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Highlights
» Amusia is characterized by intact implicit and impaired explicit pitch perception.
» We developed a redescription-associate learning method to treat amusics’ deficits.
* Prior to training, amusics failed to explicitly process melodic structure.
* After training, amusics showed normal performance at behavioral and neural levels.

* Training effects on melodic processing in amusia maintained at 3-month follow-up.
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Abstract
Congenital amusia is a neurodevelopmental disorder of musical processing. Previous
research demonstrates that although explicit musical processing is impaired in congenital
amusia, implicit musical processing can be intact. However, little is known about whether
implicit knowledge could improve explicit musical processing in individuals with
congenital amusia. To this end, we developed a training method utilizing redescription-
associate learning, aiming at transferring implicit representations of perceptual states into
explicit forms through verbal description and then establishing the associations between the
perceptual states reported and responses via feedback, to investigate whether explicit
processing of melodic structure could be improved in individuals with congenital amusia.
Sixteen amusics and 11 controls rated the degree of expectedness of melodies during EEG
recording before and after training. In the interim, half of the amusics received nine training
sessions on melodic structure, while the other half received no training. Results, based on
effect size estimation, showed that at pretest, amusics but not controls failed to explicitly
distinguish regular from irregular melodies and to exhibit an early right anterior negativity
(ERAN) in response to irregular endings. At posttest, trained but not untrained amusics
performed as well as controls at both the behavioral and neural levels. At the 3-month
follow-up, the training effects still maintained. These findings present novel
electrophysiological evidence of neural plasticity in the amusic brain, suggesting that
redescription-associate learning may be an effective method to remediate impaired explicit
processes for individuals with other neurodevelopmental disorders who have intact implicit
knowledge.
Keywords: explicit processing, redescription-associate learning, pitch structure, congenital

amusia, ERAN
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1 Introduction

Congenital amusia (amusia hereafter) is a neurodevelopmental disorder of musical
pitch processing (Ayotte et al., 2002; Peretz et al., 2002) with prevalence of 1.5%—4%
among the general population (Henry & McAuley, 2010; Kalmus & Fry, 1980; Nan et al.,
2010; Peretz & Vuvan, 2017). Amusics show impaired explicit processing of pitch,
including fine-grained pitch detection (e.g., Hyde & Peretz, 2004; Jiang et al., 2011; Liu et
al., 2010; Whiteford & Oxenham, 2017) and pitch direction perception (e.g., Foxton et al.,
2004; Jiang et al., 2013; Liu et al., 2012; Loui et al., 2008; Lu et al., 2017), which have also
been linked to a lack of a P3b, an ERP component related to conscious detection of small
pitch deviances (Lu et al., 2016; Moreau et al., 2013; Peretz et al., 2005), and pitch short-
term memory (e.g., Albouy et al., 2013; Albouy et al., 2019; Graves et al., 2019; Tillmann,
Léveéque, et al., 2016). Unlike explicit performance, the amusic brain can implicitly detect
small pitch changes (Mignault Goulet et al., 2012; Moreau et al., 2009, 2013; Quiroga-
Martinez et al., 2021), by showing normal early ERP components such as the mismatch
negativity. The deficits in explicit processing of musical pitch may be due to impaired pitch
awareness in amusia (Loui, 2016; Peretz, 2016; Tillmann et al., 2015).

Apart from low-level processes such as pitch detection/discrimination, the
dissociation between implicit and explicit pitch perception has also been observed in higher-
level processes including pitch structure processing in amusia. Specifically, amusics
demonstrate preserved implicit knowledge of melodic (Lévéque et al., 2022; Omigie et al.,
2012; Tillmann et al., 2014; Tillmann, Lalitte, et al., 2016; Weiss & Peretz, 2022) and
harmonic (Tillmann et al., 2012) syntactic structures, being able to process melodic
structure implicitly by evoking an early right anterior negativity (ERAN; Zendel et al.,

2015), an index of the processing of musical pitch structure violations (Koelsch et al., 2000;
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Sun et al., 2020). However, intact knowledge of musical pitch structure does not facilitate
amusics’ pitch structure processing in an explicit manner. This is because they are impaired
in explicitly processing melodic (Jiang et al., 2016; Omigie et al., 2012; Tillmann, Lévéque,
et al., 2016) and harmonic structures (Jiang et al., 2016), as manifested by an absence of the
ERAN (Peretz et al., 2009; Zhou et al., 2019) and late integrative components such as the
N5 and P600/LPC (Peretz et al., 2009; Zendel et al., 2015; Zhou et al., 2019). Furthermore,
it is worth noting that impaired explicit higher-level pitch structure processing (e.g., rating
how well the notes or chords in a sequence followed one another in an expected manner) is
uncorrelated with their low-level pitch detection/discrimination (Jiang et al., 2016; Omigie
et al., 2012; Tillmann, Lalitte, et al., 2016; Zhou et al., 2019). Similarly, previous studies
(Jiang et al., 2016; Tillmann, Lalitte, et al., 2016) have also reported amusics’ pitch
structure processing is uncorrelated with pitch discrimination (same vs. different) on the
Montreal Battery of Evaluation of Amusia (MBEA), a diagnostic tool for amusia (Peretz et
al., 2003; Vuvan et al., 2018). These findings indicate that the processing of musical pitch
structure may be independent of pitch discrimination in amusia.

A big challenge in research on amusia has been the remediation of the musical
disorder. Prior research has mainly focused on treating low-level pitch perception deficits
(Anderson et al., 2012; Liu et al., 2017; Mignault Goulet et al., 2012; Whiteford &
Oxenham, 2018; Wilbiks et al., 2016). Some studies show that deficits in pitch perception in
amusia cannot be altered through broad-brush music training methods, e.g., daily song
listening over 4 weeks (Mignault Goulet et al., 2012), group singing over 7 weeks
(Anderson et al., 2012), or vocal training over 18 months (Wilbiks et al., 2016). These null
results may be attributed to the fact that neither song listening nor singing training is well

suited to remediate amusics’ pitch perceptual deficits. However, other approaches using
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training tasks similar to the test tasks show that amusics’ sensitivity to pitch change can be
improved through a 2-week pitch direction training (Liu et al., 2017) and a 4-day pitch
discrimination training (Whiteford & Oxenham, 2018). These findings suggest that amusics
can be responsive to pitch training when the training paradigms are specific and targeted.

Unlike low-level pitch perception, higher-level musical pitch structure processing is
at the core of intramusical meaning understanding (Budd, 1995; Gruhn, 2005; Kertz-
Welzel, 2005), which concerns the processing of tonal syntax that organizes hierarchically
discrete pitch events (tones, intervals, and chords) into melodic or harmonic sequences
(Marmel et al., 2011; Patel, 2003). However, no study has explored the effects of music
training on amusics’ deficits in explicit processing of pitch structure. Given that amusic
individuals have implicit tonal knowledge, but fail to consciously access the knowledge
(e.g., Omigie et al., 2012; Peretz et al., 2009; Tillmann, Lalitte, et al., 2016; Zendel et al.,
2015), it would be worthwhile to examine how to make the stored implicit knowledge
externalized, and then to see if the externalization of implicit knowledge can facilitate
explicit processing of musical pitch structure.

In this scenario, we developed a training method employing redescription-associate
learning for amusics. The core of this method is to externalize implicit knowledge through
verbal reports, and then to establish the associations between the reported perceptual states
and the responses through feedback. A basic premise of this method is that a stimulus can
be mentally represented in many manners (Cermefio-Ainsa, 2021; Paivio, 1990; Pearson &
Kosslyn, 2015; Quilty-Dunn, 2020). Among these representations, one perceptual state may
be easier to verbalize than the others. For example, a mental representation of a melody may
be a sequence of notes, an image of a (pitch) upward/downward movement, and/or a certain

feeling induced by the melody in the mind. For some listeners, the feeling induced by the
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melody may be easily expressed, while others may consider it easier to describe the image
of an upward/downward movement.

The redescription-associate learning method consists of two steps. The first step
aims to teach amusic participants to transfer implicit representations or knowledge into
explicit forms. Specifically, after making judgements, amusic participants would be asked
to report verbally their perceptual states pertaining to music listening (e.g., emotions and
imagery). This is because verbal report is considered to play a key role in representational
change (Cleeremans, 2019; Karmiloff-Smith, 1986, 1992, 1994; Nelson, 1996) and could
drive an individual to recode implicit representations of perceptual states into explicit
representations, according to representational redescription model (Karmiloff-Smith, 1986,
1992, 1994). Indeed, it has been suggested that implicit representations can be converted
into explicit forms through a verbalization training (Park, 2013, 2015; Park & Choi, 2006;
Park et al., 2008) or group discussion (Pine & Messer, 1998). For example, Pine and Messer
(1998) investigated whether children who were at the implicit level on a balance beam task
at pretest would benefit from group discussion with other children and progress to more
explicit levels at posttest. During the training session, the experimental group was offered
opportunities for discussion or verbal interaction with other children about whether the
beam could be balanced before completing each beam; the control group was only asked to
perform the balance beam task without any discussion. The results showed that children in
the experimental group (40%) were more likely to progress to the explicit level at posttest
than those in the control group (0%). These findings suggest that group discussion can
facilitate the conversion of children’s implicit knowledge into explicit knowledge.
Likewise, verbalization training can also drive representational change in number

conservation (Park et al., 2008) and drawing (Park, 2013, 2015). The second step of
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redescription-associate learning aims to teach amusic participants to establish the
associations between the perceptual states they reported and the responses through feedback
and then to consolidate memory of such associations by continuing training. This is because
associate learning can establish a connection between two unrelated elements (Olson &
Ramirez, 2020; Pavlov, 1955; Skinner, 1953). Although being unaware of the associations,
amusic participants could build the connection between a reported perceptual state and a
certain response through receiving and learning from feedback, given that feedback has
been viewed as playing a critical role in the formation of associations (Bischoff-Grethe et
al., 2009; Butler et al., 2013; Kuklick & Lindner, 2021; Marsh et al., 2012; Skinner, 1958).
For example, Kuklick and Lindner (2021) examined the association between questions and
responses through verification feedback. In the training phase, participants answered
multiple-choice questions that were related to scientific concepts. The experimental group
received right/wrong feedback after each question, while the control group received no
feedback. Results showed that the experimental group had greater improvement in recall
performance than the control group. The benefit of feedback also emerged in the research
on reading comprehension (Butler et al., 2013), general knowledge retrieval (Marsh et al.,
2012), and mathematics problem solving (Brown & Alibali, 2018). Considering that
memorization increases the strength of associations (Naveh-Benjamin et al., 2007), amusic
participants would then be required to memorize these associations and be provided with
more training trials to further consolidate the associations. By doing so, participants would
produce the appropriate responses when encountering similar stimuli again during testing.
Following the steps mentioned above, we investigated whether explicit processing
of melodic structure can be improved in individuals with amusia through the redescription-

associate learning. First, given that music structure is typically represented in cadence (i.e.,
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the end or closure of a phrase), we manipulated the regularities of melodic sequences to
investigate the processing of melodic structure, with regular melodies ending on the tonic
and irregular melodies ending on the supertonic. Second, in order to evaluate the efficacy of
music training, we randomly divided the amusics into two groups: trained and untrained.
Three months posttest, trained amusics completed a follow-up test to examine the
maintenance of the training effect. Finally, because the detection of melodic structure
violations is typically associated with the ERAN elicited by syntactic irregularities (Brattico
et al., 2006; Koelsch, 2012; Peretz et al., 2009; Zendel et al., 2015), we included an EEG
study focusing on the ERAN effect. We hypothesized that the amusic participants would
explicitly distinguish regular from irregular melodies and elicit a similar ERAN effect to
controls after completing the training, but not before the training.
2 Method

