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Music is one of the most primary abilities of human. The first
case of amusia, which meant the impairment of musical ability due to the brain damage, was reported only several years
after Broca’s first report of aphasia. Since then, case studies
were the main strategy to investigate human brain functions
for a long time. Compared to remarkable progression of the
study about language, music processing in the brain still
remains to be clarified. But, over the last few decades, a
considerable number of studies have been made on this issue,
especially using the neuroimaging techniques. Now is the
time to overview and integrate these findings and propose the
possible application in clinical and educational situations.
The articles in this special issue include reviews and
research studies focusing on cognitive, learning, developmental, and therapeutic aspects of music. The backgrounds
of the authors are various: basic neuroscience, clinical neurology, pediatrics, geriatrics, and engineering. The methods include electroencephalography (EEG), positron emission tomography (PET), functional MRI (fMRI), and near
infrared spectroscopy (NIRS). Based on the various points of
view, the present issue shows some windows through which
we can investigate the relationship between music and brain.
Several activation studies were reported using NIRS,
PET, and fMRI. Mismatch Negativity (MMN) is a deviationspecific component of the auditory event-related potential
(ERP), which detects a deviation between a sound and
an internal representation. In the review article of “The
Mismatch Negativity (MMN): An Indicator of Perception of
Regularities in Music,” X. Yu et al. compared the differences

of MMN features between musicians and nonmusicians,
followed by a discussion of the potential roles of the training
effect and the natural exposure in MMN. They pointed out
some open questions and emphasized the importance to
combine MMN with other experimental paradigms.
Another article related to MMN was presented by J.
O’Brien et al. In the paper entitled “Interaction of Musicianship and Aging: A Comparison of Cortical Auditory Evoked
Potentials,” they investigated whether the beneficial auditory
neural effects of early music training persist throughout
life and influence age-related changes in neurophysiological
processing of sound. The results showed that MMN and P3a
latencies for harmonic tone deviances were earlier for older
musicians than older nonmusicians. These findings support
beneficial influences of musicianship on central auditory
function.
In the article “Musical Sequence Learning and EEG
Correlates of Audiomotor Processing,” M. D. Schalles and J.
A. Pineda studied the functional connection between motor
and auditory systems during musical performance. They
recorded EEG of subjects listening to clips from a song
they learned to play, a transposed version of that song, and
a control song with different melody and notes from the
learned song. EEG power of the beta band over sensorimotor
scalp showed increased suppression for the learned song, a
moderate level of suppression for the transposed song, and
no suppression for the control song. They interpret these
findings as a support that the motor system not only was
active during the covert perception of music one can play but
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also showed sensitivity to changes in pitch when the relative
sequence of notes is preserved.
Using fMRI, K. Tabei investigated brain areas involved in
perceiving and feeling emotions during music listening. In
the article of “Inferior Frontal Gyrus Activation Underlies the
Perception of Emotions, while Precuneus Activation Underlies the Feeling of Emotions during Music Listening,” he
showed that cortical areas including the prefrontal, auditory,
cingulate, and posterior parietal cortices were consistently
activated by the perceived and felt emotional tasks. The
precuneus showed greater activity during the felt emotion
task than during a passive listening task. He suggested that the
bilateral inferior frontal gyri and the precuneus are important
areas for the perception of the emotional content of music as
well as for the emotional response evoked in the listener.
Because of the silence during the operation, PET is
suitable to study music recognition. In the PET activation
study of “Sound Richness of Music Might Be Mediated by
Color Perception: A PET Study” by M. Satoh et al., the
cognitive processing of the perception of sound richness was
investigated. The posterior portion of the inferior temporal
gyrus, including the lateral occipital complex (LOC) and
fusiform gyrus, was activated; so they concluded that certain
association cortices may represent centers of multisensory
integration in terms of both vision and audition.
The anatomical difference of the brain between musician
and nonmusicians was reported in the article “A Voxel-Based
Morphometry Study of the Brain of University Students
Majoring in Music and Nonmusic Disciplines” by K. Sato
et al. Voxel-based morphometry (VBM) uses a voxel-wise
analysis method for determining focal differences in volume.
They showed that the music expert group had the largest
gray matter volumes in the right inferior frontal gyrus (BA
44), left middle occipital gyrus (BA 18), and bilateral lingual
gyrus. These differences are considered to be caused by
neuroplasticity during long and continuous musical training
periods.
Functional NIRS (f NIRS) shows the activation of brain
regions through decrease in oxyhemoglobin (O2 Hb) and the
increase in deoxyhemoglobin (HHb) concentration. Using
f NIRS, L. Ferreri et al. aimed to extend previous findings,
in the article “The Influence of Music on Prefrontal Cortex
during Episodic Encoding and Retrieval of Verbal Information: A Multichannel f NIRS Study,” by monitoring the
entire lateral prefrontal cortex (PFC) during both encoding
and retrieval of verbal material. The results showed that
music provided a less-demanding way of modulating both
episodic encoding and retrieval, with a general prefrontal
decreased activity under the music versus silence condition.
This suggests that music-related memory processes rely on
specific neural mechanisms and that music can positively
influence both episodic encoding and retrieval of verbal
information.
Two articles are dedicated to the research of cochlear
implant recipients. Cochlear implants (CIs) are surgically
implanted hearing devices that enable the perception of
sound for most persons diagnosed with severe to profound
deafness. In the article entitled “Melodic Contour Training
and Its Effect on Speech in Noise, Consonant Discrimination,
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and Prosody Perception for Cochlear Implant Recipients,”
C. Y. Lo et al. described the effect of two melodic contour
training programs and their relative efficacy as measured on
a number of speech perception tasks. Results indicated that
there were some benefits for speech perception tasks for CI
recipients after melodic contour training. Specifically, consonant perception in quiet and question/statement prosody was
improved.
In the article of “Music Engineering as a Strategy for
Enhancing Music Enjoyment in the Cochlear Implant Recipient”, G. Kohlberg et al. tested whether reengineering music to
reduce its complexity could enhance the listening experience
for the CI listener. As a result, compared to the original
song, modified versions containing only 1–3 instruments
were less enjoyable to the normal hearing (NH) listeners
but more enjoyable to the CI listeners and the NH listeners
with CI simulation. They concluded that, in addition to
improvements in software and hardware, engineering music
specifically for the CI listener may be an alternative means to
enhance their listening experience.
Language and music share many properties, with a
particularly strong overlap for prosody. Music perception
skills (melodic and rhythmic-melodic perception and melody
recognition) in a group of children with Specific Language
Impairment (SLI) were shown in the article of “Music
Perception Influences Language Acquisition: Melodic and
Rhythmic-Melodic Perception in Children with Specific Language Impairment” written by S. Sallat et al. Children with SLI
performed in most tasks below their age level, and these data
strengthened the view of a strong relation between language
acquisition and music processing.
Even though the accomplishment of each study is limited
from the viewpoint of the field of neuroscience, we confine
that the border between unknown and already known is
spreading step by step. We hope that this special issue will
shed light on major developments in the area of music
processing in the brain and attract attention by the scientific
community to pursue further investigations leading to the
implementation of music in clinical, educational, and therapeutic situations.
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Objective. Enjoyment of music remains an elusive goal following cochlear implantation. We test the hypothesis that reengineering
music to reduce its complexity can enhance the listening experience for the cochlear implant (CI) listener. Methods. Normal hearing
(NH) adults (𝑁 = 16) and CI listeners (𝑁 = 9) evaluated a piece of country music on three enjoyment modalities: pleasantness,
musicality, and naturalness. Participants listened to the original version along with 20 modified, less complex, versions created by
including subsets of the musical instruments from the original song. NH participants listened to the segments both with and without
CI simulation processing. Results. Compared to the original song, modified versions containing only 1–3 instruments were less
enjoyable to the NH listeners but more enjoyable to the CI listeners and the NH listeners with CI simulation. Excluding vocals and
including rhythmic instruments improved enjoyment for NH listeners with CI simulation but made no difference for CI listeners.
Conclusions. Reengineering a piece of music to reduce its complexity has the potential to enhance music enjoyment for the cochlear
implantee. Thus, in addition to improvements in software and hardware, engineering music specifically for the CI listener may be
an alternative means to enhance their listening experience.

1. Introduction
The cochlear implant (CI) restores hearing to deafened
individuals. Speech discrimination among the postlingually
deafened CI users usually exceeds 65% [1]. Despite excellent
performance on speech discrimination, enjoyment of music
among CI listeners remains poor and has been attributed to
decreased music perception. Music perception, the perception of pitch, melody, harmony, rhythm, and timbre, is greatly
impaired in cochlear implantees [2–5]. Contributing factors
responsible for diminished music perception include low
resolution and skewed mapping of transmitted frequencies
through the CI to the auditory cortex, difficulty perceiving
spectral components individually, and deficits with higher
perceptual integration tasks such as auditory stream segregation [2]. Limitations of cochlear implant hardware, sound
processing software, and auditory nerve degeneration all play
a possible role in signal degradation. Due to these factors,
complex music signals are poorly perceived and consequently
poorly enjoyed by CI listeners.

A large body of literature has shown that CI listeners
have poor perception of musical elements [2–5]. In a test of
42 CI users and 10 normal hearing (NH) adults, CI users
were found to be significantly worse than NH adults at pitch
perception as well as both melody and timbre recognition [5].
In a study of 9 adults who underwent cochlear implantation,
pitch perception was found to be worse after implantation
than immediately before implantation [3].
Enjoyment of music has also been shown to decrease
following cochlear implantation. In approaching the issue of
poor musical enjoyment in CI users, studies have taken two
main approaches. In the first, attempts have been made to
analyze how varying CI devices and strategies affect music
enjoyment. In the second, CI users’ music enjoyment has
been analyzed across different genres and pieces of music
with varying complexities. In most studies, music enjoyment
has been assessed by variations of a bipolar visual analog
scale (VAS) or a discrete 10-point scale [6–9]. Questionnaire
studies of CI users have found a significant decrease in music
enjoyment as well as time devoted to listening to music
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compared with before onset of deafness. Many CI listeners
could not enjoy music at all, stating that music did not sound
natural. Despite the overall decrease in enjoyment, 38–73.6%
of CI users still listened to music and 30.2%–37% stated they
would undergo implantation simply to be able to listen to
music [10–13].
Attempts to improve music enjoyment have examined
cochlear implant hardware and software strategies with
mixed results [14]. A study in CI users with a MED-EL
device on one side and a cochlear nucleus on the other found
no significant difference in music enjoyment when either
device type was used exclusively [6]. Similarly, two other
studies comparing fine structure processing (FSP) strategy
to continuous interleaved sampling (CIS) strategy found no
difference in music enjoyment among CI listeners [8, 15].
Given the significant reduction in the population of
auditory neurons available to relay complex musical signals in
severe to profoundly deafened patients undergoing implantation, it may be unrealistic to expect normal music perception
despite further enhancement in CI software and hardware. In
the absence of significant improvement in perception, music
may have to be specially engineered for the CI listener to
enhance its enjoyment. In exploration of this concept, we
investigate the features of music that impact on its enjoyment
(not perception) in normal hearing individuals and cochlear
implantees.
Music perception among CI listeners has been studied
extensively [3–5]. Investigating perception of music among
implantees is important in assessing the ability of CI software
and hardware to restore musical perception and may prove
beneficial in guiding our understanding of music enjoyment
among CI listeners. It is imperative to note, however, that
music perception and music enjoyment are fundamentally
different and may not necessarily correlate. For example,
Alexander et al. in their study of music perception and enjoyment found that, despite significantly poorer performance on
music perception, the enjoyment of music among cochlear
implantees was comparable to normal hearing individuals
[16]. This disconnect between enjoyment and perception is
similar to a cochlear implantee performing well on speech
perception testing but finding the quality of speech sound
unpleasant or unnatural. Thus, music perception cannot
be substituted for music enjoyment when investigating the
types and characteristics of music that are enjoyable to CI
listeners; consequently, the enjoyment of music must be
studied directly.

2. Materials and Methods
2.1. Participants. After obtaining Columbia University Medical Center Institutional Review Board approval, we analyzed
music enjoyment in 16 normal hearing (NH) individuals and
9 cochlear implantees. After obtaining consent, NH subjects
underwent an audiologic evaluation, including evaluation of
pure tone thresholds, speech discrimination, and otoscopic
evaluation. Inclusion criteria included English speaking, 18
years of age or older, no history of hearing loss, and pure
tone audiometric thresholds less than or equal to 20-decibel

Behavioural Neurology
hearing loss in both ears at all tested frequencies. Inclusion
criteria for cochlear implantees included English speaking,
age over 18 years, and postlingual deafness.
2.2. Music Piece. Each subject listened to and evaluated an
original and 20 modified versions of a 20-second piece of
country music (“Milk Cow Blues” performed by Angela
Thomas Wade) recorded in multitrack format. The original
song segment included multiple musical elements: female
vocals; three melodic instruments (guitar, piano, and fiddle); rhythmic drums including the snare. Each of the 20
modified versions was comprised of a unique subset of
musical elements of the original song. Five modified versions
were comprised of a single musical element: vocals; piano;
guitar; fiddle; and the snare. Seven modified versions were
obtained by combining two musical elements: vocals and
guitar; vocals and snare; vocals and piano; vocals and fiddle;
snare and guitar; snare and piano; and snare and fiddle.
Four modified versions were obtained by combining three
musical elements: vocals, snare, and guitar; vocals, snare, and
piano; vocals, snare, and fiddle; guitar, piano, and fiddle. Two
modified versions were comprised of four musical elements:
piano, guitar, fiddle, and vocals; snare, kick, overhead, and
tom drums. One version was comprised of five musical
elements: snare, kick, overhead, tom drums, and vocals. One
version with all of the musical elements except for the vocals
contained 10 musical elements.
2.3. Music Presentation to NH Listeners. The subjects listened to the musical samples in a sound proof booth (IAC
Acoustics, New York, NY). Participants adjusted the volume
according to their preference. Participants rated each of the
music segments using a visual analog scale implemented
using MATLAB version 7.1 (Mathworks, Natick, MA) on
a MacBook Air (Apple, Cupertino, CA). Subjects were
instructed to rate each sample on a scale from 0 to 10 in each of
the following categories: “pleasant and unpleasant,” “sounds
like music and does not sound like music,” and “natural
and unnatural,” with higher numeric scores corresponding
to higher levels of pleasantness, musicality, and naturalness.
Subjects were presented the music samples in a random order.
Each of the music segments was then processed through
CI simulation software provided by Advanced Bionics Corp.,
using MATLAB version 7.1 [17]. These music segments with
CI simulation were then presented and rated by the NH
listeners in the same fashion as the music segments without
CI simulation.
2.4. Music Presentation to CI Listeners. Listening took place
in a sound proof booth. Music segments were presented in a
free field at 60 dB SPL. Participants rated each music segment
in a similar fashion as the NH listeners as described above.
2.5. Cochlear Implant Simulation Software. Half of the music
segments were presented to the NH listeners after being processed through a CI simulation. The CI simulation software
aimed to simulate a CI listening experience by modeling
both the sound processing that occurs to an incoming sound
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2.6. Statistical Analysis. 𝑡-tests were used to compare enjoyment between subsets of musical segments within the NH
listeners and the CI listeners. In addition, analysis of variance
(ANOVA) was applied to compare the mean enjoyment of
the original version of the song and the mean enjoyment of
modified versions comprised of 1, 2, or 3 instruments. Enjoyment comparisons were analyzed separately for pleasantness,
musicality, and naturalness scales. Statistical significance was
considered for 𝑃 < 0.05 for both the 𝑡-tests and ANOVA
statistical tests. Of note, all 4 of the modified versions of the
song with 4 or more musical elements were excluded in the
linear regression results. Three of these modified versions
contained percussion elements that were not present in any of
the other modified versions, compromising the generalizability of any results related to these modified versions. The fourth
excluded modified version was the only modified version
remaining with 4 musical elements, limiting the relevance
of this category. Of note, all statistically significant linear
regression findings hold when including these 4 excluded
modified versions.

3. Results
The mean age of the 16 NH participants was 29 years (25–33).
Eight were female and eight were male. Eighty-eight percent
spoke English as their first language. Speech discrimination
was 96–100% on 25 spondee words. One participant had a
history of pressure equalization tube placement as a child.
The mean age of the cochlear implantees was 54 years
(26–74). Six were female and 3 were male. One hundred
percent spoke English as their first language. Six were
implanted with the Advanced Bionics HiRes 90K implant and
3 with the Advanced Bionics CII implant. All CI listeners
used the Fidelity 120 sound processing strategy. The average
time since implantation was 7 years (2–13). Three had bilateral
cochlear implants. Speech discrimination ranged from 60 to
97% (mean 84.6%) on the AzBio Sentence list.
3.1. Enjoyment of the Original Music Sample. The original
version of the song “Milk Cow Blues” was well liked by the
NH listeners without CI simulation (pleasant, musical, and
natural; 8.3, 8.8, and 8.4). NH listeners rated the original
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signal in the speech processor of the cochlear implant and
the spread of excitation related to electrical stimulation in
the cochlea [17]. In particular, CI sound processing was
modeled by filtering the sound signal into 15 logarithmically
spaced channels covering the range from 350 to 5500 Hz. The
envelope signal was computed for each channel and used to
modulate a noise band. The noise band for each channel was
chosen to have the center frequency corresponding to the
center frequency of the channel and to simulate appropriate
spread in the cochlea. Litvak et al. [17] varied the amount
of spread in the noise band in dB/octave and determined
that 20 dB/octave appeared as an accurate model of spread
that occurs for the average CI listener. In addition, they
showed that this simulation matched NH listeners’ speech
discrimination on vowel recognition.
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Figure 1: NH listeners without CI simulation enjoyment by number
of instruments. NH listeners preferred the original music sample
compared to modified segments comprised of a single instrument,
two instruments, or three instruments. P: pleasant, N: natural, M:
sounds like music, and Inst: instruments. Center lines show the
medians, box limits indicate the 25th and 75th percentiles, whiskers
extend to 5th and 95th percentiles, outliers are represented by dots,
and crosses represent sample means.

version of the song as the 3rd most pleasant, 2nd most
musical, and 5th most natural out of the 21 total segments
(original plus 20 modified versions). There was no modified
version of the song that was preferred by the NH listeners
on all three enjoyment scales (pleasantness, musicality, and
naturalness). With CI simulation, NH listeners rated the
original version poorly (pleasant, musical, and natural; 0.69,
1.4, and 0.76) and rated the original version 16th most
pleasant, 13th most musical, and 12th most natural. Ten
of the 20 modified versions were preferred to the original
on all three enjoyment scales by the NH listeners with CI
simulation. The CI listeners rated the original version of the
song very poorly (pleasant, musical, and natural: 5.4, 6.3, and
5.6) compared to the modified versions of the song ranking
it as the least pleasant and the 2nd least musical and natural.
CI listeners preferred 19 of the 20 modified versions to the
original on all three enjoyment scales.
3.2. Comparison of the Original Music Sample to Modified
Version with 1–3 Instruments
3.2.1. Preferences among NH Listeners without CI Simulation.
Music enjoyment was universally greater for NH listeners for
the original music segment compared to modified versions
comprised of a single instrument, two instruments, or three
instruments (Figure 1). Compared to the original sample,
there was a relative reduction in pleasantness of 21.4%, 9.0%,
and 9.5% for modified versions with a single instrument, two
instruments, and three instruments, respectively (𝑃 < 0.05).
The relative reduction in enjoyment of the original music
sample compared to modified versions with 1–3 instruments
for the three scales (pleasant, musical, and natural) is summarized in Table 1. A linear regression analysis of enjoyment
with ANOVA found a significant difference in the means
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Table 1: Relative reduction of enjoyment of the original music
sample compared to modified versions containing 1–3 instruments
among NH listeners without CI simulation.

Table 2: Relative increase of enjoyment of the original music sample
compared to modified versions containing 1–3 instruments among
NH listeners with CI simulation.
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Figure 2: NH listeners with CI simulation enjoyment by number of
instruments. NH listeners preferred modified segments comprised
of a single instrument, two instruments, or three instruments
compared to the original music sample. P: pleasant, N: natural, M:
sounds like music, and Inst: instruments. Center lines show the
medians, box limits indicate the 25th and 75th percentiles, whiskers
extend to 5th and 95th percentiles, outliers are represented by dots,
and crosses represent sample means.

Figure 3: CI listeners enjoyment by number of instruments.
CI listeners preferred modified segments comprised of a single
instrument, two instruments, or three instruments compared to
the original music sample. P: pleasant, N: natural, M: sounds like
music, and Inst: instruments. Center lines show the medians, box
limits indicate the 25th and 75th percentiles, whiskers extend to 5th
and 95th percentiles, outliers are represented by dots, and crosses
represent sample means.

for the original version and for modified versions with 1–
3 instruments (𝑃 < 0.01 for pleasant, musical, and natural
scales).

with a single instrument and 3 instruments were significantly
more pleasant by 21.9% and 18.3%, respectively (𝑃 < 0.05).
The relative increase in enjoyment for the modified versions
with 1–3 instruments compared to the original song for NH
listeners with CI simulation is summarized in Table 3. A
linear regression analysis of enjoyment with ANOVA found a
significant difference in the means for the original version and
for modified versions with 1–3 instruments on the pleasant
scale (𝑃 = 0.034) but not the musical (𝑃 = 0.22) or natural
scales (𝑃 = 0.21).

3.2.2. Preferences among NH Listeners with CI Simulation.
When listening with CI simulation, NH listeners rated the
original music segment less enjoyable than modified versions
comprised of one to three musical elements (Figure 2).
Compared to the original music sample, modified versions
with a single instrument were significantly more pleasant
by 59.5% (𝑃 < 0.05). The relative increase in enjoyment
for the modified versions with 1–3 instruments compared
to the original song for NH listeners with CI simulation
is summarized in Table 2. A linear regression analysis of
enjoyment with ANOVA found a significant difference in the
means for the original version and for modified versions with
1–3 instruments on the pleasant scale (𝑃 = 0.001) and natural
scale (𝑃 = 0.003) but not the musical scale (𝑃 = 0.09).
3.2.3. Preferences among CI Listeners. CI listeners rated the
original music segment less enjoyable than modified versions
comprised of one to three musical elements (Figure 3).
Compared to the original music sample, modified versions

3.3. Comparison of Modified Versions with and without Vocals.
The original music sample contained prominent female
vocals. Modified versions (𝑛 = 10) containing the vocal
element of the original music sample were compared to
modified versions (𝑛 = 10) that did not include the vocals.
NH listeners without CI simulation found versions with
the vocals significantly more enjoyable on all three scales,
pleasant, musical, and natural (𝑃 < 0.01). In contrast,
with CI simulation, NH listeners found versions with vocals
significantly less enjoyable on all three scales (𝑃 < 0.02).
For the CI listeners, there was virtually no difference in
enjoyment between versions with and without vocals (mean
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Table 3: Relative increase of enjoyment of the original music sample
compared to modified versions containing 1–3 instruments among
CI listeners.
Relative
increase in
enjoyment
Pleasant
Musical
Natural

Original
versus 1
instrument

Original
versus 2
instruments

Original
versus 3
instruments

21.9
12.2
17.8

20.1
14.1
15

18.3
13.5
15.3

Values in bold are for P < 0.05.

pleasant, musical, and natural with and without vocals: 6.84
versus 6.85, 7.24 versus 7.44, and 6.66 versus 6.76, resp.).
3.4. Comparison of Modified Versions with Melodic Elements
with and without Rhythmic Elements. Modified versions of
the original song with melodic elements only (vocals, piano,
fiddle, and guitar) were compared to versions that also
included rhythmic drum instruments. All modified versions
of the song were used in this comparison except for the
version with only the snare and the version with only the
four drum instruments, as these segments did not include
any melodic elements. There was no difference in enjoyment
on all three scales for NH listeners without CI simulation
between versions with and without rhythmic instruments.
NH listeners with CI simulation found the rhythmic versions
significantly more enjoyable on all three scales (𝑃 < 0.05 for
pleasant, musical, and natural). CI listeners found virtually no
difference in enjoyment between versions with and without
rhythmic instruments (mean pleasant, musical, and natural
with and without rhythmic instruments: 6.80 versus 6.89, 7.21
versus 7.40, and 6.73 versus 6.70, resp.).

4. Discussion
In this study, we investigated features of music that impact
on its enjoyment and tested the novel hypothesis that an
original piece of music could be reengineered to make it
more enjoyable for the cochlear implantee. To the best of our
knowledge, no prior study has taken the approach of altering
a specific piece of music to determine if it can be made more
enjoyable for CI listeners. We modified a 20-second segment
of a country music song by playing it with various subsets
of the original music sample’s musical elements. Modified
versions contained various combinations of the vocals and
instruments.
We found that NH listeners enjoyed the original music
segment the most and rated the modified, less complex, versions less enjoyable. On the other hand, for the NH listeners
with CI simulation, enjoyment increased significantly when
the complexity of the original musical sample was reduced
by limiting the number of elements in modified versions of
the song to 1–3 elements. The extent of increase in enjoyment
of these less musically complex modified music segments was
even more pronounced among the CI listeners.
Studies on music perception have shown that CI listeners
have severe difficulty identifying pitch, timbre, and melody,

the main qualities in vocals and melodic instruments such as
guitar, piano, and fiddle [3, 5]. On the other hand, the musical
quality best perceived by CI listeners has been found to be
rhythm [4]. In our study we found that NH listeners with CI
simulation preferred modified music samples that included
rhythmic instruments compared to segments containing
only melodic instruments. Interestingly, the CI listeners did
not rate samples with and without rhythmic instruments
differently. The impact of rhythmic instruments will need
to be further studied with musical pieces containing greater
numbers of rhythmic instruments.
The effect of vocals on music perception has been studied
in CI listeners. A study of 87 CI listeners found that the
presence of lyrics in pop and country songs significantly
improves the CI listeners’ ability to identify a melody [18].
In this study, we evaluated the effect of vocals on music
enjoyment. We found that while enjoyment was greater
for music with vocals for NH listeners without CI, it was
significantly less for NH listeners with CI. CI listeners, on the
other hand, rated modified segments with and without vocals
exactly the same.
We found that for NH listeners with CI simulation
enjoyment was significantly increased for modified segments
without vocals and for modified segments with rhythmic
instruments. While we did not find that music segments
limited to particular qualities, such as only vocals, melodic,
or rhythmic elements, were significantly more enjoyable to
CI listeners, we did find that reducing the number of musical
elements significantly increased music enjoyment both for
the NH listeners through CI simulation and for the CI
listeners.
Several studies have examined the relationship between
music enjoyment and complexity of musical pieces in CI
listeners. In a study of 15 CI users and 24 hearing aid (HA)
users meeting audiologic criteria for CI, they were asked
to rate their enjoyment of music played by a single instrument, solo instruments with background accompaniment,
and ensembles. The study found that music played by a
single instrument was more enjoyable than music played
by multiple instruments to the CI and HA listeners when
analyzed together. Of note, the music played by the single
instrument, solo instruments with background accompaniment, and ensembles was not specified to be the same
music segment [7]. A study of 20 NH listeners with CI
simulation processing found that minimizing reverberation
time increased music enjoyment [19].
Part of this study involved querying normal hearing
listeners’ enjoyment of music through a CI simulation validated for speech perception. There are limitations to using
CI simulation as a proxy for CI listeners’ enjoyment. In
our study, relative enjoyment of modified music segments
was different between the NH listeners with CI simulation
and the CI listeners. A previous study with CI simulation
by Wright and Uchanski also found significant differences
between music perception and enjoyment in NH listeners
with CI simulation and CI listeners [20]. While the study
by Wright and Uchanski and this study did not show clear
correspondence in music enjoyment between NH listeners
with CI and CI listeners, there is reason to continue to attempt
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simulation studies. There are advantages to conducting initial
or exploratory studies with CI simulation in NH listeners. The
CI listener population has significant variation in age, duration of deafness, etiology of deafness, musical background
and training, and rehabilitative outcomes. The use of NH
listeners of similar age, hearing and musical training avoids
these limitations typical of implanted population. Continued
study of NH listeners with CI simulation processing may lead
to an accurate prediction of CI listener enjoyment, which
would be of great benefit.
In this study only a single piece of music was studied.
Further analysis of other genres of music and other pieces
within the country music genre will need to be examined.
Additionally, other methods for altering the complexity of
music beyond including and excluding vocals and instruments need to be explored.

5. Conclusion
Musical enjoyment with or without CI is influenced by
the complexity of the original music. Our study offers
preliminary evidence that engineering of music to reduce
the complexity of music has the potential to make listening
more enjoyable for the CI listener. Thus, in addition to
improvement in software and hardware, engineering of music
specifically for a CI listener may be an important way to
enhance his or her listening experience.
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Our motor and auditory systems are functionally connected during musical performance, and functional imaging suggests that the
association is strong enough that passive music listening can engage the motor system. As predictive coding constrains movement
sequence selections, could the motor system contribute to sequential processing of musical passages? If this is the case, then we
hypothesized that the motor system should respond preferentially to passages of music that contain similar sequential information,
even if other aspects of music, such as the absolute pitch, have been altered. We trained piano naive subjects with a learn-to playby-ear paradigm, to play a simple melodic sequence over five days. After training, we recorded EEG of subjects listening to the song
they learned to play, a transposed version of that song, and a control song with different notes and sequence from the learned song.
Beta band power over sensorimotor scalp showed increased suppression for the learned song, a moderate level of suppression for
the transposed song, and no suppression for the control song. As beta power is associated with attention and motor processing,
we interpret this as support of the motor system’s activity during covert perception of music one can play and similar musical
sequences.

1. Introduction
The performance of music recruits and synchronizes many
neural systems, integrating motor output through auditory,
somatosensory, and oftentimes visual input. Listening to
sounds can easily stimulate the motor system to act in the
form of head nodding, foot tapping, and dancing. Functional
imaging of silent piano performance and passive listening
to piano song reveals shared recruitment of auditory and
premotor cortices [1–3], for pianist and nonpianist alike.
Activity in these cortical regions is also modulated in task
dependent measures. Subjects engaged in tapping along with
simple beats exhibited simultaneous increases of blood flow
to auditory and dorsal premotor cortices when the complexity of tapping beat increased [4]. Zatorre [5] proposed
extending the definition of the auditory system to include
interactions with other cognitive systems, such as motor and
multisensory networks, to account for the distributed nature

of cortical responses during auditory and musical perception.
A growing body of evidence suggests that neural representations of movements and sounds may become linked through
mechanisms such as Hebbian learning or as an emergent
property of an auditory-motor loop [6]. The audiomotor
system is adaptable and exhibits associations of novel soundaction pairings on short [7] and intermediate [8] time scales.
If the motor system is routinely recruited for musical or
auditory processing, what might it contribute as part of a
distributed auditory network? Or to put it another way,
what aspects of musical experience might be explained by a
distributed audiomotor system which are not explained by an
auditory system without motor contributions?
The audiomotor system is sensitive to rhythmic aspects of
music such as timing and metrical complexity [9, 10] and also
melodic information, both in terms of timbre of instruments
[11] and pitch of melodic notes associated with motor actions
[8]. Tracking metrical and melodic information requires
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accumulation of auditory information over time, which is
used to generate expectations of future notes at precise time
intervals. Neural processes track musical progressions and
respond to violations of melodic or harmonic expectations
with similar latency as semantic violations in language [12].
This suggests that we might process music as a hierarchically
organized sequence of information, similar to language and
motor programs [13, 14].
In the present study we asked whether the audiomotor
system might be sensitive to sequential ordering of information in a musical passage, such that it could help generate topdown predictions for incoming auditory stimuli. Previous
hypotheses posit that the motor system might contribute
top-down predictive information in the form of a metrical
grid [10, 15] or predicting the occurrence of a rhythmic beat
or pulse [6] in music. This model is supported by in vivo
multiunit recordings in monkeys during a visuomotor task
describing initial feedforward communication from sensory
to frontal cortices, followed by sustained feedback from
frontal to sensory cortices [16]. While visual and auditory
systems have different functional and anatomical connections
with the motor system, it may be reasonable to assume that
this feedforward and feedback dynamic may be representative of a supramodal sensorimotor loop.
As the audiomotor system is sensitive to both rhythmic
and melodic aspects of music, we focused our present work
on the sequencing of melodic information for two primary
reasons. The first is that previous imaging work [8] demonstrated simultaneous activation of superior temporal auditory
and premotor cortices during passive listening to a song that
subjects had recently learned to play. Using a similar learnto-play-by-ear task, we hypothesized that we could observe
audiomotor engagement during passive listening using EEG
measures that are sensitive to visuomotor engagement. And
second, a melodic sequence affords an ideal manipulation of
pitch information, while controlling for relative sequential
information via use of a musical transposition of key. We
hypothesized that if the audiomotor system is sensitive to
melodic sequential information in the form of relative pitch
intervals, then shifting the key or absolute pitch of a melodic
sequence would still contain enough information associated
with a motor sequence to engage the audiomotor system
during passive listening.
Lahav et al. [8] report that the premotor and inferior
parietal cortices respond preferentially when listening to a
melodic passage that a listener knows how to play on the
piano and exhibit little to no response when listening to a
song unrelated to the one they learned how to play. Additionally, if subjects listen to a novel song that is composed
from the same note set as the melody they learned to play,
they exhibit reduced activation of the premotor and inferior
parietal regions relative to listening to the learned song. The
similarity was explained as a pitch-motion matching system,
such that a single key press elicits a single sound and hearing
the sound could trigger the association with the single motor
act. An alternative explanation could describe the difference
between learned song and novel song with learned notes
as a difference in sequential information leading to reduced
activity in motor planning areas.
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In the present study, we asked whether the motor system
is sensitive to preservation of the sequential ordering of
musical information, even when the pitch information is
altered. We used the piano ear-learning task developed by
Lahav et al. [8, 17] and tested pitch-recognition-production
matching before and after training. For the posttraining
audiomotor system engagement, our work builds on past
reports by using EEG measures of motor and sensorimotor
system engagement [18], which could corroborate fMRI
findings, as both BOLD signal increases and mu and beta
band suppression in EEG (described below) are thought to
index increases in cortical activity. If EEG is a good measure
for audiomotor processing over the course of a musical
phrase, it could encourage future study building on models
of responses to discrete notes [19].
There is a strong history of EEG measures of motor
system engagement during movement and the observation of
movement. Reports from the late 1940s through the late 1970s
describe mu power (8–13 Hz) over sensorimotor cortex as
decreasing from a resting state during both actions and observation of actions, as discussed in [20–22]. The mu rhythm is
suppressed during movement observation [23], performance
of an action [24], and observation of object directed actions
[25]. The mu rhythm is also suppressed during motor imagery
[26]. The mu rhythm itself shares frequency properties with
other brain rhythms, such as occipital alpha, but its intrinsic
activity is functionally distinct, and source estimates localize it to the bilateral sensorimotor cortex surrounding the
central sulcus [27]. The mu rhythm may be a good index of
audiomotor processing as its suppression relative to baseline
is associated with movement sounds, and combined sight and
sound of actions suppress mu greater than either sensory
input alone [28]. Mu rhythms as well as beta rhythms (15–
30 Hz) are suppressed prior to a sound action (such as tapping
on a drum) and exhibit rebound enhancement immediately
after that action, whether the action is performed, observed,
or heard [29]. Mu and beta both show increased phase
coherence between motor, somatosensory, and auditory cortices when subjects synchronize movements to rhythmic
sounds [30]. Additionally, beta rhythms appear to entrain to
rhythmic sounds [31, 32] in auditory cortices and also exhibit
similar patterns of suppression and enhancement for both
listening and tapping [30] over motor areas. The synthesis
of these studies indicates a similar neural process that is
active during movement and listening, which is observed
over the sensorimotor cortex. Additionally, sounds that have
no clear movement association exhibit higher amounts of
mu desynchronization after watching a video that associates
that sound with a clear movement [7]. The mu rhythm also
desynchronizes when expert pianists read sheet music [33].
Reading music is an activity that associates visual input, with
a particular action, and becomes reinforced with auditory
feedback.
We predicted that the mu and beta rhythms recorded
from sensorimotor scalp would be suppressed maximally
when a subject listens to a melody s/he knows how to play and
fail to suppress or even show enhancement when listening
to a melody unrelated to the learned song. Additionally, we
predicted that listening to a transposed version of the learned
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Table 1: Self-reported demographics for musical experience in subjects with past musical exposure.
Age
18
19
19
20
20
20
20
20

Gender
M
F
M
F
F
F
M
M

Instrument(s)
Saxophone
Guitar, flute
Guitar, vocals
Voice, viola
Flute
Clarinet, saxophone
Violin
Drum set, tabla

Years of training
4
1
4
5
2
7.5
2
6

Currently playing
No
No
Yes
No
No
No
No
Yes

Hours per week
0
0
1.5
0
0
0
0
2

melody would also elicit suppression; however the response
might be attenuated relative to the learned melody itself, as
previous findings indicate motor sensitivity to absolute pitch
information, which is altered in the transposition.

preserving the same total length of note duration and total
changes in pitch height over the 8 bars. Backing rhythm
guitar and bass lines in the transposed and control songs were
likewise transposed up a tritone from the learned song.

