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Abstract

Congenital amusia is a neurodevelopmental disorder resulting in impaired pitch perception and memory. Here we inves-
tigated whether participants with congenital amusia have deficits in temporal processing of auditory information, in
addition to pitch processing deficits. Individuals with amusia (z=19) and matched controls (n=21) were presented with
sequences of five tones in which one tone was sometimes shifted in pitch or in time, and we adaptively assessed psycho-
physical thresholds for detecting these shifts. Pitch thresholds of the amusia group were higher (i.e., worse) than those of
the control group as expected, and, crucially, time thresholds were too, although the group difference for time thresholds
was smaller. Across participants, time thresholds correlated with pitch thresholds. Principal component analysis revealed
that all pitch- and time-related variables (thresholds and amusia battery scores) were correlated to one component that
also distinguished between amusics and controls; whereas a second component captured additional variability on the time
task. Simulations suggest that prior studies had not found these time processing deficits because they had less statistical
power, likely due to smaller sample sizes. The observed time processing deficit is in agreement with amusic individuals’
subjective reports about their difficulties following the rhythm of the music. These data suggest that amusia deficits are
not restricted to pitch, but extend to the time domain, yet with a smaller effect size, and at least when the stimuli have a
clear pitch content, such as for tone sequences or music.

Significance statement

There is a long-standing debate as to whether the brain processes pitch and time information separately or with shared
mechanisms. The hypothesis of separate processing is supported by reports of deficits that appear to be selective to either
dimension, such as pitch processing impairments in congenital amusia. However, here we show that congenital amusics
exhibit time processing deficits, albeit more subtle than the documented pitch processing deficits. This work supports a
more integrated view in which pitch and time processing share some common resources.
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Introduction

Music is organized in pitch and time (e.g., McAdams,
1989; Mehr, 2024). Pitch processing has been reported to
be impaired in a condition referred to as congenital amusia,
a neurodevelopmental disorder affecting pitch perception
and memory (Albouy et al., 2013, 2019; Ayotte et al., 2002;
Peretz, 2016; Tillmann et al., 2015; Tillmann, Lévéque et
al., 2016b). This phenomenon has been documented long
before (Allen, 1878), but research has been accelerated with
the advent of a dedicated testing battery, the Montreal Bat-
tery for the Evaluation of Amusia (MBEA) (Peretz et al.,
2003; Peretz & Hyde, 2003). Peretz et al. (2003) presented
short melodies to self-declared congenital amusic individu-
als, mostly in a same/different short-term memory paradigm,
where stimuli differed either in pitch or time. Testing of a
large population allowed for calculating cut-off scores (2
SD below the average), defining the threshold below which
an individual’s performance was considered as impaired for
each of the subtests, and for the overall battery, leading to
the categorization as “amusic”. Using this criterion, for the
pitch dimension, most amusic individuals were impaired in
detecting when a tone in the target melody was replaced by
a tone that was out-of-scale, violated contours, or changed
the size of the used pitch intervals. For the time dimension,
only a subset of the amusic participants showed impair-
ments in detecting alterations in rhythm or discriminating
between two target meter structures (Peretz et al., 2003;
see also Tillmann et al., 2016a, 2023 for reviews and other
data sets). The hypothesis that congenital amusia involves
primarily impairments at a basic level of pitch processing,
and this even outside of musical contexts, was tested in a
seminal study by Hyde and Peretz (2004). Sequences of five
isochronous tones of the same pitch were presented to par-
ticipants, where one tone was shifted either in pitch or in
time, by a varying amount (i.e., one of five changes differ-
ing in predetermined extent). Amusics showed drastic drops
in detection performance for pitch differences less than a
semitone, whereas they performed on a par with neurotypi-
cal, matched control individuals in terms of detecting time
differences.

The hypothesis that congenital amusics’ deficits are
mostly restricted to the pitch domain has been challenged.
Some amusic participants had difficulties tapping along to a
musical piece and showed impaired rhythm during singing
(Ayotte et al., 2002). Amusics have also been reported to
have impaired perception of acoustic beating (Graves et al.,
2023) and of amplitude modulation (Whiteford & Oxenham,
2017), which is thought to not involve pitch (Graves et al.,
2023). Subjectively, some amusic individuals report experi-
encing deficits in temporal processing. One study reported
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that 73% of amusics described themselves as poor dancers,
contrasting with 7% of controls (Peretz et al., 2008).

Why would amusics show deficits in some time tasks and
not others? One possible explanation might be that amusics’
faulty pitch processing system interferes with otherwise
normal time processing. The prediction of this hypothesis
would be that amusics’ time processing should be impaired
only when it comes to materials that have pitch content
(e.g., sequences of tones with different pitch heights as
opposed to non-pitched drum sounds), especially when the
tones vary in pitch (as in a melody). Under this hypothesis,
time processing in congenital amusia should be in the typi-
cal range with non-pitched sounds, impaired in sequences
of constant-pitch stimuli, and even more strongly impaired
in pitch-varying sequences, such as melodies. There is some
evidence supporting that prediction. Foxton et al. (2006)
presented sequences of five tones that either varied in pitch
or not in a short-term memory paradigm where participants’
task was to detect whether a timing change (i.e., a length-
ened interval) was introduced in the second sequence. When
the stimuli varied in pitch, amusic individuals’ performance
was significantly impaired in detecting time differences in
comparison to matched control participants. Interestingly,
there was a statistical trend towards group differences in
a condition without pitch variation (yet still tones with
pitch content), suggesting a general time processing defi-
cit in amusia at least when sounds have a pitch content. In
a duration discrimination task, Pfeuty and Peretz (2010)
had participants judge whether two time intervals between
tones were similar or not. Task-irrelevant pitch variations
were added and contrasted with a pitch-constant baseline
condition. When the tones varied in pitch even as little as
a quarter of a semitone, neurotypical control participants
showed impaired time discrimination performance relative
to when the tones did not vary in pitch. Amusic participants’
time performance was only affected for large pitch differ-
ences, but not small pitch differences, which might have not
been perceived due to their increased pitch discrimination
thresholds. Another study assessing both perception and
action found that rhythmic performance of congenital amu-
sic participants was impaired when using pitched stimuli
(e.g., tones played with a piano timbre) relative to stimuli
with less clear pitch percept, such as drums (Phillips-Silver
etal., 2013).

Yet, there is also data contradicting the hypothesis that
amusics’ time processing is abnormal only for pitched stim-
uli (sounds with clearly defined pitch) or sequences with
varying pitch. Recently, it was found that for pitch-varying
melodies but crucially also for sequences of non-pitched
(drum) sounds, beat perception and synchronization to the
beat were impaired in six out of the ten tested amusic partic-
ipants (Lagrois & Peretz, 2019). In sum, it remains unclear
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to what extent, and under what conditions, time processing
may be deficient in listeners with congenital amusia.