2.1 Participants

Sixteen amusic and 11 typically developing undergraduate and postgraduate
students who spoke Mandarin Chinese as their native language and had not received any
formal music training participated in this study. The musical abilities of these participants
were assessed by the MBEA that consists of six subtests—Scale, Contour, Interval,
Rhythm, Meter, and Memory (Peretz et al., 2003; Vuvan et al., 2018). The first three pitch-
based subtests require participants to discriminate between different melodies, by detecting
an out-of-key note, an altered contour or interval, respectively. Participants were diagnosed
as amusics if they scored 65 or below on the melodic composite score (sum of the scores on
the Scale, Contour, and Interval subtests) (Liu et al., 2010) and below 78% correct on the
MBEA global score (Peretz et al., 2003). The amusics were randomly divided into two

groups: The trained group underwent the training program, whereas the untrained group
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received no training. A two-alternative forced choice AXB paradigm was used to measure
pitch perception thresholds (Jiang et al., 2013). Table 1 shows the participants’
characteristics. As can be seen, the three groups were matched in age, sex, education, and
pitch change detection threshold, but there were significant between-groups differences in
all MBEA scores and pitch direction discrimination threshold. Post hoc pairwise
comparisons (n = 3) using the Games—Howell procedure (Sauder & DeMars, 2019)
indicated that no significant difference in performance was observed between the two
amusic groups, while manifesting worse performance than the control group (see

Supplementary Table S1).

Insert Table 1, about here.

All participants were right-handed as assessed by the Edinburgh Handedness
Inventory (Oldfield, 1971). All had normal hearing and reported to have normal or
corrected-to-normal vision. None reported history of neurological or psychiatric diseases.
Ethical approval was granted by the Human Ethics Committee of Shanghai Normal
University, and all participants gave written informed consent and were paid for their
participation.

2.2 Stimuli

The stimuli for this study included 216 melodic pairs that were composed according
to the rules of the Western tonal system. For each melody, there were five tones ranging
from G3 (196 Hz) to A4 (440 Hz), where the first four tones had a duration of 0.5 s and the

final tone lasted 1 s. Each melody began with the tonic, the mediant, or the dominant, while
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the fourth tone was either the subdominant or the leading tone. In keeping with previous
studies on music structure (Jiang et al., 2016; Koelsch, 2012; Sun et al., 2020; Zhou et al.,
2019), we manipulated the music-syntactic regularities at the end of these melodies. Thus,
each pair was given a regular (the tonic, C4) and an irregular ending (the supertonic, D4)
which violated music-syntactic regularities in Western tonal music (see Figure 1). Owing to
the constraints of the first, fourth, and final tones, the final tone (the tonic in the regular or
the supertonic in the irregular melodies) in each melody might be repeated once at most.
The two melodies of a pair were identical in melodic contour, and overall, the pitch
distances between the fourth and final tones in the regular and irregular conditions were
equal (6 semitones). Specifically, in one half of the melody pairs, the pitch distance (1
semitone) between the last two tones of the regular melodies was smaller than that (3
semitones) of the irregular melodies, while in the other half of the melody pairs, the pitch
distance (5 semitones) between the last two tones of the regular melodies was larger than

that (3 semitones) of the irregular melodies.

Insert Figure 1, about here.

All pairs of melodies were then randomly divided into the testing (72 pairs) and the
training stimuli (144 pairs). For the testing stimuli, 72 regular melodies ended on the tonic,
while the 72 irregular melodies ended on the supertonic. To examine the effect of sensory
novelty (Koelsch et al., 2007; Tillmann et al., 2019) on musical structural processing, we
computed the ratio of occurrence of the tonic and the supertonic in the regular and irregular

melodies. The data were not normally distributed (Shapiro-Wilk test W= 0.64, p <.001)
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and we thus employed JASP (Version 0.17.1) to conduct a Wilcoxon signed-rank test. The
result revealed that the ratio of the supertonic (Mdn = .20, interquartile range [/QR] = .20) in
the irregular melodies was higher than that of the tonic (Mdn = .20, IQR = .20) in the
corresponding regular melodies (7'= 126.00, z = 2.34, p = .012, r, = .647, 95% CI

[.225, .865]). This result indicates that the supertonic may sound more salient than the tonic,
as pitch salience is associated with frequency of occurrence of tones: the higher the
frequency of occurrence, the more salient the tones (Krumhansl, 1990; Krumhansl &
Kessler, 1982; Lantz et al., 2020).

To model acoustic information stored in auditory short-term memory, we used the
eaR (Version 0.2.1) Package in R (Version 4.0.3) to calculate tonal
contextuality—correlations between the local and global pitch images, using method II.
This measure reflects both the degree of similarity between the immediate pitch and its
pitch context (Leman, 2000; Marmel et al., 2010) and the tension of a local pitch image
with respect to the global pitch image (Bigand et al., 2014), with higher tonal contextuality
values associated with higher degrees of similarity and lower tension levels between a local
pitch and its global context (Bigand et al., 2014). Following previous work (Collins et al.,
2014; Sears et al., 2019), the echo of the local image was kept at the default of 0.1 s,
whereas the echo of the global image was set to 4 s to be compatible with the duration of
echoic memory (Darwin et al., 1972). The data were analyzed with Wilcoxon signed-rank
test, due to deviation from normality (W = 0.85, p <.001). Results showed that tonal
contextuality values of irregular melodies (Mdn = .72, IOR = .06) were comparable to those

of regular melodies (Mdn = .71, IQR = .07), T=1382.00, z=0.38, p = .705, rv = .052, 95%
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CI[-.211, .307]. This result indicates that irregular melodies did not differ significantly
from regular melodies in tension.

The training sessions comprised 144 melodic pairs. Each pair consisted of a regular
melody ending on the tonic and an irregular melody ending on the supertonic, resulting in
288 melodies. These melodies were divided into nine blocks of 32 trials, 16 with regular
endings and 16 with irregular endings. Like the testing stimuli, we calculated the ratio of the
tonic and the supertonic. Because of nonnormally distributed (W = 0.63, p <.001), the
Wilcoxon signed-rank test was used. We found that the ratio of the supertonic (Mdn = .20,
IOR = .20) in the irregular melodies was higher than that of the tonic (Mdn = .20, IOR
=.00) in the corresponding regular melodies (7= 1176.00, z = 6.03, p <.001, v = 1.000,
95% CI[1.000, 1.000]). Likewise, we also calculated the tonal contextuality values. The
data violated the normality assumption (W = 0.86, p <.001), and the Wilcoxon signed-rank
test were thus performed. We found that irregular melodies (Mdn = .73, IQR = .06) had
larger values than regular melodies (Mdn = .71, IOR = .04), T =7049.00, z = 3.65, p < .001,
ro =.350, 95% CI [.176, .504]. Together, these results suggest that irregular melodies may
be more salient and less tense than regular melodies in the training stimuli.

All melodies were composed in C major and generated with Sibelius (Version 7.5)
and played with a piano sound (Yamaha S90ES) using Cubase (Version 5.1). Sound files
were recorded with a sampling rate of 44100 Hz, 16-bit resolution, and 705-kbps bit rate.
2.3 Procedure

Figure 2 illustrates the timeline of this study. As can be seen, the study included five
stages. In stage 1 (pretest), all groups finished the melodic structure test with behavioral and
EEG measures. After listening to a melody via Edifier R1200T loudspeakers (Edifier

Technology Co., Ltd., Beijing, China), participants were required to rate how well the
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melody fitted with their expectation on a 7-point Likert item (1 = very unexpected, 7 = very
expected) by pressing one of the number keys 1-7 on the computer keyboard. They were
encouraged to use the whole range of the item. All melodies were presented
pseudorandomly such that melodies with the same type of endings (regular or irregular) did
not occur more than three times consecutively. Prior to the test, participants were provided
with four practice trials to familiarize them with the task and were asked to adjust the sound

volume to their most comfortable listening level.

Insert Figure 2, about here.

In stage 2 (training), only the training group received 9 sessions of training over 4.5
weeks. These training sessions were administered twice per week; each lasted about 40 min.
During training, participants sat alone in front of a computer in the lab, listened to one
melody at a time, and judged after the completion of music whether the tones of the melody
followed one another in an expected manner by pressing the “F” or “J” key on a computer
keyboard. The text “Correct” or “Incorrect” and the proportions of correct responses were
then displayed on the computer screen. After making 1-3 consecutive correct judgements,
participants were required to describe their perceptual experiences during listening to the
melodies and to memorize the association between a certain perceptual state and a response
(expected or unexpected). Because of a lack of music expertise, participants often utilized
similes to describe their perceptual experiences. For example, an expected/regular melody
was frequently described as “This melody is like a complete sentence, a flat road, or a

relaxed heart.”, whereas an unexpected/irregular melody was frequently described as “This
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melody is like an incomplete sentence, a downhill/uphill road, or an anxious heart.” When
an incorrect judgement was made, the participants were also encouraged to verbalize their
perceptual experiences of the melody. They then listened to this melody and made a
judgement again. If the participants still made an incorrect response, they would be
presented with the regular and irregular versions of this melody in succession, and required
to compare their perceptual experiences about the two versions. The duration of the training
sessions was determined by participants’ performance, for which the criteria for termination
gradually increased over the nine sessions. Training ended if the amusic participants
achieved at least 75% correct for the first two sessions, 80% correct for the middle five
sessions, and 90% correct for the last two sessions. However, the criteria were not met by
one participant during the Sessions 1, 2, 4, 5, and 7 and two participants during the Sessions
3, 6, 8 and 9. These training sessions were terminated after 40 min for these participants.
For Sessions 1 and 2, participants undertook at least three blocks; for Sessions 3-7,
participants learned through at least two blocks; for Sessions 8 and 9, participants went
through at least one block.