2. Material and Methods

2.3. Pitch-Recognition-Production Task. Sounds for this and
subsequent behavioral tasks described here were presented
over ambient speakers (Logitech 2.1 stereo computer speakers) which subjects adjusted to a comfortable level. Subjects
were seated in a sound attenuated Faraday cage, positioned
approximately 1.5 meters away from the speakers, in the
center of the stereo field. Before the first training session
and after the last, subjects listened to a series of 30 notes,
randomly selected from the 5-note set (F-G-A-Bb-C) of the
training melody. After each note, subjects were asked to press
the corresponding key on the keyboard. Auditory feedback
from the keyboard was disabled to prevent subjects from
self-correcting their key presses as they progressed. This test
was conducted to measure if subjects created behaviorally
significant associations between sounds and discrete motor
acts based on the one-note-one-finger training paradigm.
Stimuli presentation and response recording were performed
with Max/MSP 4.5.

2.1. Participants. 16 undergraduate students (nine female,
mean age 19.9 years, 15 right handed), from the University of
California, San Diego, completed the experiment in exchange
for a combination of monetary compensation and course
credit. One additional subject (female, 22 years old, right
handed) completed the training and behavioral experiments,
but not the electrophysiological component, and her data
are included in behavioral measures. Subjects’ handedness
was self-reported, and additionally subjects were screened for
head trauma, the use of psychiatric medication, and piano
experience. In previous use of this task, only nonmusicians
were included, but we included subjects with prior musical
experience (𝑛 = 8), as long as all were inexperienced with
the piano keyboard. We surveyed the number and type of
instruments played, years spent playing, and whether subjects
were currently playing music. Results of this survey are
available in Table 1. All subjects were able to detect pure tones
ranging between 250 Hz and 8 kHz at 30 db in both their right
and their left ears. Subjects signed consent for procedures that
were approved by the UCSD Institutional Review Board.
2.2. Song Stimuli. The same training song as described in
Lahav et al. [8, 17] was implemented for the current study. For
all the songs, synthesized backing instruments, guitar, bass,
and drums, were composed following the score provided in
[17] using Sonar Cakewalk Music Studio v4. The songs were
each eight measures long and had a duration of 24 seconds
at 80 beats per minute. The melodic line for each song was
voiced by synthesized piano. The melody for each song was
15 notes long and comprised of a set of five notes (F-G-A-BbC), one for each finger on the playing hand. The transposed
melody preserved the relative intervals between the notes in
the learned song but shifted them into a set of notes one
tritone, or half-octave, higher (B-Db-Eb-E-Gb) that did not
overlap with the learned song note set. The control song
was comprised of the same note set as the transposed song.
The notes in the control song were arranged in a different
sequence from the trained and transposed melodies while

2.4. Musical Training. For five consecutive days subjects
practiced playing the melody line on a MIDI piano controller.
On the first day, subjects were shown which five keys
corresponded to the five notes used in the melody. One finger
on the right hand was assigned to each of the five keys.
Subjects were minimally supervised while figuring out the
melody line by ear with the assistance of a computerized
training environment. The song was introduced incrementally, starting with the first two measures. The subject was
allowed to listen to and play along with exemplar piano
lead over the two measures as many times as s/he desired.
When ready, the subject would play the melody line over
the backing instruments minus the exemplar piano lead. If
the correct sequence of notes was played within 1st/16th note
of the correct time, the computer informed the subject that
he/she could move on to the next two measures. After a
subject completed an additional two measures in the same
fashion, the next training step was to play all of the previously
learned measures in sequence. Thus they would first practice
measures one and two and then measures three and four and
then play measures one through four, until they could play

4

2.5. EEG Task. After completion of training and the pitchrecognition-production task, subjects completed an EEG
session where they listened to six-second-long clips (two
measures) from the three songs. A pair of probe tones
followed each song clip and subjects were asked to respond if
the two tones were present in the previous song clip. Ten clips
were created from each song, totaling 30 trials across the three
conditions. A resting period of two seconds preceded the
onset of song stimuli. A moving baseline for mu ratio calculations was collected from this prestimulus window, across all
three conditions. Thirty bins of two-second baselines equaled
the same number of time points as ten bins of six-second-long
stimuli per experimental condition. Stimuli were presented
pseudorandomly by Neurobehavioral Systems Presentation
v. 13 software. Nineteen channels of EEG and two of ocular
EMG were recorded using a Neuroscan Synamps system,
according to the 10–20 standards for electrode placement
(F3, Fz, F4, F7, F8, Fp1, Fp2, C3, Cz, C4, P3, Pz, P4, T5, T6,
O1, O2, T3, T4, VEOG). Recordings were referenced to a
digitally linked pair of mastoid electrodes and grounded at
Fpz. Recordings were online bandpass filtered between 0.3
and 100 Hz and amplified by a gain factor of 1000.

3. Analysis
3.1. Behavioral. Length of time to complete training was
recorded each day, and a training slope variable was calculated by a linear fit of the difference between the first and
the second days of training. A series of pairwise correlations
were calculated for the time to complete training on the first
day, the training slope, years of previous musical experience,
and pitch-recognition-production scores. We also calculated
the difference between pitch-recognition-production scores
from the posttest and the pretest sessions and added this to
the correlation matrix. Correlations and analysis of variance
were computed with MATLAB v. 7.10.

40

Minutes to error-free performance

the complete eight-measure melody. A training session was
finished for the day when the subject could play the entire
song with no mistakes. Time to completion was recorded for
each training session. The training environment was coded
in Max/MSP 4.5. A training session also involved listening
to the transposed and control melodies before and after
working through the piano sequence to control for familiarity
by presenting each of the three experimental songs in their
entirety the same amount of time to each subject each day.
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Figure 1: Mean amount of time to completion of training by day.
Error bars (red) represent the standard error of the mean.

they met the following three criteria: (1) irregular occurrence
throughout the session, (2) scalp location indicating facial
muscles, and (3) presence of abnormal spectrogram, such
as extremely high-power low frequencies (eyeblinks) or
disproportionately large power from 20 to 30 Hz (muscle
contamination). After artifacts were removed, EEG signals
were remixed from source space back into channel space for
further analysis.
3.2.2. Frequency Measures. All experimental conditions and
baseline epochs were converted to frequency spectra using
a fast Fourier transform with 0.5 Hz resolution. Frequency
bands were summed with a trapezoid function for mu (8–
13 Hz) and beta (20–30 Hz). Given the novel implementation
of this behavioral task with EEG measures, it seemed prudent
to explore other frequency bands outside of the mu and
beta rhythms, such as theta (4–8 Hz) and gamma (30–40).
Frequency band suppression was calculated as the log ratio of
condition divided by baseline. This baseline ratio accounted
for normalizing the differences inherent in spectral power
due to interpersonal differences in scalp condition. The log
transformation has the effect of turning ratios smaller than 1
into negative numbers, representing suppression below baseline, whereas enhancement is represented by positive values.
Pairwise comparisons, correlations, and one-way ANOVAs
were calculated in MATLAB v. 7.10 and repeated measure
ANOVAs were computed in SPSS v. 20.0.

3.2. EEG
3.2.1. Preprocessing. Offline data were processed in EEGLAB
[34]. Data were band-passed between 3 and 40 Hz using
the default FIR filter called by EEGLAB v. 12.0.2.4b. Epochs
centered around onset of song stimuli were extracted to
include the two-second baseline window before sound onset
and the six seconds of duration of song stimulus. Independent
component analysis (ICA) was performed (infomax algorithm) on the scalp channels, resulting in 19 components.
Artifactual components, such as those representing eyeblinks
or other head muscles, were visually identified and removed if

4. Results
4.1. Behavioral. The amount of time it took subjects to learn
the melodic sequence on the first day was highly variable
(mean, 30.53 minutes; SD, 22.88). A significant effect of
training day (𝐹(4, 80) = 12.02; 𝑝 = 1.07𝑒 − 7) revealed a
decrease in time to error-free performance and reduction in
variability across all subjects over the five days of training (see
Figure 1). Pearson correlation of length of time to error-free
performance on the first day and years playing music shows a
significant, negative slope (𝑟(15) = −0.58, 𝑝 = 0.01), but the
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Figure 2: (a) Mean performance on the pitch-recognition-production test before and after musical sequence training. Chance performance
is 20%. Error bars (red) represent the standard error of the mean (no significant difference between tests). (b) Individual performance with
red dashed line denoting chance level performance.

4.2. EEG. Brain rhythm suppression was calculated at electrodes C3 and C4 following reports of mu activity at these
recording sites [22, 35] and scalp projections of mu components are centered under these electrodes [36]. Repeated
measures ANOVA with factors of electrode (C3 and C4),
condition (control, learned, and transposed songs), and
frequency (theta, mu, beta, and gamma) revealed a main
effect of frequency (𝐹(3, 13) = 2988.37, 𝑝 = 1.0𝑒 − 3) and
a marginally significant interaction between frequency and
electrode (𝐹(3, 13) = 2.65, 𝑝 = 0.09). The theta and mu bands
revealed consistent enhancement of power relative to baseline
across all the conditions, whereas beta and gamma were
generally suppressed relative to baseline. Across theta, beta,
and gamma frequencies at these electrodes, the relative power
was lowest for the learned song, followed next by control
and then by transposed. Mu was the only frequency that
exhibited higher power during the learned melody relative
to the scrambled melody at C3. While we hypothesized
the learned song would show greatest suppression, we did

0.03
0.025
Log Mu suppression

relationship loses significance by the second day of training
(𝑟(15) = −0.39, 𝑝 = 0.12). Previous musical experience was
not correlated with pitch-recognition-production pretraining
scores, posttraining scores, or the difference between them.
The pitch-recognition-production matching test showed
little improvement (see Figure 2) from the pretraining percent correct (mean, 38.63% correct; SD, 5.54) to the posttraining score (mean, 46.27% correct; SD, 5.51). The musically
naive subject group showed a greater improvement in mean
score, from 37.4 (SD = 5.9) percent correct to 48.5 (SD =
3.6) correct after training, compared with the musically
experienced group who modestly improved from 40 (SD =
5.4) to 43.8 (SD = 7.3) percent. A mixed two-way ANOVA
of within-subject factor of test (pre and post) and betweensubject factor of musical experience corroborates this lack of
significant difference between subject groups on the P-R-P
test (𝐹(1, 15) = 0.38; 𝑝 = 0.55).

0.02
0.015
0.01
0.005
0

C3

C4

Scrambled
Learned
Transposed

Figure 3: Mu suppression at electrodes C3 and C4. Error bars
represent standard error of the mean.

not expect the transposed song to elicit the least amount
of suppression, even enhancement in some cases. Withinsubjects comparisons revealed a significant main effect for
frequency (𝐹(3, 45) = 6247.88, 𝑝 = 1.0𝑒 − 4) and interaction
between frequency and electrode (𝐹(3, 45) = 2.91, 𝑝 = 0.05).
The only frequency band that demonstrated suppression
for all musical conditions was the beta band at electrode
C3 (see Figure 4). Beta shows the same pattern of lowest
log ratio power for the learned song, followed by control
song and then transposed song. The pattern of relative power
holds consistent for all three frequency bands at C3 and
C4. The predicted results were not observed at electrode
C3 or electrode C4 in the mu band (see Figure 3). Power
values for each condition by frequency band and electrode
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Figure 4: Beta suppression at electrodes C3 and C4. Error bars
represent standard error of the mean.

Figure 5: Beta suppression at electrodes Cz and Pz. Error bars
represent standard error of the mean.

are available in the Supplementary Material available online
at http://dx.doi.org/10.1155/2015/638202.
Four additional repeated measure ANOVAs were calculated, one each for the theta, mu, beta, and gamma frequency
bands, with electrode (19) and condition (3) factors (power
tables of condition by electrode for each frequency band are
available in Supplementary Materials). Within-subject effects
revealed a main effect of electrode for the mu (𝐹(18, 270) =
1.7, 𝑝 = 0.04) and theta bands (𝐹(18, 270) = 3.508, 𝑝 =
1.0𝑒−3). No main effect was observed for condition; however
the theta (𝐹(36, 540) = 1.59, 𝑝 = 0.2), beta (𝐹(36, 540) =
1.59, 𝑝 = 0.02), and gamma (𝐹(36, 540) = 1.656, 𝑝 = 0.01)
bands all revealed a significant interaction between electrodes
and conditions. As seen in Figure 6, the activity across all
frequency bands was centered over the midline electrodes.
Examining these electrodes, both Cz and Pz revealed a trend
in the predicted direction across conditions in the beta band,
with learned melody exhibiting greatest suppression, followed next by transposed and lastly by the scrambled control
melody. A significant main effect was observed for condition
at these two recording sites (𝐹(2, 14) = 7.12, 𝑝 = 0.007). All
three musical conditions exhibited suppression with regard
to the baseline at Cz, and at Pz the scrambled melody control
showed a slight enhancement (Figure 5). Overall Cz showed
greater suppression than Pz for all three conditions, though
the difference between learned and scrambled melodies was
larger at Pz. As the beta band has been shown to play a
role in perception of sounds [29, 37] and the effect was
only observed over sensorimotor cortex, this finding supports
the hypothesis that the motor system may be involved in
perception of musical sequences. No significant correlations
were found between beta suppression at these sites and years
of musical training, pitch-recognition-production difference
scores, or length of time to reach error-free performance on
the first day of training (statistics reported in Table 2). Lack

of correlation between brain responses and these behavioral
measures indicated that prior musical experience or aptitude
is not likely influencing the neural physiological responses at
the level of individuals. However, when musical experience
was included as a between-subjects factor of group (musically experienced, musically naive) and repeated measures
ANOVA with factors of central electrode (C3, Cz, C4, and Pz)
and song condition (control, learned, and transposed), there
was a main effect of electrode (𝐹(3, 12) = 10.84, 𝑝 = 0.001)
and an interaction between electrode by group (𝐹(3, 12) =
8.42, 𝑃 = 0.003). The greatest group differences were at
C3, with nonmusicians exhibiting greater beta suppression,
and C4 where musically experienced participants exhibited
greater beta suppression.
As cortical alpha power is variable in its peak frequency
across the population [38] we performed an additional
multivariate analysis on mu power that was integrated over
a band defined by an individual’s mu peak frequency within
a fixed bandwidth (8–20 Hz, the frequency window between
theta and beta cutoffs) [39]. Repeated measures ANOVA with
factors of electrode (19) and condition (3) revealed no main
effect of condition (𝐹(2, 30) = 0.43, 𝑝 = 0.657) or an
interaction between condition and electrode (𝐹(36, 540) =
0.68, 𝑝 = 0.92). Including a between-subjects factor of
group (2) in a repeated measure ANOVA with central
electrode (C3, Cz, C4, and Pz) and condition (3) factors
revealed a within-subjects interaction of electrode by musical
experience (𝐹(3, 42) = 2.94, 𝑝 = 0.044). The musician group
showed virtually no suppression at electrodes C3 and Pz,
relative to nonmusicians who exhibited relatively high levels
of suppression. The interaction was not further explained
by the addition of condition, as the three-way interaction
was not significant (𝐹(6, 84) = 1.28, 𝑝 = 0.27), and the
differences between musicians and nonmusicians are greatest
at the lateralized electrodes (C3 and C4). Power values are

Pre- and post difference PRP test

Years of musical training

Completion time day 1

Spearman’s rho

.833
−.057
16
.529
.170
16
.491
−.186
16

C3
control
.914
.029
16
.912
.030
16
.184
−.350
16

C3
learned
.935
−.022
16
.899
−.035
16
.158
−.370
16

C3
transposed
.974
.009
16
.419
−.217
16
.401
−.226
16

.284
.286
16
.412
−.220
16
.578
−.150
16

.766
.081
16
.335
−.258
16
.349
−.251
16

Beta band behavioral correlations
CZ
CZ
CZ
control
learned transposed
.948
−.018
16
.325
−.263
16
.014
−.599
16

C4
control
.427
.213
16
.296
−.279
16
.410
−.221
16

C4
learned

.300
.277
16
.091
−.436
16
.559
−.158
16

C4
transposed

Table 2: Nonparametric correlations between behavioral measures and beta band activity.

.884
−.040
16
.958
−.014
16
.320
−.265
16

PZ
control

.152
.375
16
.072
−.461
16
.704
−.103
16

PZ
learned

.791
.072
16
.402
−.225
16
.644
−.125
16

PZ
transposed
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Figure 6: Scalp distribution of different frequency band activities. Units for power heat maps are microvolts squared.

available in the Supplementary Materials for individual mu
peak power spectra for all electrodes by condition and for
central cluster of electrodes by group.

5. Discussion
The present study reports a novel finding that cortical
audiomotor system activity, as evidenced by EEG, is sensitive
to the effects of auditory sequence manipulations when the
sounds are associated with movement. When subjects heard
a melody they learned to play and a transposed version of that
melody, they exhibited suppression of the beta band relative
to baseline and relative to a scrambled melody control.
The level of motor system engagement indexed by beta
suppression was greater in response to listening to learned
melodies than listening to the transposed version of these
melodies. Suppression of the beta rhythm while listening to
transposed versions of the learned melody indicates a role for
motor system associations with the sequential aspects of an

auditory stimulus. The present study builds on previous work
by Lahav et al. [8] who reported motor system activity in the
form of a blood oxygen level dependent (BOLD) signal when
listening to the same learned melody. Lahav et al. further
demonstrated partial motor system activation when subjects
heard a novel melody composed of notes from the learned
melody. They interpreted the partial activation as evidence
that the motor system was sensitive to associations formed
between single notes and single finger movements (recall one
note per finger on the right hand). We hypothesized that
the difference between motor system engagement levels for
learned melodies and scrambled melodies of the same note
set could be explained by an audiomotor system sensitivity
to sequences of sounds. The evidence currently reported
supports this hypothesis. A logical extension of the work
would compare the levels of motor system engagement while
listening to the transposed melody and scrambled melody
(same notes and different sequence from learned song). If
the motor system is sensitive to both single note (pitch)
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and sequence information, then the sum of motor activation
between these two conditions should approximate the level
observed when subjects listen to the melody they learned to
play.
Suppression of beta rhythms is associated with motor
engagement. Caetano et al. [29] reported that the beta
frequency band desynchronizes in anticipation of actions,
hearing, and seeing that same action, followed by rebound
synchronization after completion of the event. They also
reported that the mu rhythm followed a similar time course of
suppression and rebound enhancement, however with slight
delays in rebound compared to the beta rhythm. During the
sound only condition, mu and beta responses exhibited less
suppression during the anticipatory phase but rebound at
the same latency as visual based stimuli. This suggests that
prestimulus suppression is related to movement preparation
or planning. Boonstra et al. [30] also report a similar beta
suppression during auditory perception and a pretap suppression with rebound enhancement when subjects tapped along
with a steady, rhythmic sound. Both beta and mu frequency
bands are seen as the two most active bands in terms of
phase coherence between a cerebral network engaged during
rhythmic sound tap synchronizing [40]. Further evidence to
support the relevance of beta band in musical sequencing or
rhythmic processing comes from reports of activity centered
around 25 Hz in response to missing (expected) rhythmic
sounds [41–43] and from its proposed role in modulating
perceived beat structure [37].
Rather than predicted mu suppression, mu enhancement was observed across all conditions. The trend was
similar across electrodes in the sensorimotor scalp region.
Scrambled and learned song conditions had similar low
levels of enhancement, while the transposed song enhanced
mu significantly greater than the other two conditions. Mu
suppression was predicted based on past work identifying mu
rhythms as having high power during rest and suppressed
during visual, auditory, and audiovisual input sans movement
[28]. However, the stimuli used by McGarry et al. [28] were
not musical in nature, as the action and sounds were tearing
a sheet of paper. Prediction of action sounds in the absence
of visual input is difficult. Music and language, conforming
to grammatical rules, can build predictions of future sounds
based on the relationships between and sequences of past
sounds. To assume that the same neural system predicts
visual and auditory movement related stimuli may be an
error, even though auditory information can facilitate visual
processing. While the mu rhythm is sensitive to auditory
information [28] and plays a role in visual to motor and
audio transformations in terms of reading sheet music [33],
it may not play a direct role in audiomotor processing
by itself. Caetano et al. [29] report that the mu rhythm
responded more robustly to tapping on a drum when there
is somatosensory feedback. Pantomiming the same tapping
action in the absence of a surface to tap on fails to suppress
the mu rhythm in the same way as a tap with tactile feedback.
Listening to a melodic sequence that has motor associations
may not suppress mu rhythms as the experience does not
include the sensation, or perhaps even simulation of a tactile
response. However one should draw comparisons cautiously
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as previously reported mu responses to tapping indicate a
response to a discrete movement, whereas in the present
study neural responses were averaged over several discrete
sound-action pairings.
Mu enhancement, greatest while listening to the transposed song, may reflect an inhibitory response, rather than
motor system preparation simply associated with movement.
The inhibition timing hypothesis [44, 45] interprets event
related increases of mu power as an inhibition response
during intensive activity in other cortical rhythms. For
instance, mu may signify the inhibition of motor output, such
that changes in beta rhythms sequencing motor commands
remain a simulation, unable to affect actual muscles. The
hypothesis further proposes a role of mu enhancement as
a main source of synchronization in cortical rhythms to
synchronize neuronal timing. Given the strong temporal
structure of musical sounds, it may be reasonable to expect
mu power to increase during perception of more complex
sound passages that require additional sequencing resources.
It is possible that listening to a transposition requires more
cortical resources such that greater demands are placed
on the timing mechanisms critical to sound sequencing.
If mu enhancement reflects increased difficulty of auditory
sequencing, then listening to complex rhythmic patterns
may elicit greater enhancement of mu rhythms than simple
rhythmic patterns.
We additionally report a novel inclusion of musically
experienced subjects with the piano learning ear training
task. At the individual subject level, previous music experience was not associated with any other measure, except
the length of time it took to complete the first day of ear
training. At the group level, previous musical training was
associated with lower levels of mu and beta suppression
over the left sensorimotor cortex. For instrumentalists who
have experience associating right hand movements with pitch
perception in music performance, this may represent a more
efficient use of cortical resources. The right sensorimotor
cortex, contralateral to piano trained hand, exhibited greater
beta suppression in musically experienced subjects. This
might be explained in part by previous reports indicating a
preferential role of the right hemisphere in relative pitch processing [46]. Musical training may be represented in this case
by increased recruitment of right hemisphere sensorimotor
networks during pitch processing, resulting in increased
suppression. Musical experience may explain effects in the
present data, but caution is urged in generalization of these
findings, as we did not specifically recruit musicians, and only
two of our subjects were regularly playing music at the time
of their participation.
Subjects in the present study learned to play the melodic
sequence by ear, as evidenced by the changes in length of
time to complete training across sessions, replicating past use
of this behavioral task [17]. The time to complete training
followed an exponential decay curve, also showing a collapse
of variance across subjects. Our novel inclusion of subjects
with previous musical experience had an effect on the length
of time to learn the song on the first day of training, but
after five days of ear training and piano playing, differences
between subjects groups were negligible. The two population
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groups, both piano naive, did not have significantly different
P-R-P test scores before or after training. As previous reports
from Lahav et al. [17] were performed with only musically
naive subjects, the present work extends this task as a viable
training with little differences for both the musically naive
and musically experienced but piano naive subjects.
Taken in light of previous findings, enhanced mu and
suppressed beta might indicate greater cortical demands in
response to sounds associated with a motor action. As previous authors [8] hypothesized a trained association between
discrete musical pitches and discrete finger movements, an
extension of this work could make use of the temporal
resolution of EEG and design the posttraining assessment to
focus on reactions to discrete musical notes or a sequence
of multiple notes to test whether cortical oscillations are
recruited according to the time intervals related to sequence
complexity. Relevant work from functional imaging suggests
increases in auditory and premotor cortical activity proportional to difficulty of tapped rhythms [10]. If the motor system
contributes to offline processing of sequential or rhythmic
sounds at the level of discrete sounds, then one could predict
beta desynchronization or mu synchronization in response to
heard sounds without movement.

Conflict of Interests
The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interests.

Behavioural Neurology

[7]

[8]

[9]

[10]

[11]

[12]
[13]

[14]

[15]

Acknowledgments
[16]

The authors would like to thank Noah Bresler for help
with subject training and data collection, Steven Pillen for
consultation with regard to data analysis, and Dronker’s lab
writing group for feedback on earlier versions of the paper.

References
[1] S. Baumann, S. Koeneke, M. Meyer, K. Lutz, and L. Jäncke,
“A network for sensory-motor integration: what happens in
the auditory cortex during piano playing without acoustic
feedback?” Annals of the New York Academy of Sciences, vol.
1060, pp. 186–188, 2005.
[2] M. Bangert, T. Peschel, G. Schlaug et al., “Shared networks for
auditory and motor processing in professional pianists: evidence from fMRI conjunction,” NeuroImage, vol. 30, no. 3, pp.
917–926, 2006.
[3] S. Baumann, S. Koeneke, C. F. Schmidt, M. Meyer, K. Lutz, and
L. Jancke, “A network for audio-motor coordination in skilled
pianists and non-musicians,” Brain Research, vol. 1161, pp. 65–
78, 2007.
[4] J. L. Chen, R. J. Zatorre, and V. B. Penhune, “Interactions
between auditory and dorsal premotor cortex during synchronization to musical rhythms,” NeuroImage, vol. 32, no. 4, pp.
1771–1781, 2006.
[5] R. J. Zatorre, “There’s more to auditory cortex than meets the
ear,” Hearing Research, vol. 229, no. 1-2, pp. 24–30, 2007.
[6] A. D. Patel and J. R. Iversen, “The evolutionary neuroscience
of musical beat perception: the Action Simulation for Auditory

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Prediction (ASAP) hypothesis,” Frontiers in Systems Neuroscience, vol. 8, article 57, 2014.
S. Li, B. Hong, X. Gao, Y. Wang, and S. Gao, “Event-related
spectral perturbation induced by action-related sound,” Neuroscience Letters, vol. 491, no. 3, pp. 165–167, 2011.
A. Lahav, E. Saltzman, and G. Schlaug, “Action representation
of sound: audiomotor recognition network while listening to
newly acquired actions,” The Journal of Neuroscience, vol. 27, no.
2, pp. 308–314, 2007.
J. L. Chen, V. B. Penhune, and R. J. Zatorre, “Moving on time:
brain network for auditory-motor synchronization is modulated by rhythm complexity and musical training,” Journal of
Cognitive Neuroscience, vol. 20, no. 2, pp. 226–239, 2008.
J. L. Chen, V. B. Penhune, and R. J. Zatorre, “The role of auditory
and premotor cortex in sensorimotor transformations,” Annals
of the New York Academy of Sciences, vol. 1169, pp. 15–34, 2009.
E. H. Margulis, L. M. Mlsna, A. K. Uppunda, T. B. Parrish, and
P. C. M. Wong, “Selective neurophysiologic responses to music
in instrumentalists with different listening biographies,” Human
Brain Mapping, vol. 30, no. 1, pp. 267–275, 2009.
A. Patel, “Language, music, syntax and the brain,” Nature Neuroscience, vol. 6, no. 7, pp. 674–681, 2003.
I. Molnar-Szakacs and K. Overy, “Music and mirror neurons:
from motion to ‘e’motion,” Social Cognitive and Affective Neuroscience, vol. 1, no. 3, pp. 235–241, 2006.
K. Overy and I. Molnar-Szakacs, “Being together in time: musical experience and the mirror neuron system,” Music Perception,
vol. 26, no. 5, pp. 489–504, 2009.
R. J. Zatorre, J. L. Chen, and V. B. Penhune, “When the brain
plays music: auditory-motor interactions in music perception
and production,” Nature Reviews Neuroscience, vol. 8, no. 7, pp.
547–558, 2007.
M. Siegel, T. J. Buschman, and E. K. Miller, “Cortical information flow during flexible sensorimotor decisions,” Science, vol.
348, no. 6241, pp. 1352–1355, 2015.
A. Lahav, A. Boulanger, G. Schlaug, and E. Saltzman, “The
power of listening: auditory-motor interactions in musical
training,” Annals of the New York Academy of Sciences, vol. 1060,
pp. 189–194, 2005.
J. A. Pineda, “Sensorimotor cortex as a critical component of an
‘extended’ mirror neuron system: does it solve the development,
correspondence, and control problems in mirroring?” Behavioral and Brain Functions, vol. 4, article 47, 2008.
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Objects. We investigated the role of the fusiform cortex in music processing with the use of PET, focusing on the perception of sound
richness. Method. Musically naı̈ve subjects listened to familiar melodies with three kinds of accompaniments: (i) an accompaniment
composed of only three basic chords (chord condition), (ii) a simple accompaniment typically used in traditional music text books
in elementary school (simple condition), and (iii) an accompaniment with rich and flowery sounds composed by a professional
composer (complex condition). Using a PET subtraction technique, we studied changes in regional cerebral blood flow (rCBF) in
simple minus chord, complex minus simple, and complex minus chord conditions. Results. The simple minus chord, complex minus
simple, and complex minus chord conditions regularly showed increases in rCBF at the posterior portion of the inferior temporal
gyrus, including the LOC and fusiform gyrus. Conclusions. We may conclude that certain association cortices such as the LOC and
the fusiform cortex may represent centers of multisensory integration, with foreground and background segregation occurring at
the LOC level and the recognition of richness and floweriness of stimuli occurring in the fusiform cortex, both in terms of vision
and audition.

1. Introduction
Historically, the style of music has developed from simple
to complex. Such development was typically classified as a
change from monophony, that is, music for a single voice
or part [1], to polyphony, in which two or more strands
sound simultaneously, or to homophony in which there
was a clear distinction between melody and accompanying
harmony [1]. In music with a monophonic style, only the
melody is produced and there is no accompaniment. In
homophony, to which most nursery and folk songs of western
music belong, music consists of melody and its accompaniment. As music with homophonic or polyphonic styles
has developed, harmonies have become more complex. For
example, music of Mozart or Haydn in the 18th century
rarely utilized dissonant chords, while the 20th century music
of Ravel or Debussy had several kinds of chords including
dissonant ones. Listening to homophonic music is different

from listening to monophonic music according to the following. First, with homophonic music, listeners discriminate
melody and its accompaniment. Even if the melody and
the accompaniment are played by the same instrument (i.e.,
with the identical timbre), we can easily and instantaneously
perceive the melody and the accompaniment. The neural
basis of this is still unknown, but we previously reported in
a positron emission tomography (PET) activation study that
the lateral occipital complex (LOC), which participates in
foreground and background segregation in vision, plays an
important role in the discrimination between melody and
its accompaniment [2]. The melody and the accompaniment
could be regarded, in auditory terms, as the foreground and
background, respectively. We suggested that the same neural
substrates carried out similar functions beyond the simple
discrimination of sensory modalities. Second, the sounds of
homophonic music could be richer than monophonic music.
The quality of sound is generally called “timbre.” The timbre
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is operationally defined as the attribute that distinguishes
sounds of equal pitch, loudness, location, and duration [3].
The term “timbre” not only relates to the individual musical
instrument, but also relates to expressing the characteristics
of the sound of musical pieces. For example, it is generally
considered that the timbre of impressionist music of Ravel
or Debussy is richer and more flowery than the classical
music of Mozart or Haydn. In the above-mentioned PET
study, the melody with accompaniment also activated the
fusiform cortex (in addition to the LOC) compared to the
melody without the accompaniment [2]. We interpreted the
activation of the fusiform cortex to reflect the rich sound from
the accompaniment, but much still remains to be done to
identify the role of that area in listening to music.
Over the past few decades, a considerable number of
PET activation studies have been made on various aspects
of music, sounds, and the brain [4–6], not only in healthy
subjects [4, 6] but also in patients with tinnitus [5]. Based
on our previous researches, we performed another PET
study that investigated brain region activity while subjects
listened to melodies with various kinds of accompaniments.
Musically naı̈ve subjects listened to melodies of familiar
nursery songs with various degrees of sound richness of the
accompaniment. According to a visual analogue scale (VAS),
for each piece of music we also ascertained to what extent
the subjects felt the sound was rich. Using a PET subtraction
technique, brain regions that were significantly activated by
sound richness were identified.
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quarter tones of a chord on a whole note of fundamental tone.
The first beat of each cord in the bar was rest, so only the
fundamental tone was played at the first beat. All musical
stimuli were played using the “FINALE” software [9]. The
author Masayuki Satoh wrote musical scores of musical pieces
used in this experiment on the “FINALE,” and the software
played each piece with piano timbre. Each performance was
recorded on a compact disc. Melodies with the three types
of accompaniments were randomly presented. Subjects were
instructed to listen to each melody, and PET measurements
were obtained while listening to these melodies (procedures
described below). Subjects were required to make a sign with
the index finger of the right hand as the melody of each song
finished. All stimuli were presented binaurally via inset stereo
earphones.
The instruction to the subjects was as follows: Close your
eyes. You will listen to a melody of a familiar nursery song. If
you feel that the melody has finished, please make a sign with
the index finger of your right hand.

2.1. Subjects. Ten right-handed male volunteers (mean age
21.7 ± 0.95 years; range 20–24) participated in the study.
All were students at the Schools of Engineering or Mining,
Akita University, and met criteria for Grison’s second level
of musical culture [7]. None had received any formal or
private musical education, and none had any signs or history
of neurological, cardiovascular, or psychiatric disease. All
subjects gave written informed consent after the purpose
and procedure of the examination had been fully explained.
The study was approved by the Ethics Committee of the
Research Institute for Brain and Blood Vessels, Akita, Japan,
and all experiments were conducted in accordance with the
Declaration of Helsinki.

