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A B S T R A C T

Congenital amusia is a neurodevelopmental disorder characterized by deficits in music perception, including
discriminating and remembering melodies and melodic contours. As non-amusic listeners can perceive contours
in dimensions other than pitch, such as loudness and brightness, our present study investigated whether amusics’
pitch contour deficits also extend to these other auditory dimensions. Amusic and control participants performed
an identification task for ten familiar melodies and a short-term memory task requiring the discrimination of
changes in the contour of novel four-tone melodies. For both tasks, melodic contour was defined by pitch,
brightness, or loudness. Amusic participants showed some ability to extract contours in all three dimensions. For
familiar melodies, amusic participants showed impairment in all conditions, perhaps reflecting the fact that the
long-term memory representations of the familiar melodies were defined in pitch. In the contour discrimination
task with novel melodies, amusic participants exhibited less impairment for loudness-based melodies than for
pitch- or brightness-based melodies, suggesting some specificity of the deficit for spectral changes, if not for pitch
alone. The results suggest pitch and brightness may not be processed by the same mechanisms as loudness, and
that short-term memory for loudness contours may be spared to some degree in congenital amusia.

1. Introduction

Pitch, a perceptual correlate of the overall periodicity of a sound, is
the auditory dimension that defines melody and harmony in music,
influences prosody in speech, and can even alter semantic meaning in
tone languages. Pitch contour, or the pattern of changing pitch direc-
tions over time, is encoded in short-term memory (STM), allowing for
immediate comparison with new stimuli, as well as in long-term
memory (LTM), allowing for future recognition and reproduction of
familiar melodies. Contour is not the only aspect of melody stored in
memory: the interval sizes between successive notes and/or each tone’s
position within a scale or tonal hierarchy are also encoded (Dowling,
1978), together with the melody’s rhythm or timing information. Al-
though some information about the absolute pitches of a melody may
persist in LTM (Frieler et al., 2013; Levitin, 1994; Smith & Schmuckler,
2008), melodies are primarily encoded into memory in terms of their
relative-pitch attributes, including pitch contour (Plantinga & Trainor,
2005; Schellenberg & Habashi, 2015).

Although melodic contours in Western tonal music are typically
defined in terms of pitch, there are some exceptions, such as timbre-
based melodies or Klangfarbenmelodien (Schoenberg, 1911). Indeed, it
has been shown that listeners are capable of recognizing melodic con-
tours in at least two other auditory dimensions, brightness (an aspect of
timbre) and loudness (McDermott, Lehr, & Oxenham, 2008). As with
pitch, contours in brightness and loudness can be reliably compared
within or across dimensions, and can also support the recognition of
familiar memories from LTM. They can even produce melodic ex-
pectations similar to those found in pitch melodies for both musicians
and non-musicians, such as expectations for small intervals and the
tendency for melodies to regress towards the mean (Graves, Micheyl, &
Oxenham, 2014). All three of these dimensions are known to interact
perceptually (Allen & Oxenham, 2014; Marozeau & de Cheveigné,
2007; Melara & Marks, 1990; Verschuure & van Meeteren, 1975;
Warrier & Zatorre, 2002), with pitch and brightness perception perhaps
relying on overlapping neural mechanisms (Allen, Burton, Mesik,
Olman, & Oxenham, 2019; Allen, Burton, Olman, & Oxenham, 2017;
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Bizley, Walker, Silverman, King, & Schnupp, 2009; Warren, Jennings, &
Griffiths, 2005). Specifically, changes in pitch and brightness seem to
activate strongly overlapping regions of auditory cortex, but produce
patterns of activation within those regions that can be statistically
distinguished (Allen et al., 2019, 2017). When studied separately,
fundamental frequency (F0) and pitch seem most strongly represented
in anterolateral primary auditory cortex (Bendor & Wang, 2005;
Norman-Haignere, Kanwisher, & McDermott, 2013), whereas spectral
shape (resulting in brightness variations) may be more strongly re-
presented in the superior temporal sulcus (Warren et al., 2005). The
overlap in neural representations seems unlikely to be due to direct
interactions between the physical dimensions; for instance, McDermott
et al. (2008) found only small and unreliable direct effects of spectral
centroid and intensity on pitch, suggesting that contour perception in
brightness and loudness is likely not due to the effect of these dimen-
sions on perceived pitch. The dominance of pitch in defining melodic
contours may be because pitch is the structural dimension for tonality
and harmony, and because pitch is more accurately coded than either
brightness or loudness, with basic difference limens for pitch being an
order of magnitude smaller (better) than those for loudness or bright-
ness (McDermott, Keebler, Micheyl, & Oxenham, 2010).

Whatever sets pitch apart from other dimensions in music may also
explain why its perception is specifically impaired in congenital amusia.
Occurring in about 2–4% of the population (Kalmus & Fry, 1980;
Peretz, 2016; Peretz, Cummings, & Dubé, 2007), congenital amusia is a
disorder characterized by specific deficits in music perception, despite
clinically normal hearing (as defined by pure-tone audiometric
thresholds) and normal auditory processing of some non-musical sti-
muli (Ayotte, Peretz, & Hyde, 2002). One explanation for the specificity
of this disorder to music is that it involves deficits in fine-grained pitch
perception and pitch memory, whereas rhythm perception (Hyde &
Peretz, 2004) and memory for speech stimuli remain intact (Albouy
et al., 2018; Tillmann, Schulze, & Foxton, 2009). Nevertheless, the
deficits in pitch perception may extend beyond music to the perception
of speech prosody (Pralus et al., 2018; Thompson, Marin, & Stewart,
2012) and lexical tones (Jiang, Hamm, Lim, Kirk, & Yang, 2010, 2012;
Liu, Jian, Francart, Chan, & Wong, 2017; Liu, Patel, Fourcin, & Stewart,
2010; Nan, Huang, Wang, Liu, & Dong, 2016; Tillmann et al., 2011).
The hypothesized deficit of pitch-specific auditory mechanisms makes
congenital amusia a topic of interest for pitch researchers, allowing for
insights into the perception of consonance (Cousineau, McDermott, &
Peretz, 2012) and pitch encoding mechanisms involving frequency
components individually resolved by the auditory filters (Cousineau,
Oxenham, & Peretz, 2015).