In stages 3 (posttest) and 4 (3-month follow-up), the procedure was identical to that
during pretest. All of the participants completed the measures, whereas only trained amusics
were invited to complete the follow-up test 3 months after training considering that
cognitive representations of basic music-syntactic regularities in adults are remarkably
stable and are less influenced by short-term musical experience (Carrion & Bly, 2008;
Koelsch & Jentschke, 2008). In stage 5 (10-month follow-up), both trained and untrained
amusics were asked to return to the lab and complete the MBEA and pitch threshold tests to

see if there was a transfer effect.
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2.4 EEG Recording and Preprocessing

EEG activity was continuously acquired from 64 Ag/AgCl electrodes positioned on
an elastic cap according to the international 10-20 system, using a NeuroScan Acquire 4.3
(Compumedics NeuroScan Inc., Charlotte, NC, USA). To monitor the eye movement
artefact, vertical electrooculogram signals were recorded from two bipolar electrodes placed
over the upper and lower eyelids of the left eye, while horizontal electrooculogram signals
were recorded from two electrodes placed 1 cm lateral to the external canthi. The left
mastoid electrode (M1) was used as reference, and the forehead electrode (GND) served as
ground. EEG signals were sampled at 500 Hz, online filtered between 0.05 and 100 Hz, and
amplified with an AC-coupled NeuroScan Synamps amplifier. Electrode impedances were
kept below 5 kQ.

The acquired EEG signals were preprocessed offline using the NeuroScan Edit
software (Version 4.5). First, the raw EEG data were rereferenced to the mean between both
mastoids. Next, ocular artifacts were removed using a regression procedure implemented in
the NeuroScan software (Semlitsch et al., 1986). Continuous data were then filtered with a
zero-phase shift 0.1-30 Hz band pass filter (24 dB/oct slope), and epoched for 0.2 s before
and until 1 s after the final tone onset. After this, baseline correction (—0.2—-0 s) was applied
to the data. Subsequently, trials with artifacts exceeding + 75 uV at any channel were
automatically rejected. Finally, trials were averaged by each condition for each participant
at each electrode.

2.5 Statistical Analyses

The data were first tested for normality with the Shapiro-Wilk test and/or

homoscedasticity with Levene’s test using jamovi (Version 2.3.24), or sphericity with

Mauchly’s test using IBM SPSS Statistics (Version 29), given that violations of the
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assumptions can result in high probability of type I error, relatively poor power, or
inaccurate confidence intervals (Erceg-Hurn & Mirosevich, 2008; Wilcox, 2022; Wilcox &
Serang, 2017). If the assumptions of analysis of variance (ANOVA) in factorial designs
were met, then parametric tests were performed; if any assumption was violated, then
nonparametric tests were conducted (Field, 2017). The aligned rank transform (ART) is a
nonparametric procedure that can be used to examine both main and interaction effects in
ANOVA (Elkin et al., 2021; Wobbrock et al., 2011). Briefly, the ART procedure first aligns
the data separately for each effect. The aligned data are then ranked and a classical
parametric ANOVA is performed on the aligned ranks for every effect (Feys, 2016;
Wobbrock et al., 2011; Wobbrock & Kay, 2016). When there was a significant main or
interaction effect, nonparametric multiple pairwise comparisons with the ART-C algorithm
were followed up (Elkin et al., 2021).

The parametric ANOVAs were based on Type III sums of squares and implemented
with jamovi. The nonparametric ANOV As were also based on Type III sums of squares and
run in the ARTool (Version 0.11.1) package in R (Version 4.2.2) and RStudio (Version
2022.07.2+576), where a linear mixed-effects model with subjects as a random effect was
fit for every dependent variable using the art() function. Following an interaction or a main
effect, post hoc pairwise comparisons with Holm-Bonferroni correction (Streiner, 2015) and
no correction were conducted across all possible pairs. However, in the interest of space, we
only reported the most interesting and meaningful comparisons.

For behavioral data, a nonparametric three-way ANOVA was conducted using a
linear mixed-effects model with group (trained amusics, untrained amusics, controls), time
(pretest, posttest) and regularity (regular, irregular) as fixed effects and subjects as a random

effect, because the data partly violated normality or homoscedasticity. For ERP data, mean
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amplitude values in the time window of 150-250 ms after the final tone onset were first
computed for two regions of interest (ROIs): left anterior (AF3, F1, F3, F5, FC1, FC3, FC5)
and right anterior (AF4, F2, F4, F6, FC2, FC4, FC6). The time window was selected a priori
on the basis of previous research on the ERAN that used the explicit task with a similar age
group and more female participants (Fiveash et al., 2018). The appropriateness of this time
window for the ERAN was confirmed by visual inspection of the current data. The ERAN is
mainly generated at the anterior electrode sites and located primarily in the frontal regions
(Koelsch, 2012), especially when there are more females than males in the sample (Koelsch
et al., 2003). Hence, we focused on the average of the frontal electrodes, thereby reducing
the familywise error rate (Kappenman & Luck, 2016; Luck, 2014; Luck & Gaspelin, 2017).
The choice of frontal electrodes was also based on and was identical to prior studies that
used 64 scalp electrodes (Koelsch et al., 2013; Zhou et al., 2019). Then, a parametric four-
way ANOVA was conducted with group as a between-subjects factor and time, regularity,
and hemisphere (left, right) as within-subjects factors, because all data were normally
distributed (Ws > 0.83, ps > .061) and had equal variances (F's < 2.46, ps > .107).

The p value from the conventional null hypothesis significance testing is the
probability of observing a test statistic as extreme or more extreme than that observed when
the null hypothesis is true, but it cannot measure the size of an effect or the importance of a
result (e.g., Wasserstein & Lazar, 2016; Wasserstein et al., 2019). In contrast, effect sizes
and confidence intervals (Cls) provide estimates of the magnitude of the effect and the
precision of their estimates, and are often used directly to infer significance levels (e.g.,
Calin-Jageman & Cumming, 2019a, 2019b; Cohen, 1990; Kline, 2013; Nakagawa &
Cuthill, 2007). Indeed, the American Psychological Association (APA, 2010, 2020), as well

as some researchers (e.g., Cumming, 2013, 2014; Griffiths & Needleman, 2019;
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Karadaghy et al., 2017), strongly recommend reporting effect sizes and their Cls and using
them to interpret results and draw conclusions whenever possible. Previous studies have
focused on effect sizes and Cls to infer a significant effect, regardless of whether p values
are reported (e.g., Biderman et al., 2019; Birmingham et al., 2015; Brown-lannuzzi et al.,
2015; Caplan et al., 2019; Kubitl & Janata, 2022; Samson et al., 2019; Saunders et al.,
2018). If the CI for the effect size includes zero, the effect does not exist; if the CI excludes
zero, the effect does exist (Cheung et al., 2022; Perdices, 2018; Schober et al., 2018; Sohn,
1982; Steiger, 2004). Furthermore, it is recommended that effect sizes of Cohen’s d = 0.20,
0.50, and 0.80 (Cohen, 1988) and w? = .01, .06, and .14 (Kirk, 1996) should be used as
minimum cutoffs to interpret small, medium, and large effects, respectively. In the present
study, we employed effect sizes and Cls for interpreting the results. We used the effectsize
package (Version 0.8.1) to calculate an effect size and its CI (d and w,? with 95% CI). The
raw data and code are available in the Supplementary Material.
3 Results

3.1 Training

Trials were discarded if the reaction time was less than 200 ms (anticipatory
responses) or longer than 3 SD above everyone’s mean for each training session. Figure 3
illustrates the percentage of correct responses across the nine training sessions for trained
amusics. Although the percentages did not depart from normality (Ws > 0.85, ps > .090),
Mauchly’s test was not available as the sample size was smaller than the number of
repeated measurements. Therefore, the Greenhouse-Geisser correction (¢ = 0.57) was
applied to adjust the degrees of freedom (Barcikowski & Robey, 1984) from one-way

repeated measures ANOVA with training session as a within-subjects variable.
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Insert Figure 3, about here.

The ANOVA revealed a main effect of training session with a large effect size,
F(4.57,32.01)=6.39, p < .001, 0,> = .396, 95% CI [.074, .569]. We performed all 36 post
hoc pairwise comparisons between the different training sessions using paired sample ¢ tests
(see Supplementary Table S2), but only presented eight pairs of the comparisons here in the
main text. This is because we were primarily interested in the differences in performance
between the first training session and the later sessions. Although the p values for most
comparisons became nonsignificant after Holm adjustment, their effect sizes were large
(Cohen, 1988), indicating that amusics scored higher on Session 2 (#(7) = 2.81, puncorrected
=.026, phoim = .736, d = 1.06, 95% CI [0.12, 1.96]), Session 3 (#7) = 2.76, puncorrected = 028,
Pholm = .739, d =1.04, 95% CI [0.11, 1.93]), Session 4 (#(7) = 3.96, puncorrected = -005, pholm
=.180,d =1.50, 95% CI [0.41, 2.54]), Session 5 (#(7) = 4.00, puncorrected = .005, phoim = .176,
d=1.51,95% CI[0.42, 2.56]), Session 6 (#(7) = 2.78, puncorrected = .027, phoim = .739, d =
1.05, 95% CI1[0.11, 1.94]), Session 7 (#(7) = 3.19, puncorrected = 015, proim = .442, d = 1.21,
95% CI[0.22, 2.15]), Session 8 (#(7) = 6.08, puncorrected < .001, phoim = .018, d =2.30, 95%
CI[0.89, 3.67]) and Session 9 (#(7) = 4.96, puncorrected = .002, phoim = .057, d = 1.87, 95% CI
[0.64, 3.07]) than Session 1. These results indicate that the training improved the

performance increasingly.
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3.2 Pretest versus Posttest
3.2.1 Behavioral Results

Amusics’ and controls’ ratings on the regular and irregular melodies are plotted in
Figure 4. As can be seen, relative to the control group, the two amusic groups had difficulty
in distinguishing regular from irregular melodies at pretest. However, trained but not
untrained amusics differentiated regular from irregular melodies as controls at posttest,
showing a positive effect of music training. These findings were confirmed by the three-
way ANOVA on the aligned ranks, which revealed a significant effect of regularity with a
large effect size (F(1, 72) = 151.27, p < .001, o,> = .670, 95% CI [.545, .754]), but no
effects of time (F(1, 72) = 5.55, p = .021, wp> = .058, 95% CI [.000, .188]) and group (F(2,
24)=3.87, p=.035, 0> = .175, 95% CI [.000, .416]) despite significant p values. There
were medium-to-large effect sizes for the two-way interactions of Time x Group (F(2, 72) =
5.54, p = .006, ,* = .108, 95% CI [.004, .245]), Time x Regularity (F(1, 72) = 16.65, p
<.001, op> = .175, 95% CI [.044, .330]), and Group x Regularity (F(2, 72) =24.47, p
<.001, op> = .385, 95% CI [.208, .523]). There was also a large effect size for the three-way
interaction of Time x Group x Regularity (F(2, 72) = 12.64, p < .001, wp*> = .237, 95% CI
[.077, .386]). All 66 pairwise comparisons (see Supplementary Table S3) were carried out
post hoc, but only the six comparisons of interest were reported here, examining whether
each group of participants was able to distinguish between regular and irregular melodies at
pretest and posttest. Results showed that there were no significant differences in
expectedness ratings between regular and irregular melodies for trained (#(72) = 1.89,
Puncorrected = -063, phoim = 1.000, d = 0.22, 95% CI [-0.01, 0.46]) and untrained (#(72) = 1.74,
Puncorrected = -085, proim = 1.000, d = 0.21, 95% CI [-0.03, 0.44]) amusics at pretest, while

controls gave higher ratings for regular than irregular melodies (#(72) = 8.39, puncorrected
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<.001, proim <.001, d=0.99, 95% CI [0.70, 1.27]). Nevertheless, unlike untrained amusics
(7(72) = 1.62, puncorrected = 110, pnoim = 1.000, d = 0.19, 95% CI [—0.04, 0.42]), trained
amusics (#(72) = 8.18, puncorrected < .001, phoim <.001, d =0.96, 95% CI [0.68, 1.24]) and
controls (#72) = 8.61, puncorrected < .001, prom < .001, d =1.01, 95% CI[0.73, 1.30]) gave
higher ratings for regular than irregular melodies at posttest. According to Cohen’s (1988)
criteria, effect sizes (d) of 0.96 for trained amusics and 1.01 for controls were considered

large and comparable.