2.3. Positron Emission Tomography Measurements. The protocol used in this study has been previously described in
detail [2, 10–12]. Briefly, PET data were acquired in 3D acquisition mode using Headtome V (Shimadzu, Kyoto, Japan).
Scans were performed in a darkened room with subjects
lying supine with eyes closed. Nine CBF measurements
were determined for each subject, three during the chord,
three during the simple, and three during the complex condition. Employing 15 O-labeled water (H2 15 O) intravenous
bolus technique [13], emission data were collected for 90
seconds for each measurement following intravenous bolus
injection of about 15 mL (40 mCi) H2 15 O. A musical piece
was initiated 15 seconds prior to data acquisition, followed
by another musical piece, and this in total continued for
about 120 seconds. Emission data were corrected for attenuation by acquiring 10 minutes of transmission data utilizing
68
Ge orbiting rod source performed prior to the activation
scans. A wash-out period of approximately 10 minutes was
allowed between successive scans. For anatomic reference, all
subjects underwent axial T1-weighted imaging (T1WI) and
T2-weighted imaging (T2WI) using a 1.5 T magnetic resonance system (Vision, Siemens, Germany). T1WI (TR/TE =
665/14 ms) and T2WI (TR/TE = 3600/96 ms) were obtained
using a slice thickness of 5 mm with an interslice gap of 1 mm.

2.2. Task Procedures. The stimuli in this experiment were six
melodies of well-known Japanese nursery songs. All subjects
were very familiar with these melodies. For each melody,
the following three kinds of accompaniment were composed:
(i) an accompaniment composed by using only three basic
chords (tonic, dominant, and subdominant chord), one of
which was set on each bar (chord condition), (ii) a simple
accompaniment that is typically used in the traditional
music text books in Japanese elementary schools (simple
condition), and (iii) an accompaniment with rich and flowery
sounds composed by a professional composer [8] (complex
condition). The (i) chord and (ii) simple condition accompaniments were composed by one of the authors (Masayuki
Satoh). The accompaniment of simple condition consisted of

2.4. Data Analysis. PET data analysis was performed on a
SGI Indy running IRIX 6.5 (Silicon Graphics, California),
using an automated PET activation analysis package [14]
composed of six main processing stages which has been
previously described in detail [2, 10–12]. The six main stages
consisted of intrasubject coregistration, intrasubject normalization, automatic detection of the AC-PC line, detection
of multiple stretching points and surface landmarks on
intrasubject averaged image sets, intersubject summation and
statistical analyses, and superimposition of statistical results
onto the stereotactic MRI. Deformation of individual brains
to correspond with the standard atlas brain was achieved by
spatially matching individual landmarks to the corresponding predefined standard surface landmarks and minimizing

2. Subjects and Methods
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Figure 1: Visual analogue scale (VAS) for the assessment of
subjective impression of sound richness of each musical stimulus.
The length of color bar is 140 mm.

correlation coefficients of regional profile curves between
the stretching centers. Activation foci were considered to be
significantly activated if the corresponding 𝑝 value was less
than a predetermined threshold (𝑝 < 0.001, Bonferroni correction for multiple comparisons). Anatomical identification
of activation foci was achieved by referring the stereotactic
coordinates of the peak activated pixels to the standard
Talairach brain atlas [15].
2.5. Visual Analogue Scale (VAS) of Sound Richness. After
the PET measurement, the degree of sound richness of
each melody with the three types of accompaniments was
investigated in each subject. In a quiet room, each subject
listened to the stimuli and was required to subjectively mark
the VAS (Figure 1) according to the degree of sound richness
the subject felt. Three colors (yellow, blue, and red) were
used because the lyrics of some songs had a relationship
with a specific color, for example, the sea related to blue
and the sunset to red. Subjects marked to the right to the
degree that they felt that the sound of the music was rich.
We measured the distance from the left end to the marked
position (mm) and, using the Wilcoxon signed rank test,
statistically compared the distance between the three kinds
of accompaniments, namely, chord, simple, and complex
condition.

3. Results
Regarding the VAS of sound richness, the mean distance
from the left end was significantly longer as the accompaniment became more complex (Figure 2): chord condition
54.2 ± 34.2; simple condition 71.3 ± 30.1; complex condition
101.4 ± 31.1 mm (mean ± standard deviation (sd)). We can
reasonably conclude that, as expected, the more complex the
accompaniment became, the richer the subjects reported the
sound.
The results of subtractions providing significant regions
activated as the sound became more complex are given in
Tables 1, 2, and 3 and Figures 3, 4, and 5. The regions
activated during the simple condition but not during the
chord condition are listed in Table 1 together with stereotactic coordinates based on the brain atlas of Talairach and

20

0

Chord

Simple
Accompaniment

Complex

Figure 2: Results of VAS of each accompaniment condition. As the
accompaniment became more complex, the subjects regarded the
sound of musical pieces as being richer.

Tournoux [15]. These results show areas of relative blood
flow changes that emphasize differences between the two
conditions and minimize areas that are common to both
conditions. Significant increases in relative cortical blood
flow were found in the posterior portion of the left inferior
temporal gyrus, bilateral fusiform gyri, the medial surface
of the bilateral frontal lobes, the right superior parietal
lobule, and the left orbital frontal cortex (Table 1, Figure 3).
Compared to the chord condition, the complex condition
produced significant activation at the posterior portion of the
left inferior temporal gyrus, left fusiform gyrus, right medial
surface of the occipital lobe, the lateral surface of the left
occipital lobe, and the anterior portion of the left middle
temporal gyrus (Table 2, Figure 4). Between the complex and
simple condition, the former condition significantly activated
the posterior portion of the left inferior temporal gyrus,
the left fusiform gurus, the left retrosplenial region, the
anterior portion of the right middle temporal gyrus, the
right cingulate gyrus, and the bilateral cerebellum (Table 3,
Figure 5). The important point to note is that the activation
of the posterior portion of the inferior temporal gyrus and
the fusiform gyrus was observed in all results after every
subtraction, that is, simple minus chord, complex minus
chord, and complex minus simple condition. The opposite
subtraction of chord minus simple, chord minus complex,
and simple minus complex conditions revealed almost the
same activation pattern. The activation was observed at the
bilateral orbital frontal cortex, the bilateral or left superior
frontal gyrus, and the right superior temporal gyrus (Tables
4–6, Figures 6–8).

4. Discussion
The findings of this experiment are summarized as follows:
as an accompaniment became more complex, (i) the subjects
felt that the sound of music was richer and (ii) the fusiform
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Table 1: Regions showing significant changes in rCBF by the subtraction of simple minus chord condition.

Anatomical structures
Posterior portion of inferior temporal gyrus
L
Fusiform gyrus
L
R
Medial surface of occipital lobe
L
R
Superior parietal lobule
R
Orbital frontal cortex
L

Brodmann area

𝑥

Talairach coordinate
𝑦

𝑧

𝑧-score

37

18/19
19
17/18

−48

−55

−16

5.20

−19
30

−58
−67

−9
−7

4.38
4.32

−17
10

−87
−87

−4
11

3.83
4.024

33

−53

56

3.32

−17

50

−16

3.08

7
11

Coordinates x, y, and z are in millimetres corresponding to the atlas of Talairach and Tournoux. The 𝑥-coordinate refers to medial-lateral position relative
to midline (negative = left); 𝑦-coordinate refers to anterior-posterior position relative to the anterior commissure (positive = anterior); 𝑧-coordinate refers
to superior-inferior position relative to the anterior commissure-posterior commissure line (positive = superior). 𝑧-score refers to the maximum pixel of the
region. L and R refer to the left and right hemisphere, respectively.

Table 2: Regions showing significant changes in rCBF by the subtraction of complex minus chord condition.
Anatomical structures
Posterior portion of inferior temporal gyrus
L
Fusiform gyrus
L
Medial surface of occipital lobe
R
Lateral surface of occipital lobe
L
Anterior portion of middle temporal gyrus
R

Brodmann area

𝑥

Talairach coordinate
𝑦

𝑧

𝑧-score

37
−53

−58

−11

4.97

19/37

−30

−49

−11

3.58

17

17

−96

2

3.10

18

−39

−73

−2

3.00

38

35

8

−40

3.96

Details as for Table 1.

Table 3: Regions showing significant changes in rCBF by the subtraction of complex minus simple condition.
Anatomical structures
Posterior portion of inferior temporal gyrus
L
Fusiform gyrus
L
Retrosplenial region
L
Anterior portion of middle temporal gyrus
R
Cingulate gyrus
R
Cerebellum
L
R
Details as for Table 1.

Brodmann area

𝑥

Talairach coordinate
𝑦

𝑧

𝑧-score

37
−60

−58

−7

3.81

36

−33

−26

−25

4.27

29

−6

−51

18

3.91

38

37

8

−40

3.44

31

10

−28

40

3.29

−51
39

−49
−64

−38
−32

3.34
3.34
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Figure 3: Simple-chord condition (𝑝 < 0.001). ll: lateral surface of left hemisphere; lm: medial surface of left hemisphere; rl: lateral surface
of right hemisphere; rm: medial surface of right hemisphere; up: upper surface.

p = 0.00000001

ll

rl
up

lm

rm

p = 0.01

Figure 4: Complex-chord condition (𝑝 < 0.001). ll: lateral surface of left hemisphere; lm: medial surface of left hemisphere; rl: lateral surface
of right hemisphere; rm: medial surface of right hemisphere; up: upper surface.

cortex and the posterior portion of the inferior temporal
gyrus were activated. In the following paragraphs, we discuss
the functional significance of these activated brain regions.
The fusiform cortex might participate in the perception of
sound richness. The present study showed that, as the sound
became richer, the activation of the fusiform cortex increased.
This finding revealed that the degree of the activation of the
fusiform cortex was different depending on the degree of
the sound richness of the accompaniment in the identical

melodies. It is generally accepted that the fusiform cortex
processes color recognition, based on the results of a case [16]
and a PET activation study [17]. The findings of the present
study and previous reports suggest that color information
in vision and sound richness in audition might be similarly
registered in the brain. In other words, it is possible that
similar information from different sensory modalities might
be processed within the same brain region and that the
visual association cortex might not only be involved in visual
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Figure 5: Complex-simple condition (𝑝 < 0.001). ll: lateral surface of left hemisphere; lm: medial surface of left hemisphere; rl: lateral surface
of right hemisphere; rm: medial surface of right hemisphere; up: upper surface.

Table 4: Regions showing significant changes in rCBF by the subtraction of chord minus simple condition.
Anatomical structures
Orbital frontal cortex
L
R
Superior frontal gyrus
L
R
Superior temporal gyrus
R
Cerebellum
L
R

Brodmann area

𝑥

Talairach coordinate
𝑦

𝑧

𝑧-score

11
−6
5

26
24

−16
−14

2.97
2.73

−24
21

30
19

43
58

3.13
3.29

51

3

2

3.06

−17
51

−62
−46

−36
−36

3.82
3.43

6/8

22

Details as for Table 1.

Table 5: Regions showing significant changes in rCBF by the subtraction of chord minus complex condition.
Anatomical structures
Orbital frontal cortex
L
R
Superior frontal gyrus
L
Superior temporal gyrus
R
Details as for Table 1.

Brodmann area

𝑥

Talairach coordinate
𝑦

𝑧

𝑧-score

10/11
−3
12

26
64

−18
−11

5.39
3.20

8

−24

28

50

3.05

22

62

−37

7

3.75
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Table 6: Regions showing significant changes in rCBF by the subtraction of simple minus complex condition 3.
Anatomical structures

Brodmann area

Orbital frontal cortex
L
R
Anterolateral portion of superior frontal gyrus
L
Superior temporal gyrus
R
Cerebellum
L

𝑥

Talairach coordinate
𝑦

𝑧

𝑧-score

11
−1
12

28
32

−20
−18

4.79
4.06

21/22

−48

5

−14

2.97

22

62

−37

7

2.90

−51

−37

−25

3.17

Details as for Table 1.

p = 0.00000001
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Figure 6: Chord-simple condition (𝑝 < 0.001). ll: lateral surface of left hemisphere; lm: medial surface of left hemisphere; rl: lateral surface
of right hemisphere; rm: medial surface of right hemisphere; up: upper surface.

processing. Recent studies have revealed that some sensory
modalities are related to each other. This phenomenon is
called “cross-modal integration” and was observed between
taste and audition [18], taste and smell [19–22], taste and color
[23], odor and color [24], taste and music [25], pitch and
visual size [26, 27], brightness and frequency of vibrotactile
stimuli [28], sound and color [29, 30], and vision and
audition [31]. It was reported that cross-modal associations
are ubiquitously present in normal mental function [25, 32,
33]. Recent research suggests that cortical auditory processing
is divided into separate processing streams [31, 34]. Posterior temporoparietal regions, labeled the “where” or “how”
stream, may be specialized for processing sound motion
and location [31]. Regions anterior and ventral to primary
auditory cortex, labeled the “what” stream, may be specialized
for processing characteristic auditory features [31]. Neurons
in “what” stream respond directly to auditory and visual
sensory stimuli and are important for forming the association

between auditory and visual objects [31]. Therefore, we may
conclude that cross-modal integration also occurs at the
fusiform cortex between color and sound richness when
listening to music.
In the present study, the posterior portion of the inferior
temporal gyrus was also activated. This area is called the
lateral occipital complex (LOC) and is known to participate in
foreground and background segregation in vision [35]. It was
suggested that the LOC also participates in the discrimination
between melody and its accompaniment [2]. In our previous
study, we considered that the LOC might play a similar
role of foreground and background segregation in both
vision and audition. This finding reinforced the hypothesis
that some association cortices carry out a similar function
beyond the differences in sensory modalities (Figure 9). After
the perception of sounds at the auditory cortex level, the
information might be sent to the LOC and fusiform cortex.
The former and the latter might participate in the foreground
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Figure 7: Chord-complex condition (𝑝 < 0.001). ll: lateral surface of left hemisphere; lm: medial surface of left hemisphere; rl: lateral surface
of right hemisphere; rm: medial surface of right hemisphere; up: upper surface.

p = 0.00000001

ll

rl

lm

rm

up

p = 0.01

Figure 8: Simple-complex condition (𝑝 < 0.001). ll: lateral surface of left hemisphere; lm: medial surface of left hemisphere; rl: lateral surface
of right hemisphere; rm: medial surface of right hemisphere; up: upper surface.

and background segregation and the recognition of sound
richness, respectively, both in vision and audition.
The opposite subtraction, namely, chord minus simple,
chord minus complex, and simple minus complex condition,
all produced an activation of the bilateral orbital frontal
cortex. The functional significance of this region in this
experiment is unclear. However, this region is known as
a structure within Yakovlev’s circuit that participates in
emotion and memory. Damage to this region often results in

disinhibition, impairment in control over impulsive behavior
based on instinct and emotion. It is possible that activation
of the orbital frontal cortex was caused by the comfortable
and pleasant feeling of listening to familiar nursery songs
or by inhibiting the desire to sing along with these familiar
melodies.
In summary, the fusiform cortex and the LOC might
have a similar function in vision and audition. The fusiform
cortex recognizes color and sound richness, and the LOC
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Discrimination between melody
and its accompaniment
LOC

Auditory cortex
Perception of sounds

Fusiform cortex
Recognition of sound richness

Figure 9: Diagram of cognitive processing during listening to music
with accompaniment.

participates in foreground and background segregation.
We may conclude that the association cortices might play
a similar role across multiple sensory modalities. Further
studies are needed to clarify the multimodal integration of
association cortices.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

References
[1] S. Sadie, The Grove Concise Dictionary of Music, The Macmillan
Press, London, UK, 1994.
[2] M. Satoh, K. Takeda, K. Nagata, and H. Tomimoto, “The lateral
occipital complex is activated by melody with accompaniment:
foreground and background segregation in auditory processing,” Journal of Behavioral and Brain Science, vol. 1, no. 3, pp.
94–101, 2011.
[3] S. M. Town and J. K. Bizley, “Neural and behavioral investigations into timbre perception,” Frontiers in Systems Neuroscience,
vol. 7, article 88, 2013.
[4] R. J. Zatorre, A. R. Halpern, D. W. Perry, E. Meyer, and A. C.
Evans, “Hearing in the mind’s ear: a PET investigation of musical imagery and perception,” Journal of Cognitive Neuroscience,
vol. 8, no. 1, pp. 29–46, 1996.
[5] F. Mirz, C. B. Pedersen, K. Ishizu et al., “Positron emission
tomography of cortical centers of tinnitus,” Hearing Research,
vol. 134, no. 1-2, pp. 133–144, 1999.
[6] D. Klein, R. J. Zatorre, B. Milner, and V. Zhao, “A cross-linguistic
PET study of tone perception in Mandarin Chinese and English
speakers,” NeuroImage, vol. 13, no. 4, pp. 646–653, 2001.
[7] B. Grison, Une etude sur les alterations musicales au cours
des lesions hemispheriques [M.S. thesis], 1972, (Cited by A. L.
Benton, “The amusias” in: M. Critchley and R. A. Henson
Eds, Music and the Brain, William Heinemann Medical Books
Limited, London, UK, 378–397, 1977).
[8] H. Hoshina and H. Tabata, The Enjoyment of the Application of Harmony, Ongaku-no-Tomo-sha, Tokyo, Japan, 1985,
(Japanese).
[9] FINALE 2004 FOR WINDOWS, MakeMusic, Coda Music
Technology, CAMEO Interactive, 2004.
[10] M. Satoh, K. Takeda, K. Nagata, J. Hatazawa, and S. Kuzuhara,
“Activated brain regions in musicians during an ensemble: a
PET study,” Cognitive Brain Research, vol. 12, no. 1, pp. 101–108,
2001.

[11] M. Satoh, K. Takeda, K. Nagata, J. Hatazawa, and S. Kuzuhara,
“The anterior portion of the bilateral temporal lobes participates
in music perception: a positron emission tomography study,”
American Journal of Neuroradiology, vol. 24, no. 9, pp. 1843–
1848, 2003.
[12] M. Satoh, K. Takeda, K. Nagata, E. Shimosegawa, and S.
Kuzuhara, “Positron-emission tomography of brain regions
activated by recognition of familiar music,” American Journal
of Neuroradiology, vol. 27, no. 5, pp. 1101–1106, 2006.
[13] I. Kanno, H. Iida, S. Miura et al., “A system for cerebral blood
flow measurement using an H15
2 O autoradiographic method
and positron emission tomography,” Journal of Cerebral Blood
Flow and Metabolism, vol. 7, no. 2, pp. 143–153, 1987.
[14] S. Minoshima, R. A. Koeppe, J. A. Fessler et al., “Integrated and
automated data analysis method for neuronal activation studies
using [O-15] water PET,” in Quantification of Brain Function,
Tracer Kinetics and Image Analysis in Brain PET, K. Uemura, N.
A. Lasen, T. Jones, and I. Kannno, Eds., pp. 409–417, Excerpta
Medica/Elsevier, Amsterdam, The Netherlands, 1993.
[15] J. Talairach and P. Tournoux, Co-Planar Stereotaxic Atlas of the
Human Brain, Thieme, New York, NY, USA, 1988.
[16] A. Damasio, T. Yamada, H. Damasio, J. Corbett, and J. McKee,
“Central achromatopsia: behavioral, anatomic, and physiologic
aspects,” Neurology, vol. 30, no. 10, pp. 1064–1071, 1980.
[17] M. Corbetta, F. M. Miezin, S. Dobmeyer, G. L. Shulman, and
S. E. Petersen, “Attentional modulation of neural processing of
shape, color, and velocity in humans,” Science, vol. 248, no. 4962,
pp. 1556–1559, 1990.
[18] J. Simner, C. Cuskley, and S. Kirby, “What sound does that
taste? Cross-modal mappings across gustation and audition,”
Perception, vol. 39, no. 4, pp. 553–569, 2010.
[19] M. Auvray and C. Spence, “The multisensory perception of
flavor,” Consciousness and Cognition, vol. 17, no. 3, pp. 1016–1031,
2008.
[20] J. Djordjevic, R. J. Zatorre, and M. Jones-Gotman, “Odorinduced changes in taste perception,” Experimental Brain
Research, vol. 159, no. 3, pp. 405–408, 2004.
[21] D. M. Small and J. Prescott, “Odor/taste integration and the
perception of flavor,” Experimental Brain Research, vol. 166, no.
3-4, pp. 345–357, 2005.
[22] R. J. Stevenson and C. Tomiczek, “Olfactory-induced synesthesias: a review and model,” Psychological Bulletin, vol. 133, no. 2,
pp. 294–309, 2007.
[23] M. O’Mahony, “Adapting short cut signal detection measures
to the problem of multiple difference testing: the R-Index,” in
Sensory Quality in Foods and Beverages, A. A. Williams and R.
K. Atkin, Eds., pp. 69–80, Chapman, London, UK, 1983.
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Language and music share many properties, with a particularly strong overlap for prosody. Prosodic cues are generally regarded as
crucial for language acquisition. Previous research has indicated that children with SLI fail to make use of these cues. As processing
of prosodic information involves similar skills to those required in music perception, we compared music perception skills (melodic
and rhythmic-melodic perception and melody recognition) in a group of children with SLI (𝑁 = 29, five-year-olds) to two groups
of controls, either of comparable age (𝑁 = 39, five-year-olds) or of age closer to the children with SLI in their language skills and
about one year younger (𝑁 = 13, four-year-olds). Children with SLI performed in most tasks below their age level, closer matching
the performance level of younger controls with similar language skills. These data strengthen the view of a strong relation between
language acquisition and music processing. This might open a perspective for the possible use of musical material in early diagnosis
of SLI and of music in SLI therapy.

1. Introduction
Despite the complexity of language, most children successfully acquire the capacity to perceive and comprehend it, as
well as produce spoken utterances. However, a considerable
number of two-year-old children are delayed in crucial
aspects of language acquisition such as vocabulary, grammar,
or correct articulation. Whereas half of them make up
this delay by about three years of age, approximately seven
percent of an age cohort continue to have difficulties to
acquire their native language without any obvious primary
dysfunctions (such as mental, neurological, sensorial, oralmotor disorders; cf. [1]). These children, diagnosed with
Specific Language Impairment (SLI), show deficits mainly in
grammar processing (e.g., morphosyntax), phonology, and
word learning. Because of their impaired language, they form
a high-risk group for problems in school, as well as in other
cognitive or social-emotional areas [2–5].

There is discussion regarding risk factors and possible
causes for SLI in the literature [6–8]; for an overview, see [3].
However, none of these accounts cover all aspects of impaired
linguistic and nonlinguistic functions in people with SLI.
An interdisciplinary perspective might help to gain further
insight into the aetiology of SLI. Such an approach, a comparison of speech and music perception in children with SLI
and those with typical language development, is presented in
this paper.
Several theoretical accounts proposed that, particularly
during early language acquisition, language is rather perceived as music. For example, Koelsch ([9], p. 16) hypothesized that “the human brain, particularly at an early age, does
not treat language and music as strictly separate domains,
but rather treats language as a special case of music.” Brandt
et al. ([10], p. 5) denoted “that music has a privileged status
that enables us to acquire not only the musical conventions
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of our native culture, but also enables us to learn our native
language.” In addition, music and language share a number
of similarities (for overviews, see [9–12]). Both are based on
acoustic information, involving a limited number of categorical elements or classes (phonemes and tones) that are
organized in structured sequences according to specific regularities. These regularities are acquired using similar learning mechanisms [13]. There are indicators for common
evolutionary origins [14, 15]. Electrophysiological evidence
suggests shared cognitive resources and similar underlying
neural substrates for processing semantics [16], syntax [17,
18], and prosody [19, 20].
Prosody is presumably the area with the strongest overlap:
Prosodic or suprasegmental features can be regarded as
“musical” aspects of the speech signal. Prosody has many
functions, such as indicating the emotional state of the
speaker, indicating syntactic structure, or indicating cues for
turn-taking in conversations. Components of prosody (such
as speech rhythm, speech melody, contour, timbre, pauses,
and stress) emerge from a combination of acoustic features
such as pitch/frequency, loudness/intensity, duration, and
timbre [21]. During language acquisition, these prosodic
components help the infant to detect word and phrase
boundaries. This enables them to acquire regularities about
the arrangement of linguistic patterns like phonemes, words,
and phrases (for reviews, see [22, 23]). Unlike typically
developing children, children with SLI appear not to profit
from exaggerated prosody (contour, stress, and pauses) while
learning words and grammatical rules [24, 25]. Related
to music perception and prosody is a group of theories
which propose deficient auditory processing (especially finegrained temporal processing of auditory information) to
account for the problems of children with SLI [26–29].
However, other authors failed to observe such problems [30–
32]. More recently, the focus shifted towards auditory features
which are crucial for the processing prosodic cues: Corriveau
et al. [33] proposed that the accurateness of prosodic processing in SLI is impaired because the children fail to use auditory
cues required for the perception of rhythm and stress,
which has consequences for their language development.
Przybylski et al. [34] provided evidence that children with
SLI, and dyslexia, as well as controls with typical language
development show better performance in grammaticality
judgements after rhythmically regular than after irregular
prime sequences. Although the performance level of the clinical groups was generally lower than that of the controls, they
still profit from the metrical structure of the regular prime.
Recently, Cumming et al. [35] proposed in their “prosodic
phrasing” hypothesis that problems with processing certain
acoustic properties (particularly amplitude rise time and
duration), relevant for both language and music perception,
may be responsible for morphosyntactical problems in children with SLI. They also observed that children with SLI were
less sensitive to all auditory measures explored in the study.
In order to perceive music, children have to acquire
implicit knowledge about musical structure. Two key aspects
are pitch and temporal organization (cf. [18, 19]). In addition,
children acquire explicit knowledge, for example, the tune of
a particular song and its lyrics. A number of studies explored
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music perception skills in children with SLI: Jentschke et
al. [36] demonstrated that five-year-old children with SLI
are impaired in certain aspects of music perception, namely,
in that they lack a neurophysiological marker of musicsyntactic processing whereas this marker can be observed in
children with typical language development. Other studies
investigated music production skills in SLI. Corriveau and
Goswami [37] showed that ten-year-old children with SLI
were impaired in rhythmic tapping to an externally paced
source but less to an internally generated rhythm and that the
severity of impairment was linked to language and literacy
outcomes. Recently, Clément et al. [38] investigated singing
in eleven-year-old children with SLI. Compared to children
of the same age but with typical language development,
children with SLI were poorer in reproducing similar tunes
(pitch matching) and in reproducing familiar and unfamiliar
melodies. Based upon their findings, a general auditorymotor dysfunction in the children with SLI was proposed.
The present study aimed to add knowledge of whether
children with SLI differ from typically developing children
with regard to music perception: Skills in pitch organization were explored in a melodic perception task, those of
temporal organization were explored in a rhythmic-melodic
perception task, and the recognition of musical sequences
stored in long-term memory was explored in a melody
recognition task. Familiarity and features like tempo, sound,
and pitch of these melodies were manipulated. We expected
that children with SLI would, similar to their performance in
the language domain, lag behind their age-matched peers and
perform rather like younger children with typical language
development. Such pattern would indicate a relation of music
perception and linguistic skills in children with SLI and
provide further evidence for a privileged status of music
perception skills during language acquisition.

2. Methods
2.1. Participants. Children with specific language impairment (SLI) were compared to a control group with typical
language development of the same age (controls with comparable age (CA)) and a group of younger children, whose
linguistic abilities were comparable to the SLI group (younger
controls with comparable language skill (CL)). Written
informed consent was obtained from the parents of all participating children. A questionnaire, providing information
about language development, social background, and musical
environment of their children, revealed that groups did not
differ in variables reflecting social (e.g., number of books
or CDs in the household) or musical (e.g., family members
playing an instrument; amount of singing with children)
background. To determine the socioeconomic background
of the children’s families, the occupation of the parents was
classified in terms of the “International Standard Classification of Occupation 1988” [39]. This classification was then
transformed into “International Socio-Economic Index of
Occupational Status” values (ISEI [40]) to provide a status
measure for each occupation. There was neither a group
difference for duration of school education (the vast majority
of all parents attended school for 10 years) nor a group

Behavioural Neurology

3

Table 1: Summary of characteristics of the three groups of participants (SLI: Children with Specific Language Impairment; CA: children of
comparable age; CL: children with comparable linguistic abilities) encompassing age and gender distribution, performance in psychometric
tests (language screening and general cognitive skills), and variables reflecting the socioeconomic background. (T): T-scores, (S): standard
scores, (R): raw scores.
Age (in months)
Gender (male/female)
Psychometric tests
Language comprehension (T)
Language production (T)
Nonword repetition (T)
Sentence repetition (T)
Phoneme discrimination (R)
Nonverbal IQ (S)
Socioeconomic status
Mother’s occupation (ISEI)
Father’s occupation (ISEI)
Children’s books
Children’s CDs

SLI (𝑁 = 29)
64.2 (56–71)
19/10

CA (𝑁 = 39)
63.6 (57–71)
22/17

CL (𝑁 = 13)
51.3 (48–55)
8/5

38.9 (20–59)
39.5 (21–79)
31.5 (20–61)
37.3 (20–58)
9.8 (3–17)
91.8 (81–115)

51.8 (39–72)
56.3 (40–79)
53.0 (35–68)
55.0 (41–74)
12.6 (7–17)
101.8 (84–120)

54.5 (40–74)
58.2 (45–72)
56.4 (35–70)
55.3 (39–63)
11.8 (6–16)
103.1 (85–125)

34.2 (16–52)
34.5 (23–71)
45.4 (1–207)
25.2 (0–88)

42.8 (25–66)
37.4 (19–69)
46.4 (4–138)
21.6 (5–55)

50.4 (29–73)
39.4 (29–73)
42.5 (1–102)
23.3 (7–70)

difference for professional qualification. However, whereas
fathers’ occupation was similar among groups (𝑝 > 0.50), the
status value of mothers’ occupation was lower in the children
with SLI compared to both control groups (𝑝 < 0.01). An
overview is given in Table 1.
Children with SLI were recruited from a kindergarten
for special education (for children with language and speech
disorders); children with typical language development (CA,
CL) came from four public kindergartens. All kindergartens
were located in Leipzig, Germany. Children (of any group)
were excluded from the study when [a] their parents or
teachers reported defective hearing or a history of hearing
disease, [b] they did not grow up in monolingual families,
[c] they had any other speech or language disorder such as
oral fluency disorder (e.g., stuttering), [d] they had any other
condition (mutism, autism, etc.), or [e] they had a nonverbal
IQ below the low average range (i.e., less than 80 IQ points).
The data of 29 children with SLI (4;8 to 5;11 years old, 𝑀 = 5;4
years), 39 CA children (4;9 to 5;11 years old, 𝑀 = 5;3 years),
and 13 CL children (4;0 to 4;7 years old, 𝑀 = 4;3 years) were
evaluated. Like many previous studies (see, e.g., [3]), a higher
incidence of SLI was observed in boys (65.5%). We tried
to match this proportion in the control groups (CA: 56.4%;
CL: 61.5%). The results for the language screening within
the SLI group corresponded to the norms of an age group
between 3;0 and 3;6 years. However, younger controls with
comparable language skills (CL) were only about one year
younger than the SLI children, because for younger children
the music perception tasks would have been too difficult.
The performance of these controls (i.e., their raw scores)
in all subtests of the language screening was significantly
above the SLI children (𝑝 < 0.030), indicating a higher
semantic-lexical and morphosyntactic knowledge. Whereas
the linguistic performance within the CL group lies between
the SLI and the CA group, the SLI and the CL group had

similar performance levels at phonological analysis (assessed
by phoneme discrimination skills).
2.2. Stimuli and Paradigm. All measurements were acquired
in either four (CA group) or five (SLI and CL group) experimental sessions of approximately 20- to 25-minute length.
One session contained the language screening; in another
nonverbal intelligence was tested. Linguistic skills were investigated with a standardized German language screening for
three- to five-year-old children (SETK 3–5; [41]). It contained
three parts: language comprehension (manipulation tasks
with different objects), speech production (applying morphological rules to words and nonwords), and working memory
(repetition of nonwords and sentences). In addition, phonemic discrimination (e.g., “Kanne” [pitcher] versus “Tanne”
[fir]) was tested. Nonverbal intelligence was assessed using
the Kaufman Assessment Battery for Children (K-ABC [42]).
In the remaining sessions, musical skills were evaluated, using tasks developed by the authors of this study.
The tasks explored melodic perception, rhythmic-melodic
perception, and melody recognition. Stimuli were created
as MIDI files containing the beginning phrases of nursery
rhymes (proposed by the kindergarten teachers and well
known to all participating children). The MIDI files were
exported into WAV files with a piano sound (using Steinberg
Cubase SX and The Grand, Steinberg Media Technology,
Hamburg, Germany). These were presented on a laptop, using
Presentation 0.76 (Neurobehavioral Systems, Inc., Albany,
CA), which was also used to record the answers. The
suitability and age-appropriateness of stimuli and procedure
were checked in a pilot test with 10 typically developing
children. The pilot test also served to determine an optimal
speed to present the stimuli sequences (135 beats per minute
for melodic perception; 120 beats per minute for rhythmicmelodic perception).
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Figure 1: Overview of the stimuli used in the melodic perception (left) and rhythmic-melodic perception (right) tasks. The nursery rhyme
used in the melodic perception tasks had the title “Es war eine Mutter, die hatte vier Kinder,” the one for the rhythmic-melodic perception
tasks had the title “Alle Vögel sind schon da.” Each task had three conditions: standard (first line), transposed (first line, but played in another
key), and comparable (bottom line).

Figure 2: Overview of the stimuli (nursery rhymes) used in the melody recognition task. The stimuli were the nursery rhymes “Hänsel und
Gretel” (first row, left), “Der Kuckuck und der Esel” (second row, left), “Weil heute Dein Geburtstag ist” (first row, right), and “Hänschen
klein” (second row, right). These stimuli were known to all children.

Children sat in front of a laptop with two external speakers and listened to the stimuli. Before the experiment, children listened to the beginnings of the nursery rhymes four to
six times and sang it two to four times with the experimenter.
All tasks of the experiment were integrated in a game:
Children had to help a cuddly toy (Paul, the forgetful rabbit)
who played musical phrases, but could not remember if he
played it correctly or incorrectly. Then they voted using two
different buttons, whether the phrase was correct (unmodified) or incorrect (modified). In the melody recognition
experiment, they detected which nursery rhyme was played.
They gave their response with buttons placed next two a
two-by-two array containing pictures representing the four
different songs used in this task (see right part of Figure 2).
2.2.1. Melodic Perception. To test melodic perception, the
beginning phrase of a well-known nursery rhyme with 12tone length and a constant rhythm (containing only quarter
notes) was used (see Figure 1, left panel). There were three different blocked conditions: standard, transposed, and comparable melody (described below). Within each condition, there
were 20 stimuli: In 10 stimuli the melody was not modified; in
another 10 stimuli it was changed: in 5 stimuli the tone height
was altered while the contour was preserved and in another
5 both tone height and contour were changed. A response
was counted correct, if the children detected whether the
phrase was unmodified or changed (these two choices were
represented by different buttons). Each block lasted about
5 minutes and the whole experiment about 20 minutes. In
the standard melody block, the phrase was presented in the

original key. In the transposed melody block the melody
phrase was presented in five different keys (either original [as
in the first block] or one or two half tones up and down).
Like in language acquisition, where words and sentences
have to be recognized as invariant although they are spoken
by different speakers, this task aimed to test the ability to
recognize preservation or violation of a melody regardless of
whether the key was altered or not. In the comparable melody
block, a new melody, previously unknown to the children
but similar in harmonic structure and length to the original
melody, was introduced in order to test melodic perception
while removing the opportunity to subvocally speak the text
of the nursery rhyme. The task aimed at testing melodic
perception and short-term memory for melodies and was
similar to methods used in other tests on musical abilities
or musical aptitude (e.g., [43–45]), where children have to
compare melodies of which they do not have long-term
representations. The novel melody for this task was learned
before the experiment by singing it on the syllable [na].
2.2.2. Rhythmic-Melodic Perception. The beginning of another nursery rhyme was used in this task (see Figure 1, right
panel). In contrast to the stimuli used in [1], this phrase
had a complex rhythmic structure with eighth, quarter, and
punctuated quarter notes. In 10 stimuli the original rhythm
was kept, while in another 10 stimuli the rhythm was
changed at different positions within the phrase (whereas the
pitch height was kept constant). This was accomplished, for
example, by changing two quarter notes into an eighth and
a punctuated quarter note. Comparable to the methodology
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in the melodic perception part, the stimuli were presented in
three block conditions, standard, transposed, and comparable
rhythm (similar to those described above). The task took the
same amount of time as the first one (20 minutes).