Turning to time processing per se, separate lines of
research have studied potential deficits in time perception,
referred to as beat deafness, in their own right. Time percep-
tion deficits are documented to manifest in various ways,
such as difficulties finding the beat in a musical piece (beat
deafness) and/or aligning one’s movement to a beat (senso-
rimotor synchronization) (Philips-Silver et al., 2011). Indi-
viduals showing these time perception deficits often show
normal pitch perception (Bégel et al., 2017; Dalla Bella &
Sowinski, 2015; Sowinski & Dalla Bella, 2013; Tranchant
et al., 2016). By some estimates, prevalence of beat deaf-
ness (poor synchronizers) may be around 16% of the general
population (Sowinski & Dalla Bella, 2013). The finding that
a much greater proportion of amusics, possibly half, have
time perception deficits (e.g., Peretz et al., 2003; Tillmann
et al., 2016a), therefore suggests there may be a sizable
comorbidity of pitch-related amusia with temporal process-
ing deficits, such as reflected in the reported beat-deafness.

Taken together, the picture that emerges from the existing
literature is that congenital amusia is primarily a pitch pro-
cessing deficit, but time processing may be impaired as well,
in particular in the presence of pitch variations. According
to the hypothesis that any pitch information disrupts time
processing in amusic participants, time perception should
be affected when using stimuli that have a clear pitch (e.g.,
tones played with complex harmonics), even if that pitch is
the same for all stimuli. Prior work did not find such time
deficits with sequences of tones having constant pitch and
played by a piano timbre (Hyde & Peretz, 2004).

A limitation of the empirical data available to date on
time perception deficits in amusia lies in the fact that the
tool of choice to screen for amusia - the MBEA - contains
rhythmic subtests as well. Since amusics are usually classi-
fied as such based on their overall MBEA score, this classi-
fication could be biased towards including individuals who
have rhythmic problems to start with: it cannot be excluded
that at least some individuals are designated as amusic by
virtue of low MBEA scores on rhythmic, not pitch subtasks.
An open question is whether individuals classified as amusic
based only on the MBEA pitch subtasks (disregarding time
subtasks) exhibit timing deficits or not. Although this crite-
rion has been used in studies on amusia (Liu et al., 2010),
it has not been applied to the question of time perception.

The present study tested whether individuals with
congenital amusia may exhibit fine-grained timing defi-
cits relative to controls. To be able to observe even small
between-group differences, we used an adaptive thresh-
olding procedure, which is thought to be a more sensitive
measure than a constant-stimuli paradigm in some contexts
(e.g., Dai, 1995), and we tested larger sample sizes than in

Hyde and Peretz (2004). The same change-detection proce-
dure in sequences of five tones was used to measure indi-
vidual thresholds for changes in either pitch or time, and
we assessed whether these were correlated. We repeated the
comparison of time perception thresholds for amusics clas-
sified as such using pitch-only MBEA subtasks. Finally, we
explored whether the objective measures of pitch and time
perception were related to subjective reports of musical, and
in particular temporal, processing abilities.

Methods
Participants

Twenty-one individuals with congenital amusia were
recruited using advertisements distributed via posters and
flyers as well as radio interviews. We further recruited 22
matched control participants without amusia for in-lab test-
ing. Because of the low prevalence of amusia in the gen-
eral population, rather than using power analysis to guide
sample size, our strategy was to recruit as many amusia
individuals as possible within a time frame. Participants
were classified as amusic or control by comparing their
scores to cutoffs (see details below). After the experiment,
during quality control of the adaptive threshold procedure
(see details below), we discarded data from 2 amusic and
1 control participants so that the final sample consisted of
19 amusic and 21 control participants that did not differ
significantly in sex, age, dominant hand, musical training,
and education level (Table 1). The study procedures were
approved by the appropriate national ethics committee, and
all participants provided written informed consent prior to
participating. Participants reported no neurological or psy-
chiatric disorders. All participants had normal hearing (hear-
ing loss inferior to 30 dB at octave frequencies between 250
and 8000 Hz in both ears).

Screening (MBEA, PDT, subjective questionnaire)

Participants completed the Montreal Battery for the Evalu-
ation of Amusia (MBEA) (Peretz et al., 2003). This battery
involved melody comparison tasks (Scale, Contour, Inter-
val, and Rhythm subtests, see Table 1), as well as meter
and incidental memory subtests. In the melody comparison
subtests, participants were presented with two melodies and
had to judge whether they were same or different. The melo-
dies could differ in various ways giving rise to four subtests:
Scale, Contour, Interval, Rhythm. In the Meter subtest,
participants heard a single melody with harmonic accom-
paniment and needed to respond whether it was a march
(binary meter) or waltz (ternary meter). In the Incidental
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Table 1 Comparison of demographic and music-related variables in the amusia and control groups

Amusia Control Statistical comparison
n 19 21 -
Sex (female/male) 14/5 16/5 Fisher’s Exact Test odds ratio=0.88, p=1.0

Age (years)
Hand dominance (L/R)

32.63 (15.16)
2117

31.86 (13.11)
4/17

{[35.84]=0.17, p=.86
Fisher’s Exact Test odds ratio=1.97, p=.66

Education (years) 15.16 (2.73) 15.71 (2.22) t[34.73]1=—0.70, p=.49

Musical training (years) 0.32 (0.95) 0.45 (0.84) t[36.16]=—0.48, p=.63

PDT (semi-tones) 1.44 (1.35) 0.26 (0.15) t[18.41]=3.80,p=.001, d=1.26 [0.56,1.97]

MBEA (number of correct answers, maximum score=30

for each subtest)

Mean (overall) 21.81 (1.75) 27.25(1.34) t[33.67]=10.95,p<.0001, d=3.51 [2.49,4.53]

Mean 20.84 (2.25) 26.86 (1.88) t[35.28] =9.14,p<.0001, d=2.92 [2.00,3.84]

for pitch subscales (scale, contour, interval)

Scale 21.32(2.85) 26.67 (2.46) t[35.79]=—6.33,p<.0001,d=2.02 [1.23,2.81]

Contour 21.79 (3.07) 27.90 (1.87) t[29.17]=—7.52,p<.0001, d=2.44 [1.59,3.28]

Interval 19.42 (3.06) 26.00 (2.32) t[33.48]=—7.60, p<.0001, d=2.44
[1.59,3.28]

Rhythm 23.95(3.84) 27.52 (2.38) t[29.49]=-3.50, p=.0015, d=1.13
[0.44,1.82]

Meter 20.00 (4.88) 26.71 (2.08) t[23.82]=—5.56, p<.0001, d=1.83
[1.06,2.59]

Memory 24.37 (3.25) 28.67 (1.20) t[22.38]=>—5.44, p<.0001, d=1.79
[1.03,2.55]

Subjective questions, selected Fisher’s Exact Test

(% yes) [95% binomial CI]

n 17 13 -

“Do you notice when a musician plays a wrong note?” 17.65%[6.19,  53.85% [29.14, odds ratio=0.20, p=.056

41.03] 76.79]

“Do you notice when somebody sings out of tune?”
73.83]

“I can’t dance”
78.39]
“I can’t follow the beat of the music”
96.71]

88.24% [65.66, 7.69% [0.39,

52.94% [30.96, 84.62% [57.77, odds ratio=0.22, p=.12

95.67]

58.82% [36.01, 30.77% [12.68, odds ratio=3.09, p=.16

57.63]
odds ratio=67.18, p<.0001
33.31]