Studies investigating the neural origins of amusia point to ab-
normalities in connectivity between auditory areas in temporal cortex
and later processing in frontal cortex (Albouy, Mattout et al., 2013;
Albouy, Mattout, Sanchez, Tillmann, & Caclin, 2015; Hyde et al., 2007;
Hyde, Zatorre, Griffiths, Lerch, & Peretz, 2006; Hyde, Zatorre, & Peretz,
2010; Leveque et al., 2016). This frontotemporal network is known to
be involved in pitch memory in non-amusic individuals (Zatorre, Evans,
& Meyer, 1994). Amusia may also entail a deficit in early encoding of
pitch in auditory cortex. Studies using fMRI have suggested that initial
cortical encoding of pitch is normal in the amusic population (Hyde
et al., 2010; Norman-Haignere et al., 2016), but using the finer tem-
poral resolution of MEG, Albouy, Mattout et al., 2013 observed differ-
ences between amusics and controls during early auditory cortical
processing. In summary, amusics likely exhibit abnormalities in the
initial encoding of pitch as well as abnormalities in frontotemporal
connectivity, possibly affecting short-term storage of pitch in working
memory.

A number of studies have suggested that the deficits associated with
amusia extend beyond the initial encoding of pitch to the representa-
tion and retrieval of pitch within STM (for a review, see Tillmann,
Lévêque, Fornoni, Albouy, & Caclin, 2016). The observed STM deficit
for pitch might also help explain why the pitch discrimination deficit in

amusia is especially pronounced in tasks that involve identifying the
direction of the pitch change, rather than just the presence or absence of
pitch change (Foxton, Dean, Gee, Peretz, & Griffiths, 2004; Stewart,
2011; Williamson & Stewart, 2010). This insensitivity to the direction of
the pitch change is the basis of the melodic contour deafness hypothesis
(Patel, 2010, p. 233), which posits that amusia may involve a specific
deficit perceiving pitch contour (largely determined by the successive
directions of the pitch changes), which negatively impacts music per-
ception but largely spares speech perception, at least for non-tonal
languages.

Amusia may also impact LTM representations of melodies and me-
lodic contours, although it remains unclear whether amusics’ difficulty
in recognizing familiar melodies (Ayotte et al., 2002) is due solely to
poorer initial pitch encoding or a combination of encoding and LTM
deficits. Interestingly, although amusics often report themselves to lack
an ability to supply the name of familiar well-known melodies, they
were able to distinguish unfamiliar from familiar (previously heard and
stored in LTM) melodies, as expressed with familiarity judgments on a
subjective scale (Tillmann, Albouy, Caclin, & Bigand, 2014).

Finally, recent findings of amusic deficits in tasks such as the de-
tection of amplitude modulation (Whiteford & Oxenham, 2017), have
raised some doubts about the purely pitch-specific nature of amusia.
Indeed, it has also been suggested that amusia affects the perception
and memory of musical timbre (Marin, Gingras, & Stewart, 2012;
Tillmann et al., 2009), which might be explained by a deficit in spectral
pitch. Nevertheless, in the context of cross-modal integration between
vision and audition, some recent evidence (Lu, Sun, Ho, & Thompson,
2017) has suggested that the integration of contour cues (presented in
either auditory or visual modality) may be less impaired in amusics for
auditory brightness and loudness than it is for pitch. It remains un-
known, however, whether amusics’ deficits in contour perception are
restricted to pitch in the absence of any audiovisual integration task. A
better understanding of the extent of the contour perception deficit in
amusia is helpful in at least two ways. First, it may help to distinguish
which mechanisms are or are not affected in amusia; and second, it may
provide further insight into the mechanisms underlying the processing
of contours in normal-hearing listeners. A similar strategy has been
used in previous studies of pitch perception in amusia (Cousineau et al.,
2012, 2015).

The goal of our study was to determine whether amusia-related
deficits in melodic contour perception extend to auditory dimensions
other than pitch, notably brightness and loudness. To test the pitch
specificity of the contour processing deficit associated with amusia, we
conducted two experiments, the first primarily involving LTM and the
second primarily involving STM. In Experiment 1, participants were
asked to identify familiar melodies when represented by changes in
pitch, stretched pitch (where the contour was maintained, but the pitch
interval sizes were increased), brightness, loudness, or only rhythm. In
Experiment 2, participants were asked to compare the contours of novel
melodies defined by varying pitch, brightness, or loudness. In both
experiments, we evaluated the size of the amusia-related deficit in each
of the auditory dimensions in which the stimuli were presented.

2. General methods

2.1. Participants

Twelve amusic individuals (7 female and 5 male) and 12 yoked
control participants (7 female and 5 male), matched in terms of age,
education, musical experience, gender, and handedness (see Table 1)
participated in the study. All participants were screened for normal
audiometric hearing thresholds, and congenital amusia was identified
with the Montreal Battery of Evaluation of Amusia (MBEA) (Peretz,
Champod, & Hyde, 2003). Amusics were initially screened with an
online test using the Scale subset of the MBEA, followed with identifi-
cation using the full MBEA in a laboratory setting. All participants’
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pitch discrimination abilities were measured via fundamental fre-
quency difference limens (F0DLs) in the laboratory. All participants
provided written informed consent and were compensated for their
participation. Study procedures were approved by the required ethics
committee, the Comité de Protection des Personnes (CPP), Sud-Est II.

2.2. Stimuli

In both experiments, participants heard melodies made up of har-
monic complex tones with Gaussian spectral envelopes, after
McDermott et al. (2008). The spectral envelope of each tone was de-
fined by a Gaussian function with the standard deviation equal to 25%
of the mean. We also used harmonic complex tones to carry melodies in
the loudness condition, as opposed to the noise bursts used in
McDermott et al. (2008), in order to minimize potentially distracting
differences between the conditions. Each tone was gated on and off
with raised-cosine ramps that were 100ms in Experiment 2, to match
the ramp durations in McDermott et al. (2008), but only 10ms in Ex-
periment 1, so that on and off ramps did not overlap for very short tones
in the melodies.