2.3. Data Analysis. Using Kolmogorov-Smirnoff tests, we
ensured that the analysed variables conformed with a standard normal distribution (SLI: 𝑀 = 0.47; 0.07 ≤ 𝑝 ≤ 0.84;
CA: 𝑀 = 0.58; 0.07 ≤ 𝑝 ≤ 0.93; CL: 𝑀 = 0.88; 0.61 ≤ 𝑝 ≤
1.00). However, given that variance was unequal in the three
groups (with a relatively broad range of performance, particularly in children with SLI), we decided to use nonparametric
tests to compare the three groups (Mann-Whitney 𝑈 tests)
and to explore relations between music perception skills and
other variables (Spearman’s rank correlations).
First, we compared the results of children with SLI in the
language screening and their nonverbal intelligence to those
of typically developing children. We also determined, using
one-sample 𝑡-tests, whether the response probabilities were
significantly above chance level. Then, we explored whether
the experimental groups showed differences in music perception, comparable to the differences in their linguistic
abilities. Finally, the performance in music perception tasks
was related to that in the language comprehension and
working memory subtests of the language screening and
variables reflecting their socioeconomic background (given
that the status values of their mother’s profession could not
be perfectly matched).

3. Results
Children with SLI performed significantly below their ageequivalent mean scores in all subtests of the language screening (see Table 1; language comprehension: 𝑧 = −1.11; speech
production: 𝑧 = −1.05; nonword repetition: 𝑧 = −1.85;
sentence repetition: 𝑧 = −1.27; 𝑝 < 0.001). In contrast, the
results of the two control groups were slightly above the mean

(%)

SLI

CA

Comparable

Transposed
rhythm

Standard

Comparable

40

Transposed
melody

50

Standard

2.2.3. Melody Recognition. In the melody recognition task,
children had to distinguish the starting phrase of 4 different
nursery rhymes (see Figure 2), which were familiar to all children. However, two members of the SLI group did not know
all songs and were excluded from the melody recognition
task. Each rhyme was represented by a picture arranged in a
two-by-two array. Children indicated which song they heard
by pressing a button placed next to the picture representing
it. Stimuli were modified to create four conditions: They were
either played with piano sound in the same key (original);
with a piano sound, but in a different key (transposed); with
different instrumental timbre (timbre-change); or at a faster
tempo (faster). Using these parametric manipulations, we
aimed to explore several acoustic features which constitute
building blocks of prosodic components. In every condition,
each song was played three times, resulting in a total of
12 stimuli in each condition (48 stimuli altogether). To
familiarize the children with the task, the experimenter spoke
the lyrics of the beginning phrase and children had to press
the button placed next to the picture representing the rhyme.

60

CL

Figure 3: Mean percentage of correct responses (and standard
error of mean) for the subtests of the melodic (left panel) and the
rhythmic-melodic perception tasks (right panel).

of their population norm (0.18 ≤ 𝑧CA ≤ 0.63, 0.45 ≤ 𝑧CL ≤
0.82). Phonemic discrimination in children with SLI differed
from those of comparable age (𝑝 = 0.006) but not from
those with comparable language skills (𝑝 = 0.154). Although
children with SLI had a similar distribution in the range of
their IQ scores, nonverbal intelligence scores in children with
SLI were below the two control groups (𝑀SLI = 92.8; 𝑀CA =
101.8; 𝑀CL = 103.1; 𝑝 < 0.01).
In the melodic perception tasks, children with SLI performed nominally poorer than the age-matched controls
(CA) in all conditions (see Figure 3 and Table 2). For the
comparable melody condition and the sum score of all three
conditions a significant difference between the SLI and the
CA group was obtained. The scores of children with SLI were
generally in the same range as those of the younger controls
(CL). They were nominally slightly higher for the standard
and the transposed melody condition. Neither between the
children with SLI and the younger controls (CL; 𝑝 > 0.39) nor
between the two control groups (𝑝 > 0.08) significant were
differences observed for any condition. The performance of
children in the CA group was significantly above chance level
in all conditions (𝑝 ≤ 0.001), the performance of children
with SLI did significantly exceed chance in all (0.006 ≤ 𝑝 ≤
0.046), but the comparable melody condition (𝑝 = 0.654),
and in the CL group performance did not reach above chance
levels in any condition (𝑝 > 0.118; presumably because of the
small sample size; as their mean performance was relatively
similar to the SLI children).
For the rhythmic-melodic perception tasks (see Figure 3
and Table 2), the CA group showed higher performance levels
than the children with SLI in all conditions. These differences
were significant for the standard and the comparable rhythm
condition as well as for the sum score of all three conditions.
Similarly, the CA group showed higher performance levels
than the language controls (CL), and significant differences
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Table 2: The first three columns contain mean percentages of correct responses for children with Specific Langugage Impairment (SLI),
children of comparable age (CA), and children with comparable linguistic abilities (CL). In the last three columns significance levels of the
group comparisons (using the Mann-Whitney U tests) are given. Results for melodic perception are in the top section, rhythmic-melodic
perception in the middle, and melody recognition at the bottom. Significant group differences are written bold.

Melodic perception
Standard
Transposed
Comparable
Sum score
Rhythmic-melodic perception
Standard
Transposed
Comparable
Sum score
Melody recognition
Standard
Faster
Timbre-change
Transposed
Sum score
Spoken (control)

SLI

Correct responses
CA

CL

SLI-CA

Group comparison
SLI-CL

CA-CL

58.45%
56.55%
50.86%
53.85%

62.70%
58.45%
58.81%
59.23%

53.45%
54.60%
53.21%
52.82%

0.306
0.578
0.003
0.040

0.519
0.648
0.389
0.979

0.161
0.259
0.156
0.081

57.40%
56.05%
54.85%
56.10%

65.15%
60.65%
64.85%
63.55%

52.70%
53.85%
56.55%
54.37%

0.014
0.067
0.004
0.003

0.451
0.872
0.519
0.591

0.006
0.135
0.106
0.010

44.17%
39.83%
56.75%
46.33%
46.75%
93.83%

55.75%
46.33%
65.17%
51.25%
54.65%
98.08%

59.58%
53.17%
53.17%
59.58%
56.42%
96.17%

0.033
0.356
0.205
0.420
0.110
0.113

0.073
0.187
0.732
0.089
0.177
0.955

0.678
0.558
0.148
0.293
0.866
0.130

70

(%)

60

50

40

30

Standard
SLI

Faster
CA

Timbre-change Transposed
CL

Figure 4: Mean percentage of correct responses (and standard error
of mean) for the four subtests of the melody recognition task.

between those two groups were observed for the standard
condition and the sum score of all conditions. The performance was significantly above chance for all conditions in
children with SLI (0.010 ≤ 𝑝 ≤ 0.043) and the CA group
(𝑝 ≤ 0.001) but not for any condition in the CL group (𝑝 >
0.101; presumably due to the small sample size).
In the melody recognition tasks (see Figure 4 and
Table 2), for all conditions except the timbre-change condition, the younger controls (CL) achieved the highest levels of
performance, followed by the age-matched controls whereas
children with SLI achieved the lowest scores. For the standard

condition there was a significant group difference between
children with SLI and those of comparable age. For no other
condition did a group comparison reach significance. The
performance in all groups was above chance level for all
conditions (𝑝 ≤ 0.004).
Using correlation analyses we explored the relationship
between the “language comprehension” subtest of the language screening and music perception skills (see Table 3).
When the whole group (see left column) is considered, all
melody recognition tasks as well as the rhythmic-melodic
perception tasks except from the standard condition were
significantly correlated with the language comprehension
subtest. None of the melody perception tasks were significantly correlated with the language comprehension performance. To ensure that the observed correlations were not
simply due to the different skill levels in the three groups,
additional correlation analyses were carried out for each
group separately. Children with SLI (second column) had
significant correlations for the transposed subtest of the
rhythmic-melodic perception task, for the sum score of the
rhythmic-melodic perception task, and for the faster, and
the timbre-change condition as well as the sum score of
the melody recognition task. For the control groups (third
and fourth column), no correlations between musical and
linguistic skills were significant.
Furthermore, we explored correlations among the sum
scores of the three music perception tasks and between those
sum scores and the results of the psychometric tests and indicators of the socioeconomic status of the family. We observed
(see topmost part of Table 4) that the music perception skills

Behavioural Neurology

7

Table 3: Correlations of all music perception subtests with the language comprehension subtest of the language screening (significance level
in parentheses) for all groups of children (first column) as well as each subgroup separately (second to fourth column). Significant correlations
are indicated by bold typeface.
All children (𝑁 = 81/79)
Melodic perception
Standard
Transposed
Comparable
Sum score
Rhythmic-melodic perception
Standard
Transposed
Comparable
Sum score
Melody recognition
Standard
Faster
Timbre-change
Transposed
Sum score

SLI (𝑁 = 29/27)

CA (𝑁 = 39)

CL (𝑁 = 13)

0.10
0.13
0.19
0.20

(0.357)
(0.242)
(0.097)
(0.075)

0.06
0.26
0.07
0.14

(0.764)
(0.169)
(0.715)
(0.474)

0.03
0.07
0.10
0.08

(0.840)
(0.684)
(0.559)
(0.628)

0.17
−0.03
−0.14
0.00

(0.579)
(0.931)
(0.655)
(0.993)

0.16
0.26
0.32
0.31

(0.166)
(0.017)
(0.004)
(0.005)

0.11
0.47
0.18
0.38

(0.578)
(0.010)
(0.354)
(0.044)

0.02
−0.03
0.22
0.11

(0.908)
(0.855)
(0.189)
(0.511)

−0.06
0.23
−0.06
0.01

(0.845)
(0.448)
(0.853)
(0.964)

0.28
0.29
0.40
0.25
0.33

(0.014)
(0.011)
(<0.001)
(0.029)
(0.003)

0.33
0.39
0.52
0.28
0.45

(0.091)
(0.043)
(0.005)
(0.153)
(0.019)

0.08
0.26
0.25
0.22
0.19

(0.628)
(0.113)
(0.118)
(0.171)
(0.236)

0.36
0.26
0.53
0.35
0.39

(0.227)
(0.383)
(0.065)
(0.239)
(0.188)

Table 4: Intercorrelations of the music perception subtests (top part), as well as correlations of the music perception subtests with the subtests
of the language screening (middle part) and with indicators of the socioeconomic background of the participants. Correlations are reported
for the whole group (SLI, CA, and CL), their significance level is shown in parentheses, and significant correlations are indicated by bold
typeface.
Melodic perception
Melodic perception
Rhythmic perception
Language comprehension
Language production
Nonword repetition
Sentence repetition
Hand movements
Spatial memory
Mother’s ISEI score
Father’s ISEI score
Books in household
CDs in household

0.20
0.11
0.32
0.31
0.17
0.20
0.05
−0.12
0.04
0.18

Rhythmic-melodic perception
0.64
(<0.001)

(0.075)
(0.313)
(0.004)
(0.002)
(0.139)
(0.068)
(0.692)
(0.374)
(0.731)
(0.121)

were moderately to strongly intercorrelated, indicating that
they presumably measure common underlying skills.
Moreover, there are (mainly moderate) correlations
between music perception skills and the short-term/working
memory subtests of the language screening. No correlations
were observed between either the “language comprehension”
or the “language production” subtests and melodic perception, whereas those subtests correlated with the rhythmicmelodic perception and the melody recognition tasks. Both
music perception tasks also correlated with the hand movements subtest, and rhythmic-melodic perception correlated
with the spatial memory subtest of the intelligence test (which
assess short-term/working memory). In contrast, no significant correlations were found between music perception skills

0.31
0.24
0.42
0.49
0.32
0.24
0.00
−0.04
0.04
0.16

(0.005)
(0.033)
(<0.001)
(<0.001)
(0.004)
(0.030)
(0.972)
(0.740)
(0.735)
(0.183)

Melody recognition
0.36
(0.001)
0.45
(<0.001)
0.33
(0.003)
0.29
(0.009)
0.37
(0.001)
0.41
(<0.001)
0.24
(0.034)
−0.01
(0.944)
0.14
(0.261)
0.04
(0.750)
0.12
(0.315)
0.16
(0.190)

and measures of the socioeconomic status of the families.
That is, regardless of the difference in the status value of the
mother’s profession, measures of socioeconomic status did
not account for the difference in music perception skills in
the examined population.

4. Discussion
The present study explored music perception in children with
SLI and with typical language development in order to determine whether there is a link between speech perception and
different aspects of music perception (melodic and rhythmicmelodic perception, as well as melody recognition).
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As expected, the groups differed in their linguistic abilities: Children with SLI performed at least 1 SD below their
age norm, whereas the control groups performed at the
expected age level. For phonemic discrimination, the SLI
group had a speech perception level comparable to the CL
group, whereas both groups performed below the CA group.
Although children with a nonverbal IQ below 80 were
excluded from the analysis, the score of children with SLI was
still below that of controls.
Notably, children with SLI and those from the control
groups differed significantly in their music perception skills.
For the previously unknown melodies (comparable condition) and the sum score of all conditions of the melodic
perception task, as well as for all subtests except the transposed condition of the rhythmic-melodic perception tasks,
the performance level of children with SLI was significantly
below that of the age-matched controls and rather similar
to that of children with comparable linguistic abilities (CL).
Processing of pitch appeared to be easier than that of rhythm:
Whereas the differences between the SLI and the CL group
were at least approaching significance (𝑝 ≤ 0.067) for all
rhythmic-melodic perception tasks, only for one melodic
perception task (comparable) and the sum score a significant
group difference was observed.
In the melody recognition tasks, children with SLI performed nominally below both control groups in all but the
timbre-change subtest of the melody perception task. However, a significant difference between children with SLI and
the CA group was obtained only for the standard condition.
While in the melodic and rhythmic-melodic perception tasks
(reported above) the performance of children with SLI was
similar to the CL group, it is lower (at least nominally) than
in either control group for most melody recognition tasks.
Compared to previous evidence, the observation that
children with SLI are poorer in detecting violations in melody
(pitch) or rhythm (duration) than age-matched controls is
similar to results from previous studies [33, 35, 38]. Our
data provide a slightly different focus compared to previous
studies: Corriveau et al. [33] and Cumming et al. [35] had a
stronger focus on rhythm perception and the processing of
basic auditory properties (such as amplitude rise time and
duration). Clément et al. [38] were primarily interested in
the music production skills although they also provided data
on music perception skills. Taken together, the data from
those studies indicate that the difficulties to process certain
acoustic features underlying prosody (amplitude rise time,
tempo, stress, and duration) also influence music perception.
Importantly, compared to previous studies our data explore
a much younger age cohort (four- and five-year-olds as
compared to ten- and eleven-year-olds), complementing the
knowledge about relations between music perception and
linguistic skills at earlier stages of language acquisition.
Significant correlations between the language comprehension subtest and music perception where found when
all subgroups are pooled in all conditions of the melody
recognition task and for transposed and comparable condition as well for the sum score of the rhythmic-melodic
perception tasks but not for the standard condition. Likewise,
the sum scores of the music perception tasks were correlated
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with almost all subtests of the language screening. When
exploring the correlations within the group of children with
SLI, significant correlations were primarily observed for the
more complex conditions where different musical parameters
were varied (i.e., the transposed conditions in the rhythmicmelodic perception task, as well as the faster and the timbrechange condition in the melody recognition task). Given
that similar correlations can not be observed within either
control group and assuming common underlying processing
skills during music perception and for prosodic cues (cf.,
e.g., [22, 23]), these results provide further evidence for the
prosodic phrasing hypothesis which suggests that auditory
impairments contribute via perceptual difficulties with global
prosodic structure to the grammatical difficulties observed
in children with SLI. It appears that those skills are more
predictive of linguistic proficiency during early language
development and in children who are delayed because of
impaired language development.
In addition, the correlations of the rhythmic-melodic
perception and the melody recognition tasks with those subtests of the intelligence test which assess short-term/working
memory suggest that a common underlying general cognitive
skill, such as working memory capacity, may account for the
correlations between the different music and language perception tasks. However, the difference can not be accounted
for by differences in memory load among the stimuli as those
had similar acoustic characteristics and length. Baddeley
[46] proposed that the capacity of working memory can
be increased by automatizing underlying subprocesses. Lack
of automaticity in processing musical elements may limit
the storage capacity of working memory and hence impede
binding the elements of musical phrases together. Assuming
that children with SLI have not yet established automatic,
preattentive analyses for certain music-specific parameters
(melody, rhythm, timbre, etc.) might account for their poor
performance, especially when processing complex musical
sequences. This assumption has to be further tested in future
studies.
One limitation of the current study is that the performance of most children was relatively close to chance level
for the melodic and the rhythmic-melodic perception tasks.
Particularly the younger controls did not exceed chance level
for most tasks, presumably because of the substantial variance
in their performance and the rather small sample size. The
development of tasks that can be accomplished by younger
children would thus be desirable.
Our results suggest that exploring music perception skills
can inform theories about typical and impaired language
acquisition. For this reason, the tasks used in the present
study should be further developed: Musical material can be
a useful indicator of language processing difficulties, because
it allows exploring skills that are prerequisites of successful
language perception. Parameters or features like pitch, timbre, tempo, and their complexity can be easily manipulated
using musical material. A fine-grained assessment of musical
skills and a detailed description of their relation to linguistic
abilities can provide important information about aetiology
of SLI and may open new perspectives for diagnosis and
therapy of those children.
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5. Conclusion
The current study demonstrated difficulties of children with
SLI to perceive changes in the pitch and rhythm of musical
phrases. It complements and extends evidence from previous
studies that observed difficulties with processing musical
syntax [36], perceiving rhythm [33, 35], and producing music
[37, 38]. This suggests that children with SLI also show difficulties with aspects of nonlinguistic processing which are
potentially a crucial phenomenon of SLI. The observed relations between language and music perception strengthen
assumptions about the importance of musical parameters
during language acquisition [9, 10].
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Music can be thought of as a complex stimulus able to enrich the encoding of an event thus boosting its subsequent retrieval.
However, several findings suggest that music can also interfere with memory performance. A better understanding of the behavioral
and neural processes involved can substantially improve knowledge and shed new light on the most efficient music-based
interventions. Based on f NIRS studies on music, episodic encoding, and the dorsolateral prefrontal cortex (PFC), this work aims
to extend previous findings by monitoring the entire lateral PFC during both encoding and retrieval of verbal material. Nineteen
participants were asked to encode lists of words presented with either background music or silence and subsequently tested during a
free recall task. Meanwhile, their PFC was monitored using a 48-channel f NIRS system. Behavioral results showed greater chunking
of words under the music condition, suggesting the employment of associative strategies for items encoded with music. f NIRS
results showed that music provided a less demanding way of modulating both episodic encoding and retrieval, with a general
prefrontal decreased activity under the music versus silence condition. This suggests that music-related memory processes rely on
specific neural mechanisms and that music can positively influence both episodic encoding and retrieval of verbal information.

1. Introduction
Episodic memory can be defined as a neurocognitive system, uniquely different from other memory systems, which
enables human beings to remember past experiences [1].
Numerous studies have investigated the factors that can
boost this system. According to the encoding specificity
principle [2], the memory trace of an event and hence the
properties of effective retrieval cues are determined by the
specific encoding operations performed by the system on
the input stimuli. Craik and Lockhart [3] first proposed
that the durability of the trace depends on the “depth” of
encoding processing, deeper semantic processing allowing
better encoding of the target information. Furthermore, it
has been demonstrated that the encoding context of an event
plays a crucial role in successful memory performance. For
instance, a rich context given by stimuli with a high (positive
or negative) emotional valence can enhance the encoding of contextual information associated with an item [4].
In this scenario, music could offer a perfect example of an

enriched context. Indeed, given its complexity as a stimulus
that evolves through time and has a strong emotional impact
[5], music is likely to enrich the encoding context of an event,
thereby improving subsequent memory performance. The
evocative power of music is fascinating and undisputed: it
can evoke both emotional states and personal events from
the past [6]. Several studies have revealed a specific episodic
memory for music, showing how it depends largely on
emotion [7] and revealing the existence of specific related
neural processes [8]. Nevertheless, the question of whether
music as an encoding context can enhance episodic memory
performance, especially concerning verbal material, remains
debatable and controversial. Several studies have shown that
music, presented either as background or as sung text, can
enhance verbal learning and memory in both healthy and
clinical populations [9–13]. However, several authors have
recently claimed that music can also draw attention away
from the to-be-remembered information, thus interfering in
memory performance [14–16]. The key to solving this question seems to rely on a better understanding of the processes
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involved: improving our knowledge of how music can boost
memory performance at both behavioral and functional (i.e.,
neuronal) levels could shed new and essential light on the
most efficient music-based paradigms and interventions.
In a series of functional near-infrared spectroscopy
(f NIRS) studies, we previously showed that background
music during the episodic encoding of verbal material
can improve item and source memory performance and
modulate prefrontal cortex (PFC) activity [10, 11]. More
specifically, f NIRS studies have found that music leads to
decreased activation (i.e., decrease in oxyhemoglobin-O2 Hb
and deoxyhemoglobin–HHb increase) in the dorsolateral
prefrontal cortex (DLPFC), known to be important for
organizational, associative, and memory encoding [17]. In
view of f NIRS studies showing decreased PFC activity during
verbal learning in which subjects were helped during their
performance [18, 19], we hypothesized that music could
modulate episodic encoding by modifying the need of extra
organizational and strategic encoding usually attributed to
the DLPFC [20] and facilitating the creation of richer
associative bindings crucial for subsequent retrieval [10,
11]. However, both methodological and theoretical caveats
raise important issues. The present work therefore aims to
increase our knowledge of music-related memory processes
by extending investigations of background music and verbal
memory through three main questions arising from these
previous studies.
First, existing f NIRS data are limited to the encoding
phase, raising the question of which mechanisms are involved
during episodic retrieval. Research on episodic memory
has clearly demonstrated that in order to understand how
memories are formed, we need first to understand many
cognitive and neurobiological processes involved in both
encoding and retrieval, as well as the interactions among
these phases [21]. Furthermore, in the light of the contrasting
results in the literature, it is crucial to know whether the music
facilitation reflected in decreased PFC activation is also found
in the retrieval phase or whether by contrast it shows a more
demanding pattern in line with the interference hypothesis.
Therefore, in the present study, f NIRS prefrontal data were
acquired during both encoding and retrieval of words in
order to test the hypothesis that the PFC disengagement
found during memory formation is also found during the
retrieval phase.
Secondly, previous f NIRS acquisitions were limited to
eight channels covering the bilateral DLPFC, thus hindering
the possibility of ascertaining the music effect throughout
the lateral prefrontal cortex, which is crucial during episodic
memory processes [22–24]. Ventrolateral and dorsolateral
regions of the PFC have been shown to implement different
controls that provide complementary support for long-term
memory encoding and retrieval. More specifically, during
the encoding phase, ventrolateral prefrontal cortex (VLPFC)
regions contribute to the ability to select goal-relevant
item information and strengthen the representation of goalrelevant features, while DLPFC regions contribute to memory
enhancement by allowing associations among items in longterm memory during encoding [17]. Concerning the retrieval
phase, several studies on episodic memory retrieval have
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found a fronto-parieto-cerebellar network, in which several
bilateral frontal regions seem to mediate processes that act
in the output of episodic retrieval operations (see [22] for a
review). It is therefore important to understand whether the
observed PFC deactivation is restricted to the dorsolateral
region or whether it includes the whole lateral prefrontal cortex. While a delimited prefrontal deactivation would suggest
that music specifically modulates certain cognitive processes,
a decrease throughout the PFC during the music condition
would indicate an overall PFC disengagement and suggest
that music-related memory processes rely on music-specific
and unusual neural mechanisms. Hence, in the present study,
a multichannel (i.e., 48 measurement points) f NIRS system
was used to monitor the whole PFC cortex during episodic
encoding and retrieval.
The third important point concerns a behavioral issue.
Our previous behavioral and functional results led us to
explain the findings in terms of associative bindings. A musical context may afford efficient mnemonic strategies allowing
the creation of interitem and item-source associations that
can help subsequent retrieval. These mnemonic strategies
would result in PFC deactivation [18, 19]. If confirmed, this
would be an important contribution to the existing debate
about the complex music-memory issue. However, previous
studies used judgment memory tasks, whereby subjects were
presented with a copy of old items and had to retrieve
and judge whether or not each item had been presented
previously (item memory) and, if so, in which context
(source memory). Using this paradigm, it was not possible
to investigate possible associative processes. Therefore, in the
present study we used a free recall task in order to investigate
if subjects adopted particular strategies during the retrieval
phase.
To extend our knowledge of music-related memory processes and contribute to the current debate, the present study
used multichannel f NIRS to test lateral prefrontal activations
during music-related encoding and retrieval (i.e., free recall).
We asked subjects to memorize lists of words, presented with
a background of either music or silence, and to retrieve as
many words as possible after an interference phase. We used
a 48-channel f NIRS system to monitor their PFC activity
bilaterally. Based on the hypothesis that a background of
music would modulate PFC activity throughout the memory
processing stages, we expected to find less cortical activation
during both the encoding and the retrieval phases under the
music condition, in line with our previous studies on verbal
encoding with music [10, 11]. Furthermore, clustered retrieval
of previously encoded words for the music condition when
compared to the silence condition would suggest that music
helps encoding through the implementation of associative
strategies.

2. Materials and Methods
2.1. Participants. Nineteen young healthy students at the University of Burgundy (13 female, mean age 21.65 ± 3.2 years)
took part in the experiment in exchange for course credits. All
the participants were right-handed, nonmusicians, and native
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French-speakers and reported having normal or correctedto-normal vision and hearing. None were taking medication
known to affect the central nervous system. Informed written
consent was obtained from all participants prior to taking
part in the experiment. The study was anonymous and fully
complied with the Helsinki Declaration, Convention of the
Council of Europe on Human Rights and Biomedicine.
2.2. Experimental Procedure. Subjects were seated in front of
a computer in a quiet, dimly lit room. After the 48 f NIRS
probe-set had been fitted on the forehead overlying the PFC
(see f NIRS section below for detailed description), the inear headphones inserted and the sound recorder placed,
subjects were informed that they would be presented with
different lists of words with two auditory backgrounds: music
or silence. They were asked to memorize the lists of words
and were told that, after a brief backward counting task, they
should mentally recall the previously seen words and then say
as many as they could.
Verbal stimuli consisted of 90 taxonomically unrelated concrete nouns selected from the French “Lexique”
database ([25]; http://www.lexique.org/). Words were randomly divided into six lists (15 words per list, 45 words for
each condition), matched for word length and occurrence
frequency. In the music condition, the background music
used in all blocks was the instrumental jazz piece “Crab walk”
(by Everything But The Girl, 1994). This excerpt was chosen
after a pretest among a list of 8 pieces representing different
musical genres (such as classical, jazz, new age) preselected
by the authors. All the excerpts were instrumental in order
to avoid possible interference between the lyrics and the
verbal material to be encoded. The excerpts were evaluated
by nonmusician participants in terms of arousal, emotional
valence, and pleasantness using a 10-point scale. Participants
were also asked to report if the music was familiar or not. The
selected piece was chosen for its positive valence, medium
arousal quality and for being rated as pleasant and unfamiliar.
Three blocks for each condition (music or silence) were
presented to each subject, giving a total of 6 experimental
blocks. Each block consisted of three phases, namely, encoding, interference, and retrieval. In the encoding phase, 15
words were displayed successively against a background of
music or silence. The auditory stimulation started 15 s before
the first word was displayed, continued during the sequential
display of words, and ended 15 s after the last word. Words in
each block were displayed for 3 s per word, amounting to 45 s
for the sequential presentation of 15 words. Each encoding
phase therefore lasted 75 s (15 s background, 45 s words, and
15 s background). Verbal stimuli were visually presented in
white on black background in the middle of the screen. Auditory stimuli were presented using in-ear headphones, and the
overall loudness of the excerpts was adjusted subjectively to
ensure a constant loudness throughout the experiment.
Prior to the retrieval phase, subjects were asked to count
down from a given number displayed on the screen until
the word “stop” appeared. The interference phase lasted 30
seconds.
The retrieval phase was divided into 15 s of a “search
for” phase, in which the previous encoding background

3
Encoding
(yes/no music)
+

Relax
0

Rest

Free
+ Counting Search
for recall

Words
15

Interference Retrieval

60

75

105 120

Relax
150

180

Time (s)

Figure 1: Representation of one encoding-interference-retrieval
block between two 30 s rest blocks. Each block consisted of 15 s of
context (+ on the screen) alone (music or silence in the earphones),
then 45 s of context and word encoding (with either background
music or silence), and then again 15 s of context (+) alone. After
30 seconds of interference phase (counting), subjects were asked
to search for previously encoded words (search for, with either
background music or silence, 15 s) and then to recall as many words
as they could (free recall, 30 s).

was presented in the earphones and subjects were asked to
mentally recall the previously seen words and 30 s of a “free
recall” phase, in which subjects were asked to say aloud as
many words of the previously encoded list as possible. There
were two reasons for this procedure: first, to resituate the
subjects in the source of encoding, enabling good memory
performance (see, e.g., [26, 27]); secondly, to have a control
condition for possible voice-movement artifacts. A sound
recorder was used to record subjects’ free recall performance.
The retrieval phase lasted 45 s. The total duration of each
block was 3 minutes. Each block was followed by a 30 s rest
(silent) (Figure 1).
The order of music/silence blocks was counterbalanced,
as well as the order of word lists and the order of words in the
lists. During the rest periods, subjects were instructed to try
to relax and not to think about the task; in contrast, during
the context-only phases of the blocks, participants were
instructed to concentrate on a fixation cross on the screen
and to focus on the task. Presentations of task instructions
and stimuli were controlled by E-Prime software (Psychology
Software Tools, Inc.) using a laptop with a 15 monitor.
The entire experimental session, including f NIRS recording,
lasted about 20 minutes.
2.3. f NIRS Measurements. A 48-channel f NIRS system (OxymonMkIII, Artinis Medical Systems B.V., The Netherlands)
was used to measure the concentration changes of O2 Hb and
HHb (expressed in 𝜇M) using an age-dependent constant
differential path-length factor given by 4.99 + 0.0067 ∗
(age0.814 ) [28]. Data were acquired at a sampling frequency of
10 Hz. The 48 f NIRS optodes (24 emitters and 24 detectors,
Figure 2(a)) were placed symmetrically over the lateral PFC.
The distance between each emitter and detector was fixed
at 3 cm. For each hemisphere, f NIRS channels measured the
hemoglobin concentration changes at 24 measurement points
in a 12 cm2 area, with the lowest optodes positioned along the
Fp1-Fp2 line and the most central optodes 2 cm from the Cz
line [29], in accordance with the international 10/20 system
[30]. From top to bottom, these measurement points were
labeled 1–24 (see Figure 2(a)).
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Figure 2: Channels template (a) and localization (b). The 48-channel NIRS system consisted in 8 emitters (yellow circles) and 8 receivers
(blue circles) for each hemisphere, resulting in 24-left and 24-right measurement points (yellow lengthened shapes).

To optimize signal-to-noise ratio during the f NIRS
recording, the 48 optodes were masked from ambient light by
a black plastic cap that was kept in contact with the scalp with
elastic straps, and all cables were suspended from the ceiling
to minimize movement artifacts [31] (Figure 2(b)). During
data collection, O2 Hb and HHb concentration changes were
displayed in real time, and the signal quality and the absence
of movement artifacts were verified.
2.4. Data Analysis
2.4.1. Behavioral Data. Memory performance was calculated
for each subject under both conditions by computing the total
number of correctly retrieved words. Incorrectly retrieved
items were considered as intrusions. Paired 𝑡-tests were
used to compare the free recall memory and intrusion

scores in the silence and music conditions. Subjects’ possible
associative strategies at encoding were examined using cluster
analysis, in which the chunks created at retrieval indicated
the level of interitem associations at the encoding phase.
We therefore calculated the number of items presented in
a row (i.e., one following the other) during the encoding
phase that were retrieved in chunks, identifying 2-, 3-, 4-,
5-, and 6-word chunks produced by each subject and under
each condition (e.g., if the subject encoded “bottle,” “fork,”
“match,” “coat,” and “pool” in the encoding phase and then
subsequently retrieved “fork,” “match,” and “coat” during the
free recall task, this constituted a 3-word chunk; if the subject
retrieved “bottle,” “match,” and “coat,” this constituted a 2word chunk). Paired 𝑡-tests successively compared the most
consistent chunks (>2-words) over the total of chunk ratios
between the silence and music conditions.
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Figure 3: Behavioral results showing the total percentage of correctly retrieved words (left side) and of clusters (>2-word chunks) created in
the free recall phase for the silence (black bars) and music (grey bars) conditions. ∗ shows statistically significant differences (𝑃 < .05).

2.4.2. f NIRS Data. In order to eliminate task-irrelevant systemic physiological oscillations, the O2 Hb and HHb signals
were first low-pass filtered (5th-order digital Butterworth
filter with cut-off frequency 0.1 Hz) for each of the 48 f NIRS
measurement points.
To determine the amount of activation during the encoding phase for the two conditions, data in each of the 6
experimental blocks was baseline corrected using the mean
of the O2 Hb and HHb signals during the last 5 s of the rest
phase. We then sample-to-sample averaged (i.e., 10 samples/s)
the baseline-corrected signals over the 3 blocks of each
condition, yielding one average music and silence O2 Hb and
HHb signal per participant for both the encoding phase
and the retrieval phase (both “search for” and “free recall”
tasks). We then computed the maximum O2 Hb and the
minimum HHb delta-from-baseline values over the 45 s (for
the encoding), 15 s (for the “search for” retrieval), and 30 s
(for the “free recall” retrieval) stimulus windows, for both
the music and silence average block of each participant
and for each channel (see Figure 4). Delta values were then
statistically analyzed using a repeated measure ANOVA with
2 (music/silence condition) × 2 (left/right hemisphere) × 24
(optodes) repeated factors. Paired 𝑡-tests were also used to
compare each channel as well as the means of left right activity
for the silence and music condition and for each phase of the
memory task [31] (see Figure 4).
Furthermore, in order to ascertain the PFC activation
during the entire block of music/silence encoding and
retrieval conditions, we ran a complete group time-series
analysis in which we averaged O2 Hb, HHb, and total Hb
(THb) concentrations over 5 s windows (i.e., one average

point for each 5 s) all over the blocks of encoding, interference, “search for,” and free recall phase, getting 35 successive measures of concentrations. Time-series data were
then analyzed using a repeated measure ANOVA with 2
(music/silence condition) × 2 (left/right hemisphere) × 24
(optodes) × 35 (points in time) within-subject factors.

