the test for the
interaction between group and the linear trend was not
significant [F(1,26) = 0.004, p > 0.05]. This indicates that when
the interval was silent, single-tone pitch memory performance
did not differ between the groups when the perpetual difficulty
was equated. Additionally, memory performance improved as
the discrimination was made easier for both groups.

When the interval was filled with intervening tones, there was
no main effect of group [F(1,26) = 0.52, p> 0.05] nor was there
a main effect of threshold setting [F(2,52) = 2.24, p > 0.05],
although the linear trend was significant [F(1,26) = 4.29, p <
0.05]. When performance was collapsed over the threshold
values and compared against chance performance (d’ = 0),
neither group performed above chance [d’ = 0; t(13) = 1.19,
and t(13) = 0.49, both p > 0.05, means 0.47 and 0.13, for the
amusic and control groups, respectively]. However, the
interaction between threshold and group was significant
[F(2,52) = 3.44, p < 0.05], and this was due to an interaction in
the linear trend components between the groups [F(1,26) =
6.96, p < 0.05], reflecting the poor performance of the controls
at the 3x threshold condition. As performance by the controls
was below 0 in the 3x condition, it is presumed that this reflects
sampling error around their overall chance level performance
and so the interaction between the groups is considered
unreliable. As such, the data are interpreted as indicating that
when the interval was filled with intervening tones, both groups

performed at chance, and neither improved as the pitch
distance between the S and C tones was increased.

To assess whether pitch memory performance was related to
their pitch detection thresholds a single memory score was
calculated by collapsing over all pitch change detection
conditions except the 3x threshold noise condition, as this
produced the negative d’ results for the controls and is thought
to reflect sampling error. There was a significant correlation
between thresholds and memory performance [r(26) = 0.71, p
< 0.05, see Figure 5], however, this appears to be the result of
the outlier data of four amusics who had thresholds above one
semitone, which when removed, renders the correlation non-
significant [r(22) = 0. 04, p > 0.05]. It is noted that the pattern of
results for the ANOVA remain unchanged when data from
these four amusics were removed.

Overall, the analysis of the single-tone pitch retention task
indicates that when the perceptual difficulty, namely difference
in the discriminability of the stimuli, is equated between the
amusics and controls then performance does not differ
between the groups.

Pitch direction discrimination analysis
The d’ data from the four semitone condition were analysed

in a two way, mixed factor ANOVA, with interval content
(silence/distractors) as a within subjects factor and group
(amusic/controls) as a between groups factor. This resulted in
a main effect of group [F(1,26) = 9.80, p < 0.05] with the
controls outperforming the amusics (d’ = 2.23 vs 1.71,
respectively). There was a main effect of interval content
[F(1,26) =8.67, p < 0.05], with the intervening tones interfering
with the pitch retention (d’=2.09 vs 1.85 for silence vs
distractors, respectively). There was no interaction between
group and interval condition, suggesting the effect of the
intervening tones was of a similar magnitude for both groups
[F(1,26) = 0.78, p > 0.05]. These data can be seen in Figure 6A
and indicate that when a constant pitch distance is used (four
semitones) amusics have impaired performance on the pitch
direction task compared to controls, and both groups are
similarly impaired by the presence of intervening tones.

The d’ values for the threshold matched condition were
analysed in a mixed factor, three-way ANOVA, with threshold
setting (1x, 2x, 3x pitch discrimination threshold) and interval
content (silence/distractors) as within subjects factors and
group (amusic/controls) as a between subjects factor and can
be seen in Figure 6B. Performance at the 1x threshold level in
silence was below the d’ value of 1.76 that the staircase
procedure should target for both groups [t(13) = -2.42, and
t(13) = -8.02, both p < 0.05, for amusics and controls,
respectively]. This is consistent with signal loss occurring due
to the increase in retention time between the S and C tones
during the memory test relative to the staircase procedure. The
threshold factor was investigated for trends with planned
contrasts to test for linear and quadratic components, and non-
significant trends will not be reported and can be assumed to
be associated with p > 0.05. This resulted in a main effect of
interval content [F(1,26) = 15.11, p < 0.05], with performance
being higher in the absence of the intervening tones (d’= 1.58
vs 1.26 for silence vs distractors, respectively), a main effect of
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threshold setting [F(2,52) = 90.54, p < 0.05], which was due to
both a significant linear [F(1,26) = 137.90, p < 0.05] and
quadratic trend [F(1,26) = 6.05, p < 0.05]. The interaction
between interval content and threshold setting did not reach
significance [F(2,52) = 3.08, p > 0.05], although the planned
contrast testing the interaction in the linear trends was
significant [F(1,26) = 8.403, p < 0.05]. There was a main effect
of group [F(1,26) = 12.19, p < 0.05] with the amusics
outperforming the controls (d’ = 1.76 vs 1.08, amusics vs
controls, respectively). This difference between the groups did
not interact with either interval content [F(1,26) = 1.28, p >
0.05] or threshold setting [F(2,52) = 2.08, p > 0.05]. However,
the three way interaction between threshold setting, interval
content, and group was significant [F(2,52) = 5.40, p < 0.05],
which was due to a 3-way interaction in the linear trend
components [F(1,26) = 15.56, p < 0.05].