Insert Figure 4, about here.

3.2.2 ERP Results

The ERP results were in line with the behavioral results. Figure 5 and Figure 6 show
the brain electric responses to regular and irregular melodies. As can be seen, no ERAN
(150-250 ms) was evoked in trained or untrained amusics at pretest, while controls
exhibited the ERAN with a bilaterally distributed topography over the scalp. However, like
controls, trained but not untrained amusics showed a bilateral ERAN effect at posttest.
These observations are verified by a large effect size for the interaction of Time x Group X
Regularity (see Table 2). All 66 possible comparisons (see Supplementary Table S4) were
done post hoc, but only the six comparisons of interest were presented here, examining
whether each group of participants evoked an ERAN effect at pretest and posttest. Although
a nonsignificant p value after Holm correction was observed, there was an ERAN effect
with a medium effect size for controls (#(24) = 3.39, puncorrected = .002, phoim = .149, d = 0.69,

95% CI [024, 113]) but not fOI‘ elther '[I'alned (t(24) = 026, puncorrected = .799, pholm = 1.000,
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d=0.05,95% CI [—0.35, 0.45]) or untrained (#(24) = 0.32, puncorrected = -753, Photm = 1.000, d
=0.07, 95% CI [—0.34, 0.47]) amusics at pretest. Similarly, the ERAN effect with a
medium-to-large effect size was found in controls (#(24) = 3.17, puncorrected = .004, Phoim
=.245,d = 0.65, 95% CI [0.20, 1.08]) and trained amusics (#(24) = 4.49, puncorrected < .001,
Phoim = .010, d = 0.92, 95% CI [0.43, 1.39]) but not in untrained amusics (#(24) = —1.08,

Puncorrected = -289, phoim = 1.000, d =—0.22, 95% CI [-0.62, 0.19]) at posttest.

Insert Figure 5, about here.

Insert Figure 6, about here.

Insert Table 2, about here.

3.3 Posttest versus Follow-Up (Trained Amusics Only)
3.3.1 Behavioral Results

Figure 7 displays expectedness ratings of the regular and irregular melodies by
seven of the eight trained amusics at posttest and at 3-month follow-up (one trained amusic
participant dropped out of the study at follow-up). The ratings for all conditions were

normally distributed (Ws > 0.83, ps > .082). Thus, the data were submitted to a parametric
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repeated measures ANOVA with time (posttest, follow-up) and regularity as the within-
subjects factors. We found a significant main effect of regularity (#(1, 6) = 21.22, p =.004,
op? =.717,95% CI[.121, .883]), with regular melodies (M = 5.48, SE = 0.29) receiving
higher expectedness ratings than irregular melodies (M = 2.74, SE = 0.41). The main effect
of time (F(1, 6) = 0.28, p = .614, 0> = —.099, 95% CI [.000, .000]) and the interaction of
time and regularity (F(1, 6) = 0.002, p = .970, ,> = —.143, 95% CI [.000, .000]) were not

significant, indicating that the training effect remained after 3 months.

Insert Figure 7, about here.

3.3.2 ERP Results

This training effect was also observed in the ERAN brain response (150-250 ms) as
illustrated in Figure 8. Because the ERP amplitudes for all conditions were normally
distributed (Ws > 0.87, ps > .177), we performed a parametric repeated measures ANOVA
with time, regularity and hemisphere as the within-subjects factors. The ANOVA (see Table
3) revealed a large effect size for the main effect of regularity, because irregular endings
elicited a more negative-going deflection (M = 3.91 uV, SE = 0.54) than regular endings (M
=5.49 uV, SE = 0.57). Furthermore, neither a main effect of time nor time-related
interactions were found, indicating that the ERAN effect maintained from posttest to 3-

month follow-up.

Insert Figure 8, about here.
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Insert Table 3, about here.

3.4 Pretest versus Follow-Up for MBEA and Pitch Threshold Performance (Trained
and Untrained Amusics)

Table 4 presents all MBEA scores and pitch perception thresholds of the seven
trained and six untrained (two participants withdrew from the study at follow-up) amusics at
pretest and 10-month follow-up. The two-way mixed ANOV As with time (pretest, follow-
up) as a within-subjects factor and group (trained amusics, untrained amusics) as a between-
subjects factor were performed on the global MBEA score and the six subtest scores,
respectively. There was a large-sized effect of time on the MBEA global score. This
improvement was primarily related to great improvements in the Memory and Rhythm
subtests. These results indicated that although there was no improvement in pitch-related
subtests (Scale, Contour, and Interval), both trained and untrained amusics significantly
improved their rhythm and memory performance from pretest to follow-up. In addition, no

training effect was observed in any pitch threshold.

Insert Table 4, about here.

In order to investigate whether the training would influence controls’ performance,
four additional control participants were trained using the same protocol for the amusics.

Individuals’ performance during the nine training sessions demonstrated no obvious
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improvement (see Supplementary Figure S1). This led to no improvement in the explicit
processing of melodic structure at both behavioral and neural levels after training. These
findings suggest that controls have reached the best performance on our melodic structure
task before training.
4 Discussion

Using EEG, we examined whether the redescription-associate learning method
could improve explicit processing of melodic structure in individuals with amusia. Our first
main finding is that through the redescription-associate learning method, impaired explicit
processing of melodic structure in amusia was altered to be at a normal level. Specifically,
prior to training, amusic individuals failed to consciously distinguish regular from irregular
melodies. This finding is compatible with prior behavioral data (Jiang et al., 2016; Omigie
et al., 2012; Peretz et al., 2009; Zendel et al., 2015) and ERP data (Peretz et al., 2009;
Zendel et al., 2015) suggesting the deficits in processing melodic structure, as evidenced by
the poor judgment and the absence of the ERAN evoked by irregular melodies in
individuals with amusia. Such anomalies may result from gray (Mandell et al., 2007) and
white (Albouy et al., 2013; Loui et al., 2009; Wang et al., 2017) matter abnormalities in the
frontotemporal network (Loui, 2016; Peretz, 2016).

At posttest and the 3-month follow-up, however, trained but not untrained amusics
performed as well as controls at both the behavioral and neural levels, as evidenced by their
improved rating scores and the emergence of an ERAN effect, suggesting that the deficit in
processing melodic structure can be ameliorated by the redescription-associate learning
method. Indeed, previous work has indicated that low-level pitch discrimination (Whiteford
& Oxenham, 2018) and pitch direction identification (Liu et al., 2017) in amusics can be

improved with pitch perception training. Given that the dissociation between implicit and
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explicit processes was also found in pitch discrimination (e.g., Lu et al., 2017; Moreau et
al., 2009; Moreau et al., 2013; Whiteford & Oxenham, 2017), redescription-associate
learning may have the potential to improve amusics’ lower-level pitch discrimination if
training focused on explicit pitch discrimination. Furthermore, the observed behavioral and
ERP effects indicate that trained amusics were able to process the hierarchy of stability of
tones in tonality. Given that the ability to process the hierarchy of scale tones is the basis for
the processing of tonal melodic and harmonic structures (Krumhansl & Keil, 1982; Patel,
2008), it is expected that trained amusics would be capable of processing melodies ending
with other scale tones and harmonic sequences. In addition, apart from psychoacoustic
attributes, tonal hierarchical information also carries emotional connotations of music (Jiang
et al., 2017). Indeed, perceived tonal stability is correlated with perceived and felt musical
tension (Bigand et al., 1996; Lehne et al., 2013; Steinbeis et al., 2006) and emotion
(Maimon et al., 2022; Steinbeis et al., 2006). In this case, we may reasonably suppose that
the reduced sensitivity to musical tension in amusia (Jiang et al., 2017) would be enhanced
by the increased perception of tonal stability through redescription-associate learning. Such
a hypothesis must, however, be empirically tested. Taken together, the present study
extends the findings of previous training studies by showing that the processing of higher-
level musical pitch structure in amusics can be improved with the redescription-associate
learning method at both behavioral and neural levels, and indicates that an appropriate
training method has a substantial impact on neural and behavioral plasticity.

Regarding what amusics actually learned during the training program, one may
wonder whether it was indeed the learning of tonal structures or any other skills. Based on
the current results, it can be inferred that what amusics learned during the training session is

related to the tonal structures. First, the observed effects cannot be ascribed to the learning



O ~Jo Ul b WN

OO NCTUITTUIUTUIUTUTOTOT S DB BB DEDDEDWWOMWWWWWWWWNNNNMNNNMNNNMNNNERERERRRR R R
OB WNHFRFOWOJdNTTDdWNROWVW®O-JANUDWNROW®®-JdOAUDRWNROWWTIANUBRWNREOWO®O-TU S WNR OO

26

of melodic contour, because the regular and irregular melodies shared the same melodic
contour. The learning was also unlikely to be about interval size, as the overall pitch
distances between the fourth and final tones in the regular and irregular conditions were
equal, with the first four tones being the same. Second, the observed effects cannot be
ascribed to tone repetition or sensory influences. In our stimuli, the irregular ending tone
had a higher ratio of occurrence and similar or higher tonal contextuality values than the
regular ending tone, suggesting that the irregular ending tone was more salient and not more
tense than the regular one. Based on these sensory features alone, it is impossible for the
irregular ending to elicit a larger ERAN than the regular ending, as the ERAN reflects the
processing of violations of tonal structures (Koelsch, 2012; Zendel et al., 2015), rather than
that of tone repetition or sensory features. Finally, the learning was unlikely related to the
possibility that trained amusics had simply learnt the difference between the tones C4 and
D4, by memorizing the associations of these tones with their own responses after training. If
this were the case, however, amusics would not have shown an ERAN response to the
violations of tonal structures as demonstrated in our posttest and 3-month follow-up results.
Thus, it can be concluded that amusics learned the tonal structures during the training
program, rather than the other possibilities discussed above.