3. Results
3.1. Behavioral Results. Paired 𝑡-tests on the free recall memory performance and intrusion scores revealed no differences
in the total number of correctly retrieved words and falsealarm rates between the music and silence conditions (𝑡(18) =
1.17, 𝑃 > .05). However, cluster analysis revealed a significant difference between the two conditions concerning the
number of chunks created at retrieval. While 𝑡-tests on the
total number of words retrieved in chunks did not reveal a
significant difference between the two conditions (𝑡(18) =
−.165, 𝑃 > .05), a significant difference was found for cluster
creation, data revealing that subjects created more consistent
chunks (>2 words) in the music than in the silence condition,
(𝑡(18) = 2.23, 𝑃 = .02) (Figure 3).
3.2. f NIRS Results. Figure 4 shows a channel-level analysis on
O2 Hb delta-to-baseline values for each phase of the memory
task (encoding, “search for,” and free recall). The repeatedmeasures ANOVA on O2 Hb delta-to-baseline values during
the encoding phase showed a main effect of condition, with
the whole PFC significantly less activated during encoding
with music than with silence, 𝐹(1, 18) = 9.78, 𝑃 = .006.
For the retrieval phase, statistical analysis showed similar
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Figure 4: O2 Hb Δ-to baseline values expressed in micromoles for silence (left side) and music (right side) conditions, for all 48 channels (24
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results for the “search for” and “free recall” tasks. Repeatedmeasures ANOVA on the “search for” phase revealed a main
effect of condition, with higher O2 Hb concentrations for
retrieval with silence than with music (𝐹(1, 18) = 9.62, 𝑃 =
.006), which was also confirmed in the “free recall” phase
(𝐹(1, 18) = 8.75, 𝑃 = .008). The decreased PFC activation
under the music retrieval condition was also supported by
higher HHb values (based on the balloon model, see, e.g.,
[32]) for the music condition (𝐹(1, 18) = 6.93, 𝑃 = .017 for
the “search for” phase, 𝐹(1, 18) = 3.56, 𝑃 = .075 for the “free
recall” phase). These results were also confirmed by paired 𝑡test comparing the mean values of left and right channel for
the two conditions (Figure 4).
Time-series analysis on O2 Hb values confirmed a main
effect of the condition (𝐹(1, 18) = 7.58, 𝑃 = .013), with less

PFC engagement for the music encoding and retrieval phases.
This was supported by HHb time-series analyses (𝐹(1, 18) =
5.63, 𝑃 = .008) which showed higher values for the music
condition. A condition × laterality interaction was also found
for O2 Hb concentrations (𝐹(1, 18) = 4.48, 𝑃 = .048),
suggesting higher left and right hemisphere engagement,
respectively, for silence and music condition. A main effect
of time was also found for both O2 Hb (𝐹(612, 34) = 19.04,
𝑃 < .001) and HHb values (𝐹(612, 34) = 6.001, 𝑃 < .001), as
shown in Figure 5.

4. Discussion
Extending previous studies of verbal memory encoding and
music [10, 11], the present work investigated music-related
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episodic encoding and retrieval processes using multichannel
f NIRS to monitor cortical oxygenation changes over the
lateral PFC during both episodic encoding and retrieval of
verbal information.
One of the main findings of this study is that activity
decreased under the music condition as compared to the
silence condition. In line with our previous experiments,
f NIRS results during word encoding revealed that the PFC
was significantly more active under the silence condition than
under the music condition [10, 11]. In the light of f NIRS
studies showing PFC cortex deactivation when subjects’
memory performance was improved by given strategies or
pharmacological stimulants [18, 19], we previously interpreted the decreased DLPFC activity during music encoding
as a music-related facilitation process. More specifically, we
postulated that background music, unlike silence, required
less involvement of the DLPFC for organizational [17] and
relational interitem processing [33] during verbal episodic
encoding. The first new finding of the present study is that
the decreased activity under the music condition extended
across the entire lateral PFC. As shown by Figure 4, analysis
on musical encoding and retrieval revealed lower O2 Hb
values in almost all channels. As mentioned in the introduction, the DLPFC and VLPFC are jointly recruited to
guide the processing of interitem relational information in
working memory, which promotes long-term memory for
this relational information [20, 34]. In particular, VLPFC
is involved in both relational and item-specific memory
formation, and it seems to select goal-relevant features during
episodic encoding, thus contributing to subjects’ ability to
select relevant item information to remember [17, 34, 35].
Although f NIRS limitations in channel localizations make it

hard to specifically identify which lateral prefrontal regions
are specifically involved during all over the memory task,
these results suggest that that the facilitator effect of a musical
background also relies on its capacity to disengage the most
ventral part of the PFC from its goal-relevant selective functions. In other words, music may affect the encoding state,
not only by disengaging the PFC during specific interitem
relational strategies (related to DLPFC activity), but also and
more generally by affecting episodic prefrontal functions,
namely, the capacity to select the relevant information to
remember and strategically organize it for successful memory
formation.
Another crucial finding of the present study is that such
PFC less activation continued during the retrieval phase.
Figure 5 shows an example of time-course of the THb
signal all over the block of encoding and retrieval: although
the retrieval phase showed an increased activation in both
conditions, especially in most ventral channels (Figure 4),
this was always less pronounced for the music condition. In
our opinion, this is important for two main reasons. First, the
fact that the music-related PFC decrease was observed during
both the “search for” phase (with background music) and
the “free recall” phase (without background music) excludes
the possibility that the observed PFC modulation was due to
the presence of auditory stimulation rather than to a specific
music effect. Secondly, music provides a less demanding
way of modulating the recruitment of PFC areas crucial for
long-term manipulation of information and active strategic
retrieval [36–38], indicating a long-lasting effect. This is
particularly important in view of the divergent results in the
literature. Indeed, if music constitutes a dual-task interference
[14, 15], we should have observed highest increase in neural
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activity for the music condition in at least one of the memory
phases, as previously observed in f NIRS studies investigating
dual-task situations [39, 40]. On the contrary, our results
suggest that music-related memory processes rely on specific
neural mechanisms underlying a less demanding prefrontal
engagement throughout the stages of memory formation and
retrieval.
In the light of previous f NIRS studies on memory [18, 41,
42], our results should also be viewed in terms of the contribution of f NIRS to understanding the role of PFC in longterm memory processes. Unlike our previous studies, we did
not find a main effect of lateralization during word encoding.
However, a more thorough time-series analysis revealed
a condition × laterality interaction, suggesting higher left
and right hemisphere engagement, respectively, for silence
and music condition. Furthermore, a specific lateralization
became evident at the retrieval “search for” phase, where
we found a left and right lateralization for the silence and
music condition, respectively. This condition by laterality
interaction related to the presence of music when subjects
tried to retrieve previously encoded words can be interpreted
in the light of studies showing that the lateralization of PFC
activity during retrieval depends on the availability of verbal
codes, with left hemispheric involvement for verbally coded
information and right hemispheric activation for nonverbally
coded information [43].
Major criticism of PFC f NIRS data concerns the taskevoked changes occurring in forehead skin perfusion [44–
47]; PFC activity interpretations must therefore be taken with
caution. Nevertheless, our findings not only confirm that
f NIRS is a good tool for noninvasive investigation of longterm memory [41, 48, 49], but can also help shed new light
on music-related prefrontal episodic memory processes. In
particular, we suggest that music is able to modulate all stages
of memory processing in a state-dependent manner, enabling
the creation of relational links that may constitute efficient
mnemonic strategies, as well as the successful retrieval of relevant information. Accordingly, less PFC activity is required to
put these strategies to use during either encoding or retrieval.
Importantly, this explanation is supported by our behavioral
results. Indeed, cluster analysis revealed that participants
created significantly more chunks (i.e., formed by >2 words)
during the free recall of words previously encoded with
music [50]. This would indicate that subjects found it easier
to adopt relational-associative strategies to create interitem
(and possibly item-source) links during memory formation,
which were then used as mnemonic strategies for successful
retrieval. However, although we previously found that a
musical background can boost item [10] and source [11]
memory in recognition tasks, this was not the case for the free
recall task, where no difference between music and silence
was found in the number of correctly retrieved words. This
suggests that behavioral paradigms often fail to characterize
a reliable effect of music on memory performance, even when
imaging methods are able to detect a music-related effect.
Considering many authors claiming that music hampers
encoding and leads to negative results, as well as the different
positive behavioral outcomes, it remains important to discuss
when and how music can help memory performance. In our
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opinion, it is crucial to note that many kinds of paradigms
using many kinds of music stimuli exist in literature and
hence can lead to contrasting results. In the present study,
we used a pleasant musical background with a positive
emotional valence and medium arousal quality with the
specific idea that music can constitute a helpful encoding
context. The results can therefore be discussed in the frame of
an enriched context (see, e.g., [51, 52]) given by the presence
of the music, in which many mechanisms (arousal-mood
modulation, emotions, and reward) intervene to orchestrate
the final music-related positive effect. In this perspective,
the music-dependent prefrontal modulation observed opens
new questions about the interpretation of such specific PFC
decreased oxygenation pattern and the related facilitation.
The mechanisms underlying PFC deactivation are matter
of debate and can reflect several neural processes. Some
explanations can be found in regard to BOLD signal decrease,
which usually corresponds to an O2 Hb decrease and HHB
increase in f NIRS signal. A BOLD decrease is usually
interpreted as a deactivation that reflects a focal suppression
of neural activity [53, 54] and several explanations have
been proposed to clarify such deactivation. For instance,
Harel et al. [55] claimed that BOLD decrease can be due
to stealing of blood from less active regions into the most
cerebral blood flow demanding areas. Therefore, the observed
f NIRS prefrontal pattern could reflect a higher activation
in other brain regions. The present multichannel f NIRS
paradigm in part elucidated this question by investigating
not only the DLPFC [10, 11], but also the entire PFC activity.
Considering the different tasks attributed to the different
regions of PFC for the episodic encoding and retrieval [17],
it was reasonable to think that music could be more demanding for regions surrounding the DLPFC. Results revealed
a prefrontal decrease in almost all the f NIRS channels,
suggesting a huge and coherent prefrontal disengagement.
However, such disengagement could be related to a greater
activation in other (i.e., nonprefrontal) regions [55] that need
therefore to be further investigated. Raichle and colleagues
[54] proposed that such reduction of neuronal activities
might be mediated through a reduction in thalamic inputs
to the cortex during attention-demanding cognitive tasks
or through the action of diffuse projecting systems like
dopamine (see also [56]). f NIRS studies showing deactivation
in nonverbal tasks (e.g., video games) have tried to interpret
it in terms of attention-demanding tasks [57]. Nevertheless,
this hypothesis seems in conflict with other f NIRS studies
investigating prefrontal responses to attention tasks. Indeed,
several authors have shown how alertness or attention states
significantly increase rather than decrease PFC activation [58,
59]. Also the dopamine system can be responsible for PFC
deactivation [54]. Dopamine is a neurotransmitter strongly
associated with the reward system: it is released in regions
such as the ventro-tegmental area (VTA), nucleus accumbens
or PFC as a result of rewarding experiences such as sex, food,
but also music [60, 61]. Therefore, if prefrontal less activation
can be related to the action of diffuse dopamine systems
and the positive effect of music may be related to rewardemotional responses as well, it is possible that music-related
reward mechanisms play a crucial role in helping subjects
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in engaging successful verbal memory processes reflected in
PFC disengagement.
Another crucial point to consider concerns the strong
relationship between music and language, which has been
clearly shown on both behavioral and neurophysiological
level (see, e.g., [62]). It is therefore possible that, among possible general mechanisms discussed above, more languagespecific processes may directly intervene during the encoding
of verbal material with music. More specifically, our findings
suggest that semantic-associative mechanisms may be activated more easily in presence of a musical background, thus
resulting in greater clustering during the free recall task. A
good example is represented by what participants reported
in informal posttask metacognitive follow-up: indeed, when
asked how difficult they found the task, many of the subjects
suggested that music helped them in creating stories (i.e.,
bindings) among items and between items and music. For
example, if the words “pool” and “glass” were subsequently
presented and music was present, participants reported these
words were easier to remember because of the creation of
a little story in their mind (e.g. “I imagined myself drinking
a glass of wine while playing the pool in a bar with a jazzy
atmosphere”). In this case, the musical context may help in
creating new connections between the items and the source
itself, namely, new episodes that participants can then retrieve
during their subjective mental “time travel” [1], as reflected
by behavioral findings. Further neurophysiological investigations (e.g., investigating gamma and theta oscillations, shown
to bind and temporally order perceptual and contextual
representations in cortex and hippocampus [63]) could in this
case elucidate possible item-source bindings processes and
further research is therefore needed in this domain.
Taken together, our results overall can be seen in the
general framework of the music and memory literature,
supporting the idea that music can help verbal memory
processes and that associative strategies facilitated by the
presence of a musical background may explain memory
enhancement. Given the increasing need to understand when
and through which mechanisms music is able to stimulatecognitive functions, these results offer in our opinion
an important contribution to the existent literature and
open interesting perspectives on music-based rehabilitation
programs for memory deficits.

5. Conclusions
The aim of this study was to focus on the prefrontal processes
involved in music-related episodic memory. More specifically, we wanted to extend previous findings of prefrontal
deactivation in the encoding phase of verbal material to the
whole prefrontal cortex and also to the retrieval phase.
Overall, f NIRS findings show that music may specifically
act and modify normal cortical activity; namely, it can
entirely modulate the lateral PFC activity during both encoding and retrieval in a less demanding way. In particular, our
results suggest that music-related strategic memory processes
rely on specific neural mechanisms recruited throughout the
stages of memory formation and retrieval. These findings are
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supported by behavioral evidence indicating music-related
associative strategies in the recall of verbal information and
offer interesting perspectives for music-based rehabilitation
programs for memory deficits.
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[53] P. Fransson, G. Krüger, K.-D. Merboldt, and J. Frahm, “MRI
of functional deactivation: temporal and spatial characteristics
of oxygenation-sensitive responses in human visual cortex,”
NeuroImage, vol. 9, no. 6, pp. 611–618, 1999.
[54] M. E. Raichle, A. M. MacLeod, A. Z. Snyder, W. J. Powers, D. A.
Gusnard, and G. L. Shulman, “A default mode of brain function,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 98, no. 2, pp. 676–682, 2001.
[55] N. Harel, S.-P. Lee, T. Nagaoka, D.-S. Kim, and S.-G. Kim,
“Origin of negative blood oxygenation level-dependent fMRI
signals,” Journal of Cerebral Blood Flow and Metabolism, vol. 22,
no. 8, pp. 908–917, 2002.
[56] K. Sakatani, D. Yamashita, T. Yamanaka et al., “Changes of
cerebral blood oxygenation and optical pathlength during
activation and deactivation in the prefrontal cortex measured
by time-resolved near infrared spectroscopy,” Life Sciences, vol.
78, no. 23, pp. 2734–2741, 2006.
[57] G. Matsuda and K. Hiraki, “Sustained decrease in oxygenated
hemoglobin during video games in the dorsal prefrontal cortex:
a NIRS study of children,” NeuroImage, vol. 29, no. 3, pp. 706–
711, 2006.
[58] A.-C. Ehlis, C. G. Bähne, C. P. Jacob, M. J. Herrmann, and
A. J. Fallgatter, “Reduced lateral prefrontal activation in adult
patients with attention-deficit/hyperactivity disorder (ADHD)
during a working memory task: a functional near-infrared
spectroscopy (f NIRS) study,” Journal of Psychiatric Research,
vol. 42, no. 13, pp. 1060–1067, 2008.
[59] M. J. Herrmann, E. Woidich, T. Schreppel, P. Pauli, and A. J. Fallgatter, “Brain activation for alertness measured with functional
near infrared spectroscopy (f NIRS),” Psychophysiology, vol. 45,
no. 3, pp. 480–486, 2008.
[60] V. N. Salimpoor, I. van den Bosch, N. Kovacevic, A. R.
McIntosh, A. Dagher, and R. J. Zatorre, “Interactions between
the nucleus accumbens and auditory cortices predict music reward value,” Science, vol. 340, no. 6129, pp. 216–219, 2013.

11
[61] R. J. Zatorre, “Musical pleasure and reward: mechanisms and
dysfunction,” Annals of the New York Academy of Sciences, vol.
1337, no. 1, pp. 202–211, 2015.
[62] B. Tillmann, “Music and language perception: expectations,
structural integration, and cognitive sequencing,” Topics in Cognitive Science, vol. 4, no. 4, pp. 568–584, 2012.
[63] E. Nyhus and T. Curran, “Functional role of gamma and theta
oscillations in episodic memory,” Neuroscience & Biobehavioral
Reviews, vol. 34, no. 7, pp. 1023–1035, 2010.

Hindawi Publishing Corporation
Behavioural Neurology
Volume 2015, Article ID 545917, 12 pages
http://dx.doi.org/10.1155/2015/545917

Research Article
Interaction of Musicianship and Aging: A Comparison of
Cortical Auditory Evoked Potentials
Jennifer L. O’Brien,1 Dee A. Nikjeh,2 and Jennifer J. Lister2
1

Department of Psychology, University of South Florida St. Petersburg, 140 7th Street S, DAV 116, St. Petersburg, FL 33701, USA
Department of Communication Sciences and Disorders, University of South Florida Tampa, 4202 E. Fowler Avenue,
Tampa, FL 33621, USA

2

Correspondence should be addressed to Jennifer L. O’Brien; jenobrien@usf.edu
Received 15 February 2015; Revised 11 April 2015; Accepted 14 April 2015
Academic Editor: Stefan Evers
Copyright © 2015 Jennifer L. O’Brien et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
Objective. The goal of this study was to begin to explore whether the beneficial auditory neural effects of early music training persist
throughout life and influence age-related changes in neurophysiological processing of sound. Design. Cortical auditory evoked
potentials (CAEPs) elicited by harmonic tone complexes were examined, including P1-N1-P2, mismatch negativity (MMN), and
P3a. Study Sample. Data from older adult musicians (𝑛 = 8) and nonmusicians (𝑛 = 8) (ages 55–70 years) were compared to
previous data from young adult musicians (𝑛 = 40) and nonmusicians (𝑛 = 20) (ages 18–33 years). Results. P1-N1-P2 amplitudes
and latencies did not differ between older adult musicians and nonmusicians; however, MMN and P3a latencies for harmonic
tone deviances were earlier for older musicians than older nonmusicians. Comparisons of P1-N1-P2, MMN, and P3a components
between older and young adult musicians and nonmusicians suggest that P1 and P2 latencies are significantly affected by age, but
not musicianship, while MMN and P3a appear to be more sensitive to effects of musicianship than aging. Conclusions. Findings
support beneficial influences of musicianship on central auditory function and suggest a positive interaction between aging and
musicianship on the auditory neural system.

1. Introduction
The perception of music infuses the human brain with a rich
auditory sensory experience and is a cognitively complex
task requiring the integration of multiple cortical levels and
neural systems. Because of the intense training and skill
acquisition a musician receives from an early age, a musician’s
brain provides unique opportunities to explore the impact of
music perception and music training on neural structural and
functional adaptation and development.
Ground-breaking anatomic studies using functional
magnetic resonance imaging (fMRI) [1, 2] revealed that
musicians compared to nonmusicians have 5% greater cerebellar volume, significantly larger anterior corpus callosum,
and increased gray matter volume in the left Heschl’s gyrus
and left inferior frontal gyrus. In addition to altered cortical structure, electroencephalographic (EEG) and magnetoencephalographic (MEG) recordings of cortical auditory

evoked potentials (CAEPs) parallel anatomic studies showing
cortical enlargement of auditory areas important for music
perception [3, 4] and reveal superior preattentive auditory
sensory memory representations for musicians compared
to nonmusicians [5–14]. Specifically, findings suggest that
musicians relative to nonmusicians (a) discriminate auditory
differences that are undetectable for nonmusicians at a
preattentive processing level implying that sensory memory
traces containing auditory information may be enhanced
by musical expertise [8], (b) discriminate embedded pitch
shifts faster (shorter latencies) within familiar and unfamiliar
interval patterns [5], (c) have larger amplitude responses to
changes in relative pitch structure, such as melodic contour
and interval [6], rhythmic deviation [15], and timbre of expertise instrument [16], (d) respond faster (shorter latencies)
to pitch deviances of harmonic tone complexes [9, 12], and
(e) enhanced sensitivity to acoustic changes of harmonic
complexes and speech syllables [10, 13, 14]. Interestingly,
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effects of musicianship on the plasticity of CAEPs can be seen
even after short-term (e.g., two weeks) musical training (e.g.,
[17]).
These remarkable effects of music training on auditory
neural structure and function have been observed from childhood through young adulthood; however, research is limited
when it comes to exploring whether these auditory neural
effects of music training extend throughout the life of the
musician. Given their history of extraordinary exposure to
and experience with spectrally and temporally rich auditory
stimuli at an early age, it is questioned whether older adult
musicians might experience age-related changes in central
auditory processing differently than older nonmusicians.
It is a well-known fact that older adults often complain
that although they can hear speech, they cannot understand
it. Age-related physiological changes typically alter the way
in which spectral and temporal information are encoded
[18]. Older adults often exhibit neural activation patterns
that are qualitatively different and more frontally oriented
than those of younger adults [19–21]. These patterns suggest
relatively slower neural transit time and altered auditory
inhibition/arousal by irrelevant stimuli for older adults and
characterize an inefficient aging auditory system that contributes to poor speech understanding in noisy, real-world listening environments [21]. Given that young adult musicians
have altered auditory neural structures and superior auditory
neural processing for music and speech, is it then possible
that older adult musicians may have a more efficient auditory
system than their nonmusician cohorts?
Investigations of age-related changes affecting auditory
neural processing have used both behavioral and electrophysiological measures (e.g., EEG, MEG). Psychoacoustic
measures provide information about the listener’s perception
of sound and reflect a conscious attentional process. Recent
behavioral studies exploring the rate of age-related decline
on peripheral and central auditory processing between older
adult musicians and age-comparable nonmusicians (ages 45–
65) reported that older musicians demonstrate increased
auditory working memory [22] and less age-related decline
for gap-detection and speech-in-noise thresholds than nonmusicians [20]. Findings suggest that musical training may
diminish the impact of age-related auditory decline [22]
and, further, that musicians may experience less age-related
decline in central auditory processing than nonmusicians
[23]. We question what impact, if any, the interaction between
musicianship and aging has on preattentive neurophysiological processing of sound for older adults.
Preattentive cortical auditory evoked responses (e.g., P1N1-P2, MMN, and P3a), the focus of the current study, are
particularly suitable when investigating responses of older
adults because they reflect the automatic detection and discrimination of acoustic sensory memories prior to attentional
focus without being contaminated by attention, motivation,
or cognitive demands of the task [24, 25]. CAEPs provide
excellent temporal resolution and allow for a noninvasive
evaluation of the various stages of auditory processing from
preattentive sensory perception to later cognitive levels. To
date, CAEP studies comparing older musicians and nonmusicians are unknown.
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CAEP studies investigating age-related changes of central auditory processes in older nonmusician listeners have
reported similar aging effects on P1-N1-P2 elicited by pure
tones [19] and gap-detection [21]. The P1-N1-P2 complex
reflects the physiological detection of audible stimulus energy
[28]. In both studies comparing older and younger adults
with normal hearing, there was a pattern of larger P1 amplitudes and slower P2 latencies for the older adults. For gapdetection, P1 latency was earlier for older adults than younger;
however, there was no P1 latency difference between older
and younger adults for detection of pure tones. In neither
study did N1 or P2 amplitudes or the N1 latency differ by
age group. It may be speculated that larger P1 amplitude
and earlier P1 latency as well as longer P2 latencies may
represent an adaptive neural response to aging. That is to
say, compared to younger adults, older adults may activate
or recruit more or different neural resources to increase the
efficiency of stimulus detection and inhibition and may have
slower processing or extended neural conduction time once
the auditory stimulus is detected.
Mismatch negativity (MNN) is a passively elicited negative potential typically considered to be independent of
attention and higher cognitive processing [29]. In general,
the MMN is thought to be a preperceptual or preattentive
central auditory response to an acoustic deviation based
on the detection of an auditory regularity in a preceding
sound sequence and an automatic sensory memory-based
comparison process [30, 31]. Indexing in sensory memory
as reflected by the MMN is considered to be a preattentive
because it has been shown to occur in the absence of attention
and even conscious awareness [30]. Note that, while the
MMN can be elicited outside of attention, it can also be
influenced by attentional modulation (see [47] for modeling
evidence of temporal attention enhancing the MMN).
While the MMN can occur preattentively, the P3a, which
often follows the MMN, is associated with an involuntary and
automatic shift of attention to and conscious perception of
a deviant or new stimulus [30, 32, 33]. Typically, the P3a is
elicited in response to infrequent task-irrelevant stimuli that
are unexpected (e.g., pitch “C”) in a sequence of frequently
presented standard stimuli (e.g., pitch “A”) within which the
listener is actively attending to the detection of infrequent
target stimuli (pitch “B”). The infrequent presence of pitch
“C” automatically shifts the listener’s attention to that tone,
resulting in a P3a.
Age-related studies using CAEPs to elicit MMN and P3a
are limited; however, results are consistent. Comparisons of
older and younger adults suggest that MMN is affected more
by stimulus contrast and presentation rate than age alone
[19, 26, 34]. Age alone did not affect the MMN latency or
amplitude for stimulus-change detection of frequency [19] or
stimulus duration with a short interstimulus interval (ISI =
0.5 sec); rather, as the time between the stimuli increased,
the MMN attenuated more for older listeners than younger
suggesting that MMN may reflect the gradual decay of
the stimulus trace in the auditory system and that this
trace decays faster for older than younger adults [26, 34].
We are aware of only two studies of P3a and aging for
auditory stimuli. Those studies indicate that P3a is absent [27]
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Table 1: Summary of older musician musical history.

Musician Age (years)
OM1
OM2
OM3
OM4
OM5
OM6
OM7
OM8
Mean
Range

61
67
61
58
65
64
59
65
62.5 yrs
58–67 yrs

Age training
initiated (years)
8
8
8
10
13
8
16
8
9.87 yrs
8–13 yrs

Instrument/voice

Total years training

Total years music
making

Average hours per
week

I
I
I/V
I/V
I/V
I
I/V
I/V

10
7
20
8
17
8
8
14
11.5 yrs
7–20 yrs

52
59
29
20
52
50
43
57
45.25 yrs
20–59 yrs

4
2
2
0
13
2
3
8
4 h 15 mins/wk
0–13 hrs

or delayed [35] for older as compared to younger adults,
indicating that older adults are slower to switch attention to
and evaluate distracting auditory stimulus outside of their
focused attention.
Our current research sought to examine cortical auditory
evoked responses of older musicians and is based on the
framework of our earlier research with young adult musicians
[9, 10]. It was an exploratory study to investigate the interaction between the aging process and possible effects of early
music training and the possible impact of this interaction
on the neurophysiological processing of sound. Preattentive
CAEPs elicited by harmonic tones are compared between
normal hearing older musicians and their nonmusician
cohorts. In addition, CAEP data from older musicians and
nonmusicians is compared to that of their younger counterparts [9] to further elucidate effects of age-related changes
on central auditory processing. Specifically, the P1-N1-P2
complex was elicited by a standard harmonic tone stimulus
to establish the physiological detection of sound at the level
of the auditory cortex. MMN and P3a were elicited by small
deviant frequencies (i.e., 1.5% and 6% lower in frequency
than a standard) of a harmonic tone complex. Based on
previous research of the P1-N1-P2 potentials [10, 19, 21] and
the assumption that larger P1 amplitude reflects increased
neural recruitment for regulating incoming auditory stimuli
in older adults, it was predicted that, given their musical
expertise and training, older musicians may have smaller P1
amplitudes for harmonic tones than older nonmusicians and
similar group latencies. We also predicted a shorter P2 latency
for older musicians compared to older nonmusicians, given
the general increase in P2 latency with age and reduction
effects of musicianship on aging.
Based on previous electrophysiological research among
young adult musicians and nonmusicians, it was predicted
that older musicians may have shorter MMN and P3a latencies and larger MMN amplitudes than age-comparable nonmusicians for harmonic complexes; however, no significant
effects of musicianship were predicted for P3a amplitudes.
MMN and P3a amplitude were predicted to increase as the
size of frequency deviance increased. Based on the literature
described above, the following aging effects were predicted

for P1-N1-P2, MMN, and P3a: (1) P1 amplitude would be
larger; (2) P1 latency is earlier and P2 latency later for older
adults compared to younger; (3) neither P2, N1, or MMN
amplitudes nor MMN latency would be affected by age; and
(4) P3a amplitude would be smaller and latency later for older
compared to younger adults.

2. Method
2.1. Participants. Eight older adult musicians (mean age =
62.5 yrs, range = 58–67 yrs) and eight older nonmusicians
(mean = 61.4 yrs, range = 55–70 yrs) were recruited from
local communities, community music organizations, and the
University of South Florida (USF). Musicians averaged 11.5
years of formal music training that began between the ages of
8 and 16 (see Table 1 for musical history). Nonmusicians had
fewer than 12 months of music training. For the purpose of
this investigation, formal music training refers to a minimum
of 6 years of professionally directed and implemented music
instruction and technical exercises provided by a professional
musician and/or music educator [36]. All participants were
right-handed and native speakers of English and had normal
pure-tone thresholds (less than or equal to 25 dB HL bilaterally) for the frequencies of interest in the present study
(≤3000 Hz). Performance on the Words-in-Noise (WIN) [37,
38] test, in terms of the dB signal-to-noise ratio for 50%
correct word recognition in noise, was age-appropriate for
all participants. A summary of hearing thresholds and WIN
scores, shown in Table 2, indicates that the hearing sensitivity
of the two older adult groups was highly similar. None had
a history of neurological impairment, absolute pitch ability,
exposure to tone languages, or previous participation in
psychoacoustic experiments. The study was approved by the
USF Institutional Review Board and documented informed
consent was obtained from all subjects. Participants were
reimbursed $15 per hour of participation.
The identical inclusion and exclusion criteria were used
for our earlier recruitment of 40 young adult musicians and
20 nonmusicians [9]. Young adult musicians were between
the ages of 18 and 33 (mean age = 22 years) and had an average
of 9.8 years (median = 9.18 yrs, range = 5 to 17 yrs) of formal
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Table 2: Mean pure-tone hearing thresholds (dB HL) and 50% signal-to-noise ratios (dB) for the Words-in-Noise (WIN; [38, 39]) test plus
standard deviations for each older participant group.
WIN
Older
nonmusicians
(𝑛 = 8)

5.3
(2.4)

Older
musicians
(𝑛 = 8)

5.6
(2.7)

Ear
Right
Left
Right
Left

Frequency (Hz)
250
15
(5)
13
(3)
18
(6)
13
(3)

500
14
(5)
16
(5)
14
(5)
16
(6)

music training. Nonmusicians were between the ages of 20
and 34 (mean age = 23) and had fewer than 12 months of
music training.
2.2. Stimuli. Harmonic complexes were digitally generated
(sampling rate = 50 kHz), controlled, and presented using a
Tucker-Davis Technologies (TDT) RP2 Real-Time Processor
with model HB 7 headphone buffer. Duration of all stimuli
was 200 ms and shaped with a cos2 window to create a
10 ms rise/fall time. Interstimulus interval (ISI) was 500 ms.
All stimuli were presented bilaterally via Etymotic Research
(ER2) insert earphones at 75 dB SPL.
The present study is a continuation of a series of studies
investigating the relationship between pitch perception and
vocal production by types of musicians (i.e., vocalists, string
instrumentalists, and wind instrumentalists) and nonmusicians [10]. Thus, auditory stimuli consisted of harmonic
tone complexes containing fundamental frequencies (𝐹0)
that occur within the mid-frequency range of the female vocal
register, 𝐹0 = 261.63 Hz to 392 Hz (C4 to G4) [39]. The
standard tone was G4, 𝐹0 = 392 Hz, and was chosen from a
behavioral task in a previous study because this tone elicited
the best overall difference limen for frequency (DLF) across
groups [10]. The two deviant harmonic complexes, 𝐹0 =
386 Hz (HMD1.5), 1.5% difference from the standard tone 𝐹0
(an eighth tone difference) and 𝐹0 = 370 Hz (HMD6), 6%
difference from the standard tone 𝐹0 (a semitone difference),
were selected based on DLFs measured behaviorally in a
companion study and represented a range of behavioral
performance. In physical terms, the interval between adjacent
whole tones is a 12% difference between the fundamental
frequencies of each tone. The interval between a reference
tone and its semitones is a fundamental frequency difference
of roughly 6% (e.g., G4 to 𝐹4# equals 392 Hz to 370 Hz).
Each harmonic tone stimulus contained a 𝐹0 and three
harmonics. The amplitude of each harmonic was divided by
its harmonic number to create a natural amplitude contour in
the frequency spectrum.
2.3. Procedure
2.3.1. Electroencephalographic Recording. CAEPs were
recorded and analyzed using a Compumedics Neuroscan

1000
15
(6)
13
(7)
14
(8)
15
(8)

2000
16
(7)
16
(6)
14
(13)
14
(11)

3000
16
(3)
22
(6)
16
(12)
13
(9)

4000
26
(17)
26
(15)
16
(8)
19
(9)

6000
26
(9)
29
(12)
28
(11)
26
(11)

8000
30
(22)
26
(13)
31
(23)
31
(17)

EEG system with a SynAmps 2 amplifier and Neuroscan Scan
4.3 acquisition software. A cap of 64 sintered electrodes was
placed on the subject’s head with additional electrodes above
and below the left eye and at the outer canthus of each eye to
monitor eyeblink activity. The nose served as reference and
the forehead served as ground. To minimize any auditory
attentive behavior, the participant was comfortably seated in
a sound-attenuated booth and instructed to watch a closedcaption movie of choice and to ignore the auditory stimuli.
All impedances were kept below 30 kΩ. The acquisition of
EEG data was by continuous sampling, recorded at an AD
(analog to digital) sampling rate of 1000 Hz and stored on the
computer for offline averaging. The raw signal was amplified
within a frequency band of 0.05–100 Hz.
The harmonic tone condition was designed as a multideviant oddball paradigm to elicit MMN and P3a. The
protocol consisted of one standard tone (𝐹0 = 392 Hz)
and two infrequently occurring deviant tones (HMD6 and
HMD1.5). The standard tone occurred on a minimum of 75%
(1080 minimum) of the trials and the two deviant frequencies
occurred on 25% (180 per deviant, 360 total deviants) of the
trials. Stimuli were presented in a pseudorandom sequence
with at least three standard stimuli separating presentations
of deviant stimuli; thus, two deviant stimuli did not occur
in succession. The response to the standard stimulus was
analyzed to establish physiological detection of the auditory
stimuli (P1-N1-P2).
2.3.2. Data Analysis. Offline analysis of the continuous EEG
waveforms was conducted using Neuroscan Scan 4.3 Edit
software and began with manual artifact rejection. As a
precaution for data analysis, the first 10 CAEP responses were
omitted from the averaging process to exclude the variation
of the N1 amplitude (i.e., the refractoriness) associated with
the start of the stimulation sequence [40, 41]. EEG epochs of
700 ms (−100 to 600 ms) were obtained, baseline corrected
(−100–0 ms), and averaged separately for the standard and
deviant stimuli. To eliminate ocular movement contamination, epochs containing artifacts exceeding ±80 𝜇V in the
horizontal and vertical eye channels were rejected from
averaging. CAEP waves were digitally band-pass filtered
at 0.1–30 Hz with a squared Butterworth zero-phase filter
(12 dB/octave roll-off). In order to maximize signal-to-noise
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3. Results
Peak amplitude and latency data were analyzed using IBM
SPSS Statistics software (version 21.0). To determine the
effect of age and musicianship on P1-N1-P2, MMN, and P3a,