Melodic contour was carried by one of three dimensions. Fig. 1 il-
lustrates the physical dimensions that were manipulated to achieve
variations along the desired auditory dimension. When the melodic
contour was carried by pitch, the F0 was varied along a range from 150
to 476 Hz; otherwise it stayed constant at 256 Hz. When contour was
carried by brightness, the mean of the Gaussian spectral envelope was
varied along a range from 315 to 3175 Hz; otherwise it was constant at
1000 Hz. When contour was carried by loudness, the sound level of the

complex was varied along a range from 20 to 80 dB SPL; otherwise it
was constant at 65 dB SPL. A change of 1 semitone in F0 in the pitch
condition corresponded to a change of 2 semitones (or about 12%) in
spectral centroid in the brightness condition, and a change in level of
2 dB (Exp. 1) or 3 dB (Exp. 2) in the loudness condition. These values
correspond roughly to mean interval discrimination thresholds in each
of these dimensions, as measured by McDermott et al. (2010). The
smaller step size for loudness in Experiment 1 was due to the wide
range of certain melodies used in that experiment, and the relatively
narrow range of levels available. All participants completed Experiment
1 first, immediately followed by Experiment 2.

3. Experiment 1: Recognition of contours of familiar melodies

3.1. Rationale

The aim of this experiment was to test the ability of amusic and
control participants to recognize familiar melodies, presumably stored
in LTM, by presenting them with contours that were created by changes
in pitch, brightness, or loudness. All stimuli retained the original
rhythm pattern, and performance was compared to a condition in
which only rhythm cues were provided. The melody recognition task of
McDermott et al. (2008) was modified for this purpose, primarily by
making the task easier to avoid chance performance in either the
amusic group or the control group (who were all non-musicians with no
formal musical training).

Amusics are known to report difficulty recognizing familiar me-
lodies (Ayotte et al., 2002). Nevertheless, they show familiarity judg-
ments of musical material as do controls, suggesting that even amusic
individuals have built up a long-term memory representation of a
musical lexicon (Tillmann et al., 2014). Amusics’ reported explicit re-
cognition difficulty could arise from a deficit in encoding pitch, or it
could entail additional deficits in the storage of melodic contours in
LTM, independent of the pitch encoding deficit. We expected to observe
a deficit in amusics’ LTM storage of familiar melodies, even with an
easier closed-set recognition paradigm. The goal of Experiment 1 was to
test how this deficit would be modulated by presenting melodies in
auditory dimensions other than pitch. Such modulations could reflect
the combined effect of initial pitch encoding, quality of contour re-
presentation in LTM, and ability to use contour cues across dimensions.

3.2. Method

Ten familiar French melodies (i.e., children’s songs without words)
were selected for this experiment (see Fig. 2, and supplemental audio
S1–S18 for examples). The participants were allowed to familiarize

Table 1
Demographic information, F0 difference limens (DL) in semitones (ST), and
MBEA scores for 24 participants (12 amusics and 12 matched controls). Musical
training is defined as the number of years of formal musical education. The
cutoff for amusia is defined as two standard deviations below the general po-
pulation mean of 88% correct, i.e. approximately 78% correct (Peretz et al.,
2003). MBEA scores are listed both globally (all six subtests) and for the pitch
subtests only (Scale, Interval, and Contour). Mean values are shown, with
standard deviations in parentheses. Bold values indicate between-group dif-
ferences in two-tailed independent t-tests with p values< 0.05.

Amusics Controls p value

Age (years) 37.6 (15.6) 37.9 (15.8) 0.96
Education (years) 15.5 (2.8) 15.6 (2.1) 0.93
Musical training (years) 0.08 (0.29) 0.00 (0.00) 0.34
F0DL (semitones) 1.97 (1.60) 0.20 (0.13) 0.0028
MBEA: global (percent) 71.7 (6.2) 89.3 (3.0) < 0.0001
MBEA: pitch (percent) 69.0 (7.7) 89.4 (5.2) < 0.0001

Fig. 1. Spectra of stimuli illustrating shifts in pitch, brightness, and loudness. Left: varying F0 produces a change in pitch. Center: varying spectral centroid produces
a change in brightness. Right: varying level produces a change in loudness. In each dimension, the solid lines show the reference tone Ref (F0= 256 Hz,
centroid= 1000 Hz, overall level= 65 dB SPL) that was changed upwards (up) or downwards (down): The dotted and dashed lines show increases and decreases,
respectively, of 4 semitones (ST) in F0 (left), 8 ST in spectral centroid (center), and 12 dB in level (right).
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themselves with the melodies before the formal testing, which involved
selecting the name of each presented melody from a list of 10 possi-
bilities. Although amusic individuals have been reported to have diffi-
culty recognizing familiar melodies (Ayotte et al., 2002), they also re-
port subjective feelings of familiarity similar to control participants
(Tillmann et al., 2014). Furthermore, some aspects of music perception
in amusia may be preserved only at an implicit level, sometimes re-
sulting in effects on response time (RT), in the absence of effects on
accuracy (Albouy, Schulze et al., 2013). Thus, in addition to our mea-
sure of accuracy, we also analyzed two more indirect measures: ratings
of confidence, which may reveal differences in levels of awareness, and
correct RT, which may shed light on implicit processes that may be
spared in amusia.