Reported values are means unless otherwise indicated; standard deviations are indicated in parentheses. MBEA: Montreal Battery for the Eval-
uation of Amusia. PDT: Pitch Discrimination Threshold. The subjective questionnaire data was only collected for a subset of 17 amusics and 13
controls. T-test results are indicated with degrees of freedom values after Welch-Satterthwaite correction. Subjective question results are indi-
cated as percentage yes-responses with the 95% binomial confidence interval in square brackets. Significant differences are highlighted in bold

Memory subtest, participants were presented with melodies
and asked, for each, if they had heard it before in the test
session. Thus, a total of six MBEA scores were obtained
(scale, contour, interval, rhythm, meter, memory). To be
considered amusic a participant had to obtain an average
MBEA score below 23.4 (averaged across the six subtasks,
out of a maximum possible score of 30) or an average score
on the MBEA pitch tasks below 21.7 (averaged across scale,
interval and contour; out of a maximum possible score=30;
Liu et al., 2010), or both. All participants we recruited for
the amusic group satisfied that criterion except one par-
ticipant with borderline scores on both measures (23.5 and
22.33); analyses reported in the remainder of the paper were
repeated excluding this participant, yielding comparable
results. All controls obtained scores above both cut-offs.
As expected, the average scores of the amusia group dif-
fered significantly from the scores of the control group for

@ Springer

the overall (global) MBEA battery score and also for each
of the six subtests of the battery, including the rhythm and
meter subtests (Table 1), with the largest effect sizes (d>2)
observed for the three pitch-related subtests. To rule out that
the classification of participants based on overall MBEA
scores was biased towards those with rhythmic problems,
we repeated the time threshold analysis (see below) restrict-
ing our amusic group to only those who were impaired on
the pitch tasks (<21.7 averaged across scale, interval and
contour tasks, following Liu et al., 2010; 5 amusic partici-
pants were discarded).

To further document the pitch perception of our sample,
we had participants perform a pitch discrimination threshold
task (PDT), consisting of a two-alternative forced-choice
task using a two-down/one-up staircase procedure target-
ing 70.7% correct performance (Tillmann et al., 2009).
On each trial, participants heard two pairs of 100-ms pure
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tones separated by a 150-ms silent interval. Only one of the
two pairs included a pitch change, and participants had to
report if it was the first or the second. As previously reported
(reviewed in Tillmann, Lévéque et al., 2016b), average PDT
of the amusia group was significantly higher (worse) than
that of the control group, even though performance over-
lapped between the groups (Table 1). This is consistent with
previous observations that not all individuals classified as
amusics according to the MBEA have pitch deficits in sim-
ple discrimination or change detection tasks (Tillmann et
al., 2016a, 2023).

Finally, to document subjective experience of partici-
pants, a subset (17 amusics and 13 controls) filled out a
questionnaire about their musical experience and their rela-
tionship to music. This questionnaire, based on prior work
(McDonald & Stewart, 2008; Peretz et al., 2005, 2009; Slo-
boda et al., 2005), included more than 90 questions such as
yes/no questions about activities that relate to melodic and
timing perception: “Do you notice when a musician plays a
wrong note?”, “Do you notice when somebody sings out of
tune?”, “I can’t dance”, “I can’t follow the rhythm of music”
(see Table 1 for responses to these subjective questions).

MLP: adaptive threshold estimation for pitch and time

Participants’ individual psychophysical thresholds were
assessed for detecting changes in pitch and time using 5-tone
sequences. In the standard sequences (without change), five
tones were presented isochronously in a sequence, where
the interval between the onsets of subsequent tones (Inter-
tone-Onset Interval, IOI') was 350 ms and a fundamental
frequency of each tone was 1047 Hz (C6). Each tone had
a duration of 100ms and was a sine wave tone created with
25ms ramping for fade-in and fade-out. In the pitch task, the
fourth tone was on time (i.e., respecting the 101 of 350ms),
but shifted upwards in pitch by a variable amount between
0 and 300 cents (300 cents=3 semitones=198 Hz in this
case). In the time task, the fourth tone was delayed by a
variable amount between 0 and 57% of the 10], i.e., 200ms)
relative to the other four tones, but played at the standard
fundamental frequency (Ehrlé & Samson, 2005; Hyde &
Peretz, 2004). This time task was defined as in prior work
(van der Steen et al., 2014; van Vugt et al., 2016; van Vugt
& Tillmann, 2014; Vugt & Tillmann, 2015). Implementing
only one pitch direction (up) and time direction (late) was

! Some authors have referred to this quantity as ITI (inter-tone-inter-
val) but we chose the label IOl to clarify that we refer to the time
between onsets of tones and not the duration of the silence between
them.

based on Hyde & Peretz (2003) reporting no effects or inter-
actions involving the direction of pitch or time changes. In
both versions of the task (pitch and time), the psychophysi-
cal threshold was determined using the adaptive Maximum
Likelihood Procedure (MLP) (Deguchi et al., 2012; Green,
1993, 1995; Gu & Green, 1994; Leek, 2001; van Vugt &
Tillmann, 2014). This procedure aimed to establish the
amount of pitch shift or time delay, respectively, where par-
ticipants responded in 50% of cases that they perceived a
change.

Briefly, the MLP algorithm works as follows. Partici-
pants’ probability of responding yes (change perceived) is
modeled by a sigmoid psychometric function as a function
of the actual stimulus change (for the pitch task, the pitch
shift in cents; for the time task, the delay in ms). The equa-
tion for the psychometric curves was p(ves) =a+(1 —a)*(1/
(1 +exp(— k*(x—m)))), where a is the false alarm rate (the
estimated proportion of yes responses when there was no
change in pitch or time), k controls the slope and was fixed
here at 1 (cent) ! in the case of the pitch task, and 0.1 (ms) !
in the case of the time task, m is the midpoint of the psycho-
metric curve (in cents or ms) and x is the amount of pitch
shift in cents for the pitch task and the amount of delay
in the tone onset (in ms) for the time task. A grid of pos-
sible parameter values was created by combining a range
of possible curve midpoints m (for the pitch task: 300 val-
ues linearly spaced between 0 and 300 cents; for the time
task: 200 values linearly spaced in the interval between 0
and 57% 101, i.e. 200ms) with a set of false alarm rates (a
in [0, 10, 20, 30, 40%]) yielding a total of 1500 parameter
combinations in the pitch task or 1000 in the time task. The
likelihood corresponding to each combination of parameter
values was calculated at each trial based on the participant’s
responses thus far using the psychometric function defined
by those parameter values. The maximally likely combi-
nation was then used to determine the pitch change to be
presented on the next trial (or timing delay, in the case of
the timing task), except for catch trials where there was no
change in pitch nor time (these trials served to test whether
participants used a strategy where they always responded
‘yes’). In each block, the first 12 trials contained 2 catch
trials at random positions and the next 24 trials contained 4
catch trials again at random positions. No information was
carried over between blocks of the same participant so as to
make the blocks independent estimates of the participant’s
threshold. The Python implementation of this MLP proce-
dure is available open-source at https://github.com/florisva
nvugt/PythonMLP.
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Procedure

Participants completed both pitch and time tasks; the order
of the two tasks was counterbalanced across participants.
For each task, participants completed three blocks. Each
block contained 36 trials, chosen based on recommenda-
tions (Grassi & Soranzo, 2009) that MLP requires about 24
(Leek et al., 2000) or 30 (Amitay et al., 20006) trials. Each
trial consisted of a sequence of five tones. The tones and
the IOI were identical except for the fourth tone, which
was either shifted up in pitch or delayed in time (except for
catch trials, see above). Participants were asked to respond
by button press whether they perceived a change (or not).
They were informed at the beginning of the block of the
type of change to expect (pitch or time). The threshold task
took 10—15 min including instructions, example trials, and
a short familiarization phase before the first block of each
type (see van Vugt & Tillmann, 2014, for details), as well as
small breaks between blocks.