2.5
P1

2

F0 = 392 Hz
Fz

P2

1.5
Amplitude (𝜇V)

ratio at Fz, all of the processed average files for MMN/P3a
analysis were individually rereferenced to the mastoids.
P1-N1-P2 response had the largest amplitudes measured at
Fz; thus, reported measures and statistical analysis are based
on CAEP responses measured from the Fz electrode for the
standard stimulus. P1 was identified as the first positive peak
occurring between 25 and 90 ms in the group average CAEP
waveforms [17]. The N1 was defined as the largest negativity
occurring between 70 and 140 ms. The P2 was defined as the
largest positivity occurring between 140 and 255 ms. Latency
windows of ±25 ms around each amplitude peak for each
group were determined and individual peak amplitudes and
latencies were quantified within these preselected windows
using scripts within the Neuroscan Scan 4.3 Edit software;
the script selected the time point with the highest (for P1 and
P2) or lowest (for N1) amplitude value within the designated
window. Visual inspection of individual waveforms was
conducted to ensure that clear peaks did not fall outside of
the designated windows for any participant.
The MMN is illustrated by a difference wave obtained by
subtracting the averaged CAEP elicited by the standard stimulus from the averaged CAEP elicited by a deviant stimulus
[42]. Difference waveforms to illustrate MMN and P3a were
calculated for each deviant stimulus condition. The MMN
response was largest at electrodes Fz and Cz with the largest
amplitudes measured at Fz. Thus, reported measures and
statistical analysis are based on CAEP responses measured
from Fz. The MMN was verified by polarity inversion at
the mastoids prior to rereferencing all individual files to the
mastoids. MMN has been shown to invert in polarity at
electrodes below the level of the Sylvian fissure [42]. Polarity
inversion at the mastoids is an accepted method to verify the
MMN response to tonal changes [41]. CAEP amplitudes were
quantified by first determining the peak latencies from the
grand-average difference waves separately for each deviant as
the largest peak between 100 and 300 ms at Fz for MMN [43].
The P3a was chosen as the first positive peak following the
MMN.
Grand average group difference waveforms for each
harmonic tone deviant stimulus were derived from the Fz
electrode for purposes of illustrating MMN and P3a and
for selecting latency windows. Latency windows of ±25 ms
around each amplitude peak for each group and deviant condition were determined [44]. MMN and P3a peak amplitudes
and latencies for each participant were quantified within
these preselected windows for eachharmonic deviant condition using scripts within the Neuroscan Scan 4.3 Edit software
to select the time point with the highest (for P3a) or lowest
(for MMN) amplitude value within the designated window.
Visual inspection of individual waveforms was conducted to
ensure that clear peaks did not fall outside of the designated
windows for any participant.
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0
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−50

0

50

100

150

200

250

300

350

Latency (ms)
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Figure 1: Group averaged CAEP waveforms illustrating P1, N1, and
P2 elicited from older nonmusicians (solid line) and older musicians
(dotted line) by the standard harmonic tone (𝐹0 = 392 Hz).

univariate analyses of variance (ANOVAs) were conducted
on individual mean component latencies and amplitudes. An
alpha level of 0.05 was used for all statistical tests.
3.1. Effects of Musicianship within Older Adults
3.1.1. P1-N1-P2 Components. Analysis of P1-N1-P2 was conducted at Fz for the standard harmonic tone stimulus
(𝐹0 = 392 Hz). The peaks are designated in Figure 1 for
visual inspection and the latency and amplitude means and
standard deviations are reported in Table 3. There were no
significant group differences of P1, N1, and P2 latencies and
amplitudes between older adult musicians and nonmusicians,
𝐹(1,14) = 1.19, 𝑝 = 0.293 for P1 latency; 𝐹(1,14) = 0.18, 𝑝 =
0.676 for P1 amplitude; 𝐹(1,14) = 0.71, 𝑝 = 0.412 for N1
latency; 𝐹(1,14) = 0.34, 𝑝 = 0.567 for N1 amplitude; 𝐹(1,14) =
0.11, 𝑝 = 0.742 for P2 latency; and 𝐹(1,14) = 0.23, 𝑝 = 0.638
for P2 amplitude.
3.1.2. Mismatch Negativity (MMN). The MMN and P3a were
elicited from older musicians and nonmusicians by two harmonic tone pitch deviants and are illustrated by comparing
CAEPs to the standard stimulus and CAEPs to the deviant
stimuli elicited from the oddball paradigm (Figure 2). The
MMN and P3a latency and amplitude means and standard
deviations are reported in Table 4. The grand average group
CAEP difference waveforms reflect the MMN and P3a for
the two frequency deviances (Figure 3). Parallel two-way
repeated-measures ANOVAs were conducted on individual
mean MMN and P3a latencies and amplitudes for each
stimulus condition with the within-subject factor Stimulus
(HMD1.5 [𝐹0 = 386 Hz], HMD6 [𝐹0 = 370 Hz]) and the
between-subject factor Musicianship (older nonmusicians,
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Table 3: Mean and standard deviation values for P1-N1-P2 cortical auditory evoked potential latencies and amplitudes elicited by standard
harmonic tone (𝐹0 = 392 Hz) from older and younger musicians and nonmusicians.
P1

Older nonmusicians
Older musicians
Younger musicians
Younger nonmusicians

N1

Latency (ms)

Amplitude
(microvolts)

65 (8)
61 (8)
74 (10)
74 (10)

2.02 (1.1)
2.24 (0.8)
1.84 (0.75)
2.00 (0.76)

P2

Latency (ms)

Amplitude
(microvolts)

Latency (ms)

Amplitude
(microvolts)

104 (10)
109 (12)
105 (11)
103 (11)

−0.02 (0.95)
0.27 (1.1)
0.21 (0.88)
0.199 (1.2)

171 (15)
174 (15)
147 (10)
146 (11)

2.0 (1.4)
1.69 (1.0)
2.21 (1.1)
2.43 (0.81)

Table 4: Mean and standard deviation values for MMN and P3a cortical auditory evoked potential latencies and amplitudes elicited by deviant
harmonic tones (HMD 1.5 and HMD 6) from older and younger musicians and nonmusicians.

Older nonmusicians
Older musicians
Younger nonmusicians
Younger musicians

HMD 1.5
HMD 6
HMD 1.5
HMD 6
HMD 1.5
HMD 6
HMD 1.5
HMD 6

Latency (ms)
298 (15)
200 (19)
238 (12)
172 (15)
219 (18)
183 (12)
213 (14)
163 (15)

MMN
Amplitude (microvolts)
−1.1 (1.3)
−1.62 (0.9)
−1.26 (0.5)
−2.6 (1.7)
−1.90 (1.1)
−3.44 (1.4)
−2.21 (1.3)
−2.63 (1.5)

older musicians). MMN latencies to harmonic tone pitch
deviants were significantly shorter for older adult musicians
than older nonmusicians, 𝐹(1,14) = 7.96, 𝑝 < 0.001. Further,
there was a significant effect of deviant magnitude, 𝐹(1,14) =
200.68, 𝑝 < 0.001 for MMN latency. Across groups, as
the magnitude of the frequency deviance increased, response
latency decreased (Figure 3; see Table 4 for mean group
latency values). The interaction between Musicianship and
Stimulus was also significant, 𝐹(1,14) = 7.57, 𝑝 = 0.016
for MMN latency. A post hoc analysis of the significant
interaction revealed that the effect of Stimulus on MMN
latency was significant for both older nonmusicians (𝑝 <
0.001) and older musicians (𝑝 < 0.001). The effect of
Musicianship on MMN latency was also significant for both
HMD1.5 (𝑝 < 0.001) and HMD6 (𝑝 = 0.005).
In contrast, MMN amplitude did not differ significantly
by Musicianship, 𝐹(1,14) = 1.66, 𝑝 = 0.218; however, there
was a positive effect of deviant magnitude, 𝐹(1,14) = 5.35,
𝑝 = 0.036. For all, as the magnitude of the frequency
deviance increased, response amplitude increased. Interaction between Musicianship and Stimulus was not significant,
𝐹(1,14) = 1.04, 𝑝 = 0.326 for MMN amplitude.
3.1.3. P3a Component. Overall, P3a latency occurred significantly earlier for older adult musicians than older nonmusicians, 𝐹(1,14) = 12.65, 𝑝 = 0.003 (Figure 3). For all
participants, the larger frequency deviance elicited a shorter
latency response, 𝐹(1,14) = 114.90, 𝑝 < 0.001 (Table 4).
There was no interaction between group membership and
the magnitude of the frequency deviant, 𝐹(1,14) = 2.64, 𝑝 =
0.126. P3a amplitude was not dependent on Musicianship,

Latency (ms)
330 (20)
283 (13)
314 (18)
251 (16)
297 (14)
265 (16)
284 (14)
259 (15)

P3a
Amplitude (microvolts)
−0.06 (1.3)
0.81 (1.1)
−0.18 (0.8)
0.19 (1.5)
0.43 (1.5)
1.47 (1.4)
0.20 (1.3)
2.04 (1.6)

𝐹(1,14) = 0.59, 𝑝 = 0.454, nor magnitude of deviance, 𝐹(1,14) =
3.07, 𝑝 = 0.102. The interaction was not significant, 𝐹(1,14) =
0.50, 𝑝 = 0.492.
3.2. Effects of Age and Musicianship. Amplitude and latency
of CAEPs P1-N1-P2, MMN, and P3a, elicited from older adult
musicians and nonmusicians by harmonic tone complexes,
were compared to CAEPs previously elicited from young
adult musicians and nonmusicians [9] in univariate ANOVAs
with Age (younger, older) and Musicianship (musicians,
nonmusicians) as the between-subject factors. CAEP data
from older and younger musicians is compared to further
examine and elucidate the effects of age-related changes on
central auditory processing. All of the previously collected
data from young adult musicians and nonmusicians was
reanalyzed using methods described in this paper.
3.2.1. P1-N1-P2 Components. P1-N1-P2 latency and amplitude means and standard deviations for all four groups are
reported in Table 3. P1 latencies were significantly affected
by Age, 𝐹(1,72) = 14.93, 𝑝 < 0.0011, with earlier latencies
for older adults than younger listeners, but was not affected
by Musicianship, 𝐹 < 1. There were no significant effects
of Age or Musicianship or interaction between the two for
P1 amplitude, N1 latency, or N1 amplitude, 𝐹s < 1. P2
latencies were significantly affected by Age, 𝐹(1,72) = 64.75,
𝑝 < 0.001, with significantly earlier latencies for younger
listeners compared to older listeners, but was not affected
by Musicianship or the interaction of Age and Musicianship,
𝐹s < 1. P2 amplitude was not affected by Age, 𝐹(1,72) = 2.44,
𝑝 = 0.112, or Musicianship or the interaction of the two,
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Figure 2: Grand average group CAEP waveforms at Fz for older nonmusicians (a) and older musicians (b). A solid black line represents the
CAEP to the standard stimulus while the dotted and gray lines represent CAEPs to deviants presented in the oddball paradigm (i.e., HMD1.5
and HMD6).
2
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Figure 3: Grand average group difference waveforms (deviant minus standard) at Fz from older adult musicians (OM), older nonmusicians
(ONM), young musicians (YM), and young nonmusicians (YNM) in response to a 1.5% frequency deviance (HMD1.5, (a)) and a 6% frequency
deviance (HMD6, (b)).

𝐹s < 1. Averaged group waveforms for P1-N1-P2 components
are illustrated in Figure 4.
3.2.2. Mismatch Negativity (MMN). MMN latency and
amplitude means and standard deviations are reported in
Table 4. There were significant effects of Age for MMN
latency: younger participants had shorter latencies than older
participants for HMD1.5, 𝐹(1,72) = 155.81, 𝑝 < 0.001, and

HMD6, 𝐹(1,72) = 10.81, 𝑝 = 0.002. Younger participants
also had significantly larger MMN amplitudes than older
participants for HMD1.5, 𝐹(1,72) = 6.21, 𝑝 = 0.015, and for
HMD6 𝐹(1,72) = 5.43, 𝑝 = 0.023. There were also significant
effects of Musicianship for MMN latency: musicians had
shorter latencies than nonmusicians for HMD1.5, 𝐹(1,72) =
60.75, 𝑝 < 0.001, and HMD6, 𝐹(1,72) = 33.74, 𝑝 < 0.001.
Effects of Musicianship on MMN amplitude for both stimuli
were not significant, 𝐹𝑠 < 1.
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significant.

F0 = 392 Hz
Fz

Amplitude (𝜇V)

4. Discussion
1
N1

0
−1
−2
−3
−50

0

50

100

150

200

250

300

350

Latency (ms)
Older nonmusician
Older musician

Younger nonmusician
Younger musician

Figure 4: Group averaged CAEP waveforms from older (black
lines) and young (gray lines) adult nonmusicians (solid lines) and
musicians (dotted lines) illustrating P1-N1-P2 at Fz elicited by the
standard harmonic tone (𝐹0 = 392 Hz).

MMN latency effects for HMD1.5 were qualified by an
Age × Musicianship interaction, 𝐹(1,72) = 42.44, 𝑝 < 0.001.
The two young adult groups (YM, YNM) had very similar,
short latencies; the OMs had slightly longer latencies and the
ONMs had the longest latencies of all. The latencies of the YM
and YNM groups were not significantly different, 𝐹(1,72) =
1.77, 𝑝 = 0.187, but all other groups showed latencies
significantly different from each other, 𝑝s < 0.001. MMN
amplitude effects for HMD6 were qualified by an Age ×
Musicianship interaction, 𝐹(1,72) = 4.45, 𝑝 = 0.038. The
largest amplitude overall was found for the YNM group while
the amplitudes of the two musician groups (YM, OM) were
very similar and smaller than that of the YNM. The ONM
group showed the smallest overall amplitude. The difference
between the YMs and OMs was not significant, 𝐹 < 1,
but YNMs had significantly larger amplitudes than ONMs,
𝐹(1,72) = 9.15, 𝑝 = 0.003.
3.2.3. P3a Component. P3a latency and amplitude means
and standard deviations are reported in Table 4. There were
significant effects of Age on P3a latency for HMD1.5, 𝐹(1,72) =
55.00, 𝑝 < 0.001, and on P3a amplitude for HMD6, 𝐹(1,72) =
8.90, 𝑝 = 0.004. There were also significant effects of Musicianship for P3a latency: musicians had shorter latencies than
nonmusicians for HMD1.5, 𝐹(1,72) = 11.52, 𝑝 = 0.001, and
HMD6, 𝐹(1,72) = 21.06, 𝑝 < 0.001. Effects of Musicianship on
P3a amplitude for both stimuli were not significant, 𝐹s < 1.
P3a latency effects for HMD6 were qualified by an Age ×
Musicianship interaction, 𝐹(1,72) = 9.21, 𝑝 = 0.003. P3a
latency for HMD6 was shortest for the OM group, followed
closely by the YM group, and longest latencies were observed
for the YNM and ONM groups, respectively. P3a latency for
the YM group was not significantly different from that of the

Musicians from early childhood through young adulthood
have been shown to have enhanced auditory sensorymemory and sensitivity to acoustic changes for music and
speech; however, there is a paucity of research exploring
whether older musicians retain this acoustic processing
advantage throughout life. This was an exploratory study
using preattentive CAEPs, specifically the P1-N1-P2, MMN,
and P3a components, to compare responses between formally
trained older musicians and an age-comparable group of nonmusicians. Moreover, to investigate the interaction between
aging and musicianship, CAEPs from the older musicians
and nonmusicians in the current study were compared to
CAEPs of young adult musicians and nonmusicians from an
earlier study [9]. As an exploratory study, the sample size for
the older adult groups was small (𝑛’s = 8) compared to the
younger adult group previously published (musicians 𝑛 = 40;
nonmusicians 𝑛 = 20) [9, 10]; however, the data are useful in
showing neurophysiological responses of musicianship that
are age-agnostic as well as responses that are age-specific.
Consistent with our hypotheses and similar to our findings among young adults, preattentive neurophysiological
responses to music stimuli do distinguish older adult musicians from older nonmusicians. Unique to this investigation
is the added comparison of preattentive CAEPs between
groups of young and older musicians and nonmusicians
and findings that further differentiate the obligatory evoked
potentials from the change-detection potentials. It appears
that the early obligatory P1-N1-P2 complex may be more
affected by aging than musicianship, whereas the inverse is
true of the preattentive responses representing the changedetection paradigm. That is, MMN and P3a derived components appear to be influenced by musicianship rather than
aging.
4.1. P1-N1-P2 Complex. As predicted, older adults regardless
of music background detected the presence of acoustic energy
earlier than younger adults (i.e., shorter P1 latency); yet once
arousal was triggered, neural conduction was longer from P1
to P2 (i.e., later P2 latency) for older adults than the younger.
Findings are consistent with others [19, 21] and suggest perhaps an age-related adaptive neural response that increases
neural recruitment to initiate auditory arousal to the presence
of acoustic energy. Once aroused, the delayed time-course
may be explained by age-related refractory-time differences
between younger and older slowing of synchronous neural
firing in the central auditory pathways. That is, once the
neurons are activated, the older system takes longer to recover
before the neurons can fire again. This increase in refractory
time results in slower neural travel time.
We expected an effect of both aging and musicianship on
P1 amplitude and found neither. We also expected an effect
of musicianship on P2 latency in older adults, which was
not present in this data set. As for the effect of aging on P1
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amplitude, it is well documented that older listeners typically
demonstrate an increase in the strength of the obligatory
response (P1 amplitude) as a result of an adaptive increase
in neural recruitment for the physiological detection of the
auditory stimulus [18, 19, 21]. Thus, it was predicted that, as
a group, the older listeners would have larger P1 amplitude
than the young listeners. As for the influence of musicianship,
smaller P1 amplitude has been shown to reflect reduced processing demands [45]. Therefore, it was speculated that highly
trained listeners, such as musicians, would be more efficient
at inhibiting irrelevant stimuli and regulating familiar stimuli
(i.e., harmonic tones) than untrained listeners and, thus,
musicians were predicted to have smaller P1 amplitude than
nonmusicians. One plausible explanation for the absence of
significant differences may be the choice of stimulus. The P1N1-P2 complex was elicited by a single repetitive harmonic
tone. A review of aging studies indicates that both the latency
and amplitude patterns of P1, N1, and P2 may be altered
depending on the level and spectrum of the stimulus as well as
the presentation paradigm (for review see [46]). It is plausible
that an adaptive increase in neural activation (i.e., larger P1
amplitude) may have been unnecessary to perceive this less
complex auditory stimulus; whereas, previously reported P1
amplitude findings have been linked to more complex stimuli
such as neural detection of gaps in noise [21], pure tones with
and without noise [19], and detection of consonant-vowel
speech syllables [25]. Another possible explanation may be
due to the small number of older participants compared to
the larger group of young participants. Future research will
have larger numbers of older participants more compatible
in size to the younger groups.
4.2. MMN and P3a Components. MMN and P3a derived
components appear to be more sensitive to neural effects of
musicianship than aging. Consistent with our hypotheses,
MMN and P3a elicited by small deviant frequencies in
harmonic tones distinguished older adult musicians from
older nonmusicians. Prior to attentional focus, older musicians discriminated small changes of pitch in harmonic tone
complexes faster (i.e., shorter MMN latencies) than older
untrained listeners indicating superior sensory memorybased comparison processes and supporting the premise that
early and intensive music training may affect central auditory
processing throughout life. Consistent with the literature, for
both groups of older listeners, as the magnitude of stimulus
deviance increased, MMN latency decreased and amplitude
increased [5, 9, 24]. As predicted, MMN amplitude did not
significantly differ between the two older groups suggesting
that older musicians discriminated changes in pitch faster
than nonmusicians without an increase in neural activation.
P3a latency and amplitude patterns for the older adult
groups were similar to the MMN, but not identical. Older
musicians switched attention faster (i.e., shorter P3a latency)
to acoustic changes in music without an increase in neural
activation. This difference between trained and untrained
listeners speaks to the musician’s extensive auditory experience and exposure to multiple, concurrent, and sequential
music stimuli. Consequently, even a minor change in pitch
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elicited a swift shift of attention toward the distraction. Like
the MMN latency, all older listeners responded faster to the
larger frequency deviance (earlier P3a latency).
To further elucidate the interaction between aging and
musicianship, MMN and P3a data were compared among
four groups: young musicians (YM), young nonmusicians
(YNM), older musicians (OM), and older nonmusicians
(ONM). For the larger frequency deviance (i.e., 6% or 22 Hz),
musicianship appears to have the advantage; that is, all the
musicians (YM and OM) reacted to the pitch change faster
with comparable neural effort than the nonmusicians (YNM
and ONM). Since attentional modulation of the MMN is
possible [47], this effect of musical expertise on the MMN
could in part be due to a difference in the attentional demand
of the stimuli since tone stimuli might be inherently more
“interesting” for musicians, or musicians might be more used
to directing their attention to the sounds.
The YNM had the strongest neural activation (largest
MMN amplitude), while the ONM had the smallest. Findings support previous literature suggesting that preattentive
change-detection (MMN) may be affected more by stimulus
contrast and presentation rate than age alone [19, 26, 34].
However, despite the fact that the older adults had normal
pure-tone thresholds up to 3 kHz and that low-frequency
stimulus contrasts were used to minimize the confounding
effects of age-related high-frequency hearing loss, the possibility remains that physiological discrimination of the 1.5%
pitch deviance (6 Hz difference) may have been compromised
by aging effects.
P3a latency patterns were similar to those of the MMN.
Like the MMN response to the larger harmonic tone deviant,
musicianship appears to have prevailed. All musicians (YM
and OM) compared to the untrained listeners (YNM and
ONM) demonstrated faster preattentive registration of a
deviant harmonic stimulus outside attentional focus and
shifted their attention toward the distraction. This reflexive
auditory-neural response may be a residual adaptation related
to music training and experience during childhood. Consistent with the MMN response to the smaller 1.5% pitch
deviance, older adults were slower to register this distraction
outside of their attentional focus than the younger adults and
neural effort was not a distinguishing factor. In summary,
MMN and P3a components appear to be more influenced by
musicianship rather than aging. Further, it appears that early
and intensive music training may alter aging effects on central
auditory processing throughout life.

5. Conclusions
Within the neuroscience of music, this study was an initial
foray into the investigation of the effects of aging and
musicianship on the auditory neural system. Youth and
musicianship appear to be an advantageous combination for
efficient and enhanced preattentive auditory neural processing. In terms of physiological detection of sound, P1-N1-P2
appears to be more sensitive to effects of aging rather than
musicianship. All older listeners, regardless of musicianship,
demonstrated faster auditory arousal to the presence of
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acoustic energy than all younger listeners suggesting an
adaptive increase in neural recruitment; yet once arousal was
initiated, neural conduction of acoustic energy was slower
for the older adults than younger. In terms of automatic
acoustic discrimination, MMN and P3a appear to be more
affected by musicianship than aging. All musicians, regardless
of age group, demonstrated a pattern of enhanced auditory
sensory-memory-based comparison processes for harmonic
tone stimuli and exceptional sensitivity to and involuntary
distraction by an acoustic change of music. Findings suggest
that musicianship has beneficial neurophysiological consequences on central auditory processing throughout life, and,
further, some of these neurophysiological effects may be
independent of age-related changes.
The lifelong ability to adapt to environmental demands
and sensory stimulation is based on the dynamic capacity
of the human brain to modify and alter its structure and
function. Formal music training has been shown to facilitate and enhance encoding of the acoustic signal, shape
subcortical, and early cortical stages of acoustic perception
and may retard age-related neural changes and facilitate
adaptive neural function. The benefits of music training
are socially, clinically, and educationally relevant. Music
training and practice may be used as an educational tool
or a rehabilitative strategy to facilitate neurophysiological
processing of sound. The possibilities for off-setting agerelated physiological changes of the auditory neural system
through music training have far-reaching effects not only
for the field of neuroscience and music education, but also
for gerontology, speech-language pathology, and hearing
science. Regardless of the remarkable technological advances
in hearing devices such as programmable digital hearing
aids and cochlear implants, none can duplicate our original
auditory system. Consequently, it is essential to investigate
other means by which our auditory abilities may be enhanced
and protected.
This was an introductory study to explore possibilities
that early music training may influence auditory processing
in later life and to assess the methodological challenges faced
when working with an older population. Implications from
this study have been interpreted with caution and generalizations were kept to a minimum due to the small sample of
older musicians and the intrasubject variability that occurs
when working with older adults. Future recommendations
for studies of older adults include recruiting larger numbers
to offset individual variability and allowing for frequent
breaks during the experiment to offset participant fatigue.
To further elucidate the effects of aging and musicianship,
it would be beneficial to include higher-level listening tasks
using more complex auditory stimuli such as speech stimuli
and to also include psychoacoustic measures of auditory
perception. Finally, while the information presented suggests
that formal music training and extensive auditory sensory
exposure facilitate neurophysiological responses throughout
life, the influence of genetic factors and inherent musical
ability cannot be dismissed. It is yet unknown whether
musical abilities and cortical structural differences are due to
learning or whether these differences reflect innate abilities
and capacities that are advanced by early exposure to music.
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While music triggers many physiological and psychological reactions, the underlying neural basis of perceived and experienced
emotions during music listening remains poorly understood. Therefore, using functional magnetic resonance imaging (fMRI), I
conducted a comparative study of the different brain areas involved in perceiving and feeling emotions during music listening. I
measured fMRI signals while participants assessed the emotional expression of music (perceived emotion) and their emotional
responses to music (felt emotion). I found that cortical areas including the prefrontal, auditory, cingulate, and posterior parietal
cortices were consistently activated by the perceived and felt emotional tasks. Moreover, activity in the inferior frontal gyrus
increased more during the perceived emotion task than during a passive listening task. In addition, the precuneus showed greater
activity during the felt emotion task than during a passive listening task. The findings reveal that the bilateral inferior frontal gyri
and the precuneus are important areas for the perception of the emotional content of music as well as for the emotional response
evoked in the listener. Furthermore, I propose that the precuneus, a brain region associated with self-representation, might be
involved in assessing emotional responses.

1. Introduction
Music has strong emotional effects on listeners. When investigating the effect of music on emotions, it is necessary to consider the felt emotion separately from the perceived emotion
[1, 2]. When we listen to music, various emotions are induced
in our mind. On the other hand, we can objectively appreciate
the emotions expressed in the music independently of our
own emotions. The former is referred to as felt emotion,
which is an emotional response evoked by music in listeners.
The latter is referred to as perceived emotion, which is an
emotional quality detected by the listeners of music [1, 2].
Hunter and Schellenberg [3] argued about perceived emotion
and felt emotion; when a listener is in a happy mood, it is
possible for them to maintain that happy feeling even when
they are listening to sad music, which they perceive as being
sad. However, if the music is associated with an unpleasant
past experience, a disagreeable feeling could be evoked in the

listener even when they recognize the music as expressing
a happy feeling. Together with previous findings, it seems
that feeling and perception ratings are correlated, although
perceived emotion tends to be stronger than felt emotion [4–
7]. Therefore, they advocated that it was necessary to separate
these two types of loci.
As for the relationship between these two types of perception, past studies using psychological measurements have
reported a correlation between the perceived emotion and felt
emotion [4–7]. However, compared to the perceived emotion,
the felt emotion includes various factors, such as recalling
memories associated with the music [7]. Therefore, when the
mean values were calculated from the listeners’ assessments
of the emotional expression of music and their assessments
of their own emotional response, the absolute value of the
rating scales of the listeners’ emotional response tended to
be lower than that of the emotional expression of the music.
This finding suggests that while listeners can easily perceive
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the emotional expression intended by the composer, listeners
may not necessarily experience the emotional response that
the composer intended to convey [3, 7].
Past neuropsychological studies of brain-damaged patients
have suggested that the perceived emotion and felt emotion
while listening to music may differ. Satoh et al. [8] reported a
patient with damage to the parietal lobe in his right cerebral
hemisphere who had selective impairment of felt emotion
while listening to music; however, the patient’s intellectual
function, memory, constructional ability, and perception of
the emotional expression of the music remained normal.
Similar impairments have also been reported for a patient
with damage to the temporal and parietal lobes in the right
hemisphere [9] and a patient with a lesion centering on the
insular cortex in the left hemisphere, which widely included
the frontal lobe and amygdala [10]. On the other hand, there
are also patients who show the opposite symptoms [11, 12].
Matthews et al. [11] reported a case of neurodegenerative
disease with auditory agnosia in which the auditory agnosia
was accompanied by impaired perception of the emotional
expression of music and musical components such as pitch,
while the emotional response when listening to music was
maintained.
Thus, past psychological and brain injury studies have
demonstrated that the perceived emotion and felt emotion
while listening to music could be separable loci, which
suggests that they may involve different localizations in the
brain.
Recently, there have been brain function imaging studies
that have attempted to visualize human brain activity while
listening to music. Several studies pertaining to the perceived
emotion [13–15] and felt emotion [16–20] while listening to
music have been conducted. These studies have reported that
when participants are assessing the emotional expression of
music, activity occurs in the medial frontal gyrus, superior
frontal gyrus, middle frontal gyrus, and cingulate gyrus; and
when participants are assessing their emotion felt to music,
activity occurs in the ventral striatum, midbrain, amygdala,
orbitofrontal cortex, and ventral prefrontal area.
The purpose of these studies was to determine the areas
of the brain that are involved in cognitive processing by
assessing perceived emotion alone or felt emotion alone while
listening to music. However, as seen in the results of psychological and brain injury studies, it is obvious that there is some
interaction between the cognitive processes of emotion felt to
and emotional expression of music, which suggests that there
are both common and independent areas in the brain related
to the processing of these two emotional loci. Therefore, in
order to clarify the whole process, it is essential to compare
directly both the emotion felt and emotional expression and
to investigate the brain localizations related to these two
emotional loci. The objectives of this study were as follows:
(1) to use functional magnetic resonance imaging (fMRI)
to measure brain activity while a participant is assessing
their emotion felt and the emotional expression evoked by
the music and (2) to compare the areas of brain activity
involved in these respective assessments. Many common
brain mechanisms exist for the assessment of emotional
response and of emotional expression while listening to
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music. However, the locus differs between the recognition of
one’s own emotion (felt emotion) and the understanding of
what the music is expressing (perceived emotion). Therefore,
it is predicted that the information processing of the two
respective loci will involve independent brain localizations.

2. Materials and Methods
2.1. Participants. Seventeen healthy right-handed undergraduate students majoring in music (10 women, 7 men;
mean age 21.4 years, SD = 2.0) participated in this study.
Participants provided written informed consent before the
experiment in accordance with the Declaration of Helsinki.
The study was approved by the Ethics Committee of Nihon
University.
2.2. Stimulus Selection. Four hundred and fifty-two healthy
volunteers (311 men and 141 women), between 18 and 29
years of age (mean age 19.3 years, SD = 1.4), performed one
of two rating tasks. None of the volunteers participated in
the subsequent fMRI study. A set of 56 musical stimuli (16
happy, 16 sad, 16 scary, and 16 peaceful stimuli from Vieillard
et al. [21]) were copied onto two CDs in a random order,
with 6 s of silence between excerpts. Two groups of listeners
were defined based on the type of ratings they were requested
to provide. Each excerpt was presented only once. In the
felt emotion task, 232 listeners judged to what extent they
experienced each of the four emotions labeled as happy,
sad, scary, and peaceful. In the perceived emotion task, 220
listeners judged to what extent they perceived each of the four
emotions labeled as happy, sad, scary, and peaceful in each
excerpt. For each labeled emotion, listeners gave a rating on
a 10-point scale from 0 (absent) to 9 (present). The listeners
had been previously informed that they had to provide a
rating for the four emotion labels. I calculated the average
scale of each stimulus. I used only happy and sad stimuli
for the fMRI experiment because it was easy for participants
to differentiate happy and sad stimuli. As a result, 12 happy
(g01, g03, g04, g07, g10, and g13) and sad (t04, t06, t08,
t10, t13, and t14) [21, APPENDIX 2] musical stimuli were
selected for the fMRI experiment from the six top average
stimuli from the perceived and felt emotion tasks. The happy
stimuli were written in a major mode at an average tempo
of 137 metronome markings (MM; range: 92–196) [21]. The
sad stimuli were written in a minor mode at an average slow
tempo of 46 MM (range: 40–60) [21]. The average stimuli
duration was 12.4 s (range: 9.2–16.4 s) [21].
2.3. Tasks. The stimuli were presented through stereo headphones and the instructions were presented using a projector
in the fMRI scanner. The participants performed three tasks.
In the felt emotion task, they judged whether they felt happy,
sad, or neutral emotions and pressed the button assigned
to each emotional response. I asked participants “Please
indicate which of the three emotions you experience in
each excerpt.” In the perceived emotion task, they judged
whether the stimulus expressed happy, sad, or neutral feelings
and pressed the button assigned to each emotional quality.
I asked participants “Please indicate which of the three
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2.4. fMRI Measurements. The MRI scans were obtained using
a 1.5-Tesla MR scanner (Siemens Symphony). Functional
images were obtained using a T2∗ -weighted gradient-echo
planar imaging sequence (40 horizontal slices, repetition time
(TR) = 4,000 ms, echo time (TE) = 50 ms, slice thickness =
3 mm, gapless, and field of view (FOV) = 192 mm, 64 × 64
matrix). Additionally, a T1-weighted anatomical image was
obtained for each participant (TR = 2,200 ms, TE = 3.93 ms,
FA = 15∘ , TI = 1,100 ms, 1 mm3 voxel, and FOV = 256 mm).
2.5. fMRI Data Analysis. Data analysis was performed using
SPM5 (Wellcome Department of Imaging Neuroscience,
London, UK). The functional images were realigned to
the first image to correct for movement-related effects,
coregistered to the anatomical image, normalized to the
Montreal Neurological Institute brain template, and spatially
smoothed with an isotropic Gaussian kernel (full width at half
maximum = 8 mm). I conducted voxelwise statistical analyses
based on the general linear model. For the statistical model, a
block design was modeled using the canonical hemodynamic
response function and the temporal derivative, and lowfrequency drifts were removed using a high-pass filter (128 s).
For each participant, I computed contrasts for “perceived
emotion task > baseline,” “felt emotion task > baseline,”
and “passive listening task > baseline.” In addition, I also
computed contrasts for “perceived emotion task > passive
listening task,” “perceived emotion task > felt emotion task,”
“felt emotion task > passive listening task,” and “felt emotion
task > perceived emotion task.” In order to exclude the
possibility of negative activations, I applied an inclusive
mask using the contrast image of “perceived emotion task
> baseline” (in the former two contrasts) and “felt emotion
task > baseline” (in the latter two contrasts). A randomeffects model was used for the group analysis (a voxel level
after correction for false discovery rate 𝑝 < 0.05 or cluster
threshold 𝑝 < 0.05 (corrected) and a voxel threshold 𝑝 <
0.001 (uncorrected)).