At 10-month follow-up, amusics’ global MBEA scores increased as compared to
pretest, because of their improved performance on the Rhythm and Memory subtests, but
not on the pitch-related subtests. These findings are consistent with a previous study
suggesting that trained amusics and controls (who received white noise localization training
for 4 days) and untrained controls improved on the melodic and global MBEA performance
(Whiteford & Oxenham, 2018). These improvements in our study most likely resulted from

the retest or practice effect rather than the training effect. This is because both trained and
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untrained amusics showed improvement. Specifically, the improvement in memory appears
to be related to instructions to participants. In the Memory subtest, participants need to
decide whether they had heard the melody in the previous subtests (Peretz et al., 2003;
Vuvan et al., 2018). When taking the MBEA for the first time, participants were not
informed in advance that the melodies would be tested later and thus might not consciously
remember them. When taking the test again, participants knew they would have a memory
test later and thus might consciously remember them, which may lead to a better
performance. Previous studies have also reported that memory performance would be
enhanced by retest in children (Peretz et al., 2013) and adults (Lima et al., 2018). Likewise,
the improvement in rthythm is possibly due to repeated exposure to the test materials.
Nonetheless, this speculation needs to be further verified.

It is not surprising that our training on melodic structure did not have positive effects
on pitch discrimination subtests of the MBEA and pitch detection/discrimination sensitivity.
This is because the aims of the present study were to investigate the effects of music
training on the processing of melodic syntactic structure, and the experimental design thus
did not focus on low-level pitch perception. Therefore, the lack of the effect of music
training on the MBEA performance may be attributed to the dissociation between low-level
pitch perception and higher-level structural processing. Taking pitch dimension as an
example, while pitch discrimination depends on sensitivity to pitch change, the processing
of melodic structure is based on sensitivity to tonality, as sensitivity to tonality is a key
premise for the processing of musical pitch structure (Krumhansl & Keil, 1982; Patel,
2008). Indeed, previous studies have also shown that impaired musical pitch structure
processing is unrelated with performance on the Contour and Interval subtests of MBEA in

amusia (Jiang et al., 2016; Tillmann, Lalitte, et al., 2016) and pitch perception thresholds
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(Jiang et al., 2016; Omigie et al., 2012; Tillmann, Lalitte, et al., 2016; Zhou et al., 2019).
Therefore, the present study confirms that low-level pitch perception and higher-level
structural processing may be independent from each other.

Our second main finding is that the redescription-associate learning could be an
effective method to remediate impaired explicit processes for individuals with amusia.
Previous studies have demonstrated that individuals with amusia show impaired processing
of musical structure in an explicit (e.g., Jiang et al., 2016; Peretz et al., 2009; Zhou et al.,
2019), but not in an implicit manner (e.g., Omigie et al., 2012; Tillmann et al., 2012; Zendel
et al., 2015). In this case, we designed the redescription-associate learning paradigm and
demonstrated that impaired explicit processing of melodic structure could be remedied by
this paradigm, suggesting neural and behavioral plasticity in amusics. Our findings confirm
the role of representational reorganization through verbal reports in the externalization
process (e.g., Cleeremans, 2019; Karmiloff-Smith, 1986; Park, 2015) and provide important
support for representational redescription model, suggesting that implicit representations
can be redescribed into explicit representations (Karmiloff-Smith, 1986, 1991, 1992, 1994).
The redescription-associate learning also suggests that participants need to establish and
memorize the associations between explicit representations of perceptual states and their
responses. This may be crucial to consolidate explicit representations. Once associated,
when similar perceptual states recurred, they would trigger the correct responses associated
with them.

Considering that the redescription-associate learning paradigm focused on the
dissociation between implicit and explicit processes, it may have clinical implications
beyond amusia. As a neurodevelopmental disorder, amusia is akin to other

neurodevelopmental disorders such as developmental dyslexia with impairment in reading
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and congenital prosopagnosia with impairment in face recognition (Couvignou & Kolinsky,
2021; Couvignou et al., 2019, 2023; Mignault Goulet et al., 2012; Peretz, 2016).
Specifically, dyslexics or prosopagnosics exhibit intact implicit but impaired explicit
processing of phonemes (Bonte & Blomert, 2004; McPherson et al., 1998; Mundy &
Carroll, 2012) or faces (Eimer et al., 2012; Rivolta et al., 2012; Stumps et al., 2020)
respectively. In other words, these disorders are linked to abnormalities in conscious access
to stored implicit knowledge. Based on the similarity of the dissociation between implicit
and explicit processes, it seems reasonable to speculate that the redescription-associate
learning method might be effective in reducing deficits of awareness in dyslexics and
prosopagnosics. However, future research is needed to test these hypotheses.

There are some potential methodological limitations to this study. First, the sample
size was relatively small due to the rarity of amusia. It is necessary to conduct additional
research with a large sample size in order to verify the efficacy of the redescription-
associate learning and the generalizability and the reliability of the findings. Second,
although we found the positive effect of music learning on explicit processing of melodic
structure for individuals with amusia, this effect reflects near transfer of learning, as similar
types of melodic stimuli were used in both the training and testing sessions. Indeed, the
scores of the MBEA and pitch threshold might reflect far transfer effect in the present study.
However, these data were collected at 10-month follow-up, rather than at posttest and 3-
month follow-up after training. Such a manipulation cannot rule out the possibility that far
transfer effect may occur earlier, such as at posttest or 3-month follow-up. Therefore, the
need for future research to corroborate the near and far transfer effects of the redescription-

associate learning on musical structural processing in amusia is warranted.
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In conclusion, this study shows that redescription-associate learning may improve
explicit processing of musical pitch structure in amusics to a normal level, and this
improvement might last up to at least 3 months posttest. These findings provide the first
direct evidence of a link between training and neural plasticity in amusics, and suggest that
redescription-associate learning may be an effective method to remedy impaired explicit
processes at both low-level pitch detection/discrimination and high-level pitch structure
processing not only for amusics, but also for those individuals with neurodevelopmental
disorders who show preserved implicit but impaired explicit processing.
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26
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Measure
28
29

Trained amusics

(n=28)

Untrained amusics

(n=28)

Controls

(n=11)

Group difference

éiemographic variable

32
#Age (years)

34

Bex (male/female)
36

Fducation (years)
38

MBEA

40

4Scale
42

4 ontour
44

2 gnterval

j ;Rhythm

é ?/Ieter

gg\/[emory
gj\/[elodic score
gZGIObal score (%)

glgitch

demitones)

perception

61
62
63
64
65

threshold

22.75+1.58
2/6
15.63 +1.41

19.25 +2.38
19.00 £3.16
18.00 £2.98
20.75£4.33
16.38 £3.02
20.75 £3.58
56.25 +5.65
63.40 £6.15

23.63 +£2.26
3/5
16.38 £2.07

16.63 £2.72
19.00 £3.46
17.38 £3.96
19.50 £ 4.66
19.38 £5.60
20.38 £5.34
53.00 £ 7.46
62.36 £6.52

23.27+1.56
3/8
16.64 £ 1.43

27.27 £1.56
27.18 £1.08
27.45+1.57
27.36 £2.01
27.09 +£1.97
27.82 +£1.89
81.91 +£3.18
91.21+2.43

F(2,24)=0.48, p = .624, 0,% = —.040, 95% CI [.000, .000]

p = 1.000, Fisher’s exact test

F(2,24)=0.91, p = 415, 0,2 =—.007, 95% CI [.000, .000]

F(2,24)=61.85, p <.001, 0, = .818, 95% CI [.657, .889]

F(2,10.65) =39.99, p <.001, w,? = .851, 95% CI [.579, .
F(2, 11.74) = 47.60, p < .001, w,* = .863, 95% CI [.634, .
F(2, 11.60) = 15.18, p <.001, w,* = .660, 95% CI [.209, .
F(2,12.13) = 39.45, p < .001, w,* = .836, 95% CI [.574, .
F(2,11.58) = 17.10, p < .001, w,* = .688, 95% CI [.255, .
F(2, 12.00) = 99.26, p < .001, w,* = .929, 95% CI [.808, .
F(2,11.09)= 124.41, p < .001, @,> = .946, 95% CI [.846, .

926]
930]
823]
915]
839]
964]
973]
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18
19
20
21
22
23
24
25

53

Pitch change detection 1.81 £1.65 1.10+1.12 0.45+0.30 F(2,10.02)=3.56, p = .068, wp* = .282, 95% CI [.000, .605]
Pitch direction discrimination 548+ 1.83 4.54+1.53 2.12+£2.15  F(2,15.65)=6.96, p =.007, wp> =.390, 95% CI [.008, .638]

As
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Note. The maximum score is 30 for each MBEA subtest, and 90 for the melodic score that is the sum of the scores on the scale,
contour, and interval subtests. Values are M + SD. Because the data on age, education, and scale were normally distributed and had
equal variances, the classic Fisher’s F-test was used; but the data on other measures violated any assumption, the Welch’s F-test was

used (Delacre et al., 2019; Liu, 2015).
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53
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55
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Table 2

ANOVA Results for the Effects of Time, Group, Regularity and Hemisphere on the ERAN (150-250 ms)

Effect F df p @p 95% CI

Time 7.24 1,24 .013 .194 [.000, .452]
Group 0.64 2,24 .536 —-.027 [.000, .000]
Regularity 13.43 1,24 .001 323 [.055, .561]
Hemisphere 4.42 1,24 .046 116 [.000, .373]
Time x Group 1.76 2,24 193 .053 [.000, .254]
Time x Regularity 3.63 1,24 .069 .092 [.000, .344]
Time x Hemisphere 0.20 1,24 .658 —.032 [.000, .000]
Group x Regularity 5.34 2,24 012 243 [.000, .482]
Group x Hemisphere 1.89 2,24 173 .062 [.000, .269]
Regularity x Hemisphere 2.46 1,24 130 .053 [.000, .291]
Time x Group x Regularity 7.45 2,24 .003 323 [.030, .551]
Time x Group x Hemisphere 1.38 2,24 271 027 [.000, .193]
Time x Regularity x Hemisphere 0.23 1,24 .633 —.031 [.000, .000]
Group x Regularity x Hemisphere 3.90 2,24 .034 177 [.000, .418]
Time x Group x Regularity x Hemisphere 1.36 2,24 276 .026 [.000, .190]
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Table 3

ANOVA Results for the Effects of Time, Regularity and Hemisphere on the ERAN (150-250 ms) in Trained Amusics

Effect F(1, 6) )% o)’ 95% CI

Time 343 x10° .999 —.143 [.000, .000]
Regularity 22.98 .003 733 [.146, .890]
Hemisphere 1.98 209 .109 [.000, .573]
Time xRegularity 2.12 196 123 [.000, .584]
Time x Hemisphere 0.08 788 —-.130 [.000, .000]
Regularity x Hemisphere 0.03 .870 —.138 [.000, .000]
Time x Regularity x Hemisphere 1.96 212 107 [.000, .571]
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18