Data analyses

Participants’ thresholds for the MLP tasks (pitch and time
tasks) were determined offline as follows using previously
established criteria (van Vugt & Tillmann, 2014; van der
Steen et al., 2014). First, blocks with more than 30% yes
responses to catch trials were discarded (as was done in
prior research, e.g., Dalla Bella et al., 2017). This 30% cut-
off criterion was chosen because prior methodological stud-
ies considered false alarm rates up to this percentage but not
beyond (Gu & Green, 1994; Leek et al., 2000); and false
alarm rates higher than 30% would leave less than 40%
points differences in yes responses based on which the psy-
chometric curves are fitted. Second, to assess whether the
threshold estimate was sufficiently stable, we fit a line to the
threshold estimate for the last 10 trials in each block. If the
absolute value of the slope of this line exceeded 1.00 cent/
trial (pitch task; cutoff based on pilot testing) or 0.34% IOI/
trial (time task; cutoff based on van Vugt & Tillmann, 2014),
the block was discarded. On average 2.4 (SD=0.75) blocks
remained for the pitch task and 2.6 blocks (SD=0.70) for
the time task, of which the average threshold was calculated
for each participant. For three participants (two amusic and
one control), no blocks remained for either pitch or time,
and these participants were hence removed from the remain-
der of the study (see Participants section). The key analyses
(see below) were repeated without this data discarding step,
that is, including all three blocks for all participants, leading
to essentially the same pattern of results. In particular, the
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key result, that amusics have lower performance in the time
task, held even when no blocks were discarded.

For pitch and time thresholds separately, we ran an inde-
pendent t-test to compare the groups (amusia/control). Effect
sizes in terms of Cohen d values are reported with 95%
confidence intervals. To assess whether the pitch and time
task performance were related, we calculated the Spearman
correlation between the thresholds indicating the degrees of
freedom in parentheses. Spearman correlations were chosen
over Pearson to prevent outliers from driving or masking
effects. We also computed Spearman correlations between
MLP pitch task threshold and PDT, which we expected to be
significantly correlated. An omnibus ANOVA analysis that
combines pitch and time in the same analysis is included in
supplementary materials: https://osf.io/rtuq3.

We used Principal Component Analysis (PCA) to inves-
tigate the relationships between the variables using the R
package FactoMineR (Lé et al., 2008). We constructed a
matrix where the columns were the main dependent vari-
ables (MLP pitch, MLP time, PDT, as well as all the MBEA
subscales separately), and the rows corresponded to the par-
ticipants in the amusia and control groups. We added group
(amusia/control) as a supplementary variable, meaning
that it did not affect the calculation of the components, but
allowed us to assess whether components differed between
the groups. Scores within each column (dependent vari-
able) were normalized. No rotation was applied. To assess
whether the data was adequate for PCA, we calculated the
measure of sampling adequacy according to Kaiser-Meyer-
Olkin (KMO) using the KMO function from the psych pack-
age in R. Values over 0.8 are considered adequate. In the
present dataset, the KMO was 0.85. The Kaiser-Guttman
rule (Kaiser, 1960) was used to decide which factors were
interpretable: we retained components whose eigenvalues
were greater than 1, which in this case yielded two com-
ponents (eigenvalues 5.30 and 1.00, respectively) together
explaining 70.02% of the variance. For ease of interpreta-
tion, MLP pitch and MLP time as well as PDT scores were
inverted so that higher values correspond to better perfor-
mance, and log-scaled prior to PCA in order to reduce non-
normality, as measured by skewness and kurtosis. A raw
correlation matrix is available in the supplementary materi-
als at: https://osf.io/uja7x.

Subjective reports (yes/no responses in the question-
naire) were compared between groups using Fisher Exact
test. Where group differences were found, we tested whether
these response differences were related to performance on
the pitch or time MLP tasks using Mann-Whitney U tests.


https://osf.io/rtuq3
https://osf.io/uja7x
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Results
MLP pitch and time tasks

As expected, pitch task (MLP) thresholds were higher (i.e.,
worse) in the amusia group (mean=63.6, SD=46.6 cents)
than in the control group (mean=23.3, SD=12.2 cents);
t[38]=3.83, p<.001,d=1.24,95% CI [0.56, 1.92] (Fig. 1A).
This effect also held when removing the borderline amusic
participant, t[37]=4.02, p<.001, d=1.33, 95% CI [0.62,
2.02]. To control whether this effect may be due to outliers,
we also computed a non-parametric Mann-Whitney U test,
which was significant, W=352, p<.001, r=.65 [0.43,0.80].
The MLP pitch task score was significantly correlated with
the PDT score (Spearman p[38]=0.74, p<.001), which is
consistent with the hypothesis that these two tasks measure
a similar perceptual capacity. This correlation also held
within the amusia group (Spearman p[17]=0.72, p=.0005)
but failed to reach significance within the control group
(Spearman p[19]=0.37, p=.099).

Time task (MLP) thresholds were also higher (i.e., worse)
in the amusia group (mean=12.0, SD=8.5%IO0I) than in
the control group (mean=8.0, SD=2.7%I0I), t[38]=2.03,
p=.049, d=0.66, 95% CI [0.02, 1.29] (Fig. 1B). This was
also the case when removing the borderline-amusic par-
ticipant, t[37]=2.14, p=.038, d=0.71, 95% CI [0.05, 1.35].
To control whether this effect may be due to the outlier
observed visually (Fig. 1B; threshold>40% IOI), we com-
puted the same analysis removing this individual, and the
group difference still held, t[37]=2.09, p=.043, d=0.69,
95% CI[0.04, 1.33]. As an additional check, we computed a

non-parametric Mann-Whitney U test with all participants’
data, which was also significant, W=282, p=.026, r=.35
95% CI[0.04, 0.61]. To rule out that this group comparison
may be biased by having classified amusics based on overall
MBEA scores, we repeated the analysis restricting our amu-
sic group to only those individuals who were impaired on the
pitch task (see methods; 5 amusics excluded), and found the
same group difference on time task thresholds, t[33]=2.26,
p=.03, d=0.80, 95% CI [0.09, 1.50]. To test whether data
preprocessing steps (discarding blocks based on erroneous
catch-trial responses and/or insufficient threshold stabil-
ity, see Data Analysis) affected the results, we re-ran the
t-test comparing time task thresholds in amusia and con-
trol groups on the entire data set (i.e., without applying any
discarding), and observed the same data pattern, either just
falling short of significance (t[22.2]=2.02, p=.056) for the
entire dataset) or significantly t[30.8]=2.05, p=.049 when
removing the outlier amusic participant). When we removed
the amusic participants who were impaired according to the
MBEA rhythm (below a cutoff score of 23 following Peretz
et al., 2003; this involved six amusics), the MLP time task
group difference still held, t[32]=2.10, p=.044, d=0.76,
95% CI [0.04, 1.48]. This suggests that the MLP time task
may be more sensitive to time impairments than the MBEA
rhythm subscale.