To examine the 3 way interaction in more detail, a simple
effects analysis was performed examining the factors threshold
and group at each level of interval content separately. These
two-way mixed factor ANOVAs revealed that when the interval
was silent, there was a main effect of threshold setting [F(2,52)
= 61.19, p < 0.05], which was due to a linear trend [F(1,26) =
160.09, p < 0.05]. There was also a main effect of group
[F(1,26) = 14.24, p < 0.05], with the amusics outperforming the
controls (d’ = 1.88 vs .128, amusics vs controls, respectively).

However, the interaction between threshold setting and group
was not significant [F(2,52) = 2.13, p > 0.05]. Moreover the test
for the interaction between the linear trends failed to reach
significance [F(1,26) = 3.94, p < 0.05].

When the interval was filled with distracting tones, there was
a main effect of threshold setting [F(2,52) = 35.19, p < 0.05],
which was due to a significant linear [F(1,26) = 52.63, p < 0.05]
trend. There was also main effect of group [F(1,26) = 9.25, p <
0.05] with the amusics outperforming the controls (d’ = 1.65 vs
0.88, respectively), which interacted with threshold setting
[F(2,52) = 5.35, p < 0.05] and which is described by an
interaction in the linear trends [F(1,26) = 6.28, p < 0.05], where
the controls show a reduced improvement over threshold
settings.

Correlations between average memory performance and
pitch direction thresholds showed that those with higher
thresholds tended to perform better (r(26) = 0.83, p < 0.05, see
Figure 7), although this may be due to the higher performance
of the amusic group. When these correlations were performed
for the amusics and the controls alone, respectively, the
correlations were significant [r(12) = 0.76, and 0.88 for the
amusics and the controls, respectively, ps < 0.05].

Overall, the pitch direction retention data suggest that when
a constant value (four semitones) is employed, amusics show
poorer performance than the controls on the memory task.

Figure 5.  Individual d’ scores on single-tone pitch change detection as a function of the individual’s pitch change
threshold.  Note: grey squares indicate the outlier data of four amusics who had thresholds above one semitone.
doi: 10.1371/journal.pone.0079216.g005

Pitch Memory in Amusia

PLOS ONE | www.plosone.org 8 October 2013 | Volume 8 | Issue 10 | e79216



Figure 6.  Sensitivity index (d’) of pitch direction discrimination for the two groups.  A) Trials employ a constant four semitone
difference with a silent interval and distractors, respectively. Error bars indicate ±1 standard error. B) As a function of an individual’s
threshold for both silent and distractor conditions.
doi: 10.1371/journal.pone.0079216.g006
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Moreover, while both groups improved at a similar rate as the
discrimination was made easier during the silence condition,
the amusic group showed a greater benefit than the controls as
the discrimination was made easier when the interval was filled
with distracting tones.

Discussion and Conclusions

The goal of the current study was to examine whether or not
difficulties with pitch discrimination affects pitch memory
performance by testing individuals with congenital amusia. This
may provide a reliable test case since congenital amusia is
characterized by a deficit in the detection of changes in pitch,
and recent studies have suggested there may be an associated
pitch memory problem [28–32]. Consistent with previous
findings, the current study demonstrated that individuals with
congenital amusia have impaired performance on both a
single-tone pitch retention task and a pitch direction retention
task when a constant four semitone pitch distance between the
standard and the comparison tones is used during different
trials. However, the amusic group did not show impaired
performance on these tasks when the perceptual difficulty of
the discrimination was equated at the individual level.
Moreover, as the discrimination between the standard and the

comparison tones was made easier, memory performance
increased at the same rate for both the amusic and control
group. Combined, these findings suggest that the performance
difference on pitch memory tasks that is found when the same
stimuli are used for both the amusic and control groups may
reflect differences between the groups in terms of the difficulty
of the discrimination rather than reflecting a deficit in the
amusics’ tonal memory system. These findings highlight the
importance of equating for the difficulty of pitch discrimination
when investigating pitch memory.