3.2.1. Stimuli
From a set of melodies previously identified as highly familiar to

French university students (Ehrlé, Samson, & Peretz, 2001), and in-
spired by another study on familiar melody recognition (Devergie,
Grimault, Tillmann, & Berthommier, 2010), we chose the ten melodies
displayed in Fig. 2. The melodies were generated with the sounds de-
scribed in the General Methods for the five experimental conditions:
pitch (as displayed in Fig. 2), stretched pitch (the same melody, but
with all interval sizes doubled), brightness, loudness, or rhythm only.
These were a subset of the conditions used by McDermott et al. (2008;
Experiment 5). In order to minimize the salience of surface-level cues
that would allow participants to perform the task without truly re-
cognizing the melody, the melodies were normalized in terms of tempo
and average pitch. Each melody’s duration was 9.6 s, usually consisting
of 4 measures of 4/4 time at a tempo of 100 bpm. One exception was
“Fais dodo, Colas, mon p’tit frère”, the only melody subdivided in triple
time, where the time signature is 6/8, meaning the tempo was 150 bpm

for an eighth note or 50 bpm for a dotted quarter note. The other ex-
ception was “J’ai du bon tabac”, which consisted of 6 measures of 4/4
time at a tempo of 150 bpm. In both the pitch and stretched pitch
conditions, the absolute pitch of each melody was defined such that the
average F0 of the melody was equal to 262 Hz (C4), meaning that the
melodies were in different keys from each other, and not tuned to a
consistent standard (the notation in Fig. 2 is the closest chromatic ap-
proximation). A similar procedure was used for the brightness and
loudness conditions, such that the average spectral centroid of all
brightness melodies was 1000 Hz, and the average level of all loudness
melodies was 65 dB SPL.

3.2.2. Procedure
At the very beginning of the experiment, an example melody that

was not used in the actual test (“Ah, vous dirai-je, maman”) was played
in all five conditions, in the following order: pitch, stretched pitch,
brightness, loudness, rhythm only. The conditions were not described,
but the participant was encouraged to focus on the similarities they
heard between the five different versions of the melody, and informed
that their task would be to identify melodies played in any of these five
styles. After this opening orientation, the names of the ten melodies
appeared in a circle on screen, in an adaptation of the paradigm used by
Devergie et al. (2010). The participant was asked to listen to each
melody in the original “pitch” condition at least once, by clicking on the
button next to its name. Then the participant was allowed to replay
each melody as many times as desired, in order to ensure familiarity
and an ability to connect the name of the song with its melody.

The testing phase, which immediately followed the training phase,
consisted of 50 trials. Each of the 10 melodies was presented once in
each of the 5 conditions, in a pseudorandom order. The names of the 10
melodies remained on the screen throughout the experiment, but while
a melody was playing, the associated response buttons were grayed out.
The names were all equidistant from the play button at the center of the
screen, where the mouse automatically initialized at the end of each
melody. Participants were instructed to respond as quickly as possible
once the melody had finished playing, by moving the mouse and
clicking on their choice. No feedback was given. After each response, a
5-point Likert scale appeared on which the participants were to rate
their level of confidence from 1 (“not at all confident”) to 5 (“very
confident”).

3.2.3. Data analysis
Three dependent variables were recorded on each trial: accuracy (0

or 1), RT (in ms) for correct trials, and confidence (an ordinal rating
between 1 and 5). We modeled the variance in each of these 3 depen-
dent variables by fitting a generalized linear mixed model (GLMM),
implemented in R using the LME4 package (Bates, Maechler, Bolker, &
Walker, 2013). We followed a version of the model selection procedure
described by Jaeger (2008), wherein one factor at a time is removed
from a large initial model, until the point where removing the factor
significantly degrades the model. We followed the rule that a factor was
discarded only if the new model without that factor had a lower
Bayesian Information Criterion (BIC), a measure of model fit that avoids
overfitting by penalizing complexity. The factor chosen to be poten-
tially removed at each step was that with the lowest F-statistic in the
current model. The initial model contained four fixed factors: Group
(amusic or control), Condition (pitch, stretched pitch, brightness,
loudness, or rhythm only), Melody (10 levels, see Fig. 2), and Repeti-
tion Number (each melody was repeated 5 times per participant), as
well as Participant as a random factor. We also included all potential
interactions between Group, Condition, and Block, but not the inter-
actions involving Melody and Repetition number. Ideally the initial
model would contain as many interactions as possible; we included the
most relevant interactions without rendering the model computation-
ally intractable. For accuracy data, which were transformed with a logit
link function, the response distribution was binomial. The distributions

Fig. 2. Musical notation showing the 10 familiar French melodies used for the
closed-set recognition task in Experiment 1. All melodies last 9.6 s. The pitch
condition is shown here. Participants were instructed to identify these melodies
when defined by pitch, stretched pitch (interval sizes doubled), brightness,
loudness, or rhythm only. See supplemental audio S1–S18 for examples.
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of the log-transformed RTs and the raw confidence ratings were not
significantly different from Gaussian distribution. Analysis of the RTs
was limited to correct responses, and outliers were removed before
analysis. An outlier was defined as differing from the mean by more
than three times the standard deviation of the log-transformed correct
response times for each participant. This outlier exclusion process re-
moved between 0 and 2 correct trials per participant (0% to 7.69%,
M=1.75%, S.D.= 2.12%).

3.3. Results

In the familiarization phase, each melody was replayed an average
of 1.44 times by amusics (median=1.45, S.D.= 0.82), and 1.15 times
by controls (median= 1.30, S.D.= 0.71). A Wilcoxon signed rank test
indicated no significant difference between the median number of re-
plays by amusics and controls (z= 0.81, p=0.42).

Fig. 3A shows results for accuracy in the main experiment, pre-
sented as a function of group and condition. Both groups performed
significantly above chance in each of the conditions (one-tailed t-tests
against chance performance of 10% correct all revealed p-values less
than the Bonferroni-corrected α of 0.005 for 10 comparisons).

For accuracy, the final model included fixed effects of Group (Wald
χ2 (1)= 11.75, p= .0006), Condition (Wald χ2 (4)= 174.51,

p < .0001), and Melody (Wald χ2 (9)= 41.05, p < .0001), with all
other effects and interactions dropped from the model during the
model-selection procedure. As defined by Nakagawa and Schielzeth
(2013) and calculated in R using the MuMIn package (Bartón, 2018),
the proportion of variance explained by the fixed factors, also referred
to as marginal R2, in this final model is 0.317, while the proportion
explained by fixed and random factors, also referred to as conditional
R2, is 0.425. The Group effect indicates that amusics were generally
impaired relative to the control participants. For Condition, pairwise
comparisons revealed that all pairs of conditions, except Pitch vs.
Stretched Pitch and Stretched Pitch vs. Brightness, differed significantly
from each other after Bonferroni correction (α=0.005 for 10 com-
parisons). For Melody, after Bonferroni correction (α=0.001 for 45
comparisons), Pomme de reinette et pomme d’api and Fais dodo, Colas,
mon petit frère were each recognized more accurately than À la claire
fontaine, with no other significant comparisons.