Pitch and time thresholds were correlated, Spearman
p[38]=0.42, p=.0074 (Fig. 1C). This correlation was still
significant when removing the borderline amusic partici-
pant, p[37]=0.41, p=.0096. This correlation was not driven
by the amusic participant with a high value in both time
and pitch thresholds, as the correlation was also significant

A Pitch task B Time task C Time vs. Pitch Task
2 =
£ 200; o S 40,

'y © 50 - =
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Fig. 1 The amusia group showed higher pitch thresholds (worse) than
controls, as well as higher time thresholds, and although the time task
effect was smaller, the thresholds of the pitch and time tasks were cor-
related. Note A: Pitch task thresholds. Here and elsewhere, dots indi-
cate individual thresholds. Boxplots indicate group distributions as do

(cents)

density estimations (violin plots). B: Time task thresholds. C: Scatter
plot representing the individual pitch and time thresholds. Note that
the correlation was significant also without the amusic participant with
high pitch and time thresholds (see main text for more details)
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without this participant, p[37]=0.37, p=.020. This correla-
tion was significant within the control group, p[19]=0.52,
p=.015, but not within the amusia group, p[17]=0.02,
p=.95, even when removing the amusic outlier, p[16]=—0.16
p=.53. To further assess whether the overall (across groups)
correlation between pitch and time thresholds was driven
only by group differences, we fitted a multiple regression
analysis with pitch threshold as dependent variable, and
regressors time threshold and group entered simultane-
ously. If the correlation between pitch and time thresholds
was predominantly due to group differences, we expected
the time threshold regressor to not reach significance.
Instead, we found that both group (t[37]=3.05, p=.004)
and time threshold (t[37]=4.49, p<.001) were significant
predictors. This pattern of findings also held when remov-
ing the borderline-amusic participant (t[36]=4.30, p=.0001
and t[36]=3.18, p=.003, for group and time task threshold
regressors, respectively).

Effect sizes suggest that the difference between amusic
and control participants’ thresholds was larger in the pitch
task (d=1.33) than in the time task (d=0.66). For the pitch
task, the thresholds of 9 amusics out of 19 (47.4%) were 2 SD
or more above the control mean, whereas for the time task,
it was the case for only 3 amusics (16.0%). To test whether
amusics differed more from controls in the pitch task than in
the time task, we computed for each amusic individual the
z-score of their score relative to controls (i.e., the z score for
individual i was calculated from their threshold score x; as
follows, Zi = (Xi'mcontrol)/ Sdcon’crol where Meonirol and Sdcon’crol
are the mean and standard deviation of the control group,
respectively) for both tasks separately (two values per amu-
sic). These z-scores were significantly larger for the pitch

Table 2 The first principal component (PC1) correlates with all vari-
ables included in the PCA, whereas the second component (PC2)
correlates with the MLP time and pitch task thresholds as well as the

MBEA rhythm subscale
Variable PC1 PC2

r D r p
Pitch threshold (MLP)"  0.82  <0.0001* 0.32 0.04
Time threshold (MLP)"  0.51  0.0007* 0.68  <0.0001*
PDT score” 0.87  <0.0001* 0.18 0.26
MBEA scale 0.78  <0.0001* —0.31 0.05
MBEA contour 0.80 <0.0001* -0.28 0.08
MBEA interval 0.88  <0.0001* -0.22 0.18
MBEA rhythm 0.67 <0.0001* -0.34 0.03
MBEA meter 0.70  <0.0001* 0.24 0.13
MBEA memory 0.79  <0.0001* —0.07 0.66

P-values have not been corrected for multiple comparisons (sig-
nificant uncorrected ones are indicated in bold), but asterisks (*) in
addition to bold font indicate those values whose significance sur-
vives FDR correction at p<.05 (Benjamini & Hochberg procedure,
performed separately within each PC). * Pitch/time MLP and PDT
scores were inverted so that higher scores correspond to better per-
formance
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task than the time task (t[18]=2.58, p=.019, d=0.53). This
was also the case when removing the borderline amusic
participant (t[17]=2.57, p=.020, d=0.54). However, this
comparison of impairments between tasks may be biased by
the amusic recruitment strategy using advertisements that
emphasized pitch (not time) perception deficits, which is in
line with prior reports (e.g., Peretz et al., 2003).

For the subjective reports, amusic individuals agreed less
with “Do you notice when a musician plays a wrong note?”
(18%) than controls (54%) although this difference showed
only a trend towards statistical significance (p=.056)
(Table 1). Across all participants, a yes-response to this
question predicted a higher threshold (worse performance)
for the MLP pitch task (W=139.00, p=.046, r=.32 [—0.02,
0.58]), but not the time task (W=102.00, p=.77, r=.05
[-0.28,0.35]). For the questions “Do you notice when some-
body sings out of tune?” or “I can’t dance”, amusic individ-
uals and controls responses were not statistically different,
even though the difference in percentages between the two
groups was in the direction expected based on previous
reports. Finally, 88% (88%) of amusic participants reported
“I can’t follow the rhythm of music”, which was signifi-
cantly greater than 8% of controls (p<.0001) (Table 1). A
yes-response to this question predicted higher threshold
(worse performance) for the MLP pitch task (W=29.50,
p=.001, =-.53 [-0.68, —0.30]), but surprisingly not for the
time task (Mann-Whitney W=281.00, p=.31, r=-.17 [-0.47,
0.15]). In sum, some subjective reports confirmed differ-
ences between amusics and control individuals, and were
significantly correlated with the pitch deficits, whereas no
significant correlations were found with the time deficits.

Principal component analysis

To clarify the relationship between the various outcome
measures, a Principal Component Analysis (PCA) was cal-
culated (details in methods), which revealed two compo-
nents. The first component was significantly correlated with
all variables that were included (Table 2) and significantly
distinguished amusics from controls (R*=0.75, p<.0001)
(Fig. 2). The second component was correlated with the
MLP time task threshold.

Integrating present findings with prior results using
simulations

The finding in the present study, that amusics differ from
controls for both pitch and time tasks, appeared to differ
from the closest prior study which found amusics did not
differ from controls in the time task (Hyde & Peretz, 2004,
although note that other studies using different stimuli and
tasks did find time perception differences, e.g. Lagrois &
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Fig. 2 Principal Component Analysis reveals that all
variables are significantly related to a single compo-
nent that distinguishes amusic and control individuals
(PC1). A second component (PC2) captures additional
variability related to temporal tasks, especially the
MLP time task. Note The axes represent the first two
principal components (PC1 on the horizontal and PC2
on the vertical axis). Dots represent the coordinates of
individual participants, that is, their scores on the two
factors. Dot colours represent the group the individual
belongs to. Arrows represent the loadings of the
scores of the tasks in this study (MLP pitch and time
scores, PDT and MBEA). That is, the arrows indicate
how for a particular task, an individual’s score on this
task is multiplied to yield the individual’s factor load-
ings. Since the underlying scores are standardized,
this means that the horizontal and vertical components
of the arrow for each task indicates how important
that task is for the component in question (PC1 and
PC2, respectively). The arrows have been rescaled

for clarity of presentation. In terms of interpretation,
this shows that the first principal component (PC1) is
associated with performance across all tasks (since all
arrows have a rightward horizontal component) and
separating the two groups, while the second principal
component (PC2) predominantly captures variance
specific to the MLP-time performance

PC2 (11.1% of variance explained)

Peretz, 2019). We performed simulations that show that
both results can be explained in the case where there are real
but small timing differences between amusics and controls.