3. Results
3.1. Perceived Emotion Is Stronger Than Felt Emotion across
Participants. Each participant’s judgment in the perceived
emotion and felt emotion tasks was calculated as the congruency ratio of selected adjective to music category (i.e., happy
to happy-stimuli and sad to sad-stimuli; Figure 1). In the
perceived emotion task, the mean of the congruency ratio was
93.5% and 94.1% for happy to happy-stimuli and sad to sadstimuli, respectively. In the felt emotion task, the mean of the

100
Congruency ratio (%)

emotions you recognize in each excerpt.” The participants
performed the three-forced-choice judgment in each task.
In the passive listening task, the participants listened to the
stimulus and then pressed a button. A block design was used.
Each task condition lasted for 60 s with instruction slides
followed by a baseline period (32 s). In each task block, three
musical stimuli were presented in a random order every 20 s.
Participants performed each task six times in a recording
session.
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Figure 1: Congruency ratio of selected adjective to music categories.
The bars represent standard deviation.

congruency ratio was 78.4% and 72.5% for happy to happystimuli and sad to sad-stimuli, respectively. The effect of tasks
on perceived versus felt emotion was tested by performing
two-way analysis of variance with the congruency ratio of
selected adjective to musical category for the task condition
(perceived versus felt) and musical category (happy versus
sad) as within-participants factors. A significant main effect
of task (𝐹(1, 16) = 7.64, 𝑝 < 0.05) was observed, with a higher
congruency ratio in the perceived emotion condition than
in the felt emotion condition. No significant main effect of
musical category or interaction between task condition and
musical category was found.
3.2. Perceived Emotions Activate the Bilateral Inferior Frontal
Gyri, While Felt Emotions Activate the Precuneus. Using
baseline subtraction analysis, I found that the perceived
emotion task was associated with increased blood-oxygenlevel dependent (BOLD) signals in areas of the frontal cortex
(the inferior, middle, and superior frontal gyri and medial
wall), auditory areas, the posterior parietal cortex, precuneus,
parahippocampal gyrus, cingulate gyrus, right lentiform
nucleus, left thalamus, and cerebellum (Figure 2(a)). The felt
emotion task was associated with increased BOLD signals in
areas of the frontal cortex (the inferior, middle, and superior
frontal gyri and medial wall), auditory areas, the posterior
parietal cortex, precuneus, cingulate gyrus, right lentiform
nucleus, left thalamus, and cerebellum (Figure 2(b)). Meanwhile, the passive listening task was associated with increased
BOLD signals in areas of the frontal cortex (inferior and
middle frontal gyri), auditory areas, the posterior parietal
cortex, and the cerebellum (Figure 2(c)).
When I performed subtraction analysis with the passive
listening task, the perceived emotion task was associated
with increased BOLD signals in the bilateral inferior frontal
gyri (Table 1(a); Figure 3(a)) and the felt emotion task was
associated with increased BOLD signals in the precuneus
(Table 1(b); Figure 3(b)). On the other hand, a direct comparison of the passive listening and the perceived emotion tasks
and of the passive listening and the felt emotion tasks did not
show significant activation. A direct comparison between the
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Table 1: Cortical areas where the blood-oxygen-level dependent signals increased with perceived emotion > passive listening (a) and felt
emotion > passive listening (b); cluster threshold 𝑝 < 0.05 (corrected).
(a)

Contrast

L/R

Area

Brodmann area (BA)

Right

Inferior frontal gyrus

BA 45

Left

Inferior frontal gyrus

BA 47

Talairach coordinates (mm)
𝑋
𝑌
𝑍

𝑍 value
3.63
3.45
3.78
3.49
3.39

Perceived > passive

53
55
−53
−55
−46

28
26
27
17
31

8
17
−5
−3
0

(b)

Contrast
Felt > passive

L/R

Area

Brodmann area (BA)

𝑍 value

Right

Precuneus

BA 7

Left

Precuneus

BA 7

3.69
3.87
3.32

(a)

(b)

(c)

Figure 2: Cortical areas where the blood-oxygen-level dependent
signals increased with the perceived emotion (a), felt emotion (b),
and passive listening (c) tasks; voxel level after correction for false
discovery rate (𝑝 < 0.05).

perceived and felt emotion tasks also did not show significant
activation.

4. Discussion
In this study, brain activity was measured using fMRI while
the participants were assessing the emotional expression of
music and while they were assessing the emotional response
they felt while listening. I compared the active brain areas
that were involved in each of the assessments. I found that
the study participants assessed sad stimuli as more “sad” and

𝑋

Talairach coordinates (mm)
𝑌

𝑍

2
−8
−4

−75
−66
−70

46
35
44

happy stimuli as more “happy” in the perceived emotion task
than in the felt emotion task. Similar to previous studies [4–
7], I confirmed that perceived emotion was assessed more
reliably by the participants than emotional responses.
A comparison of brain activity in each of the tasks showed
that the precuneus region was activated more strongly in
the felt emotion task than in the passive listening task. In
addition, greater activity in the bilateral inferior frontal gyri
was observed during the perceived emotion task than during
the passive listening task. The precuneus region is known to
be the area responsible for “self-representation” and is activated during tasks involving self-referential judgments and
tasks consisting of judgments from a first-person perspective
[22]. In addition, previous work where only the listeners’
emotional responses were assessed found that activity in the
precuneus region was correlated with the emotional response
[16]. Therefore, this study suggests that the precuneus region
is concerned with evaluating one’s own cognitive emotional
changes during music listening.
Activity in the inferior frontal gyri increased during
the perceived emotion task. Although there have been no
previous reports on inferior frontal gyri activation during
emotional assessment, previous studies have reported activity
in the dorsolateral prefrontal cortex (Brodmann area 9)
during the assessment of emotion expressions [23]. One
reason for the paucity of reports may stem from the fact that
previous studies have focused on the brain lateralization of
the perception of emotional expressions of happy and sad
music. However, the dorsolateral prefrontal cortex has been
reported to be active during the judgment of tonality [24] and
the detection of deviations from harmonic progressions [25],
suggesting that this area might be involved in the processing
of tonality in musical structures. The musical stimuli used in
the current study also consisted of music involving major and
minor tonalities and may account for the inferior frontal gyri
activation.
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Figure 3: Cortical areas where the blood-oxygen-level dependent signals increased with perceived emotion > passive listening (a) and felt
emotion > passive listening (b); cluster threshold 𝑝 < 0.05 (corrected).

5. Conclusion
In summary, the findings suggest that the bilateral inferior
frontal gyri might be involved in assessing the emotional
expression of music, while the precuneus processes the
emotional responses evoked in the listener. Moreover, the
fact that the precuneus region is likely responsible for selfrepresentation implicates this brain area in the assessment of
the emotional response to music.
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This paper reviews music research using Mismatch Negativity (MMN). MMN is a deviation-specific component of auditory eventrelated potential (EPR), which detects a deviation between a sound and an internal representation (e.g., memory trace). Recent
studies have expanded the notion and the paradigms of MMN to higher-order music processing such as those involving short
melodies, harmony chord, and music syntax. In this vein, we firstly reviewed the evolution of MMN from sound to music and then
mainly compared the differences of MMN features between musicians and nonmusicians, followed by the discussion of the potential
roles of the training effect and the natural exposure in MMN. Since MMN can serve as an index of neural plasticity, it thus can be
widely used in clinical and other applied areas, such as detecting music preference in newborns or assessing wholeness of central
auditory system of hearing illness. Finally, we pointed out some open questions and further directions. Current music perception
research using MMN has mainly focused on relatively low hierarchical structure of music perception. To fully understand the neural
substrates underlying processing of regularities in music, it is important and beneficial to combine MMN with other experimental
paradigms such as early right-anterior negativity (ERAN).

1. Introduction
Music, as an aesthetic entity, is constituted of complex
structures and regularities. The basic components of musical
sound include pitch, duration, intensity, and timbre. While
the high-level elements consist of beat, tempo, chord, rhythm,
and harmony melody following certain rules [1, 2]. It has
been acknowledged that music plays important roles in
evolution and development of human cognitive functions
such as intelligence [3], language [4], and memory [5]
and in turn affects human social behaviors, for example,
emotion management, self-identity, and interpersonal relationship [6]. More recently, growing neurology research has
further reported a close relationship between music and
rehabilitation/remission of some neural diseases, such as
Alzheimer’s disease [7–12], Parkinson’s disease [13], autism
[14], and traumatic brain injury [15]. Therefore, it is important
and beneficial to systemically examine the neural substrates
underlying music perception/appreciation.
Because of its fundamental importance on human cognition and behavior, music has been attracting increasing

attention in fields of neuroscience and neurology, opening
a new hotspot of research termed as “music neuroscience”
[16–18]. Previous literature on music neuroscience has primarily focused on Mismatch Negative (MMN)—a deviationspecific component of auditory event-related potential (ERP)
recorded by electroencephalography (EEG)—in “music” perception. MMN is closely related to deviations between different sound features, such as pitch, timbre, location of sound
source, intensity, rhythm, and abstract rule. Specifically,
MMN peaks at around 100–200 ms after deviation onset with
the amplitude and latency altering depending on deviation
magnitude and perceptual discriminability [19].
Concerning the neural substrates of MMN, previous EEG
studies [20–22] have revealed that the main source of MMN
may localize at the supratemporal plane of the parietal lobes
and is close to the primary and secondary auditory cortices,
while the additional sources are in proximity to the inferior
frontocentral lobes [23, 24]. After being found firstly in 1978
[25], MMN has been detected at a wide variety of studies
from single sine tone [26, 27], alternating piano tones [28, 29],
pitch discrimination [30], timbre processing [31, 32], rhythm
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[33], and beat [34] to chord and melody [35]. And recently,
MMN in music has greatly broken through the limitations
of traditional MMN paradigms in sound perception, even
though the nature of MMN in detecting deviations from
standards will never change. In context-free experiments, for
example, frequency deviation in sequences of pure tones, the
standardized internal representation is commonly assumed
as an auditory memory, induced by frequent repetition of
a standard sound, and is hence termed as “memory trace.”
In the same vein, in music this may interact with internal
representation of rules, cultural preferences, and so forth.
Thus, the MMN is involved in neural system that detects the
violation of rule-based contexts in memory trace.
Due to the social nature of music, various music styles
are different in their cultures [36, 37]. From a perspective
of social culture, a large number of previous studies have
demonstrated that human brain has a neural template that is
derived from our musical culture, allowing for the detection
of deviations of culture-based regularities by MMN [38, 39].
Besides MMN, on the other hand, ERP research has also
revealed several components related with cultural familiarity
in terms of music phrase boundary process, such as a
P3-like component and music closure positive shift (CPS)
[40, 41]. For instance, in a brain-imaging study, Nan et al.
(2008) have reported that the culturally familiar, native (i.e.,
Western) condition elicited higher activation in the bilateral
motor regions, the left planum temporale, and the right
ventromedial prefrontal cortex than the nonnative condition,
indicating better sensorimotor integration. In contrast, the
unfamiliar, nonnative music style (i.e., Chinese) yielded
higher activation in a right lateralized network, including the
angular gyrus, the middle frontal gyrus, and the posterior
insula, indicating increased demands on attentional control
and auditory processing [42].
These ERP components and functional activities distinguish between music-related neural regularities. However,
they touch little on deviation detection in memory trace
(induced via frequently repeated standard musical sounds)
that can be monitored by MMN. And there is an interesting
question that whether or not culture-related neural regularities play a role in facilitation or interference to MMN. More
studies are needed to address this issue.
Although MMN is widely detected in music research, it
alone is not enough to fully understand the neural substrates
underlying music perception, since MMN only reflects simple deviation from internal memory trace. The early rightanterior negativity (ERAN) is a specific response to harmonic
violations, reflecting the processing of music-syntactic information. That is, ERAN involves acoustic information structured according to complex and abstract regularities [43].
Hence, combination of MMN and ERAN may provide us
more rich and complete information about music perception.
Previous studies have demonstrated that both MMN
and ERAN, having a feature of plasticity, are modulated by
musical experience and culture surroundings [43], even in
early childhood. Thus, they may facilitate cognitive treatments on individuals with amusia and other auditory-related
diseases. To achieve this goal, many questions are needed to
be resolved in future music neuroscience research, such as
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how to use MMN and ERAN to deal with the debates of
top-down (determined by the implicit or explicit knowledge
of music sound) and down-top (context-driven, a human
inborn nature) modulations in music and where is the “music
processing sub-module” proposed by Peretz and Coltheart
[44]?
Following this logical stream, we will firstly review MMN
history from sound to music briefly and discuss its critical
functions. Focusing on the feature of neuroplasticity in
MMN, we will then primarily introduce different MMN
responses between musicians and nonmusicians, its underlying mechanisms, and the practical applications. Finally, we
will conclude with the role of MMN in music perception and
point out further directions in music neuroscience research,
for example, combining MMN and ERAN.

2. Brief Review on MMN
2.1. MMN in Sound. Research on MMN covers a wide range,
from simple sound detection to complex music perception.
Accordingly, our brief review on MMN begins with studies
using sound stimuli followed by ones using music paradigms.
Although MMN exists not only in ERP but also in other
forms, such as MMN in MEG [45], MMN in PET [46], and
MMN in f MRI [47, 48], the later ones are out of range of
this review, and we will primarily focus on the MMN in
ERP. MMN is originally defined as a deviation-sensitive component of auditory event-related potential (ERP). However,
it is worthy to note that the MMN highly depends on the
presence of a short-term memory trace in the auditory cortex
representing the repetitive aspects of the preceding auditory
events, which usually lasts for a few seconds. Thus, single
sounds, even deviants, with no former sounds during the last
few seconds elicit no MMN but enhance obligatory responses
of P1, N1, and P2 [49].
By now, most of conclusions about MMN are induced by
the research using an oddball paradigm that consists of two
sounds with different auditory features [19]. And follow-up
researchers only changed some auditory attributions based
on the traditional oddball paradigm in a principle of keeping
two variants of one feature (one is for standard, and the
other is for deviant). The rationale of the traditional oddball
paradigm is the detection of the rare deviant stimulus from
the relatively high quantity of standard stimulus. For instance,
a sequence of frequent, standard sounds (with a probability
of occurrence of 0.8 to form a stable memory trace in
the auditory cortex) and infrequent deviant sounds (with a
probability of 0.2) is randomly presented.
Interestingly, the strength (i.e., amplitude) and the speed
(i.e., latency) of the MMN signal are related with both
the size of the deviance (i.e., how the infrequent stimulus
deviates from the defined memory trace) and the probability
of occurrence of the deviant but are independent of the
demands of primary tasks. Increasing deviant probability
(i.e., decreasing the occurrence probability of standard stimuli) leads to an attenuation of MMN amplitude, which is
thought to be partially due to a weakened standard memory
trace. More importantly, this attenuation may also result from
conflict between “two memory traces.” That is, increased
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probability of deviant stimuli may lead to development of
their own memory trace, which in turn may inhibit the MMN
generation of the standard stimuli.
Concerning effect of task demands, the MMN detects
sound deviations even in preattentive condition, where the
(in)frequent stimuli are presented while participants are
engaging in other sound-irrelevant tasks, such as watching
a silent movie with subtitles, playing a computer game, or
reading a magazine [50, 51]. These results suggest that MMN
is sensitive to auditory deviations implicitly with little effect
from the explicit task demands.
Last but not least, previous studies have revealed that
MMN is elicited not only by basic auditory features (e.g., sine
tone and single instrumental tone) but also by different kinds
of abstract changes in auditory stimulation such as language
grammar and musical syntax violations (for a review, see
[52]). That is, we can record the MMN effect even without
the so-called “standard stimuli” [53].
2.2. Multifeature MMN: From Sound to Music. Almost before
2004, most of studies on MMN have primarily employed the
traditional oddball paradigm or its variants. This paradigm,
however, has two main questions: one is that the oddball
paradigm requires long-time periods in experiments that is
unsuitable to children participants and other participants
with some cognitive diseases [38]. The other question relates
to ecological validity. That is, the oddball paradigm is oversimplified, and in turn, only one MMN acoustic feature can
be examined every time. Although the oddball paradigm is
highly appropriate to assess sensory dissonance, understanding of realistic acoustic environments and music that have
more complex structures and consist of rich components
cannot be achieved by the oddball paradigm itself.
To address this issue, Näätänen et al. (2004) have investigated the MMN in a “multi-feature paradigm.” Compared to
the traditional oddball paradigm, the multifeature paradigm
enables fast recording of responses to several deviant types
in one-stimulus sequence, such as intensity, frequency, duration, stimulus omission, timbre, and pitch contour [26].
In addition, the MMN acquired in the new multifeature
paradigm is equal in amplitude to those in the traditional
oddball paradigm. Thus, the multifeature paradigm is effective and more appropriate to investigation of the musicrelated MMN. However, there still exists a question. The
multifeatures in Näätänen’s paradigm were presented without
context and rules that might be different from real music.
2.3. MMN in Music. In the original multifeature paradigm
by Näätänen et al. in 2004 [26], the deviant attributions
consist of frequency, intensity, duration, location, and a
silent gap, but, as discussed above, all these five features
compose no real music due to lack of context and rules.
Recently, Vuust et al. (2011) have demonstrated a new, fast,
musical multifeature MMN paradigm, in which 6 types of
acoustic changes, relevant to musical processing in different
musical genres, are presented in the same sequence (termed
as melodic multifeature paradigm) [28]. Specifically, 5 of the
6 musical features are aspects of the musical sound that elicit
different MMNs depending on levels of musical expertise:

3
pitch mistuning, intensity, timbre, sound-source location,
and rhythm [54–56]. And to create a paradigm that could
be used to compare nonmusicians to musicians, as well as
musicians with different musical genres, they included a pitch
slide, which is typical for improvisational music instead of
classical music [57].
In comparison with the traditional multifeature paradigm
by Näätänen et al. (2004), the melodic multifeature paradigm
has thus shown a greater similarity to real music. The traditional multifeature paradigm in music research is based on a
simple musical figure, which is well-known in many genres
of Western tonal music: the Alberti bass, an accompaniment
that is originally encountered in classical music such as
Mozart’s sonatas or Beethoven’s rondos, and is later adopted
with variations in other contemporary musical genres. In
contrast, the melodic multifeature paradigm is composed of
short melodies and includes deviations of complex spectral
and temporal regularities, such as melody, rhythm, key,
timbre, tuning, and timing.
In sum, using multifeature MMN paradigms and the
variants, researchers have demonstrated that the neural substrates underlying conscious musical experience may involve
the following three stages: (1) the encoding and temporal
integration of each sound characterized by its specific acoustic and perceptual features (e.g., pitch, duration, and timbre)
into brief neural traces, (2) the simultaneous maintenance
and integration of the neural traces for acoustic features
leading possibly to the memorization of musical motifs, and
(3) the modulation of sound perception by the memory of the
previous sounds (for a review, see [58]).
2.4. MMN Features Specific to Music
2.4.1. From Pitch to Interval or Contour. Taking Western tonal
music as an example, it is based on a small subset of 12 pitches
in the chromatic equal-tempered scale, where the intervals
between consecutive pitches are semitones. And this discrete
selection of pitches and their relationships to each other
form the most fundamental rules of Western tonal music,
resulting in jazz, classical, pop musical genres, and so forth.
Human beings can extract the pitch difference (interval)
with a sensitivity of 10–30 cents [30]. In musical domain,
pitch change (frequency change) within chromatic scale is
generally named as “out of tune” or “mistune,” and pitch
change within diatonic scale is named as “out of key.” Two
different pitches form intervals, including melodic interval
(tones played sequentially) and harmonic interval (tones
played simultaneously). Sounds presented continuously are
characterized not only by the pitch, but also by the contour,
the perceived duration, the perceived loudness (which does
not necessarily coincide with the physical intensity), the
timbre, and so forth. These rules imply that the way, in which
those musical features are processed, is another important
factor for disclosing the neural mechanisms of music perception, distinguished with the general sound perception.
(1) Pitch Change as out of Tune. Previous studies have induced
a paradox about preattentive versus attentive processing
in pitch deviations using MMN paradigm. For instance,
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Koelsch et al. (1999) have used the ERP MMN to assess
the accuracy of preattentive pitch discrimination in expert
versus novice violin players [59]. In their study, the standard
stimuli consisted of major chords of three sinusoidal tones
with a perfect major third and fifth. The deviant stimuli
were the same with the standard chords, except that the
middle tone of the chords was marginally mistuned. The
behavioral data revealed that nonmusicians detected 10%
of the deviant chords, whereas violin players detected 80%.
Consistent with the behavioral result, the ERP data showed
that the deviants elicited the MMN in the musicians, but
not in the nonmusicians. Specifically, in the discrimination
condition, a significant MMN was followed by N2b and P3b
deflections only in musicians. These results suggest that pitch
discrimination may be of crucial importance for well-trained
violin players, whereas such automatical detection of pitch
differences is not available for nonmusicians.
Tervaniemi et al. (2005) have further argued that the
differences between musicians and nonmusicians in pitch
change processing result from the effects of parametric
manipulations on the magnitudes of pitch deviance and the
subjects’ attentional focus [60]. To confirm the specificity of
pitch discrimination accuracy in musicians, all the participating musicians in their study reached professional levels
in different instruments (i.e., guitar, wind, piano, and string
instruments). The authors utilized small pitch differences
in relation to threshold to provide evidence that musicians
have smaller, just noticeable differences in pitch perception than nonmusicians. Meanwhile, large pitch differences
were employed to examine whether and how musicians’
superiority is reflected in behavioral and ERP measures at
suprathreshold levels. Partially consistent with the conclusion
by Koelsch et al. (1999), the behavioral data in Tervaniemi
et al. (2005) have revealed that the superiority of pitch
discrimination accuracy in musicians over nonmusicians was
observed not only with the 0.8% (small pitch differences) but
also with the 2% (large pitch differences) frequency changes.
Here, we need to explain briefly that there were 3 kinds of
deviant sounds (0.8%, 2%, or 4% changes in frequency), and
the so-called “preattentive” (0.8%) and “attentive” (2% or 4%)
level were defined by the just noticeable differences in pitch
perception. Furthermore, nonmusicians could also detect
quite reliable and small pitch changes of 0.8%. However, the
ERP data, that is, the MMN and the P3a, did not differentiate
between nonmusicians and musicians in both two levels of
pitch differences. These results suggest that musical expertise
may exert its effects merely at attentive levels but is not
necessary at the preattentive levels.
(2) Interval Made by Pitches. Besides pitch perception, MMN
is also affected by some specific interval structure changes
in music, that is, the distance between two serial pitches or
several simultaneous pitches. In an ERP study by Brattico
et al. (2003), they revealed that MMN showed a larger
amplitude to an infrequent dissonant interval (the major
seventh) in a context of repeated consonant intervals (the
major sixth) than to an infrequent consonant interval in
a consonant context (e.g., the perfect octave replacing the
major sixth) [61]. Importantly, the similar result was obtained
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even if the pitch deviation between consonant standards and
dissonant deviants was smaller in pitch distance than that
between consonant deviants and consonant standards. This
result may reject the assumption that MMN increases its
amplitude with acoustically larger pitch shifts (e.g., Tiitinen
et al. [62]). Accordingly, Tervaniemi and Brattico (2005) have
demonstrated that human brain responds more vigorously
to the distance in dissonance between infrequent musical
interval and the repeated context than to the distance in pitch
between their tone components.
(3) Contour: A Kind of Sound Context. Several studies have
suggested that contour may be a more fundamental attribute
for melody recognition than interval size [63]. It is a defining
feature of melodies and hence is a potent cue to the identity
of musical pieces, such as short note sequences that form
recognizable “hooks” and “themes.” Ample evidence has
proved that contour processing provides an essential basis for
melody recognition [64–66]. For example, Dowling [67] has
investigated the role of both interval and contour in melody
recognition. In the interval condition, subjects were asked to
detect subtle deviations in interval size between referential
and target melodies that were played in either the same or
different keys. The results showed that subjects yielded more
errors when the target melodies were presented in different
keys than when those were presented in the original key.
In the contour condition, subjects were instructed to detect
deviations in the contours of target melodies that were played
in either the same or different keys, and subjects’ performance
was robust across transpositions between different keys
Contour also provides a kind of musical sound context
in MMN paradigms. Brattico et al. (2001) have compared
musicians with nonmusicians on their accuracy of processing
pitch deviations of identical magnitude in temporally complex auditory contexts (Western versus non-Western scales)
and in single sounds [68]. The results showed that the pitch
deviation in the Western condition evoked larger MMN
amplitude than that in the non-Western condition and in the
single-tone condition. This suggests that cognitive processing
of pitch deviation between the subsequent tones is facilitated in a complex sound context with familiar frequency
ratios (Western condition) compared to unfamiliar frequency
ratios (non-Western condition) and single tones. In addition,
violations of music scale rules in unfamiliar melodies also
elicit an MMN-like response with main generators localized
in the nonprimary auditory cortex [38]. All these findings
suggest that the music MMN reflects violations of musical
regularities that are stored in long-term memory, rather than
that developed during the short-term memory formation.
2.4.2. Attentive or Preattentive of Beat Processing? Beat is
perceived regularly as salient events in time sequence by listeners. And this has been suggested to be domain-specific as
well as species-specific to human beings [69]. Although some
previous studies have reported that rhythmic entrainment
may be a byproduct of the vocal learning mechanisms that
are shared by some kinds of animals, including human beings
[70, 71], Honing et al. (2012) have used the oddball paradigm
to compare different abilities to detect the deviant musical
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features between human beings and rhesus monkeys (Macaca
mulatta) and revealed that human beings detected the beat in
music, but the rhesus monkeys did not [72].
Then the beat perception in human beings is an attentive
or a preattentive processing? Some researchers have suggested that focused attention is generally necessary for both
beat perception [64, 65] and regularity detection [66]. In
contrast, others have evidenced that beat processing is in
fact preattentive [73], since it runs in sleeping newborns
[74]. In the original beat-processing paradigm, researchers
manipulated temporal structures of rhythm as metrical structures [64] and highly syncopated rhythms [65]. Ladinig et
al. (2009) later controlled metrical stimuli more strictly by
adding the variation in the timbre and intensity of tones
to convey the metrical structure [73]. And thus, it is more
acoustically rich and ecologically valid, allowing listeners to
detect a beat preattentively.
However, a question arises here: whether or not the
different responses to tones in different metrical positions are
due to acoustic differences rather than beat processing? To
address this issue, Bouwer et al. (2014) have used an MMN
paradigm to examine the beat processing [75]. In their study,
both musicians and nonmusicians were presented with a
varying rhythm with a clear accent structure, in which sound
was omitted occasionally. They compared MMN responses
to the omissions of identical sounds in different metrical
positions. The result showed that omissions in strong metrical
positions (on the beat) elicited higher amplitude MMN
responses than those in weak positions (not on the beat).
This suggests that detection of a beat is preattentive when
highly beat inducing stimuli are used. Importantly, they did
not find any effect of musical expertise, suggesting that beat
processing in metrically simple rhythms with clear accents
does not need attention or musical expertise. Therefore, we
indeed need to pay much attention to the fact that how
acoustically varying stimuli may influence ERP results in
further studies.
2.4.3. MMN in Single Chord Manipulation. Western music
has two classifications that are familiar to all Western
listeners: dichotomy of minor and major modalities and
that of consonance and dissonance. By changing the interval structure of a chord, there exist some chord MMN
paradigms, such as discrimination of slightly mistuned
chords [54, 63]. However, in previous MMN studies that
used chords as standard and deviant stimuli, the deviant
chord included tones that were not present in the standard
chord. Consequently, one possibility is that MMN could be
simply elicited by the infrequently occurred tones, without
necessarily reflecting any higher-order, musical differences
(minor versus major) between the standard and deviant
chords.
To resolve this problem, Virtala et al. (2011) have examined processing of chords in a new paradigm, where different
standard chords were presented [76]. The deviant chords
consisted of the same notes as in the standards but were
different in qualitative combinations. They used all possible
root major triads as standard stimuli. In order to assess
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discrimination of both the major-minor and consonancedissonance categories, there were 3 kinds of deviant stimuli: minor chords, dissonant chords, and inverted major
chords (each was represented by three different, equiprobable
chords from that category). In addition, to ensure elicitation
of a classical physical-feature MMN, their sequences also
included occasional standard major chords but are slightly
softer in loudness. In the ignorance condition, the MMN was
significantly elicited by all types of chords, but not by the
inverted major chords. In the detection condition, the MMN
was significantly elicited by the dissonant chords and the soft
target chords. However, whether the classifications of major
versus minor modalities and consonance versus dissonance
are innate or based on implicit or explicit learning remain a
question for future studies.
2.4.4. Timbre Difference in MMN. Many researchers do agree
that, compared with chord processing, different instrumental
tones (timbre) are processed by a different cortical area [77],
and the stimulus complexity might influence the processing
of musical sounds. Using a novel, fast multifeature MMN
paradigm, Vuust et al. (2012) have investigated preattentive
processing of auditory features in musicians with expertise in
four distinct styles of music (classical, jazz, rock, or pop) and
in nonmusicians [78]. Their results revealed that jazz musicians showed the greatest auditory expertise effect, especially
when compared with rock musicians and nonmusicians. One
possible interpretation is that jazz is characterized by complex
harmonies and elaborate melodic and harmonic materials
that present a challenge to many listeners. Furthermore,
since jazz is often improvised, the variations of the harmonic
progressions and rhythmic feelings are more frequently
communicated across jazz musicians [79]. Thus, specific
auditory skills, required for performing different musical
tasks such as conducting an orchestra [80, 81], playing certain
instruments or musical genres, lead to sensitivity to specific
sound features, inducing different MMN responses in the
amplitude and the latency (for a review, see [82]).

3. Neural Plasticity in Music MMN
3.1. Do Musicians Show More MMN Effects? Musicians have
various pronounced skills in auditory perception that correlate with their expertise in music. For instance, musicians can
detect smaller pitch differences, but nonmusicians cannot.
In addition, musicians show better performance in discriminating pitch intervals [83] and in structuring rhythms [84]
than nonmusicians. And these superior auditory processing
skills of musicians are reflected in the MMN. For example,
chords that deviated from repetitive standard chords by only
0.75% in pitch are enough to elicit MMN in violinists, whereas
a much larger pitch deviation is required to elicit MMN in
musical novices.
3.1.1. Different Time Grouping. Musicians also have a longer
time window for integrating sounds as indicated by MMN
elicitation [85]. van Zuijen et al. (2005) have showed that
the auditory system of musicians organize sounds differently
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from that of nonmusicians [86]. Furthermore, professionally trained classical musicians showed auditory grouping
of a tone sequence into four-tone groups according to a
more complex Gestalt-grouping rule than nonmusicians.
The authors found evidence on auditory grouping according
to pitch-similarity in both musicians and nonmusicians.
According to a good-continuation-of-pitch, however, the
grouping was only observed in musicians. Grouping of the
sequence was indicated by MMN response to an occasional
fifth tone that extended the length of the standard-tone
groups. The deviant could therefore have been detected by
encoding a temporal and/or numerical regularity.
Furthermore, van Zuijen et al. (2005) have examined
whether auditory system could encode a temporal regularity
or a numerical regularity and the differences between musicians and nonmusicians. To achieve this goal, van Zuijen et al.
presented tone sequences containing either a temporal regularity or a numerical regularity to participants. The sequence
with the temporal regularity could be divided into segments
with a constant duration but contained a varying number of
tones. And the sequence with the numerical regularity could
be divided into segments containing a constant number of
tones but varied in duration. Auditory encoding of the regularity was then determined by examining whether MMN was
elicited by an occasional segment lengthening varied in time
(duration) or in number. The results revealed that, in both
musicians and nonmusicians, an MMN was elicited when the
temporal regularity was unexpected. In contrast, an MMN
was elicited to violations of the numerical regularity only in
musicians. These results suggest that temporal processing is
important in audition, since a complex temporal regularity
can be encoded at an involuntary auditory processing stage
regardless of musical expertise. Furthermore, the auditory
system of professional musicians can encode a numerical
regularity without attention, reflecting the functional importance of beat tracking in the perceptual organization of music.
3.1.2. What Factors Shaped Musician’s Expertise? Musicians’
brains are shaped by their training types, musical styles or
genres, and listening experiences. Accordingly, their neural
activations depend highly on the instruments they played
and the practice strategies, as well as the levels of their
expertise. For instance, musicians who need to intone while
playing such as violinists normally show a greater sensitivity
to small deviations in pitch than musicians playing other
instruments and nonmusicians [78]. And singers also yield a
stronger MMN response than instrumentalists to small pitch
deviations [87]. In addition, rhythmic deviations elicited a
stronger, faster, and more left-lateralized MMN in musicians
than in nonmusicians [88]. More recently, it is reported that
musicians who perform music primarily without a score learn
more easily to detect contour deviations in melodic patterns
than those who read music score while playing, and this
difference is detected preattentively by an enhanced MMN
response [89]. Taken together, these studies indicate that
musicians’ brains process auditory information differently
according to their practice strategies, and the MMN is
sensitive to acoustic features that are specific to musical
objects or practice.
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3.1.3. Different Speed and Magnitude of Neuroplasticity. The
MMN is modulated by musicianship as well [85, 86]. For
instance, increased ERPs are measured in musicians especially when the sounds are complex [85]. Consistently, in
Seppänen’s study (2013), musicians also showed enhanced
auditory processing compared with nonmusicians [90]. They
examined the neural bases of the musical training effects
on rapid plasticity in auditory processing. The learningrelated plastic changes in ERP responses to pitch and duration
deviants between passive blocks were compared between
musicians and nonmusicians. Passive blocks were interleaved
with an active discrimination task, in which participants were
instructed to focus on an unrelated task but to ignore the
testing task. In contrast, in the active blocks participants were
asked to pay their attention on both tasks. The results showed
that deviant-related ERP responses around the parietal areas
decreased after finishing the active task in both musicians
and nonmusicians. Compared with nonmusicians, musicians
showed larger MMN responses, especially to deviations in
musical sounds such as chords [54], melodies [51], and
rhythms [56] as well as other complex auditory stimuli
[78, 91].
3.1.4. Differences of Brain Structure. Previous studies have
revealed increased gray matter volume and density in auditory cortices of musicians [92, 93]. On the basis of the structural findings, changes in the auditory ERPs in musicians
may indicate expanded activation areas, increased number
of neurons, greater synchronization, or faster connectivity.
For instance, the results of James et al. (2013) revealed rapid
plastic changes in the bilateral temporal and the left frontal
areas only in musicians, but not in nonmusicians [94].
3.2. How Do the MMN Effects Change over Time by Natural
Exposure? It seems that human beings are born for detection
of sound discriminations. The MMN responses to auditory
stimuli have been successfully recorded even in fetus and
newborns or preterm infants [95]. Previous research has
mainly focused on five developmental periods: fetus, inborn,
preschool children, adults, and aging individuals ([96], for
a review, see [97]), and suggests that MMN is developmentally stable and has a unique U-shaped curve. The MMN
amplitude is only slightly smaller in infants than school-age
children, and there is no MMN difference between schoolage children and adults. With respect to the MMN latency,
it is slightly longer in infants than in adults but reaches
adult level quickly by early school-age years. Child MMN,
however, does not seem to be analogous to adult MMN. For
example, compared with adult, a prominent MMN response
could be obtained in both waking and sleep states in infants.
Furthermore, the distribution of MMN scalp is relatively
broader and more central in children than in adults (for a
review, see [98]).
Concerning music conception, previous behavioral studies have demonstrated that, at around the age of six months,
infants are already equipped with certain perceptual and
cognitive prerequisites for putative beneficial effects of
immersing in a musical enriched environment. They not only
show fairly accurate discrimination of basic musical features
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such as pitch and duration but also are sensitive to some
abstract aspects of musical sounds. For example, infants,
encoding melodies and rhythms depending on features of
relative pitch and duration, are able to group individual tones
by pitch and show long-term memory for musical pieces.
More recently, ERP studies have shown that music-relevant
auditory abilities, such as discrimination of different intervals, sound grouping, perception of missing fundamental,
auditory stream segregation, and detection of the beat of
rhythmic sounds, are available before the age of six months
or even at birth.
These early perceptual skills are also important in childhood: young children who typically receive ample musical
exposure tend to find music both interesting and enjoyable.
Thus, everyday musical activities are rich sources of experience that may shape the development of auditory skills.
In an ERP study, Trainor et al. (2011) randomly assigned 4month-old infants either to a guitar group, in which they were
exposed to recordings of melodies in a guitar timbre, or to a
marimba group, in which they were presented with the same
melodies in a marimba timbre [99]. After a week-long, 20
min per day exposure to one of the two timbres, the guitarexposed infants showed a larger obligatory response to guitar
tones than to marimba tones, and the opposite response
pattern was found for the marimba-exposed group. Furthermore, occasional pitch deviations in guitar tones elicited
an MMN only in the guitar-exposed infants, whereas pitch
deviations in the marimba tones elicited a significant MMN
in both groups. These results suggested that a relatively shortterm exposure to music in infants is enough to strengthen
the neural representations of a given timbre, which is further
reflected by MMN response to that timbre pitch.
3.3. Could MMN Effects Be Trained? Recently, growing studies have provided evidence on a modulation role of training
(or experience) in MMN effects. For instance, François et al.
(2012) have demonstrated that 8–10-year-old children who
had been randomly assigned to (12 months) a music lesson
group showed a larger increase in MMN amplitude than the
control group children who were assigned to a painting lesson
[100]. Consistently, Putkinen and Saarikivi (2013) have also
revealed that the MMN elicited by minor chord deviants in a
sequence of major chord standards showed more amplitude
increase in music-trained children (7–13 years old) than in
children without music training [101].
It is noteworthy that the children participants in music
studies all received formal training of music. However, in
our daily life only a few people have opportunities to obtain
professional musical trainings. Most of normal people are
nonmusicians but amateurs or just influenced by musical
contexts in an implicit way. For instance, various computer
and console games attract children into “musical play,” which
could be considered as informal environments for music
learning [101]. Then, an important question is that do these
informal musical activities affect development of auditory
discrimination and attention in preschool-aged children?
This has been confirmed at least in adult participants. In
previous behavioral studies, adults who have no experience of
musical training showed (implicit) competence in processing
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of some fairly nuanced aspects of music, as a similar manner
of learning through mere incidental exposure.
Previous ERP studies have demonstrated that brains of
nonmusicians process some aspects of Western tonality and
harmony automatically [102]. One assumption is that these
idiosyncrasies of Western tonal music are internalized in
nonmusicians via everyday musical experiences. Recently,
Putkinen and Saarikivi (2013) have investigated an issue of
whether amount of informal musical activities is related to
electrophysiological correlates of auditory deviation detection in 2-3-year-old children [101]. They used a multifeature
MMN paradigm (Näätänen et al., 2004) to assess several
auditory ERP responses and revealed that the MMN reflects
different stages of auditory processing particularly in childhood. This result suggests that ambient exposure to musical
contexts without special training is sufficient for learning of
culture-specific musical knowledge. More importantly, one
question rises as whether informal exposure to music may
also modulate development of auditory processing beyond
musical domain.