Fig. 3B shows results for confidence ratings presented as a function
of group and condition. Like the model for accuracy, the final model for
confidence included fixed effects of Group (Wald χ2 (1)= 11.81,
p= .0005), Condition (Wald χ2 (4)= 676.60, p < .0001), and Melody
(Wald χ2 (9)= 112.48, p < .0001), with all other effects dropped by
the model-selection procedure. The variance explained, marginal R2, by
fixed effects in this final model is 0.388, while the variance explained

Fig. 3. Results from Experiment 1, by group and condition, for accuracy (A), confidence (B), and RT (C). Throughout, dark bars show means for controls and light
bars show means for amusics. Error bars ± 1 SEM; circles represent individual participants. The horizontal dashed line in panel A shows chance performance (10%).
RT is plotted only for correct trials, excluding outliers (see Experiment 1, Section 3.2.3).
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by fixed and random effects, conditional R2, is 0.506. The Group effect
indicates that amusics were generally less confident in comparison to
the control participants. For the factor Condition, pairwise comparisons
revealed that every condition differed significantly from every other
condition after Bonferroni correction (α=0.005). For the factor
Melody, the following comparisons were significant after Bonferroni
correction at α=0.001 for 45 comparisons (see Fig. 2 for abbrevia-
tions): ALCF < JDBT, FDCMPF, SLPDA, CLMM, VLV, and PDREPDA;
ACDLL and DLED < VLV; ACDLL and FJ < PDREPDA.

Fig. 3C shows results for log-transformed RTs in correct trials by
group and condition. The final version of the model for log correct RT
contained only a fixed effect of Condition (Wald χ2 (4)= 21.73,
p < .0001), and no other main effects or interactions. The variance
explained, marginal R2, by fixed effects in this final model is 0.020,
while the variance explained by fixed and random effects, conditional
R2, is 0.317. For the Condition factor, pairwise comparisons revealed
faster RTs in the Pitch condition than in the Rhythm-only condition, but
no other significant differences.

3.4. Discussion

On a closed-set familiar melody recognition task in different audi-
tory dimensions, we observed that amusics were significantly impaired
relative to controls, but still performed significantly above chance in all
conditions. This deficit is in line with previous findings and supports the
claim that difficulty in recognizing melodies without lyrics is a defining
feature of amusia (Ayotte et al., 2002). For both groups, performance in
the rhythm-only condition was lower than performance in each of the
other conditions, confirming that contour information, via pitch,
brightness, and loudness, can facilitate melody recognition (McDermott
et al., 2008). There was no interaction between group and condition,
suggesting that both amusics and controls are capable of using bright-
ness, loudness and pitch cues to extract the contour of a familiar
melody, beyond baseline performance based on rhythm cues alone. The
lack of an interaction between group and condition suggests that
amusics were similarly impaired in their recognition across all dimen-
sions tested. Any pitch-specific deficit in initial encoding, while not
directly tested in Experiment 1, could also manifest itself as impairment
in all dimensions tested, as all melodies were initially encoded into LTM
in the pitch dimension (in everyday life). However, if there is any ad-
ditional impairment in recognizing contours already stored in LTM,
Experiment 1 found no evidence that this impairment might be specific
to pitch.

The pitch condition did not produce significantly better accuracy
than the stretched-pitch condition, although the mean difference was in
the expected direction (with higher mean accuracy for pitch than
stretched pitch). This finding does not show a clear benefit of tonal
hierarchy cues over the contour-only conditions (i.e., stretched pitch,
brightness, and loudness), unlike the results from McDermott et al.
(2008), which showed improved performance for the pitch condition
over the stretched-pitch condition. This tonal hierarchy effect was
possibly not observed in our study because the closed-set task was so
easy that both pitch and stretched pitch produced performance close to
ceiling.

For RT, no significant effect of group was observed, suggesting that
amusics were as quick as controls to respond on correct trials, even
though they were less accurate and less confident than controls. In line
with previous studies investigating congenital amusia (Albouy, Schulze
et al., 2013; Tillmann et al., 2014), the finding that correct RTs of
amusics and controls did not differ provides no evidence that amusics
experienced any less implicit familiarity with the melodies than control
subjects, at least on correct trials. As participants could not respond
until the melody finished playing, and responses were generally slow,
as they involved pointing and clicking with a mouse, this RT measure
may reflect decision times rather than sensory processing times, or it
may simply not be sensitive enough to detect a group-level difference.

However, it was sensitive enough to detect within-subject differences
between conditions. In a future adaptation of the present paradigm, one
might allow responding before the end of the melody; in this case,
amusic participants might wait for longer, either because they require
more information to access LTM or they need more information to feel
confident enough to respond (see also Tillmann et al., 2014).

It is possible that some participants may have consciously converted
these melodic contours across dimensions, rather than accessing a di-
mension-general representation of melodic contour. McDermott et al.
(2008) also considered this possibility, and asked their participants in a
debriefing whether they had verbalized the contour shapes (e.g. “up-
down-up-down”). Only a quarter of their participants reported using
this strategy, and only on a minority of trials. For our study, we note
that RTs were generally below 3 s in both the brightness and loudness
dimensions, and that neither of these dimensions significantly differed
from pitch in RT. This suggests that participants generally did not take
the time to consciously convert the 10 s-long melodic contours from the
brightness and loudness dimensions to the pitch dimension. We cannot
exclude the possibility that they could have converted smaller excerpts
very rapidly, although this seems improbable given the lack of differ-
ence in RT between pitch, brightness, and loudness.