The effect of the difficulty of pitch discrimination on
pitch memory tasks

The current findings suggest that in pitch memory tasks there
is a negative effect of discrimination difficulty on memory
performance, which means differences in performance on a
memory task may reflect differences in either memory or
discrimination difficulty. Amusics were found to have higher
pitch discrimination thresholds and higher pitch direction
discrimination thresholds than the control group, reflecting the
increased difficulty amusics have with these tasks relative to
controls. Amusic thresholds from the two down one up
staircase (approx. 70.7% detection threshold ) were nearly six
times that of the controls (1.18 vs 0.20 semitones) for pitch

Figure 7.  Individual d’ scores on pitch direction discrimination as a function of pitch direction threshold.  
doi: 10.1371/journal.pone.0079216.g007
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discrimination and nearly four times that of the controls for the
pitch direction discrimination (3.90 vs 1.01 semitones). Given
these findings, when the same stimuli are used for both
controls and amusics, such as the current four semitone
conditions, then the stimuli are, by definition, closer in
perceptual space to each other for the amusics than for the
controls. This means the stimuli are perceptually more similar
for the amusics than for the controls, resulting in a more difficult
discrimination. As a consequence, the amusic group exhibited
worse performance compared to the controls for both retention
tasks.  Therefore, use of the same stimuli, which are more
perceptually similar for the amusics than for the controls, may
explain the difference in performance without need to suggest
any deficit in a tonal memory system.  Overall, the current data
are consistent with previous studies suggesting that pitch
proximity is detrimental to performance on pitch memory tasks
[4,11,12], and indicates that discrimination difficulty could
account for the differences found on pitch memory
performance.

This suggestion is further supported by the finding that when
the stimuli were tailored to the individual participant’s 70.7%
discrimination threshold, memory performance did not differ
between amusics and controls. Both groups showed reduced
performance on the 1x condition which used the threshold level
stimuli. The staircase procedure should target a d’ of 1.76 [36]
and both groups performed significantly worse than this at the
1x condition, indicating that there was signal loss, meaning
memory trace degradation, over the retention period. However,
there was no evidence that the amusic group suffered
increased loss of information relative to the controls. As the
discrimination between the standard and the comparison tones
was made easier, by increasing the different trials as a function
of the individual’s discrimination threshold, memory
performance increased for both amusic and control groups at a
similar rate. This is in keeping with results reported by Albouy
et al. [28], suggesting that pitch memory performance
increases with increasing interval changes for both amusic and
control groups.

Moreover, the current data may account for the effect of
music expertise on pitch memory performance by suggesting
that the pitch discrimination may be less difficult for musicians
than nonmusicians and this difference in difficulty may explain
the difference in pitch memory performance [3,4]. On the
whole, the current findings indicate that the pitch discrimination
difficulty, induced by pitch proximity, influences performance on
pitch memory tasks specifically, and suggests that perceptual
difficulty plays a prominent role on memory task performance in
general.

Implications for pitch memory in congenital amusia
The current data are consistent with previous studies

[28–32], in that the amusics exhibited worse memory
performance compared to controls when stimuli with a constant
pitch distance of four semitones was employed for both of the
retention tasks. In the past this reduced performance has been
interpreted as evidence for pitch memory impairments
associated with amusia. However, as a constant pitch distance
is always much closer to the discrimination threshold for the

amusic group than for the control group, it is argued here that
this reduced performance reflects the difference in the
perceptual difficulty of the task.

When the stimuli were tailored to the individual participant’s
discrimination threshold, memory performance improved as the
discrimination was made easier for both groups in the silence
condition. However, amusics did not show any pitch retention
deficits when the perceptual difficulty was equated in the
current study. This differs from the study reported by Tillmann
et al. [30], in which the authors intended to avoid the effect of
perceptual deficits on pitch memory. Two explanations may
account for the discrepancy.

One explanation may be differences in how the perceptual
difficulty has been equated. Although Tillmann et al. [30]
intended to avoid the effect of perceptual deficits on pitch
memory, they did not adjust the stimuli at the individual level.
Specially, only three sets of stimuli with three sizes of pitch
interval were employed: Set 1 (average intervals of 1.8
semitone), Set 2 (average intervals of 3.8 semitones), and Set
3 (average intervals of 5.4 semitones). While Set 1 was used
for all controls whose thresholds ranged from 0.07 to 1.67
semitones, amusics used the three sets based upon their pitch
thresholds, which ranged from 0.2 to 4 semitones: Set 1, 2, and
3 were used for amusics with thresholds below one semitone,
between one and two semitones, and above two semitones,
respectively. It is apparent that the difference in pitch
discrimination difficulty between participants could still affect
pitch memory performance since the difficulties were not
entirely equated in Tillmann et al.’s previous study [30], as they
were by using individually calculated pitch discrimination
thresholds in the current study. It should be noted that if the
four amusics with thresholds over 1 from the current study are
dropped, none of the current results change. Therefore, given
that the stimuli were not equated at the individual level in the
previous study [30], the groups still differ in the difficulty of the
pitch discrimination.