19 56

20

21

22 Table 4

23

;é Means, Standard Deviations, and Two-Way ANOVA for MBEA and Pitch Threshold

26

;g/[easure Trained amusics Untrained amusics ANOVA

ég Pretest Follow-up Pretest Follow-up Effect F(1,11) p cop2 95% CI
?ZMBEA

33 Scale 18.71+1.98 20.86+3.53 16.67+2.80 19.67+4.59 Time 5.08 .045 239 [.000, .584]
34 Group 1.24 290 .018  [.000, .337]
;32 Time x Group 0.14 714 —.071 [.000, .000]
5 Contour 19.29+3.30 19.00+2.24 19.67+3.78 21.33+2.50 Time 0.47 505 —.043  [.000, .000]
38 Group 1.03 331 .002  [.000, .227]
39 Time x Group 0.95 351 —-.004 [.000,.000]
40 Interval 18.14+3.18 20.57+2.57 17.17+£3.92 19.83+3.71 Time 2.89 117 127 [.000, .492]
jé Group 0.60 454 —.032  [.000, .000]
43 Time x Group 0.01 938  —.082 [.000,.000]
44 Rhythm 20.14+4.30 23.43+2.51 19.83+5.23 23.83+1.17 Time 9.27 011 389 [.004, .681]
45 Group 0.001 977  —.083 [.000, .000]
46 Time x Group 0.09 771 =075 [.000, .000]
4o Meter 16.43+£3.26 1843+532 19.83+£6.05 20.00+3.95 Time 0.56 471 —035  [.000,.000]
49 Group 1.28 283 .021 [.000, .346]
50 Time x Group 0.40 540 —.048 [.000, .000]
51 Memory 20.14+3.39 25.57+2.57 20.00+6.26 25.83+3.43 Time 29.16  <.001 .684  [.270,.841]
gg Group 0.001 977  —.083 [.000, .000]
52 Time x Group 0.04 .850  —.080 [.000, .000]
55 Global score (%) 62.70+6.28 71.03+4.41 62.87+5.68 72.50+7.25 Time 21.24  <.001 .609 [.167,.802]
56 Group 0.09 765 —=.075 [.000, .000]
57 Time x Group 0.11 746 —.073  [.000, .000]

6
61
62
63
64
65

g itch perception
emitones)

threshold
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17
18
19
20
21
22
23
24
25
26
27
28

2.0

Pitch change detection

Pitch direction discrimination

1.67+1.73

5.19+1.76

0.91 £0.52

2.99 £ 1.62

1.18 £1.30

4.60 £1.23

0.68 +0.76

4.24 +2.64

Time

Group

Time x Group
Time

Group

Time X Group

1.74
1.27
0.01
7.77
0.12
4.06

214
284
924
018
132
.069

.054
.020
—.082
342
—.073
191

57

.000,
[.000,
.000,
[.000,
.000,
.000,

4091
344]
.000]
653]
.000]
547]

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Note. Values are M + SD. The data on pitch change detection violated normality, the ANOVA thus was based on the aligned-and-

ranked data. However, the ANOV As on other measures were based on the original data due to normality and homogeneity of

variances.
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Figure 1

Examples of Melodies With a Regular and an Irregular Ending
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Figure 2

Timeline of Testing and Training

A Trial
Does music meet your Correct or Incorrect.
ﬂ expectations? ) .4
s
Yes or No. Accuracy is ...%.
Music listening Response Feedback Verbal reports

Trained Amusics

Untrained Amusics

Controls

59

Behavioral measures

9 training sessions

Behavioral measures

Behavioral measures

MBEA

EEG measures (4.5 weeks) EEG measures EEG measures Pitch threshold test
Behavioral measures Behavioral measures MBEA
EEG measures EEG measures Pitch threshold test
Behavioral measures Behavioral measures
EEG measures EEG measures
Pretest Training Posttest A 3-month Follow-up A 10-month Follow-up
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Figure 3

Percentage of Correct Responses Across the Nine Training Sessions for Trained Amusics

100-

90-

80-

70-

Percent Correct (%)

60-

50-

1 2 3 4 5 6 7 8 9
Training Session

Note. Each data point represents an individual sample. These data are summarized in
boxplots in which the bisecting line marks the median, the box signifies the upper and lower
quartiles, and the whiskers represent the minimum and maximum within 1.5 times the
interquartile range. The graph was plotted with the GGally (Version 2.1.2) and ggplot2

(Version 3.4.0) packages within the R.
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Figure 4

Expectedness Ratings by the Three Groups for Two Time Points

A

Rating Difference

6

Note. Panel A: Raw ratings of regular and irregular melodies for each participant. Panel B:
Difference scores between the raw ratings (irregular minus regular) for each participant.
Each colored dot represents a single individual with lines connecting the same participant

who has the same color in all plots. These dotplots were produced with ggplot2 (Version

3.4.0).

Trained Amusics

| |

Untrained Amusics

\ Controls

Expectedness Rating
B

—— Regular
----- Irregular

Pre'test Pos{test

Pre'test Pos{test
Time

Pre'test Positest

Trained Amusics ‘ l Untrained Amusics Controls
—,
/.__.
.
Al
. Lo

Preltest Pos‘ttest

Pre‘test Positest
Time

Preltest Positest
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Figure 5

Grand Averaged ERPs at the Selected Scalp Sites as a Function of Time and Regularity

Trained Amusics

Pretest Posttest
F3 F4 “97iVgs F4
| = Regular :
Irregular \ERAN
15
0 1s

Untrained Amusics
Pretest Posttest

F3 ﬁ\:‘\,\/f%w F3 Fa

Controls
Pretest Posttest

F3 F4 F3 F4
\ERAN “\eran

Note. Lines and shaded areas signify the average amplitudes and 95% CIs over subjects.

The time window of 150-250 ms is highlighted by light yellow bars.
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Figure 6

Scalp Topographies of the ERAN (150-250 ms) for Each Group and Time Point

Trained Amusics

Pretest Posttest
VAN

Untrained Amusics
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3
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-3
Controls
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Figure 7

Expectedness Ratings by Trained Amusics at Each Time Point

A B

. Trained Amusics 1 Trained Amusics
6- 0-
o————O
.g’ o _1 _ /
*&; 5- o
c
p 2
3 9 -2
o 4- =
5 a .
Qo Regular -3 /4
O | ----- Irregular =
o ©
831 :
L -4_ /
®Ggc---__" Z._.
2_
. -5
Tt~
Pos{test FoIIo'w-Up ) Positest FoIIo'w-Up
Time Time

Note. Panel A: Raw ratings of regular and irregular melodies for each participant. Panel B:
Difference scores between the raw ratings (irregular minus regular) for each participant.
Each colored dot represents a single individual with lines connecting the same participant
who has the same color in all plots. These dotplots were produced with ggplot2 (Version

3.4.0).
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Figure 8
Irregular Melodies Evoked an ERAN With a Bilateral Frontal Scalp Distribution (150—-250

ms) for Trained Amusics at Each Time Point

Trained Amusics

Posttest Follow- Up
51V E3
== Regular
| ERAN 151 = |rregular ERAN
‘ 0 1s

Note. Lines and shaded areas denote the means + 95% ClIs. The time window of 150-250

ms is highlighted by light yellow bars.
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Table S1 Post Hoc Comparisons Among Groups in MBEA Measures and Pitch Threshold

Measure Comparison Uncorrected ¢ test Corrected 7 test
MBEA
Scale Tvs. U #(24)=2.39,p=.025,d=1.20, 95% CI [0.10, 2.29] #(13.75)=2.05, p = .136, d = 1.03, 95% CI [-0.04, 2.06]
Cvs. T 1(24)=17.87,p <.001, d =3.66, 95% CI [2.20, 5.11] #(11.28) =8.34, p <.001, d = 4.00, 95% CI [2.03, 5.68]
Cvs. U #(24)=10.44, p <.001, d =4.85, 95% CI [3.12, 6.59] #(10.31)=9.95, p <.001, d = 4.80, 95% CI [2.44, 6.77]
Contour Tvs. U #(24)=0.00, p = 1.000, d = 0.00, 95% CI [-1.03, 1.03]  #(13.89) = 0.00, p = 1.000, d = 0.00, 95% CI [-0.98, 0.98]
Cvs. T #(24)=6.70,p <.001,d=3.11, 95% CI [1.78, 4.45] #8.19)=7.03, p <.001, d = 3.46, 95% CI [1.44, 5.04]
Cvs.U 1(24)=6.70, p <.001, d =3.11, 95% CI [1.78, 4.45] #(7.99)=6.46, p <.001, d =3.19, 95% CI [1.27, 4.68]
Interval Tvs. U 1(24)=0.44, p = .666, d = 0.22, 95% CI [-0.82, 1.25] #(12.99) =0.36, p = .933, d = 0.18, 95% CI [-0.81, 1.16]
Cvs. T 1(24)=17.11, p <.001, d = 3.30, 95% CI [1.93, 4.68] #9.85)=18.19, p <.001, d =3.97,95% CI[1.90, 5.67]
Cvs.U 1(24)="1.58, p <.001, d =3.52,95% CI [2.10, 4.94] #(8.62) = 6.82, p <.001, d =3.34, 95% CI [1.42, 4.87]
Rhythm Tvs. U 1(24)=0.68, p =.503, d = 0.34, 95% CI [-0.70, 1.38] #(13.93) =0.56, p = .845, d = 0.28, 95% CI [-0.71, 1.26]
Cvs. T #(24)=3.87,p <.001, d = 1.80, 95% CI [0.70, 2.90] 1(9.21)=4.01, p=.007, d = 1.96, 95% CI [0.60, 3.08]
Cvs.U #(24)=4.61,p <.001, d =2.14, 95% CI [0.99, 3.29] #(8.92) =4.48, p=.004, d =2.19, 95% CI [0.74, 3.37]
Meter Tvs. U 1(24)=-1.64,p=.115,d=-0.82,95% CI [-1.88, 0.24] #(10.75)=-1.33, p = .408, d =-0.67, 95% CI [-1.67, 0.37]
Cvs. T 1(24)=6.29,p <.001,d =2.92,95% CI [1.63, 4.22] #(11.26) =8.77, p <.001, d = 4.20, 95% CI [2.16, 5.95]


https://www.editorialmanager.com/nsy/download.aspx?id=491695&guid=50165a88-4d8c-4e1c-ae9a-38969e83a84c&scheme=1
https://www.editorialmanager.com/nsy/download.aspx?id=491695&guid=50165a88-4d8c-4e1c-ae9a-38969e83a84c&scheme=1

Cvs.
Memory T vs.
Cvs.
Cvs.
Melodic score T vs.
Cvs.
Cvs.
Global score (%) T vs.
Cvs.
Cvs.