Further analyses of the observed main effect of melody revealed that
Pomme de reinette et pomme d’api produced the highest accuracy, and
produced significantly higher confidence and lower RT than the
average melody. This is possibly due to its distinctive large interval
jumps, including several octave leaps. Fais dodo, Colas, mon p’tit frère
did not stand out for good or bad performance, despite the fact that it
was the only melody in triple, rather than duple, meter. If participants
were focusing on meter as a cue, this melody would be very easy to
distinguish from the other nine. A previous study found strong effects of
rhythmic segregation on familiar melody recognition in the presence of
an interleaving distractor melody (Devergie et al., 2010). That study
used isochronous versions of familiar melodies in order to remove
rhythm cues within the melodies. An interesting future extension of the
present study would involve the use of isochronous contour-only me-
lodies (i.e. isochronous melodies in stretched pitch, brightness, or
loudness) to evaluate the relative benefits of rhythm cues and contour
cues.

Contrary to what one might expect if the deficit involved in amusia
were limited to pitch perception, amusics were impaired in all condi-
tions in Experiment 1, even in the rhythm-only condition. This may
imply that amusia results in deficits across all dimensions, including
rhythm (Foxton, Nandy, & Griffiths, 2006). However, another inter-
pretation is that the deficits in all conditions arose because the original
melodies involved LTM representations of pitch. Because musical me-
lodies in everyday life are usually defined by pitch changes, the familiar
melodies used in this experiment were likely originally encoded using
pitch changes. Therefore, any impairment of pitch processing would
lead to a degraded representation of the melody in LTM in the first
place, which could then impair recognition of the melody in any au-
ditory dimension. For this reason, Experiment 1 cannot inform us about
the extent to which amusics are impaired in brightness or loudness in
isolation, because all conditions tested depend on initial encoding in
pitch (i.e., of the melodies in LTM). However, the results of Experiment
1 by themselves also do not provide evidence for any pitch-specific LTM
deficit in amusia. The observed impairment across all conditions could
be explained by an initial pitch-specific encoding deficit that impaired
the transfer to LTM, a dimension-general LTM deficit for contours, a
dimension-general encoding deficit that limits the degree to which the
contours presented in this experiment could be compared with LTM
representations, or some combination of these. To more directly com-
pare contour processing of pitch, brightness, and loudness in congenital
amusia, Experiment 2 presented novel contours in all three dimensions
to test more specifically potential encoding and STM deficits in pitch,
brightness and loudness contours.
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4. Experiment 2: Contour discrimination for novel melodies

4.1. Rationale

Although the results from Experiment 1 could be explained in terms
of a pitch-specific deficit in LTM representations of contour, it did not
rule out shorter-term contour encoding deficits that might transcend
pitch. The goal of Experiment 2 was to investigate whether amusics are
more or less impaired for STM of contours in brightness and in loudness
than in pitch. Although amusia is generally understood as a disorder
specifically affecting pitch perception (e.g. Cousineau et al., 2015),
some recent studies have also found impairment in non-pitch tasks,
such as amplitude modulation (Whiteford & Oxenham, 2017) and
timbre perception (Marin et al., 2012; Tillmann et al., 2009). It is
therefore unclear whether the deficit in pitch contour processing may
also extend to brightness and loudness.

To provide a fair comparison, we could not use familiar melodies as
in Experiment 1, as these were likely originally encoded by participants
in the pitch dimension. Instead, Experiment 2 used new short melodies
and modified another task from McDermott et al. (2008, Experiment 1),
which involves STM rather than LTM. On each trial, participants were
asked to indicate whether the contours of two novel melodies were the
same or different. Although McDermott et al. (2008) experiment also
involved comparisons between dimensions, we were primarily inter-
ested in whether amusia leads to contour perception deficits that are
specific to each dimension, so we restricted the conditions in the ex-
periment to within-dimension comparisons, whereby a contour in one
dimension is only compared to another contour in the same dimension.

4.2. Method

4.2.1. Stimuli
The stimulus in each trial was a pair of four-note melodies, termed

S1 and S2, separated by a 500-ms silent delay. To improve overall
performance relative to the task used by McDermott et al. (2008) in
their Experiment 1, we reduced the length of the melodies from 5 to 4
tones, and increased the duration of each note from 300ms to 500ms
(within a melody, notes were presented consecutively without a silent
ISI). Increasing the note duration tends to produce better melody re-
cognition in amusic individuals (Albouy, Cousineau, Caclin, Tillmann,
& Peretz, 2016). The second melody (S2) was a transposed version of
the first (S1), with S2 always in a higher range than S1. For the pitch
condition, the highest tone of S1 was 337 Hz, and the highest tone of S2
was 476 Hz. For the brightness condition, the brightest tone of S1 had
its centroid at 1588 Hz, and the brightest tone of S2 had its centroid at
3175 Hz. In loudness, the loudest tone of S1 was 62 dB SPL, and the
loudest tone of S2 was 80 dB SPL.

4.2.2. Procedure
Each participant completed 9 blocks of 16 trials each, with 3 blocks

for each condition (pitch, brightness, and loudness), in pseudorandom
order such that no condition was consecutively repeated. This produced
48 total trials per condition per participant. On each trial, participants
heard two 4-tone melodies and were asked to judge whether their
contours were the same or different, with four response options: “sure
different”, “different”, “same”, and “sure same.” Fig. 4 illustrates a
“same” and “different” trial.

Each melody contained 4 tones, and thus 3 intervals between the
tones, defining the contour. The intervals in S1 (the first melody) were
randomly drawn with replacement from the set of [−4 –3 −2 –1 +1
+2 +3 +4] steps. One “step” was defined as 1 semitone in F0, 2
semitones in spectral centroid, or 3 dB SPL in loudness, depending on
condition. The intervals in S2 (the second melody) were either identical
to those in S1 (same trial) or one of the intervals was different (different
trial). For example, on a different trial, S1 may contain the intervals
[−2 1 3] and S2 the intervals [−2 1 –3]. The absolute sizes of the

intervals were always identical, with only the sign of one of the inter-
vals changing on different trials. In this way, all different trials include
a change in contour.