A second explanation may reflect the difference between the
stimuli used in the two studies. As noted above, the two tone
pairs of the standard and comparison tones were not tonal in
current study. Moreover, even for intervening tones, most of
them did not correspond to semitones, and overall the stimuli in
the current study were not tonal. However, tonal sequences
were employed in study by Tillmann et al. [30]. It has been
shown that tonal sequences facilitate memory performance not
only for musicians [46], but also for nonmusicians [47]. In
addition, expertise in other domains, such as chess, is known
to improve memory performance for items that conform to the
rules of activity compared to stimuli that do not [48]. Given that
amusics fail to detect out-of-key tones [49], and as a group
amusics listen to music much less frequently than the general
population [50], it is reasonable to expect that by ensuring
tonality of the stimuli in the previous study [30] the controls may
have benefited in their memory performance more than the
amusics. It should be noted that if the reduction in amusics’
performance is due, even in part, to reduced expertise with
tonal stimuli then this is not really a deficit of the memory
system per se but rather points to the argument that their
underlying perceptual problems results in a lifestyle being one
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in which music plays a lesser role, and may even be actively
avoided[50], and as a consequence their familiarity of musical
structure (tonality) is reduced, which in turn makes the task
more difficult.

The current data show an effect of interference on memory
performance for both the two groups suggesting higher
memory performance in the silence condition than in the
distractor condition. Consistent with the results reported by
Williamson et al. [31], the effect of interference was not
significantly larger in amusics relative to controls in the current
study. This is inconsistent with the data reported by Gosselin et
al. [29] in which there was an interaction between group and
pitch distance indicating amusics showed larger interference
effect for the pitch distance of 2 tones than those of 3 tones
between the standard and the comparison tones, as compared
with controls. As noted above, the same stimuli for amusics
and controls were used in Gosselin et al. [29]. Therefore, the
larger interference effect for the pitch distance of 2 tones may
be due to pitch discrimination difficulties for amusics in the
study by Gosselin et al [29].

The findings that pitch perceptual thresholds were not related
to the single-tone pitch retention performance indicate the
current threshold procedure is suited for equating the stimuli.
However, with respect to the pitch direction retention, it
appears that this is not the case. This may be due to the
difference between an AXB task and a two alternative forced
choice task. For pitch direction, the AXB threshold task is in all
probability accomplished by the difference strategy [51], in
which three pairs of tones are presented for pitch direction
threshold in the current study. Within each pair, the time
between tones is short. The memory task, however, presents
two tones with a large delay between them. This changes the
task to be effectively a two alternative forced choice task as
one always knows there are two different stimuli and one just
has to decide if the order was high – low or low –high [36]. The
2AFC task is known to be easier than the difference strategy
[36], and so in this case, the memory test for pitch direction
also includes switching to an easier discrimination.

The current study showed that amusics had better memory
performance for pitch direction than controls when pitch
direction perceptual difficulty was equated. Three explanations
may account for the better performance in amusia. First,
consistent with previous studies showing that amusics have
more difficulty processing pitch direction than pitch change
detection [18,32], the current data showed higher pitch
direction threshold than pitch change detection thresholds in
amusia. This indicates that pitch direction threshold may be
harder for amusics, and consequently, amusics may pay more
attention to the task at hand. When this is accompanied by a
shift to an easier discrimination for the memory task, they may
benefit more. Second, as noted above, in the pitch direction
task, the time between the two tones is short during the AXB
task while it is long during the memory phase. If part of the
difficulty in making pitch direction decisions is not just hearing
the difference between the tones, but also properly encoding
the order of the tones, the threshold setting will reflect some
combination of pitch and temporal order discrimination
difficulty. By greatly increasing the temporal separation

between the tones during the memory test it is possible this
may benefit those higher thresholds more because it is
possible their higher thresholds may, in part, be due to poor
temporal order resolution. Finally, amusia is known to impact
upon the perception of language tones as well [17,20–23], then
it is possible that Mandarin speaking amusics practice at
specifically remembering tonal direction changes, while the
controls would be more tuned into the semantics or meaning
only as the “sound” of the word would be easier for them to
generate than for the amusics. Given this data, one might be
tempted to suggest that amusia may lead to better memory for
pitch direction changes, at least in those who speak a tonal
language. While these are speculative explanations, the
current finding further highlights the importance of equating
pitch perceptual difficulty when investigating pitch memory for
amusics.

In summary, the current study demonstrates the effect that
the difficulty of pitch discrimination has on pitch memory
performance and how this complicates assessments of pitch
memory in congenital amusia. However, we do not intend to
imply that these results definitely prove that pitch memory is
unaffected in amusia but rather we make the more modest
suggestion that these data demonstrate the importance of
equating for the known perceptual deficits associated with
amusia before attempting to study memory performance. In
order to demonstrate that amusics have an impairment in pitch
memory, we recommend that future studies control for 1) the
perceptual difficulty of the discriminations at the individual level
rather than control the physical pitch difference of the stimuli
and 2) avoid modification of the stimuli to conform to music
rules as this will result in a stimuli set that is biased in favour of
the control group, who may be considered expert music
listeners relative to the amusic group. Finally, similar care must
be taken to equate the discrimination difficulty of the stimuli
before inferences about memory for other sound qualities, such
as timbre [33], can be made. Indeed, these results demonstrate
the importance of ensuring there are no perceptual or
experience differences whenever comparing memory
performance between any two groups. Discrimination
sensitivity testing should be routine, and whenever possible,
the memory stimuli should be equated for individual
discrimination performance. Moreover, these complications
increase when the stimuli to be employed are short musical
phrases, for not only will such stimuli be perceptually more
difficult for the amusics, but the differences in music exposure
during everyday life, and therefore expertise, must also be
considered when interpreting the results.