Pitch perception threshold

(semitones)
Pitch direction discrimination T vs.
Cvs.
Cvs.

c 4 c c 4 & c 43 & C

T
U

1(24)=4.53, p < .001, d = 2.10, 95% CI [0.96, 3.25]
#(24)=0.20, p = .840, d = 0.10, 95% CI [-0.93, 1.13]
1(24)=4.13, p <.001, d = 1.92, 95% CI [0.80, 3.04]

#(24) =435, p < .001, d = 2.02, 95% CI [0.89, 3.16]

1(24)=1.19, p = 245, d = 0.60, 95% CI [-0.45, 1.64]
#24)=10.12, p < .001, d = 4.70, 95% CI [3.01, 6.40]
#(24) = 11.40, p < .001, d = 5.30, 95% CI [3.45, 7.15]
#(24)=0.41, p = .686, d = 0.20, 95% CI [-0.83, 1.24]
#(24)=11.77, p < .001, d = 5.47, 95% CI [3.58, 7.36]
#24)=12.21, p <.001, d = 5.67, 95% CI [3.73, 7.61]

#24)=0.99, p=.332,d=0.49, 95% CI [-0.55, 1.54]

1(24)=-3.81,p<.001,d=-1.77,95% CI [-2.87,—0.68]
t(24)=-2.75,p=.011,d=—-1.28,95% CI [-2.31, —0.25]

#(8.27)=3.73,p =013, d = 1.84, 95% CI [0.48, 2.93]
#(12.22) = 0.16, p = .985, d = 0.08, 95% CI [-0.90, 1.06]
£9.84)=5.10, p = .001, d = 2.47, 95% CI1 [0.97, 3.72]
#8.28)=3.77, p= 013, d = 1.86, 95% CI [0.49, 2.96]
#(13.04) = 0.98, p = .601, d = 0.49, 95% CI [0.52, 1.48]
#(10.21) = 11.58, p < .001, d = 5.60, 95% CI [2.90, 7.84]
#(8.86) = 10.30, p < .001, d = 5.04, 95% CI [2.40, 7.14]
#(13.95)=0.33, p =942, d = 0.16, 95% CI [-0.82, 1.14]
#(8.61)=12.13, p <.001, d = 5.95, 95% CI [2.86, 8.39]
#(8.43) = 11.93, p <.001, d = 5.86, 95% CI [2.78, 8.28]

#(13.60) =1.11, p = .524, d = 0.56, 95% CI [-0.46, 1.55]

#16.49)=-3.67,p=.005,d=—-1.68,95% CI [-2.76,—0.61]
#17.00)=-2.86,p=.028,d=-1.29,95% CI [-2.33,—0.30]

Note. T = trained amusics; U = untrained amusics; C = controls. Effect sizes and confidence intervals in uncorrected and corrected ¢ tests

were obtained using jamovi (Version 2.3.21) and the R package misty (Version 0.4.6), respectively.
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Comparison «7) Puncorrected Pholm d 95% CI

Session 2 vs. Session 1 2.81 .026 736 1.06 [0.12, 1.96]
Session 3 vs. Session 1 2.76 .028 739 1.04 [0.11, 1.93]
Session 4 vs. Session 1 3.96 .005 .180 1.50 [0.41, 2.54]
Session 5 vs. Session 1 4.00 .005 176 1.51 [0.42, 2.56]
Session 6 vs. Session 1 2.78 .027 739 1.05 [0.11, 1.94]
Session 7 vs. Session 1 3.19 015 442 1.21 [0.22, 2.15]
Session 8 vs. Session 1 6.08 <.001 018 2.30 [0.89, 3.67]
Session 9 vs. Session 1 4.96 .002 .057 1.87 [0.64, 3.07]
Session 3 vs. Session 2 0.13 903 1.000 0.05 [-0.69, 0.79]
Session 4 vs. Session 2 1.84 .109 1.000 0.70 [-0.15, 1.50]
Session 5 vs. Session 2 2.16 .068 1.000 0.82 [-0.06, 1.65]
Session 6 vs. Session 2 1.15 288 1.000 0.43 [-0.35, 1.19]
Session 7 vs. Session 2 1.84 .108 1.000 0.70 [-0.15, 1.50]
Session 8 vs. Session 2 3.23 014 433 1.22 [0.23,2.17]
Session 9 vs. Session 2 2.32 .053 1.000 0.88 [-0.01, 1.72]
Session 4 vs. Session 3 1.98 .089 1.000 0.75 [0.11, 1.56]
Session 5 vs. Session 3 1.40 204 1.000 0.53 [-0.28, 1.30]
Session 6 vs. Session 3 0.93 385 1.000 0.35 [-0.42, 1.10]
Session 7 vs. Session 3 2.26 .059 1.000 0.85 [-0.03, 1.69]
Session 8 vs. Session 3 3.86 .006 .198 1.46 [0.38, 2.49]
Session 9 vs. Session 3 3.26 .014 429 1.23 [0.23, 2.18]
Session 5 vs. Session 4 0.49 .640 1.000 0.19 [-0.57, 0.93]
Session 6 vs. Session 4 —0.10 920 1.000 -0.04 [-0.78, 0.70]
Session 7 vs. Session 4 1.05 328 1.000 0.40 [-0.38, 1.15]
Session 8 vs. Session 4 2.34 .052 1.000 0.88 [-0.01, 1.73]
Session 9 vs. Session 4 1.87 .103 1.000 0.71 [-0.14, 1.51]
Session 6 vs. Session 5 —-0.35 737 1.000 -0.13 [-0.87, 0.62]
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Session 7 vs.
Session 8 vs.
Session 9 vs.
Session 7 vs.
Session 8 vs.
Session 9 vs.
Session 8 vs.
Session 9 vs.

Session 9 vs.

Session 5
Session 5
Session 5
Session 6
Session 6
Session 6
Session 7
Session 7

Session 8

0.58
2.38
1.57

1.96
1.60
1.33
0.66
—0.45

581
.049
.160
305
.090
154
224
531
.666

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

0.22
0.90
0.59
0.42
0.74
0.60
0.50
0.25
—0.17

[0.54, 0.96]
[0.00, 1.75]
[-0.23, 1.38]
[-0.37, 1.18]
[0.11, 1.55]
[-0.22, 1.39]
[-0.30, 1.27]
[-0.51, 0.99]
[-0.91, 0.58]
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Table S3 Post Hoc Comparisons for the Time % Group % Regularity Interaction in

Behavioral Data

Comparison t df PDuncorrected  Pholm d 95% CI
Pre-T-R vs. Pre-T-I 1.89 72 063 1.000 0.22 [-0.01, 0.46]
Pre-T-R vs. Pre-U-R 1.77 93.28 .080 1.000 0.37 [—0.04, 0.77]
Pre-T-R vs. Pre-U-1 3.43 93.28 .001 .030 0.71 [0.29, 1.13]
Pre-T-I vs. Pre-U-R —0.02 93.28 984 1.000 —0.004 [-0.41, 0.40]
Pre-T-I vs. Pre-U-I 1.64 93.28 105 1.000 0.34 [—0.07, 0.75]
Pre-U-R vs. Pre-U-I 1.74 72 .085 1.000 0.21 [—0.03, 0.44]
Pre-C-R vs. Pre-C-1 8.39 72 <.001 <.001 0.99 [0.70, 1.27]
Pre-C-R vs. Pre-T-R 1.55 93.28 126 1.000 0.32 [0.09, 0.73]
Pre-C-R vs. Pre-T-I 3.47 93.28 .001 .028 0.72 [0.30, 1.14]
Pre-C-R vs. Pre-U-R 3.45 93.28 .001 .029 0.71 [0.29, 1.13]
Pre-C-R vs. Pre-U-I 5.23 93.28 <.001 <.001 1.08 [0.65, 1.52]
Pre-C-I vs. Pre-T-R —5.77 93.28 <.001 <.001 -1.19 [—-1.63,—0.75]
Pre-C-I vs. Pre-T-1 -3.84  93.28 <.001 .009 —0.80 [-1.21,-0.37]
Pre-C-I vs. Pre-U-R —3.86 93.28 <.001 .009 —-0.80 [—1.22,—0.38]
Pre-C-I vs. Pre-U-1 —2.08  93.28 .040 925 —0.43  [-0.84,-0.02]
Post-T-R vs. Post-T-I 8.18 72 <.001 <.001 0.96 [0.68, 1.24]
Post-T-R vs. Post-U-R  2.46 93.28 016 412 0.51 [0.10, 0.92]
Post-T-R vs. Post-U-I 3.99 93.28 <.001 .006 0.83 [0.40, 1.25]
Post-T-R vs. Pre-C-R 0.43 93.28 .666 1.000 0.09 [—0.32, 0.49]
Post-T-R vs. Pre-C-1I 7.75 93.28 <.001 <.001 1.60 [1.14, 2.07]
Post-T-R vs. Pre-T-R 1.94 72 057 1.000 0.23 [-0.01, 0.46]
Post-T-R vs. Pre-T-I 3.82 72 <.001 011 0.45 [0.21, 0.69]
Post-T-R vs. Pre-U-R 3.61 93.28 <.001 .018 0.75 [0.33, 1.17]
Post-T-R vs. Pre-U-1 5.27 93.28 <.001  <.001 1.09 [0.65, 1.52]
Post-T-I vs. Post-U-R —5.31 93.28 <.001 <.001 —-1.10 [—-1.53,-0.66]
Post-T-I vs. Post-U-1 -3.77  93.28 <.001 011 —0.78  [-1.20,-0.36]
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Post-T-1I vs
Post-T-1 vs
Post-T-I vs
Post-T-1 vs
Post-T-I vs
Post-T-I vs.
Post-U-R vs
Post-U-R vs
Post-U-R vs
Post-U-R vs
Post-U-R vs
Post-U-R vs
Post-U-R vs
Post-U-I vs.
Post-U-I vs.
Post-U-I vs.
Post-U-I vs.
Post-U-I vs.
Post-U-I vs.
Post-C-R vs

Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.