A block contained 16 trials, with 8 same trials (i.e., S2 had the same
intervals as S1) and 8 different trials. In the different trial, either the
2nd or 3rd interval was changed in S2 and its initial direction in S1 was
either up or down. The changed interval was either a large interval (2,
5, and 6 steps in pitch, brightness and loudness, respectively) or a small
interval (1, 4, and 5 steps in pitch, brightness, and loudness, respec-
tively).

4.2.3. Data analyses
In order to account for any potential effects of response bias, the

Receiver Operating Characteristic (ROC) was calculated for each par-
ticipant in each condition. The four potential responses give 3 different
criteria: between “sure same” and “same”, between “same” and “dif-
ferent”, or between “different” and “sure different”. For each of these
criteria, the hit rate (proportion of “different” trials categorized above
the criterion) and false alarm rate (proportion of “different” trials ca-
tegorized below the criterion) were calculated. The ROC was drawn by
connecting these points, and the area under the ROC (AUROC) was
calculated as a bias-free measure of sensitivity (Swets, 1973).

4.3. Results

Fig. 5 shows the results of the AUROC analyses by group and con-
dition. One-sample t-tests comparing AUROC to the chance level of 0.5
were significant at p < .05 for both groups in all conditions, but with
Bonferroni correction (α= 0.008 for 6 comparisons), amusics were not
significantly above chance in the pitch condition (p= .027).

A two-way mixed ANOVA on AUROC, with the between-subjects
factor of Group (amusic or control) and the within-subjects factor of
Condition (pitch, brightness, or loudness), revealed a main effect of
Group, F(1, 22)= 9.63, p= .0052, and a significant Group by
Condition interaction, F(2, 44)= 3.92, p= .027. Post-hoc comparisons
with Bonferroni correction (α=0.006 for 9 comparisons) revealed that
controls were significantly more accurate than amusics for pitch and
brightness, but not for loudness, and that within groups, no two con-
ditions differed significantly from each other (all p values> 0.044).
The main effect of Condition was not significant, F(2, 44)= 0.51,
p=0.60.

4.4. Discussion

Experiment 2 investigated whether the representation of contour in
STM was impaired in amusic individuals just for the pitch dimension or
also for other dimensions, such as brightness and loudness. The results
confirmed the main finding of McDermott et al. (2008) that contour
recognition is possible not only for pitch, but also for brightness and
loudness. Amusics were also generally able to perform the contour
discrimination task at above-chance levels in all dimensions (except
when corrected for multiple comparisons: amusics' performance then
did not differ from chance level for the pitch dimension). However, a
comparison of the group data suggests that amusics may suffer from
impaired processing of contour in pitch and brightness, but not in
loudness.

The finding of relatively unimpaired loudness contour perception in
amusia is notable, given previous findings that amusics are impaired at
detecting loudness changes in a sequence of repeating tones (Tillmann
et al., 2016). Thus, the normal performance of amusics on the loudness
contour discrimination task in the present study may indicate normal
STM of loudness information even despite reduced sensitivity to loud-
ness changes overall. This may be due to compensation for the reduced
availability of pitch cues for amusic individuals, leading to increased
reliance on non-pitch auditory cues. This interpretation would be in
agreement with the recent finding that amusics are less impaired at
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audiovisual integration with brightness or loudness than with pitch (Lu
et al., 2017). In the present study, however, their lack of impairment
was observed within a single dimension, rather than in the context of
audiovisual integration.

The observed impairment in amusics for brightness contour per-
ception can be interpreted in two different ways depending on whether
brightness is considered to be entirely separate from pitch. Brightness is
an aspect of timbre (e.g. McAdams, Winsberg, Donnadieu, De Soete, &
Krimphoff, 1995), and timbre has been thought of as independent of
pitch (ANSI, 1973). Under one interpretation, this finding thus suggests
that the deficits in amusia are not specific to pitch: if brightness is se-
parate from pitch, a pitch-specific deficit ought not to impair its per-
ception. Under another interpretation, however, this effect could be
seen as further evidence that brightness and pitch are closely related; in
fact, pitch and timbre cues are known to interact perceptually (Allen &
Oxenham, 2014; Marozeau & de Cheveigné, 2007; Melara & Marks,
1990; Warrier & Zatorre, 2002), and they may activate overlapping
brain regions (Allen et al., 2019, 2017; Bizley et al., 2009; Warren et al.,
2005). Given these similarities, a deficit in pitch processing should lead
to an impairment in brightness processing to the extent that these di-
mensions are perceived by shared mechanisms. This finding also agrees
with previous findings that amusics may exhibit some deficits in timbre
processing (Marin et al., 2012; Tillmann et al., 2009). A broad defini-
tion of pitch as “spectral pitch”, based on changes in tonotopic place of
activation, might encompass both pitch and brightness.

There are some timing differences between our study and the

previous paradigm on which it is based (McDermott et al., 2008). No-
tably, in our study the length of the melodies was reduced from 5 to 4
tones, and the duration of each tone was increased from 300 to 500ms.
This was done in order to reduce the overall difficulty of the task, as
both manipulations have been shown to improve performance for
amusics (Albouy et al., 2016). It is worth noting that, due to the in-
creased tone durations in our paradigm, the relative weights of per-
ceptual encoding and STM maintenance mechanisms on overall per-
formance might have shifted, with slightly decreased weight for
perceptual encoding.

5. General discussion

This study compared the ability of amusic and control participants
to recognize melodic contours that were presented in the dimensions of
pitch, brightness, or loudness. If deficits related to amusia were specific
to pitch, then group differences in performance should be heightened
when contours are defined by pitch. We observed a constant impair-
ment of amusic participants in all dimensions (i.e., pitch, stretched
pitch, brightness, loudness, and rhythm only) when testing long-term
recognition (Experiment 1), suggesting that, beyond initial encoding
deficits, any additional deficit affecting recognition of contours stored
in LTM is likely not specific to pitch. We observed more impairment for
short-term retention of pitch and brightness contours than for loudness
contours (Experiment 2), suggesting that the deficit at this level may be
specific to pitch, or “spectral pitch” if defined broadly to encompass any
changes in place of tonotopic excitation, in line with previous findings
suggesting timbre deficits in amusia (Marin et al., 2012; Tillmann et al.,
2009).