Acknowledgements

We would like to thank Prof. Larson (Editor) and the two
anonymous reviewers for their comments.

Author Contributions

Conceived and designed the experiments: CJ JH VL HW.
Performed the experiments: CJ HW. Analyzed the data: CJ JH.
Contributed reagents/materials/analysis tools: CJ JH HW.

Pitch Memory in Amusia

PLOS ONE | www.plosone.org 12 October 2013 | Volume 8 | Issue 10 | e79216



Wrote the manuscript: CJ JH VL. Recruited the subjects: CJ,
HW.

References

1. Cook N (1987) The perception of large-scale tonal closure. Music
Percept 5: 197–206. doi:10.2307/40285392.

2. Huron D, Parncutt R (1993) An improved model of tonality perception
incorporating pitch salience and echoic memory. Psychomusicology 12:
152–169.

3. Schulze K, Zysset S, Mueller K, Friederici AD, Koelsch S (2011)
Neuroarchitecture of verbal and tonal working memory in nonmusicians
and musicians. Hum Brain Mapp 32(5): 771–783. doi:10.1002/hbm.
21060. PubMed: 20533560.

4. Williamson VJ, Baddeley AD, Hitch GJ (2010) Musicians' and
nonmusicians' short-term memory for verbal and musical sequences:
Comparing phonological similarity and pitch proximity. Mem Cognit 38:
163–175. doi:10.3758/MC.38.2.163. PubMed: 20173189.

5. Levitin DJ (1994 ) Absolute memory for musical pitch: Evidence from
the production of learned melodies. Percept Psychophys 56: 414–423.
doi:10.3758/BF03206733. PubMed: 7984397.

6. Schacter DL, Wagner AD, Buckner RL (2000) Memory systems of
1999. In: E TulvingFIM Craik. The Oxford Handbook of Memory. New
York: Oxford University Press. pp. 627–643.

7. Baddeley AD (1966) Short-term memory for word sequences as a
function of acoustic, semantic and formal similarity. Q J Exp Psychol
18: 362–365. doi:10.1080/14640746608400055. PubMed: 5956080.

8. Baddeley A (2012) Working Memory: Theories, Models, and
Controversies. Annu Rev Psychol 63: 1–29. doi:10.1146/annurev-
psych-120710-100422. PubMed: 21961947.

9. Baddeley AD, Lewis V, Vallar G (1984) Exploring the articulatory loop.
Q J Exp Psychol 36A: 233–252.

10. Surprenant AM, Neath I, LeCompte DC (1999) Irrelevant speech,
phonological similarity, and presentation modality. Memory 7: 405–420.
doi:10.1080/741944920.

11. Semal C, Demany L, Ueda K, Hallé PA (1996) Speech versus
nonspeech in pitch memory. J Acoust Soc Am 100: 1132-1140. doi:
10.1121/1.416298. PubMed: 8759966.

12. Surprenant AM, Pitt MA, Crowder RG (1993) Auditory recency in
immediate memory. Q J Exp Psychol A 46: 193–223. PubMed:
8316636.

13. Foxton JM, Dean JL, Gee R, Peretz I, Griffiths TD (2004)
Characterization of deficits in pitch perception underlying 'tone
deafness' Brain 127: 801-810. doi:10.1093/brain/awh105. PubMed:
14985262.

14. Hyde KL, Peretz I (2004) Brains that are out of tune but in time.
Psychol Sci 15: 356-360. doi:10.1111/j.0956-7976.2004.00683.x.
PubMed: 15102148.

15. Jiang C, Hamm JP, Lim VK, Kirk IJ, Yang Y (2011) Fine-grained pitch
discrimination in congenital amusics with Mandarin Chinese. Music
Percept 28: 519-526. doi:10.1525/mp.2011.28.5.519.

16. Peretz I, Ayotte J, Zatorre RJ, Mehler J, Ahad P et al. (2002)
Congenital amusia: a disorder of fine-grained pitch discrimination.
Neuron 33: 185-191. doi:10.1016/S0896-6273(01)00580-3. PubMed:
11804567.

17. Jiang C, Hamm JP, Lim VK, Kirk IJ, Yang Y (2010) Processing melodic
contour and speech intonation in congenital amusics with Mandarin
Chinese. Neuropsychologia 48: 2630-2639. doi:10.1016/
j.neuropsychologia.2010.05.009. PubMed: 20471406.