Simulation procedure The methodology here differed from
Hyde and Peretz (2004) in terms of sample size (20 partici-
pants in total in their study vs. 40 here) and the method of
investigation (constant stimuli in their study vs. an adaptive
threshold procedure here with different numbers of trials).
To investigate which of these factors might explain why the
present study found a different result from Hyde and Peretz
(2004), we estimated the statistical power of each combi-
nation of experimental paradigm (Hyde & Peretz (2004)’s
paradigm vs. the present study, hereafter MLP paradigm)
and number of participants (10/10 or 19/21 amusic/control
participants), thus yielding four sets of simulations. In all
four cases, we simulated individual “participants” in the
same way (described below) and varied only the way in
which stimuli were presented to reproduce either Hyde &
Peretz or MLP paradigm. A simulated participant was basi-
cally treated as a computational function f(x) that, given a
particular delay (in %IOI, or, analogously, a pitch shift in
cents) returns a yes (“change detected”) or no (“no change
detected”) response with specific probabilities (see below
for details on how this was achieved). These simulated

Time task (MLP)

Pitch task (MLP)

MBEA meter
PDT

?A memory

®
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control
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participants then were submitted to either Hyde and Per-
etz (2004) or MLP paradigm. In either case, we could then
test whether amusics differed from controls, exactly as was
done in the empirical studies with real human participants.
This allowed us to compute statistical power by dividing the
number of simulations where significant group differences
(amusics vs. controls) were found by the total number of
simulations.

Simulating individual participants Each simulated par-
ticipant responded to a given stimulus with yes (“change
detected”) or no following a given probability using the
basic random number generator in Python. To calculate the
probability as a function of the stimulus delay (or, analo-
gously, pitch change), we used cumulative Gaussian psy-
chometric response curves. Each participant had their own
psychometric curve with a variable midpoint that was cho-
sen randomly based on the data observed here: for the time
task, the midpoints of amusic participants were placed at
9 (SD=3) %IOI and those of the control participants at 7
(SD=3) %IOI. The psychometric curve slopes were held
constant at sigma=3.5 and the false alarm rate at 5%. For
the pitch task, the psychometric curves had variable mid-
points at 35 cents (SD=25) for amusics and at 12 cents
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(SD=9.6) for controls and fixed slope (sigma=2.6) and
false alarm rate (1%).

Simulating the Hyde and Peretz (2004) paradigm time
task We simulated amusic and control participants, pre-
sented each with the exact same stimulus regime as used
in Hyde and Peretz (2004), and used the same statistical
analysis. Specifically, each of the time delays (8, 10, 12, 14,
16%I01) was presented 36 times, yielding a total of 180 tri-
als. A further 180 trials were included without delay. Each
simulated participant thus responded to a total of 360 trials.
We then reproduced the same statistical analysis performed
in Hyde and Peretz (2004) as follows. For each delay, the
proportion of ‘yes’ responses of the simulated partici-
pants was calculated, where for each simulated participant
the false alarm rate was defined as the proportion of yes-
responses to the 0 delay stimuli, which was subtracted from
the hit rate, defined as response rates for each of the nonzero
delays (hits minus false alarms). These were then submit-
ted to an ANOVA with within-subject factor time (5 levels;
note that this factor was called “temporal distance” in the
original study) and between-subject factor group (amusia/
control). To determine statistical power, we considered the
central question whether this ANOVA yielded a main effect
of group, or an interaction between group and time, or both
(as any of these cases would indicate a difference between
amusics and controls in the time task). To estimate statistical
power, the entire procedure was repeated 1000 times, and
we investigated in what proportion of these, a group effect
(and/or an interaction between group and delay) was found.

Simulating the Hyde and Peretz (2004) paradigm pitch
task The pitch task was simulated in a similar way and again
following exactly the same procedure as used in Hyde and
Peretz (2004)’s study with human participants. The stimuli
presented were, as in Hyde and Peretz, 25, 50, 100, 200 and
300 cents, each presented 36 times, with 180 added trials
with 0 cents pitch shift. Hit minus false alarm rates were cal-
culated and submitted to an ANOVA with within-participant
factor pitch shift (5 levels) and between-participant factor
group (2 levels). Again, 1000 experiments were simulated
with 10 amusics and 10 controls.

Simulating the MLP paradigm time task We used the exact
same stimulus presentation regime for our simulated partici-
pants as we used for our human participants. Psychometric
curves were estimated on-line trial-by-trial for the simulated
participants exactly as they were for human participants and
these online estimated psychometric curves were used to
determine stimulus placement on the next trial. Simulated
participants completed three blocks of 36 trials, each of
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which yielded a threshold estimate which was averaged per
participant and then submitted to a t-test to compare amu-
sics and controls. We simulated 10,000 experiments in this
manner and calculated power as the proportion of times the
t-test showed a significant difference between amusics and
controls.

Simulation results Power in Hyde and Peretz (2004)’s study
was estimated to 31.1% (corresponding to a main effect
of group, an interaction between group and time, or both)
(Fig. 3), meaning it was actually quite plausible (100%
—31.1% = 68.9%) that Hyde and Peretz (2004)’s study
would not find a group difference even if it existed in real-
ity. The estimated power for the four combinations of study
paradigms and sample sizes are reported Table 3. Across the
two paradigms, doubling the sample size from 20 to 40 par-
ticipants yielded an approximate 20% increase in statistical
power (from 30 to 50%), whereas changing the experimen-
tal paradigm yielded only a few percentage points difference
in power. This result pattern suggests that of the two major
differences between our study and Hyde and Peretz (2004),
namely sample size and constant/adaptive stimuli, it appears
to be sample size that is the most important contributor to
the difference in statistical power. Note, however, that the
MLP paradigm used here only requires 30% of the number
of trials of the constant stimuli design of Hyde and Peretz
(2004) (108 trials vs. 360 trials).

These simulations allow us to reconcile our results with
those of Hyde and Peretz (2004): the fact that the prior study
did not find the time effect can be explained by its lower
power, while the present study did find this effect, mostly
thanks to increased sample sizes.