Experiment 1 presented familiar melodies via pitch, brightness, and
loudness contours and showed that the performance of the amusic
participants was poorer than that of the control group in all conditions.
This result could mean that amusics’ contour processing of all three
dimensions is impaired, but could instead simply be due to the fact that
the familiar melodies were originally encoded in LTM mainly via their
pitch representations, which were likely impaired in the amusic parti-
cipants. Experiment 2 tested the participants’ ability to distinguish the
contours of novel melodies that were presented in terms of either pitch,
brightness, or loudness. Here, with melodies processed via STM, an
interaction between group and condition was detected, whereby amu-
sics exhibited deficits in the processing of contours presented via pitch
and brightness variations, but performed similarly to the control group
when the contours were presented via loudness variations. This is de-
spite the fact that performance was above chance for both groups in this
condition. Taken together, the results suggest that amusic deficits in
contour processing may be specific to pitch, but that the definition of

Fig. 4. Schematic illustration of the two trial types for Experiment 2. Half of all trials were “same” trials, where the second melody was an exact transposition of the
first. The other half were “different” trials, where one interval was inverted in the second melody. The inverted interval was either the 2nd or 3rd of the three
intervals. In this example, the change occurs in the third interval (down in the first melody, up in the second melody).

Fig. 5. Area under ROC from experiment 2, by group (dark bars for controls and
light bars for amusics) and condition (pitch, brightness, and loudness). Error
bars ± 1 SEM; circles represent individual participants. The dashed line in-
dicates chance performance.
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pitch may extend beyond periodicity (F0) to the percept associated with
spectral peaks, known as brightness or spectral pitch (Laguitton,
Demany, Semal, & Liégeois-Chauvel, 1998; Oxenham, 2018).

Some previous research has examined deficits in amusia as a way of
exploring fundamental mechanisms for pitch perception, on the as-
sumption that the pitch mechanism is specifically impaired in amusia
(Cousineau et al., 2012, 2015). If the deficit associated with amusia is
indeed linked to fundamental pitch perception mechanisms, our results
would suggest a general link between pitch perception and more gen-
eral spectral processing via the rate-place code (brightness), but not
with encoding of level (loudness), even for listeners without amusia.
Indeed, the deficit associated with amusia has been previously linked to
the rate-place code for pitch: a previous study (Cousineau et al., 2015)
reported poorer pitch discrimination thresholds in amusics only for
stimuli containing harmonics separately resolved by the auditory filters,
which is a requirement for the rate-place code for pitch, but not for the
temporal code.

Our study implicates STM for both pitch and brightness as an area of
impairment for amusics. The connection between pitch and brightness
is in agreement with previous studies finding perceptual interactions
between these two auditory dimensions (Allen & Oxenham, 2014;
Marozeau & de Cheveigné, 2007; Melara & Marks, 1990; Verschuure &
van Meeteren, 1975; Warrier & Zatorre, 2002), and is also consistent
with the finding of overlapping regions in auditory cortex that are
sensitive to both these dimensions (Allen et al., 2019, 2017; Bizley
et al., 2009; Warren et al., 2005). However, the deficit may not ne-
cessarily occur at the level of initial encoding, but instead may speci-
fically affect retention of pitch and brightness in short-term memory,
through a network connecting frontal and temporal areas (Albouy et al.,
2015; Hyde et al., 2010; Leveque et al., 2016).

Despite impaired STM for pitch and brightness, amusics in our study
were still able to complete the STM task for loudness in Experiment 2 at
a level consistent with controls. This ability may depend on a neural
mechanism for encoding intensity, which is separate from those en-
coding pitch and brightness. For example, a recent study suggests that
intensity changes are represented in left Heschl’s sulcus (Angenstein &
Brechmann, 2013). In order to succeed at this task, amusics may also
rely on other contour processing mechanisms, which could be spared in
amusia. For example, a recent study showed that manipulation of me-
lodic contours activates the intraparietal sulcus (Foster, Halpern, &
Zatorre, 2013), a region associated with visual transformations in space
and not typically identified as impaired in amusia.

Due to the nature of STM task used in Experiment 2, where parti-
cipants were required not only to identify the direction of one pitch
change, but to compare the directions of a series of pitch changes, one
would predict a large deficit in amusia based on the melodic contour
deafness hypothesis (Patel, 2010; Stewart, 2011; Williamson & Stewart,
2010). If this hypothesis is taken to apply to all auditory dimensions,
the deficit in amusia should appear in all three of the dimensions tested
in Experiment 2. However, if the hypothesis is true only for changes in
pitch, and not auditory changes more generally, one might expect to see
deficits only in the pitch dimension. Our finding was that pitch and
brightness, but not loudness, were impaired on this task. This suggests
that it may be specifically the direction of changes in pitch, or a more
generally defined spectral pitch that encompasses changes in bright-
ness, that is impaired.

More generally, the results from our study demonstrate that amusic
individuals are capable of extracting and storing melodic contours in
both STM and LTM. Even if their ability to do so is impaired relative to
controls, they share the ability of control participants to extract contour
not only from pitch, but also from brightness and loudness patterns. The
results of Experiment 1, showing above-chance performance in all
conditions, are consistent with those from previous studies (Ayotte
et al., 2002; Tillmann et al., 2014), suggesting that amusics may retain
some information about familiar melodies in LTM. Together with our

results, these findings suggest that even if amusics may have difficulty
recognizing familiar melodies without lyrics, they nevertheless retain a
degree of implicit memory for these melodic contours that allows them
to succeed at this task (as also suggested by the familiarity judgments
reported by Tillmann et al., 2014), at least when participants are given
a closed set from which to select and/or when indirectly tested with
implicit investigation methods.

5.1. Conclusions

Overall, the results of the two experiments suggest that amusia af-
fects processing of contours in pitch and brightness, two closely related
dimensions, but not in loudness. These findings suggest that amusia
specifically affects pitch contour perception, broadly construed to en-
compass spectral pitch, or brightness.
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