18. Liu F, Patel AD, Fourcin A, Stewart L (2010) Intonation processing in
congenital amusia: discrimination, identification and imitation. Brain
133: 1682-1693. doi:10.1093/brain/awq089. PubMed: 20418275.

19. Loui P, Guenther FH, Mathys C, Schlaug G (2008) Action-perception
mismatch in tone-deafness. Curr Biol 18: R331-R332. doi:10.1016/
j.cub.2008.02.045. PubMed: 18430629.

20. Jiang C, Hamm JP, Lim VK, Kirk IJ, Yang Y (2012) Impaired
categorical perception of lexical tones in Mandarin speaking congenital
amusics. Mem Cogn 40: 1109–1121. doi:10.3758/s13421-012-0208-2.

21. Jiang C, Hamm JP, Lim VK, Kirk IJ, Chen X et al. (2012) Amusia
results in abnormal brain activity following inappropriate intonation
during speech comprehension. PLOS ONE, 7(7): e41411. doi:10.1371/
journal.pone.0041411. PubMed: 22859982.

22. Liu F, Jiang C, Thompson WF, Xu Y, Yang Y, Stewart L (2012) The
mechanism of speech processing in congenital amusia: Evidence from
Mandarin speakers. PLOS ONE 7(2): e30374. doi:10.1371/
journal.pone.0030374. PubMed: 22347374.

23. Liu F, Xu Y, Patel AD, Francart T, Jiang C (2012) Differential
recognition of pitch patterns in discrete and gliding stimuli in congenital
amusia: Evidence from Mandarin speakers. Brain Cogn 79: 209-215.
doi:10.1016/j.bandc.2012.03.008. PubMed: 22546729.

24. Nan Y, Sun Y, Peretz I (2010) Congenital amusia in speakers of a tone
language: association with lexical tone agnosia. Brain 133: 2635-2642.
doi:10.1093/brain/awq178. PubMed: 20685803.

25. Patel AD, Wong M, Foxton JM, Loch A, Peretz I (2008) Speech
intonation perception deficits in musical tone deafness. Music Percept
25: 357-368. doi:10.1525/mp.2008.25.4.357.

26. Thompson WF, Marin MM, Stewart L (2012) Reduced sensitivity to
emotional prosody in congenital amusia rekindles the musical
protolanguage hypothesis. Proc Natl Acad Sci U S A 109(46): 19027–
19032. doi:10.1073/pnas.1210344109. PubMed: 23112175.

27. Tillmann B, Burnham D, Nguyen S, Grimault N, Gosselin N et al. (2011)
Congenital amusia (or tone-deafness) interferes with pitch processing
in tone languages. Front Psychol 2: 120. PubMed: 21734894.

28. Albouy P, Mattout J, Bouet R, Maby E, Sanchez G et al. (2013)
Impaired pitch perception and memory in congenital amusia: the deficit
starts in the auditory cortex. Brain 136: 1639–1661. doi:10.1093/brain/
awt082. PubMed: 23616587.

29. Gosselin N, Jolicoeur P, Peretz I (2009) Impaired memory for pitch in
congenital amusia. Ann N Y Acad Sci 1169: 270-272. doi:10.1111/j.
1749-6632.2009.04762.x. PubMed: 19673791.

30. Tillmann B, Schulze K, Foxton JM (2009) Congenital amusia: a short-
term memory deficit for non-verbal, but not verbal sounds. Brain Cogn
71: 259-264. doi:10.1016/j.bandc.2009.08.003. PubMed: 19762140.

31. Williamson VJ, McDonald C, Deutsch D, Griffiths TD, Stewart L (2010)
Faster decline of pitch memory over time in congenital amusia. Adv
Cogn Psychol 6: 15–22. doi:10.2478/v10053-008-0073-5. PubMed:
20689638.

32. Williamson VJ, Stewart L (2010) Memory for pitch in congenital amusia:
beyond a fine-grained pitch discrimination problem. Memory 18: 657–
669. doi:10.1080/09658211.2010.501339. PubMed: 20706954.

33. Marin MM, Gingras B, Stewart L (2012) Perception of musical timbre in
congenital amusia: Categorization, discrimination and short-term
memory. Neuropsychologia 50(3): 367-378. doi:10.1016/
j.neuropsychologia.2011.12.006. PubMed: 22201556.

34. Deutsch D (1970) Tones and numbers: specificity of interference in
immediate memory. Science 168(3939): 1604-1605. doi:10.1126/
science.168.3939.1604. PubMed: 5420547.

35. Levitt H (1971) Transformed up-down Methods in Psychoacoustics. J
Acoust Soc Am 49(2): 467–477. PubMed: 5541744.

36. MacMillan NA, Creelman CD (2005) Detection Theory: A User's Guide.
Mahwah, NJ: Lawrence Erlbaum Associates.

37. Peretz I, Champod AS, Hyde K (2003) Varieties of musical disorders.
The Montreal Battery of Evaluation of Amusia. Ann N Y Acad Sci 999:
58-75. doi:10.1196/annals.1284.006. PubMed: 14681118.