Discussion

The present study tested amusic and control participants’
pitch and time processing with a change detection task
(Hyde & Peretz, 2004) using an adaptive threshold proce-
dure. The pitch and time changes were embedded in iso-
chronous sequences with tones of constant pitch. For both
the time and the pitch task, this allows having an imple-
mentation that minimized the potentially interfering effects
of the other dimension, which was not the focus of the
study. The findings confirmed previous data showing that,
relative to control participants, amusic individuals were
less sensitive in detecting pitch changes. The key finding
is that amusic individuals were also less sensitive in detect-
ing time changes, even though these time deficits were less
pronounced than their pitch deficits.
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Fig. 3 Results of numerical simulations for (A) time A Time
task and (B) pitch tasks for Hyde and Peretz (2004)’s
design (constant stimuli, 360 trials), with n=20 par- amusia control 2
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Table 3 Summary of estimated statistical power based on simulations

Number of simulated Power with Hyde and Power with MLP

participants Peretz (2004) paradigm  paradigm (adap-

(# amusics/# controls) (constant stimuli, 360 tive, 108 trials)
trials) (%) (%)

10/10 31.1(30.2-36.0) 28.8 (27.9-29.7)

19/21 52.0 (48.9-55.1) 55.2 (54.2-56.1)

Estimated power in the Hyde and Peretz (2004) paradigm and MLP
design for n=20 or 40 participants. Note that for the Hyde and Peretz
(2004) paradigm, this power aggregates findings of either a group
main effect or a group x time interaction. Binomial 95% CI are indi-
cated in parentheses

Pitch processing deficits in congenital amusia

The pitch deficits observed here with the adaptive MLP
(Maximum Likelihood Procedure) pitch task were in agree-
ment with previously reported data, including the pitch-
discrimination-threshold (PDT) task data here as well as
the data by Hyde and Peretz (2004) based on the constant-
stimuli implementation of the change detection task. While
there is overlap in performance between amusic and control

groups, amusic participants needed larger pitch differences
to detect a change in the sequences than did control partici-
pants. As expected based on the assumption that the thresh-
olds derived from the pitch MLP task and the PDT (Tillmann
et al., 2009) measure the same pitch discrimination ability,
we observed a strong correlation between the two measures
(i.e., a large effect size), and the effect sizes for the differ-
ence between amusic and control groups were similar for
pitch thresholds estimated using MLP (d=1.24) or PDT
(d=1.26). The current findings are thus in keeping with
numerous studies showing impaired pitch discrimination in
congenital amusia, yet with about half of the amusic partici-
pants exhibiting thresholds in the range of that of controls
(see Tillmann et al., 2015, 2016a, for reviews). Note that
in comparison to pitch discrimination tasks, impairments
in pitch sequence (melody) memory tasks can be larger in
congenital amusia, especially in challenging tasks with long
sequences and/or fast stimulation rates (see Albouy et al.,
2016, and Hoarau et al., 2024, for a discussion of this point).
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Time processing deficits in congenital amusia

In comparison to the seminal study by Hyde and Peretz
(2004), the novelty of our findings is to reveal that, relative
to control participants, amusic individuals have a deficit in
time perception, even for pitch-constant stimuli. This find-
ing thus contrasts with these earlier data of Hyde and Per-
etz (2004) who did not find such a deficit, concluding that
the amusic brain is out of tune but in-time. We here used a
similar change detection task with five-tone sequences as
initially used by Hyde and Peretz (2004), but now imple-
mented with an adaptive threshold procedure (instead of
constant stimuli) and pure tones (instead of piano tones).
The simulations performed here revealed that the difference
between these two data sets could be explained by increased
statistical power in our study, which was obtained by testing
a larger sample size (N=40 instead of N=20), with a limited
contribution (if any) of the experimental method (adaptive
vs. constant stimuli). The current findings with MLP are
obtained with only 108 trials per participant vs. 360 with the
constant stimuli design, thus allowing for a more efficient
testing duration to reach similar power. In Hyde and Peretz
(2004), data of the constant stimulus paradigm were ana-
lyzed in terms of hit minus false alarm rates and the group
factor (amusia vs. control) did not reach significance for the
time task. There is now increased awareness that non-signif-
icant results do not imply evidence for the absence of effects
(Makin & Orban de Xivry, 2019). Our simulations suggest
that this seminal study might indeed have had suboptimal
statistical power to detect more subtle group differences
in the time task. They further suggest that other previous
studies might have also been underpowered to reveal time
deficits in congenital amusia. For example, Foxton et al.
(2006) tested nine amusic participants and nine control par-
ticipants, allowing them to reveal impaired time processing
in tone sequences that varied in pitch, but observed only a
statistical trend for time processing impairment in constant-
pitch sequences. While the statistical power of approxi-
mately 50-55% achieved in the present study is limited, our
results nonetheless highlight the critical role of sample size
in psychophysical research, and was sufficient to reveal a
deficit for amusics also on the time dimension.

Amusics’ deficit in detecting time irregularities in con-
stant-pitch stimuli challenges the hypotheses that amusics’
time perception is impaired only for pitch-varying stimuli
and that amusia involves exclusively a pitch processing
deficit (as proposed by Hyde & Peretz, 2004). The results
suggest that amusics’ deficit might possibly be more gen-
eral, including not just pitch but also time perception defi-
cits at least in some participants, even though more strongly
expressed by deficits in the pitch dimension. Even for the
pitch dimension, the observed deficit is larger when the task
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involves a stronger memory component. Amusic and con-
trol groups might overlap in performance for pitch percep-
tion tasks, but their performance does not overlap for pitch
memory tasks (e.g., Tillmann et al., 2016b). While the pres-
ent change detection task does not involve such a strong
memory component as do the classically used same-differ-
ent paradigms (including the MBEA), its implementation
with five-tone sequences also involves a memory compo-
nent. Indeed, the first three standard tones serve to estab-
lish a representation in memory of the base pitch height
(for the pitch task) or of the base time interval (for the time
task) relative to which the following events are evaluated.
Because of their impaired pitch memory, the amusic par-
ticipants might benefit less from the contextual information
than do controls, rendering the change detection more dif-
ficult, whether on pitch or time dimensions. This difficulty
might be further enhanced by the relatively fast pace of pre-
sentation with short tone durations. Previous research inves-
tigating pitch memory in congenital amusia have revealed
that amusics suffer from abnormalities in the early stages
of auditory processing, starting from the encoding stage
(Albouy et al., 2016). Short tone durations (e.g., 100ms
like in the present paradigm) or short inter-onset-intervals
between tones are more difficult to process for amusics than
for controls. For example, in a same-different short-term
memory paradigm involving 4-tone sequences, controls’
performance was the same for sequences implemented with
short tones (100ms) followed by a 250ms silent delay or
with longer tones (350ms) followed by a 350 ms delay.
However, amusic participants benefited from the longer
tones and the longer delay, reaching control performance,
while being significantly impaired for the short tones with
the shorter delay. In that earlier study, the “different” tri-
als required a detection on the pitch dimension (a changed
tone) and sequences were played isochronously. However,
the early encoding steps might also affect the contextual
information benefit in the present study (with a presentation
rate comparable to the faster rate in Albouy et al., 2016).
The contextual information trace is required to detect the
change, including when this change is on the time dimen-
sion. Future studies varying stimulus presentation rates in
pitch and time tasks are needed to further test this hypoth-
esis. Furthermore, future studies should also investigate
whether (and in how far) the observed time-deficit might be
reduced when the pitched tones are replaced by non-pitched
sounds. Ideally, time processing abilities should be directly
compared in sequences of non-pitched sounds, sequences
with constant-pitch sounds and pitch-varying sequences,
also in line with previous investigations (e.g., Foxton et al.,
2006). Recent work investigating the MMN with pitched
(piano) and less-pitched (drum) sounds in congenital amu-
sia (Quiroga-Martinez et al., 2022) suggests that amusics
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are sensitive to the difference between pitched and less-
pitched sounds, as are controls.