. Pre-C-R

. Pre-C-1

. Pre-T-R

. Pre-T-I

. Pre-U-R
Pre-U-1I

. Post-U-I
. Pre-C-R
. Pre-C-1
. Pre-T-R
. Pre-T-1

. Pre-U-R
. Pre-U-I
Pre-C-R
Pre-C-1
Pre-T-R
Pre-T-1
Pre-U-R
Pre-U-I

. Post-C-1

Post-T-R
Post-T-1I
Post-U-R
Post-U-I
Pre-C-R
Pre-C-1
Pre-T-R
Pre-T-1
Pre-U-R

—7.92
—0.61
—6.24
—4.35
—4.15
—2.50
1.62
—2.21
5.10
—0.62
1.17
1.21
2.96
—3.86
3.45
—2.15
—0.36
—0.40
1.34
8.61
—-1.01
7.34
1.63
3.28
—0.67
7.73
0.97
2.89
2.87

93.28
93.28
72
72
93.28
93.28
72
93.28
93.28
93.28
93.28
72
72
93.28
93.28
93.28
93.28
72
72
72
93.28
93.28
93.28
93.28
72
72
93.28
93.28
93.28

<.001
545
<.001
<.001
<.001
014
110
029
<.001
537
244
229
.004
<.001
.001
034
717
687
184
<.001
314
<.001
106
001
508
<.001
337
.005
.005

<.001
1.000
<.001
.002
.003
385
1.000
7136
<.001
1.000
1.000
1.000
130
.009
.029
811
1.000
1.000
1.000
<.001
1.000
<.001
1.000
.046
1.000
<.001
1.000
.143
147

—1.64
—0.13
—0.74
—0.51
—0.86
—0.52
0.19
—0.46
1.06
—0.13
0.24
0.14
0.35
—0.80
0.71
—0.45
—0.07
—0.05
0.16
1.01
—0.21
1.52
0.34
0.68
—0.08
0.91
0.20
0.60
0.59

[-2.11,-1.17]
[0.53, 0.28]
[-0.99, —0.47]
[-0.76, —0.27]
[1.28, —0.43]
[-0.93, ~0.10]
[0.04, 0.42]
[-0.87, —0.05]
[0.62, 1.49]
[-0.53, 0.28]
[0.17, 0.65]
[0.09, 0.37]
[0.11, 0.59]
[-1.22, ~0.38]
[0.29, 1.13]
[-0.85, —0.03]
[0.48, 0.33]
[-0.28, 0.18]
[-0.08, 0.39]
[0.73, 1.30]
[0.62, 0.20]
[1.06, 1.98]
[0.07, 0.75]
[0.26, 1.09]
[-0.31, 0.15]
[0.63, 1.18]
[-0.21, 0.61]
[0.18, 1.01]
[0.18, 1.01]



Post-C-R vs. Pre-U-I

Post-C-I vs.
Post-C-I vs.
Post-C-I vs.
Post-C-I vs.
Post-C-I vs.
Post-C-I vs.
Post-C-I vs.
Post-C-I vs.
Post-C-I vs.

Post-C-I vs.

Post-T-R
Post-T-I
Post-U-R
Post-U-1I
Pre-C-R
Pre-C-1
Pre-T-R
Pre-T-1
Pre-U-R
Pre-U-I

4.65
—8.51
—0.16
—5.87
—4.21
—9.27
—0.88
—6.53
—4.61
—4.63
—2.84

93.28
93.28
93.28
93.28
93.28
72
72
93.28
93.28
93.28
93.28

<.001
<.001
876
<.001
<.001
<.001
383
<.001
<.001
<.001
.005

.001
<.001
1.000
<.001
.003
<.001
1.000
<.001
.001
.001
153

0.96
—1.76
—0.03
—1.22
—0.87
—1.09
—0.10
-1.35
—0.95
—0.96
—0.59

[0.53, 1.39]
[2.24, —1.28]
[0.44, 0.37]
[1.65, ~0.77]
[1.29, —0.45]
[1.38, ~0.80]
[-0.33, 0.13]
[1.80, ~0.90]
[-1.38, -0.52]
[-1.38, ~0.53]
[~1.00, ~0.17]

Note. Pre = pretest; Post = posttest; T = trained amusics; U = untrained amusics;

C = controls; R = regular, I = irregular.
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ERP Data

Comparison #(24)  puncorrected  Pholm d 95% CI
Pre-T-R vs. Pre-T-I 0.26 799 1.000  0.05  [-0.35,0.45]
Pre-T-R vs. Pre-U-R 0.50 624 1.000 020  [-0.60, 1.00]
Pre-T-R vs. Pre-U-I 0.70 492 1.000 029  [-0.52,1.09]
Pre-T-I vs. Pre-U-R 0.42 680 1.000  0.17  [-0.63,0.97]
Pre-T-I vs. Pre-U-I 0.64 530 1.000 026  [-0.54, 1.06]
Pre-U-R vs. Pre-U-I 0.32 753 1.000  0.07  [-0.34,0.47]
Pre-C-R vs. Pre-C-I 3.39 .002 149 0.69 [0.24, 1.13]
Pre-C-R vs. Pre-T-R ~ —0.61 547 1.000 —0.25  [-1.05,0.56]
Pre-C-R vs. Pre-T-I —0.54 593 1.000  —022  [-1.02,0.58]
Pre-C-R vs. Pre-U-R ~ —0.08 940 1.000 —0.03  [-0.83,0.77]
Pre-C-R vs. Pre-U-I 0.08 934 1.000  0.03  [-0.77,0.83]
Pre-C-1 vs. Pre-T-R -2.14 043 1.000 —0.87 [-1.70,-0.03]
Pre-C-I vs. Pre-T-I -2.27 033 1.000  —0.93 [-1.76,-0.08]
Pre-C-I vs. Pre-U-R -1.56 131 1.000  —0.64  [-1.45,0.19]
Pre-C-1 vs. Pre-U-I ~1.58 127 1.000  —0.65  [-1.46,0.18]
Post-T-R vs. Post-T-I 449  <.001 010 0.92 [0.43, 1.39]
Post-T-R vs. Post-U-R ~ 2.12 045 1.000  0.87 [0.02, 1.69]
Post-T-R vs. Post-U-I ~ 1.75 .093 1.000  0.71 [-0.12, 1.53]
Post-T-R vs. Pre-C-R 225 034 1.000  0.92 [0.07, 1.75]
Post-T-R vs. Pre-C-I 3.65 .001 078 1.49 [0.57,2.38]
Post-T-R vs. Pre-T-R  3.67 .001 076 0.75 [0.29, 1.20]
Post-T-R vs. Pre-T-I 3.84  <.001 050 0.78 [0.32, 1.23]
Post-T-R vs. Pre-U-R  2.06 051 1.000  0.84 [0.00, 1.67]
Post-T-R vs. Pre-U-I 2.34 028 1.000  0.96 [0.10, 1.79]
Post-T-Ivs. Post-U-R ~ 0.10 918 1.000  0.04  [-0.76, 0.84]
Post-T-Ivs. Post-U-I ~ —0.45 654 1.000  —0.18  [-0.98,0.62]
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Post-T-I vs. Pre-C-R

Post-T-I vs. Pre-C-1

Post-T-I vs. Pre-T-R

Post-T-I vs. Pre-T-1

Post-T-I vs. Pre-U-R

Post-T-I vs. Pre-U-I

Post-U-R vs.
Post-U-R vs.
Post-U-R vs.
Post-U-R vs.
Post-U-R vs.
Post-U-R vs.
Post-U-R vs.

Post-U-I
Pre-C-R
Pre-C-1
Pre-T-R
Pre-T-1
Pre-U-R
Pre-U-I

Post-U-I vs. Pre-C-R

Post-U-I vs. Pre-C-1

Post-U-I vs. Pre-T-R

Post-U-I vs. Pre-T-I

Post-U-I vs. Pre-U-R

Post-U-I vs. Pre-U-I

Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.
Post-C-R vs.

Post-C-1
Post-T-R
Post-T-1I
Post-U-R
Post-U-I
Pre-C-R
Pre-C-1
Pre-T-R
Pre-T-1
Pre-U-R

—0.11
1.30
-1.10
-1.18
—0.18
—0.04
—1.08
—-0.22
1.05
—0.71
—0.65
—0.61
—-0.32
0.39
1.84
—0.19
—0.09
0.49
0.92
3.17
—-1.09
1.18
1.19
0.72
2.69
5.65
0.55
0.72
1.04

910
205
282
250
862
967
289
830
304
484
520
549
754
703
079
850
932
630
364
004
287
250
245
477
013
<.001
586
478
310

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
245
1.000
1.000
1.000
1.000
0.750
<.001
1.000
1.000
1.000

~0.04
0.53
-0.22
~0.24
~0.07
~0.02
-0.22
~0.09
0.43
~0.29
~0.27
—0.12
~0.07
0.16
0.75
~0.08
~0.04
0.10
0.19
0.65
~0.44
0.48
0.49
0.29
0.55
1.15
0.22
0.29
0.42

[0.84, 0.76]
[-0.29, 1.34]
[0.63, 0.18]
[0.64, 0.17]
[-0.87, 0.73]
[0.82, 0.78]
[0.62, 0.19]
[0.89, 0.71]
[0.38, 1.23]
[1.09, 0.52]
[1.07, 0.54]
[-0.52, 0.28]
[-0.47, 0.34]
[0.64, 0.96]
[-0.08, 1.57]
[0.88, 0.72]
[0.84, 0.76]
[0.30, 0.50]
[-0.22, 0.59]
[0.20, 1.08]
[-1.25, 0.37]
[-0.33, 1.29]
[-0.33, 1.29]
[-0.51, 1.10]
[0.12, 0.97]
[0.63, 1.66]
[0.58, 1.02]
[0.51, 1.10]
[-0.39, 1.23]



Post-C-R vs. Pre-U-I 1.28 214 1.000 0.52 [—0.30, 1.33]
Post-C-Ivs. Post-T-R ~ —2.54 018 1.000 —-1.04 [-1.88,—0.18]
Post-C-1 vs. Post-T-I —0.26 798 1.000  -0.11 [—0.91, 0.70]
Post-C-I vs. Post-U-R~ —0.13 901 1.000  —0.05 [-0.85, 0.75]
Post-C-1 vs. Post-U-I —0.75 462 1.000  -0.31 [—1.11, 0.50]

Post-C-I vs. Pre-C-R —-0.70 493 1.000 —0.14 [—0.54, 0.26]
Post-C-I vs. Pre-C-I 2.25 .034 1.000 0.46 [0.03, 0.88]
Post-C-I vs. Pre-T-R —0.98 337 1.000  —0.40 [—1.20, 0.41]
Post-C-I vs. Pre-T-1 —0.95 353 1.000  -0.39 [—1.19, 0.42]

Post-C-I vs. Pre-U-R —0.46 651 1.000  —0.19 [—0.99, 0.62]
Post-C-I vs. Pre-U-1 —0.34 736 1.000  -0.14 [—0.94, 0.66]

Note. Pre = pretest; Post = posttest; T = trained amusics; U = untrained amusics;

C = controls; R = regular, I = irregular.
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Figure S1 Percentage and Response Time of Correct Responses Across the Nine Training

Sessions for Trained Controls
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Note. Trials were excluded from the analysis if the reaction time was shorter than 200 ms or
greater than 3 SD above the individual’s mean for every training session. Each data point

represents an individual sample and the two same color lines belong to the same subject.
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These data are summarized in boxplots in which the bisecting line in the box plot represents
the median, the box represents the 25th and 75th percentiles, and the whisker represents 1.5
times the interquartile range from the 25th and 75th percentiles. The graphs were maded

with the GGally (Version 2.1.2) and ggplot2 (Version 3.4.0) packages within the R.
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