38. Oldfield RC (1971) The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9: 97-113. doi:
10.1016/0028-3932(71)90067-4. PubMed: 5146491.

39. Halliday LF, Bishop DVM (2006) Auditory frequency discrimination in
Children with dyslexia. J Res Read 29(2): 213–228. doi:10.1111/j.
1467-9817.2006.00286.x.

40. Mengler ED, Hogben JH, Michie P, Bishop DV (2005) Poor frequency
discrimination is related to oral language disorder in children: A
psychoacoustic study. Dyslexia 11: 155–173. doi:10.1002/dys.302.
PubMed: 16128046.

41. Williamson VJ, Liu F, Peryer G, Grierson M, Stewart L (2012)
Perception and action de-coupling in congenital amusia: Sensitivity to
task demands. Neuropsychologia 50(1): 172–180. doi:10.1016/
j.neuropsychologia.2011.11.015. PubMed: 22138419.

42. Deutsch D (1972) Mapping of Interactions in the Pitch Memory Store.
Science 175: 1020–1022. doi:10.1126/science.175.4025.1020.
PubMed: 5009395.

43. Deutsch D (1973) Interference in memory between tones adjacent in
the musical scale. J Exp Psychol 100: 228–231. PubMed: 4745453.

44. Deutsch D (1975) Facilitation by repetition in recognition memory for
tonal pitch. Mem Cognit 3: 263-266. doi:10.3758/BF03212909.
PubMed: 21287071.

Pitch Memory in Amusia

PLOS ONE | www.plosone.org 13 October 2013 | Volume 8 | Issue 10 | e79216

http://dx.doi.org/10.2307/40285392
http://dx.doi.org/10.1002/hbm.21060
http://dx.doi.org/10.1002/hbm.21060
http://www.ncbi.nlm.nih.gov/pubmed/20533560
http://dx.doi.org/10.3758/MC.38.2.163
http://www.ncbi.nlm.nih.gov/pubmed/20173189
http://dx.doi.org/10.3758/BF03206733
http://www.ncbi.nlm.nih.gov/pubmed/7984397
http://dx.doi.org/10.1080/14640746608400055
http://www.ncbi.nlm.nih.gov/pubmed/5956080
http://dx.doi.org/10.1146/annurev-psych-120710-100422
http://dx.doi.org/10.1146/annurev-psych-120710-100422
http://www.ncbi.nlm.nih.gov/pubmed/21961947
http://dx.doi.org/10.1080/741944920
http://dx.doi.org/10.1121/1.416298
http://www.ncbi.nlm.nih.gov/pubmed/8759966
http://www.ncbi.nlm.nih.gov/pubmed/8316636
http://dx.doi.org/10.1093/brain/awh105
http://www.ncbi.nlm.nih.gov/pubmed/14985262
http://dx.doi.org/10.1111/j.0956-7976.2004.00683.x
http://www.ncbi.nlm.nih.gov/pubmed/15102148
http://dx.doi.org/10.1525/mp.2011.28.5.519
http://dx.doi.org/10.1016/S0896-6273(01)00580-3
http://www.ncbi.nlm.nih.gov/pubmed/11804567
http://dx.doi.org/10.1016/j.neuropsychologia.2010.05.009
http://dx.doi.org/10.1016/j.neuropsychologia.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20471406
http://dx.doi.org/10.1093/brain/awq089
http://www.ncbi.nlm.nih.gov/pubmed/20418275
http://dx.doi.org/10.1016/j.cub.2008.02.045
http://dx.doi.org/10.1016/j.cub.2008.02.045
http://www.ncbi.nlm.nih.gov/pubmed/18430629
http://dx.doi.org/10.3758/s13421-012-0208-2
http://dx.doi.org/10.1371/journal.pone.0041411
http://dx.doi.org/10.1371/journal.pone.0041411
http://www.ncbi.nlm.nih.gov/pubmed/22859982
http://dx.doi.org/10.1371/journal.pone.0030374
http://dx.doi.org/10.1371/journal.pone.0030374
http://www.ncbi.nlm.nih.gov/pubmed/22347374
http://dx.doi.org/10.1016/j.bandc.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22546729
http://dx.doi.org/10.1093/brain/awq178
http://www.ncbi.nlm.nih.gov/pubmed/20685803
http://dx.doi.org/10.1525/mp.2008.25.4.357
http://dx.doi.org/10.1073/pnas.1210344109
http://www.ncbi.nlm.nih.gov/pubmed/23112175
http://www.ncbi.nlm.nih.gov/pubmed/21734894
http://dx.doi.org/10.1093/brain/awt082
http://dx.doi.org/10.1093/brain/awt082
http://www.ncbi.nlm.nih.gov/pubmed/23616587
http://dx.doi.org/10.1111/j.1749-6632.2009.04762.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04762.x
http://www.ncbi.nlm.nih.gov/pubmed/19673791
http://dx.doi.org/10.1016/j.bandc.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19762140
http://dx.doi.org/10.2478/v10053-008-0073-5
http://www.ncbi.nlm.nih.gov/pubmed/20689638
http://dx.doi.org/10.1080/09658211.2010.501339
http://www.ncbi.nlm.nih.gov/pubmed/20706954
http://dx.doi.org/10.1016/j.neuropsychologia.2011.12.006
http://dx.doi.org/10.1016/j.neuropsychologia.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22201556
http://dx.doi.org/10.1126/science.168.3939.1604
http://dx.doi.org/10.1126/science.168.3939.1604
http://www.ncbi.nlm.nih.gov/pubmed/5420547
http://www.ncbi.nlm.nih.gov/pubmed/5541744
http://dx.doi.org/10.1196/annals.1284.006
http://www.ncbi.nlm.nih.gov/pubmed/14681118
http://dx.doi.org/10.1016/0028-3932(71)90067-4
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://dx.doi.org/10.1111/j.1467-9817.2006.00286.x
http://dx.doi.org/10.1111/j.1467-9817.2006.00286.x
http://dx.doi.org/10.1002/dys.302
http://www.ncbi.nlm.nih.gov/pubmed/16128046
http://dx.doi.org/10.1016/j.neuropsychologia.2011.11.015
http://dx.doi.org/10.1016/j.neuropsychologia.2011.11.015
http://www.ncbi.nlm.nih.gov/pubmed/22138419
http://dx.doi.org/10.1126/science.175.4025.1020
http://www.ncbi.nlm.nih.gov/pubmed/5009395
http://www.ncbi.nlm.nih.gov/pubmed/4745453
http://dx.doi.org/10.3758/BF03212909
http://www.ncbi.nlm.nih.gov/pubmed/21287071