How separate are pitch and time processing?

Pitch and time thresholds were correlated across the set of
participants as a whole (i.e., medium effect size): those who
showed greater (i.e., worse) pitch thresholds tended to show
greater time thresholds as well. This correlation between
pitch and time abilities was supported by the regression
analysis and by PCA, the latter revealing a common com-
ponent related to all tasks. The regression analysis revealed
that the correlation between pitch and time thresholds could
not be explained solely by amusic-vs-control group differ-
ences, and showed that time task thresholds were a signifi-
cant predictor for participants’ pitch thresholds in addition
to group. The PCA revealed that a large portion of the vari-
ance was captured by a component that combined pitch
and time processing across different tasks (MLP pitch and
time thresholds, PDT, all six MBEA subtests), and this fac-
tor allowed distinguishing amusic participants from control
participants. This finding suggests that the group difference
is observed across and beyond the task differences. As dis-
cussed above, this might reflect common shared mecha-
nisms for regularity extraction and memory at play in all
tasks, and that these mechanisms would be impaired in con-
genital amusia. The link between the pitch and time deficits
in amusia is also captured by the self-report questionnaire
data, showing a relationship between self-perceived rhythm
difficulties and performance in the MLP pitch task.
Correlations between pitch and time processing abilities
have been previously reported. Peretz et al. (2003), perfor-
mance correlated significantly between the MBEA rhythm
subtest and the pitch interval subtest, which can be consid-
ered as the most subtle of the three pitch-based subtests.
In their study, this correlation did not extend to the meter
subtest, which might be linked to its different implemen-
tation (i.e., participants judge one excerpt instead of com-
paring two excerpts presented in a pair like for the other
subtests, thus not requiring the same amount of short-term
memory). Correlations between pitch and time processing
abilities have been also reported across different types of
tasks, notably the scale subtest of the MBEA and beat per-
ception and production abilities (Lagrois & Peretz, 2019).
In our present study, pitch and time abilities were tested
with very similar materials and using the same task instruc-
tions, revealing deficits in both tasks, but less strongly on
the time dimension. The observed correlation between pitch
and time processing might also be linked to findings from
interference paradigms, which show that the information of
the two dimensions are not processed independently. This
has been shown previously for non-amusic participants with

artificial material, such as tones of different pitch heights
marking temporal intervals (e.g., Pfeuty & Peretz, 2010),
as well as with more musical materials, whether melodies
or harmonic sequences (e.g., Boltz et al., 1993; Prince et
al., 2009; Lebrun-Guillaud & Tillmann, 2007).

Beyond these associations between pitch and time pro-
cessing abilities, our current findings also confirm that they
rely at least in part on distinct mechanisms. First of all, the
group difference between amusics and controls is larger for
the pitch task than the time task. Accordingly, fewer amu-
sics (16%) exhibit time deficits at the single subject level (as
defined by thresholds >2SD away from the mean) compared
to controls than for pitch (47%). Furthermore, the PCA
results suggested that the second dimension mostly captured
specific variance in the MLP time task. Our findings of a
larger group effect in the pitch task than in the time task are
in line with the data of Hyde and Peretz (2004), even though
they showed a significant group effect only for pitch change
detection and not for anisochrony detection (time task).
Based on the results of the study by Hyde and Peretz (2004)
as well as our study together with the simulations assessing
the difference between paradigms and participant numbers
of Hyde and Peretz (2004) and the current study, the most
plausible conclusion seems to be that (at least some) amusic
individuals have timing deficits, although perhaps less fre-
quently so than pitch deficits, and such deficits would thus
be less likely to be detected with relatively small sample
sizes. Note however that, when time deficits are observed at
the individual level in amusic participants, these deficits can
be quite large and comparable in magnitude to pitch deficits
(with for example here a z-score of 12.9 for the time task in
the most impaired participant, which is comparable to the
z-scores of 11.8 and 14.1 for the two most impaired amusic
participants in the pitch task).

Regarding congenital amusia per se, it remains an
intriguing and open question whether congenital amusia
encompasses distinct subtypes (see also McDonald & Stew-
art, 2008; Tillmann et al., 2016b). One possibility would be
that there exists pitch-based vs. time-based amusia (corre-
sponding to the labels congenital amusia or tone-deafness
vs. beat-based amusia or beat-deafness in the literature),
with some amount of comorbidity between these two neu-
rodevelopmental disorders. It is noteworthy that congeni-
tal amusia has recently been reported to exhibit a sizable
comorbidity with dyslexia (Couvignou et al., 2019; Cou-
vignou & Kolinsky, 2021), which could be associated to a
common deficit in serial-order short-term memory affect-
ing music (pitch) and speech (Couvignou et al., 2023), i.e.,
a deficit in time-based mechanisms. It thus calls for future
investigations of the relationships between pitch processing
and time processing in music and speech in neurodevelop-
mental disorders. Future work could investigate whether
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amusics who are only impaired in time (according to the
MBEA) show more subtle pitch deficits when measured
using more sensitive discrimination tasks such as used in
the present paper.

Neurophysiological data also shed light on the relation-
ship between pitch and time processing. In congenital amu-
sia, structural and functional anomalies have been reported
mainly in right superior temporal gyrus and right inferior
frontal gyrus (e.g., Hyde et al., 2011; Albouy et al., 2013,
2019). Some studies on congenital amusia have also corre-
lated the neural correlates with participants’ performance in
pitch-related tasks (e.g., Hyde et al., 2006, 2007; Albouy et
al., 2019), but to the best of our knowledge, this has not yet
been investigated with time-related task performance (see
Tillmann et al., 2023, for a recent review on neuroimaging
findings in congenital amusia). However, for acquired amu-
sia, Sihvonen et al. (2016) related lesion patterns to partici-
pants’ performance in both pitch and rhythm subtests of the
MBEA. Their analyses revealed links between performance
in both tasks and lesion patterns in right superior tempo-
ral gyrus (including Heschl’s gyrus) and the right striatum.
The more general role of the basal ganglia in perceptual and
cognitive sequencing as well as predictive processing has
been described for rhythm and beat processing (e.g., Grahn
& McAuley, 2009) and auditory language processing (e.g.,
Kotz et al., 2009). Together with the present findings on
both pitch- and time-processing deficits, this further sug-
gests the hypothesis that congenital amusia might be related
to a more general perceptual and cognitive sequencing
deficit, which expresses in particular for material that does
not allow for explicit verbalization strategies (see also Till-
mann et al., 2023, for further discussion). This hypothesis
seems to be further supported by recent findings showing
altered oscillatory dynamics in congenital amusia, bring-
ing connections to predictive processing and active sensing
(Samiee et al., 2022) as well as by observed comorbidity
between dyslexia and amusia related to serial-order memory
(Couvignou et al., 2023).
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