45. Hautus MJ (1995) Corrections for Extreme Proportions and Their
Biasing Effects on Estimated Values of D'. Behav Res Methods Instrum
Comput 27(1): 46–51. doi:10.3758/BF03203619.

46. Schulze K, Mueller K, Koelsch S (2011) Neural correlates of strategy
use during auditory working memory in musicians and non-musicians.
Eur J Neurosci 33: 189–196. doi:10.1111/j.1460-9568.2010.07470.x.
PubMed: 21073548.

47. Schulze K, Dowling WJ, Tillmann B (2012) Working memory for tonal
and a tonal sequences during a forward and a backward recognition
task. Music Percept 29: 225–268.

48. Chase WG, Simon HA (1973) Perception in Chess. Cogn Psychol 4(1):
55–81. doi:10.1016/0010-0285(73)90004-2.

49. Peretz I, Brattico E, Järvenpää M, Tervaniemi M (2009) The amusic
brain: in tune, out of key, and unaware. Brain 132: 1277-1286. doi:
10.1093/brain/awp055. PubMed: 19336462.

50. McDonald C, Stewart L (2008) Uses and functions of music in
congenital amusia. Music Percept 25(4): 345–355. doi:10.1525/mp.
2008.25.4.345.

51. Hautus MJ, Meng X (2002) Decision strategies in the ABX (matching-
to-sample) psychophysical task. Percept Psychophys 64 (1): 89–106.
doi:10.3758/BF03194559. PubMed: 11916304.

Pitch Memory in Amusia

PLOS ONE | www.plosone.org 14 October 2013 | Volume 8 | Issue 10 | e79216

http://dx.doi.org/10.3758/BF03203619
http://dx.doi.org/10.1111/j.1460-9568.2010.07470.x
http://www.ncbi.nlm.nih.gov/pubmed/21073548
http://dx.doi.org/10.1016/0010-0285(73)90004-2
http://dx.doi.org/10.1093/brain/awp055
http://www.ncbi.nlm.nih.gov/pubmed/19336462
http://dx.doi.org/10.1525/mp.2008.25.4.345
http://dx.doi.org/10.1525/mp.2008.25.4.345
http://dx.doi.org/10.3758/BF03194559
http://www.ncbi.nlm.nih.gov/pubmed/11916304

	Difficulties with Pitch Discrimination Influences Pitch Memory Performance: Evidence from Congenital Amusia
	Introduction
	Methods
	Participants
	Pretests: Psychophysical measures of pitch perception
	Single-tone pitch change detection and pitch direction discrimination

	Results
	Single-tone pitch change detection analysis
	Pitch direction discrimination analysis

	Discussion and Conclusions
	The effect of the difficulty of pitch discrimination on pitch memory tasks
	Implications for pitch memory in congenital amusia

	Acknowledgements
	Author Contributions
	References