4. Conclusions and Further Directions
There is no doubt that MMN has opened a window for
better understanding of music perception from a perspective of cognitive neuroscience. The MMN paradigms have
been gradually evoking to get close to the real music. And
consequently, it has become an effective index of perception
of regularities in music. By now, almost all neuroscience
studies on music had found the MMN features in basic levels
of music, such as pitches, timbres, intensities, and shortterm melodies. And the temporal processing in MMN is
similar among these basic musical elements. That is, the
MMN normally peaks at around 100–200 ms after deviation
onset, and its amplitude and latency alter depending on
deviation magnitude and related perceptual discriminability,
which may be modulated by expertise effects and musical
sound contexts. Concerning the neural basis of MMN, we
still cannot reach a common idea about the exact position of the MMN’s main source in brain due to nonuniform musical materials and paradigms. It is certain that,
however, our brain is inborn to detect MMN features in
music, and this ability changes over time in U-shaped route
[103].
On the other hand, MMN has shown its feature of
plasticity (i.e., neuroplasticity). For instance, different MMN
responses have been consistently revealed between musicians
and nonmusicians. And these differences mainly resulted
from training efforts, which include natural exposure to
music contexts and informal musical trainings. Because
of its features of deviation-sensitivity and neuroplasticity,
MMN has also functioned well in some clinical and practical areas, such as assessment of the wholeness of central
auditory system in infants, detection of innate predisposition for musical preferences, and treatment of musical
abilities of adult cochlear implant users. Although we have
made great achievements in music MMN, there still exist
many open questions needed to be resolved in future
studies.
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4.1. MMN and Music Syntax. The relationship between serial
and hierarchical processing has been discussed in language
literature [104]. Little study, however, has addressed this issue
in music perception. Since music has complicated structures and regularities, perception of music involves various
cognitive functions. In contrast, MMN is one indicator of
brain responses to music and reflects primarily low level
of music elements. The higher hierarchical structures of
music, such as chord progressions (harmonic progressions),
may be also a key component of music perception and
are out of reach of MMN. Previous research has suggested
that there is no single way to fully understand syntax
in music, but combination of MMN and an early rightanterior negativity (ERAN) may create a new direction of
this area. Both ERAN and MMN are event-related potentials
elicited by detection of deviations of regularities and have
similar peak amplitude and latency. MMN mainly detects
abstract-feature deviants (frequency, intensity, location, gap,
etc.), while ERAN is an ERP response to harmonically
inappropriate chords when listening to music. That is, MMN
representations of regularities of intersound relationships are
extracted online from acoustic environments, whereas ERAN
represents music-syntactic regularities that already exist in
long-term memory, which have been shaped by different
musical cultures (for a review, see [105]). Taken together,
to fully understand the neural bases of music perception,
in the current stage, it is necessary to combine ERAN
and MMN in music neuroscience research. However, the
relationship between ERAN and MMN needs to be examined
further.
4.2. MMN from a Developmental Perspective. Previous studies have suggested that we process MMN features congenitally. And this has been evidenced by several research results,
such as frequency and intensity discrimination in fetus and
infants [95]. To confirm this assumption, however, it is
essential to examine more acoustic features, music features
in particular. The neuroscience studies on real music features
enable us to better understand a series of important issues on
music perception/apprehension; for instance, whether or not
human beings have an innate ability to distinguish musical
regularities by MMN, and which MMN features are flexible
to be influenced via training? When do MMN differences
between musicians and nonmusicians begin to develop? And
whether or not significant brain structural changes induced
by early training were sustained even if musical training
ceased thereafter?
Research outside of music domain in healthy adults has
reported that brain structural changes that resulted from a
complex motor task (e.g., juggling) normally occur within 1
week of training onset but return to baseline without ongoing
training. In field of music neuroscience, however, no study
has focused on these points. And two main issues needed to
be considered in future studies are that “is there any ‘optimal
period’ that maximizes difference during music training” and
“whether or not levels of musical expertise can slow down
attenuation of MMN effects”?
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4.3. Wide Applicability of Musical MMN. MMN is well
accepted for its features of being noninvasive and having no
need for explicit awareness (preattentive) and hence has a
wide range of applications in research and clinical areas. For
example, MMN recorded in an unconscious coma patient
provides reliable predictor of recovery of consciousness. With
respect to MMN in sleep, it has weak effect in adults, but in
infants and newborns MMN is very helpful in assessing their
central auditory functions. It is worthy to note that, besides
healthy individuals, MMN paradigm is also important for
individuals with specific diseases or disabilities, such as
cochlear implant (CI) users and individuals with schizophrenia. Specifically, for the CI users, MMN paradigm is not only
an evaluation criterion to the quality of implantation, but also
a good investigation tool to assess residual neural functions of
processing musical sound features or inborn musical abilities
[98]. However, this still exists as an academic discussion
now, and it is necessary to develop related products following
rationale of MMN in near future.
4.4. Studying Music in a More Musical Context. Music is a
fine-grained aesthetic entity. When presented with simple
sinusoidal tones with greater mistuning instead of finegrained differences, violinists were not superior to nonmusicians in discriminating pitch deviations. A similar lack
of MMN differences was also obtained when comparing
processing of isolated infrequent sinusoidal tones or infrequent minor chords within a sequence of major chords
between musicians and nonmusicians [38]. Seppänen et
al. (2007) have compared musicians who mainly employ
auditory rehearsal and playing strategies to a nonaural group
as determined by a questionnaire. They found that practice
strategies modulate the speed of neural discrimination of
interval and contour deviations presented in melody-like
patterns [89], but not in simple sound features. Although
so-called “perfect melodic multi-feature MMN paradigm”
[28] has showed much better ecological effects than other
paradigms, it is just music-like. Music has various styles,
consisting of different genres and composing ways, and thus
it will be hard for researchers to develop a unified, standard
paradigm that represents all acoustic features. Therefore, it
is necessary to classify music styles first and then design
different music paradigms correspondingly.
4.5. Daily Interactions with Music. Previous music MMN
studies have been primarily conducted in well-controlled
laboratory environments and in turn lack ecological effects
leading to distinctive results in different musical contexts.
One possibility is that different participants may have different levels of interactions with music in their daily life [102].
Some researchers have investigated several indices of musical
experiences of participating children from their parents, such
as how often the children engaged in different types of
musical activities at home (e.g., singing and dancing) and
how often they played music with their children (e.g., how
often they sang to their children or sang with their children
together). And a composite score representing the amount of
such musical activities in daily life was significantly correlated
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with the ERP response amplitudes, such as enlarged P3a
responses to duration and gap deviants and a diminished
LDN (late discriminative negativity) across all five deviant
types.
4.6. Enculture. From a perspective of society, few people
will deny that music is a universal language across different
cultures. However, music still does not reach a common
consensus cross-culturally in cognitive neuroscience level.
Previous studies have consistently demonstrated that differences in cultural backgrounds affect the way in which people
perceive auditory signals [106]. For instance, subjects from
tonal language cultures (e.g., Chinese) performed better than
those from nontonal language cultures (e.g., French) in pitch
discrimination [107]. Accordingly, various open questions,
such as whether there is an early sensitive period for the
culture effects, whether the culture effects are relatively stable
or malleable by musical experience, and whether the children
who experience different musical cultures have the same level
of sensitivities to musical MMN, are all interesting topics.
On the other hand, previous research of music neuroscience has mainly focused on Western music system
(i.e., diatonic scale or equal temperament). Little is known,
however, about the MMN in non-Western music (i.e., pentatonic scale). Therefore, we also need to pay much attention
to non-Western music in further studies, such as ancient
Chinese music, Indic music, and Japanese music. That is, the
similarities and differences of processing of music perception
cross-cultures are needed to be examined via intercultural
comparison for better understanding of neural mechanisms
of music perception/apprehension and music per se.
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novelty detection in humans is governed by pre-attentive
sensory memory,” Nature, vol. 372, no. 6501, pp. 90–92, 1994.
[63] Y.-S. Lee, P. Janata, C. Frost, M. Hanke, and R. Granger,
“Investigation of melodic contour processing in the brain using
multivariate pattern-based fMRI,” NeuroImage, vol. 57, no. 1, pp.
293–300, 2011.
[64] E. Geiser, E. Ziegler, L. Jancke, and M. Meyer, “Early electrophysiological correlates of meter and rhythm processing in
music perception,” Cortex, vol. 45, no. 1, pp. 93–102, 2009.
[65] H. L. Chapin, T. Zanto, K. J. Jantzen, S. J. Kelso, F. Steinberg, and
E. W. Large, “Neural responses to complex auditory rhythms:
the role of attending,” Frontiers in Psychology, vol. 1, article 224,
18 pages, 2010.
[66] M. Schwartze, K. Rothermich, M. Schmidt-Kassow, and S. A.
Kotz, “Temporal regularity effects on pre-attentive and attentive
processing of deviance,” Biological Psychology, vol. 87, no. 1, pp.
146–151, 2011.
[67] W. J. Dowling, “Scale and contour: two components of a theory
of memory for melodies,” Psychological Review, vol. 85, no. 4,
pp. 341–354, 1978.
[68] E. Brattico, R. Näätänen, and M. Tervaniemi, “Context effects
on pitch perception in musicians and non-musicians: evidence
from ERP recordings,” Music Perception, vol. 19, no. 2, pp. 199–
222, 2001.
[69] H. Honing, “Without it no music: beat induction as a fundamental musical trait,” Annals of the New York Academy of
Sciences, vol. 1252, no. 1, pp. 85–91, 2012.
[70] A. D. Patel, J. R. Iversen, M. R. Bregman, and I. Schulz,
“Experimental evidence for synchronization to a musical beat
in a nonhuman animal,” Current Biology, vol. 19, no. 10, pp. 827–
830, 2009.
[71] W. Zarco, H. Merchant, L. Prado, and J. C. Mendez, “Subsecond
timing in primates: comparison of interval production between
human subjects and rhesus monkeys,” Journal of Neurophysiology, vol. 102, no. 6, pp. 3191–3202, 2009.

11
[72] H. J. Honing, H. Merchant, G. P. Háden, L. Prado, and R.
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The brain changes flexibly due to various experiences during the developmental stages of life. Previous voxel-based morphometry
(VBM) studies have shown volumetric differences between musicians and nonmusicians in several brain regions including the
superior temporal gyrus, sensorimotor areas, and superior parietal cortex. However, the reported brain regions depend on the study
and are not necessarily consistent. By VBM, we investigated the effect of musical training on the brain structure by comparing
university students majoring in music with those majoring in nonmusic disciplines. All participants were right-handed healthy
Japanese females. We divided the nonmusic students into two groups and therefore examined three groups: music expert (ME),
music hobby (MH), and nonmusic (NM) group. VBM showed that the ME group had the largest gray matter volumes in the right
inferior frontal gyrus (IFG; BA 44), left middle occipital gyrus (BA 18), and bilateral lingual gyrus. These differences are considered
to be caused by neuroplasticity during long and continuous musical training periods because the MH group showed intermediate
volumes in these regions.

1. Introduction
The brain is not a static organ, but it changes dynamically
throughout an individual’s lifespan. During development, the
brain changes flexibly with various kinds of experiences.
These changes are characterized both structurally and functionally [1, 2]. Structural changes include alterations in the
volume of specific gray matter (GM) regions, as well as
volume and fiber arrangement in the white matter (WM).
Functional changes include alterations in regional activation
and functional connectivity between regions. The musician’s
brain is regarded as an ideal model of brain plasticity, because
musicians usually start musical training very early in life and
continue for many years into adulthood [1, 2]. Musical training requires complex information processing or functions
and includes auditory and somatosensory processing, motor
control, attention, working memory, executive functions, and
higher-order integrative functions. Playing musical instruments requires multitasking, in which emotional expression
is critical. Musical training is also an activity in which

procedural, episodic, and semantic memories and emotion
converge. Therefore, many brain regions in distinct domains
can be changed with musical training.
Magnetic resonance imaging (MRI) assesses anatomical
structures in the GM and WM. Voxel-based morphometry
(VBM) uses a voxel-wise analysis method for determining focal differences in volume [3]. Previous VBM studies
have found GM volume differences between musicians and
nonmusicians. A whole brain VBM study showed that professional musicians (keyboard players) have larger bilateral
inferior temporal gyri (ITG), left Heschl’s gyrus (HG.L),
bilateral precentral gyri, right superior parietal cortex, left
inferior frontal gyrus (IFG.L), right medial frontal gyrus, and
left anterior cerebellar lobe than amateur musicians and nonmusicians [4]. Increased GM volumes in the HG.R, bilateral
superior temporal gyri (STG), left middle temporal gyrus
(MTG.L), ITG.R, right posterior cingulate gyrus (PCC.R),
right central sulcus, right superior frontal gyrus (SFG.R), and
IFG.R in musicians compared with those in nonmusicians
were also observed in another study [5]. Other studies have
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reported a larger GM volume of the left IFG pars opercularis
(BA 44) in male orchestra musicians compared with nonmusicians, which positively correlated with years of musical
performance [6, 7]. In addition, the left hippocampus, right
supplementary motor area (SMA.R), SFG.R, right middle
frontal gyrus (MFG.R), PCC.L, right insula, and STG.L were
positively correlated with the degree of musical practice [8].
Moreover, another VBM study [9] detected increased GM
volumes with increased musical training intensity in the right
fusiform gyrus (FG.R), right mid orbital gyrus, IFG.L, left
inferior parietal lobule (IPL.L) (𝑃 < 0.001, uncorrected),
and bilateral cerebellum Crus II. An increase in HG.L was
also detected, but only at 𝑃 < 0.005 (uncorrected). In
contrast, decreased GM volumes were observed in bilateral
perirolandic and striatal areas that are related to sensorimotor
functions [9]. Thus, the brain regions that differ between
musicians and nonmusicians depend on the study and have
not been replicated well.
Because of the abovementioned variability in VBM
results, corroborative analysis with different sets of participants is needed. Here, we report the results of our VBM analysis of whole brain structural data from university students
majoring in music and those majoring in nonmusic disciplines. We chose university students because they are all in
the same generation with regard to the cultural environment
and exhibit less background variability than professional
musicians of a wide range of ages. Students majoring in
music studied in the same university as those majoring in
other nonmusic disciplines. Our aim was to investigate how
education in different disciplines (music versus nonmusic)
affects brain structure. Because nonmusic major students
still had various degrees of extracurricular music activities,
we divided these students into two groups; therefore, we
examined three groups in total: music expert (ME) group
(music major students), music hobby (MH) group (nonmusic
major students having active extracurricular music lessons),
and nonmusic (NM) group (nonmusic major students with
no or less musical training). Differences between the ME
group and NM group suggest a direct effect of musical
training. The MH group was included to provide insight into
the effect of different degrees of musical training on brain
structure.

2. Methods
2.1. Participants. This study was approved by the local ethics
committees, the Sophia University Ethics Committee, and
the Juntendo University Ethics Committee. All participants
provided written informed consent before the study commenced. University students majoring in music (𝑛 = 23)
and nonmusic disciplines (𝑛 = 32) were recruited. All
participants were healthy right-handed Japanese females and
had no history of neurological disorders. Students majoring
in music started musical training at around 3–5 years of
age, which continued to the present. They were screened on
enrollment in a college of music. All of them specialized in
classical music and played various instruments (piano, violin,
cello, clarinet, or trumpet). Students majoring in nonmusic
disciplines showed various degrees of extracurricular music
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Table 1: Gray matter (GM), white matter (WM), and total brain
volumes (all in mL) and 𝑃 values obtained by ANOVA between all
three groups. NM: nonmusic; MH: music hobby; ME: music expert.
NM
Mean
SD
GM 676.6 46.3
WM 441.5
54.8
Total 1118.1
82.2

MH
Mean
SD
697.9
65.8
444.5
41.1
1142.4 83.9

ME
Mean
685.6
465.8
1151.4

SD
48.1
47.0
79.9

𝑃 value
0.533
0.225
0.469

activities and were therefore divided into two groups: students with active extracurricular music lessons and those
with less musical training. Students in the former group had
taken music lessons for nine years or longer, whereas those in
the latter group had taken lessons for seven years or shorter.
Thus, there were three groups of students: ME: music expert
group (𝑛 = 23; age: 18–26 years; mean = 21.2 years), MH:
music hobby group (𝑛 = 17; age: 18–23 years; mean = 20.9
years), and NM: nonmusic group (𝑛 = 15; age: 19–23 years;
mean = 21.6 years).
2.2. Data Acquisition. Structural MRI was performed using
a 3T Philips Achieva scanner at Juntendo Hospital, Tokyo,
with a MPRAGE sequence (TE = 3.3 ms, TR = 15 ms, TI =
955.5 ms, and flip angle = 15∘ ). MRI included a 3D set of T1
images (voxel size = 1 × 1 × 1 mm; FOV = 180 × 232 × 256 mm).
Imaging time was 3 min 31 s. The scan protocol was identical
for all participants.
2.3. Analysis. T1 images were preprocessed by VBM using
SPM12 (Wellcome Department of Imaging Neuroscience,
London, United Kingdom), which segments T1 brain images
into GM, WM, and cerebrospinal fluid. GM images were
then subjected to spatial normalization to standard MNI
space using the DARTEL toolbox (Wellcome Department of
Imaging Neuroscience) [10]. Individual voxel volumes were
modulated by whole brain volume with proportional scaling.
All images were smoothed using the Gaussian kernel of 8 ×
8 × 8 mm FWHM. VBM analyzed differences in local GM
and WM volumes across the whole brain using two-sample
t-tests between ME and NM groups, and analysis of variance
(ANOVA) across all three groups.

3. Results
GM, WM, and total brain volumes are summarized in Table 1.
The 𝑃 values obtained by ANOVA of all three groups are also
provided. GM, WM, and total volume did not differ between
groups. The surface map of brain regions with differing
GM volumes is shown in Figure 1. Sagittal and horizontal
cross sections are shown in Figures 2 and 3. Brain regions
with different volumes between ME and NM groups are
summarized in Table 2. The ME group had larger volumes
in the bilateral LiG, left MOG (BA 18), and right IFG than
in the NM group. The ME group also tended to have larger
volumes in the left MOG (BA 19), right STG (BA 22), right
anterior insula (AI), and precuneus. These regions showed
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SPL

LiG

IFG

MOG
(BA19)

MOG
(BA18)

IFG/STG/AI
Temporal pole

Figure 1: Brain regions with larger gray matter volumes in the ME group than in the NM group (𝑃 < 0.01, uncorrected). Only cluster sizes
>100 voxels are shown. No surface regions were smaller in the ME group than in the NM group.

Table 2: Brain regions and peak locations (in MNI coordinates) that
differed between music expert and nonmusic groups. Brain regions
with cluster sizes, 𝑘 > 252 voxels (expected voxels per cluster), are
shown. ∗ 𝑃 < 0.001 (uncorrected) for two-sample 𝑡-tests; otherwise,
𝑃 < 0.01 (uncorrected).
Brain region

Left MOG (BA18)
Right IFG (BA44)
Bilateral LiG
Left MOG (BA19)
Right STG (BA22)
Right AI
Right AI/IFG
Precuneus

Cluster size
(in voxels)
Music experts > Nonmusic
−27 −86 −2
383
44
11
23
566
−2 −77 −6
1389
−33 −89 17
313
53
11
−2
38
24
12
734
41
17
6
0
−48 53
373
𝑥

𝑦

𝑧

Nonmusic > Music experts
Right caudate nucleus 18
14
9
253

𝑡 value
4.10∗
4.00∗
3.74∗
3.34
3.25
3.14
3.00
3.14
2.87

larger clusters than the threshold size of 252. In contrast, the
right caudate nucleus showed a trend to be smaller in the
ME group than in the NM group. Comparison of relative GM
volumes between the three groups is shown in Figure 4. This
figure also included the right SPL (peak MNI: 30, −53, 59)

(k = 242; t = 2.87) and left temporal pole (peak MNI: −44,
17, −42) (k = 203; t = 2.76), although below the cluster size
threshold. In all regions ((a) through (i)), volumes for the MH
group were in between the other two groups.

4. Discussion
In our study, the brain regions with the largest volumes in
the ME group were higher-order sensory and association
areas, which are not inherently music-proper areas. However,
our finding is consistent with the fact that musical training
requires higher-order cognitive and attentional functions
[9, 11]. In the following section, we discuss the information
processing required in musical training by associating the
functions of the altered regions.
4.1. Inferior Frontal Gyrus. A study found that the left posterior IFG (including Broca’s area) was larger in male symphony
orchestra musicians [7]. The subjects (both musicians and
controls) in this study showed a wide range of ages (26–
66 years). Although the volume of Broca’s area decreased
with age, the decrement was much smaller or nullified
in musicians (𝑃 = 0.44); therefore, the volume differed
between groups at >45 years of age. In addition, VBM and
deformation-based morphometry (DBM) studies detected
significant differences in the right IFG between musicians
and nonmusicians [5, 12]. Consistently with these studies, we
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Figure 2: Sagittal-plane locations of brain regions with gray matter volumetric differences between ME and NM groups. Only clusters sizes
>100 voxels are shown. Regions in red or blue color were larger or smaller, respectively, in the ME group.

observed a volumetric difference in the right posterior IFG.
There could be several interpretations for this, as discussed
below.
4.1.1. Syntax Processing. The left posterior IFG is crucial for
syntax processing in language and music [13, 14]. Although
lateralization of the posterior IFG has been recognized for
language [15], lateralization for music remains less clear.
A cortical network comprising the IFG (BA 44), ventrolateral

premotor cortex (PMC), and anterior STG has been implicated in the processing of musical structure [16], which is also
a principal component of the language processing network
[17]. Bilateral IFG activation was observed during a harmonic
processing task in an fMRI study of nonmusicians with
moderate musical training [18]. Furthermore, a magnetoencephalography study showed bilateral BA 44 activation for
harmonically inappropriate chords [19]. Interestingly, a chord
sequence paradigm activated BA 44 with right-hemispheric

Behavioural Neurology

5

−56

−52

−48

−44

−40

−36

−32

−28

−24

−20

−16

−12

−8

−4

0

4

8

12

16

20

24

28

32

36

40

44

48

52

56

60

64

68

72

76

80

84

Figure 3: Horizontal-plane locations of brain regions with gray matter volumetric differences between ME and NM groups. Only cluster
sizes >100 voxels are shown. Regions in red or blue color were larger or smaller, respectively, in the ME group.

weighting [20]. Taken together, these previous studies suggest
that music and language use a common network but with
different lateralization tendencies, with language favoring
the left hemisphere [13, 21]. Our analysis found a difference
between the ME and NM groups in the right BA 44, the
right-hemisphere homologue of Broca’s area. A plausible
interpretation of this is that the right posterior IFG is
enlarged in the ME group due to the highly demanding
syntax processing of musical training. However, this does not

simply imply that left BA 44 processes lingual syntax, while
right BA 44 processes musical syntax. There is the possibility
that the left BA 44 did not differ because NM students
were using language intensively. Consequently, only the right
BA 44 would show a significant difference. Therefore, our
result suggests that musical training has increased the right
posterior IFG volume, potentially due to the involvement of
this brain region in music syntax processing, and thereby
supporting the previous suggestion.
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Figure 4: Gray matter density differences between nonmusic (NM), music hobby (MH), and music expert (ME) groups at the selected voxel
(MNI coordinates are given in Table 2 for (a)–(g) and in the text for (h)-(i)). Vertical red bars indicate 90% confidence intervals. (a) Left
middle occipital gyrus (BA 18); (b) right inferior frontal gyrus; (c) lingual gyrus; (d) left middle occipital gyrus (BA 19); (e) right superior
temporal gyrus; (f) precuneus; (g) right caudate nucleus; (h) right superior parietal lobule; (i) left temporal pole.

4.1.2. Cognitive Control. An fMRI study using a threedimensional mental rotation task found that orchestral musicians had significantly increased activity in Broca’s area, in
addition to the visuospatial network, which was activated
in both musicians and age-matched nonmusicians [22].
This finding suggests that Broca’s area also contributes to
the control of cognitive operations. The IFG (in particular
the posterior part) is a node of the frontoparietal mirror
neuron system that is suggested to play an important role
in playing and listening to music through the observation
of others’ actions for understanding emotion and intention
[23]. This brain region is also activated by the perception
of faces with emotion [24]. More broadly, the IFG has been
associated with cognitive control of memory [25], response

selection/inhibition and other self-control functions [26],
and cognitive flexibility [27]. Working memory is critical
in music performance. Verbal and tonal working memory
appear to share a common network comprising the IFG,
PMC, and inferior parietal lobule, and musicians activate
tonal working memory more strongly than nonmusicians
[28]. Interestingly, musicians, but not nonmusicians, recruit
other brain regions for tonal as well as verbal working
memory. For tonal working memory, these regions include
the left cuneus, right globus pallidus, right caudate nucleus,
and left cerebellum [28]. Working memory and cognitive
control in music connect many brain regions, which enables
complex multitask performance. Therefore, hypothetically,
enlargement of the posterior IFG in the ME group may reflect
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inherent involvement of cognitive control in musical training
and performance.
4.1.3. Creativity. Another interesting construct that may
account for the difference in right BA 44 volume is “creativity.”
Both the left and right IFG are correlated with verbal
creativity [29]. Moreover, a functional connectivity study
suggested that subjects with higher creativity have increased
connectivity at rest between BA 44 in both hemispheres and
the default mode network (DMN) [30]. They also showed
that the right BA 44 has stronger connectivity with the
left dorsolateral prefrontal cortex in subjects with higher
divergent thinking ability. Therefore, the right BA 44 volume
difference observed in our study may reflect, at least partially,
a difference in creativity between the groups, although we did
not assess creativity in our participants.
4.2. Visual and Visuospatial Areas. The ME group had larger
volumes in bilateral LiG, left MOG (BA 18), and left MOG
(BA 19) than in the NM group. This finding is novel to
the best of our knowledge. These visual association areas
have multiple functions that are considered relevant to
music. Visual attention ability is enhanced in musicians
compared with nonmusicians [31]. Harmonic processing
activates different visual association areas for musicians and
nonmusicians [32]. Bilateral LiG activation is associated with
harmonic processing in musicians, but not naive subjects,
suggesting that musical training changes visual representation of harmonies [33]. In a positron emission tomography
study, LiG activation was associated with visual imagery
of a subjects’ hands playing an electronic piano with their
eyes closed [34]. For playing musical instruments, dynamic
spatial mapping from visual information is also critical. In
this regard, the dorsal visual pathway (including the SPL) is
likely important for music performance. Our present study
shows that the SPL tends to be larger in the ME group. This
is consistent with a previous study suggesting that the SPL
mediates spatial mapping of reading music scores to fingers
tapping a piano key [35]. This region was also activated in
music perception, which requires selective attention [36].
Furthermore, melody processing and sight reading activate
the SPL and intraparietal sulcus (IPS) [37, 38]. The bilateral
IPS has been implicated as part of a multimodal network
for systematic transformation of stimulus information [39].
Specifically, this study shows a positive correlation between
bilateral IPS GM volume and relative pitch performance in
healthy volunteers with a wide range of musical experiences.
4.3. Other Areas. The right STG (BA 22), or secondary
auditory cortex, was larger in the ME group at a trend level.
The right STG has been associated with pitch processing [5,
39]. Musical sophistication appears to cause a shift of musical
perception from the right to the left hemisphere [40]. Musical
memory bilaterally activates the STG [41]. STG activity is also
modulated bilaterally by music with an affective tone, but
with the right hemisphere weighted [42].
Right AI volume had a trend to be larger in the ME
group than in the NM group. AI involvement in music
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has been consistently observed [34, 43]. Both singing and
speech activate the AI, although singing activates the right
AI and speech activates the left [44]. Processing of musicevoked emotions also activates the AI, with increased activation for emotionally mismatched displays compared with
emotionally matched displays [45], suggesting that the AI
plays an active role in monitoring the consistency of musical
emotional information. Furthermore, this area is broadly
associated with emotional awareness, interoception, body
movement awareness, auditory and visual awareness of the
moment, time perception, perceptual decision making, cognitive control, and performance monitoring [43]. All of these
functions are relevant to music performance.
The ME group had larger precuneus volumes than the
NM group, albeit at a trend level. Along with the posterior
cingulate cortex, the precuneus is a core DMN node [46], and
its function has been associated with visual imagery, episodic
memory, and self-processing [47]. A recent study suggested
that mental representation of an auditory scene involves the
precuneus [33]. Moreover, scene construction consistently
activates the precuneus [48]. Considered along with these
findings, our result suggests that mental imagery or scene
construction plays an important role in musical training.
We found that the right caudate nucleus was the only
region smaller in the ME group than in the NM group.
Interestingly, a recent VBM study reported that skilled ballet
dancers have smaller motor areas [49]. The caudate nucleus
constitutes the cortico-striato-pallido-thalamo-cortical loop
for sensorimotor control [50]. There is the possibility that
ballet training shapes the loop circuit so that efficient signal
transmission through the circuit is enabled with a smaller
volume. Another study suggested that perirolandic areas
and striatal volumes are reduced by musical training, while
several cortical areas such as the IFG, Heschl’s gyrus, IPL, and
cerebellum show increased volumes in expert musicians [9].
The reduced areas are sensorimotor areas and may follow the
principle of parsimony [9]. Although further study is needed,
our result supports this notion.
4.4. Limitations. A major limitation of our study is the
sample size. Our analysis found group differences at the level
of 𝑃 < 0.001, uncorrected. Increasing the threshold by
correcting for multiple comparisons found no differences.
Therefore, we employed this threshold level conventionally,
according to several previous studies [8, 9, 39, 51]. We divided
the nonmusic students into two groups because we could
then determine if the volumetric differences were graded
depending on musical training intensity. The degree of the
differences will be ascertained using a larger sample size.

5. Conclusions
Using VBM, we observed larger GM volumes in the right IFG,
left MOG (BA 18), and bilateral LiG in the ME group than
in the NM group. Right IFG enlargement may be associated
with musical syntax processing or, more generally, cognitive
control in musical training and performance. Visual area
enlargement in the ME group may be associated with multiple
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functions relevant to music including visual attention, harmonic processing, and visual imagery. These volumetric
differences are considered to be caused by neuroplasticity
during long and continuous musical training periods because
the MH group showed intermediate volumes in these regions.
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Cochlear implant (CI) recipients generally have good perception of speech in quiet environments but difficulty perceiving speech in
noisy conditions, reduced sensitivity to speech prosody, and difficulty appreciating music. Auditory training has been proposed as a
method of improving speech perception for CI recipients, and recent efforts have focussed on the potential benefits of music-based
training. This study evaluated two melodic contour training programs and their relative efficacy as measured on a number of speech
perception tasks. These melodic contours were simple 5-note sequences formed into 9 contour patterns, such as “rising” or “risingfalling.” One training program controlled difficulty by manipulating interval sizes, the other by note durations. Sixteen adult CI
recipients (aged 26–86 years) and twelve normal hearing (NH) adult listeners (aged 21–42 years) were tested on a speech perception
battery at baseline and then after 6 weeks of melodic contour training. Results indicated that there were some benefits for speech
perception tasks for CI recipients after melodic contour training. Specifically, consonant perception in quiet and question/statement
prosody was improved. In comparison, NH listeners performed at ceiling for these tasks. There was no significant difference between
the posttraining results for either training program, suggesting that both conferred benefits for training CI recipients to better
perceive speech.

1. Introduction
Cochlear implants (CIs) are surgically implanted hearing
devices that enable the perception of sound for most persons diagnosed with severe to profound deafness. Designed
primarily for the purpose of speech perception, they are
generally effective in quiet environments but less effective
for perceiving speech in noisy environments [1] or for
perceiving prosody [2, 3]. Prosody provides information
such as the emotional state of a speaker and is used to
transform linguistic content from statements to questions
with the use of intonation. These difficulties are, in part,
due to the lack of fine-structure processing in CI processing

strategies that utilise temporal envelope, such as the Advance
Combination Encoder (ACE) [4, 5]. As oral communication
often occurs in the presence of complex and noisy acoustic
environments, and prosodic components of speech convey
important aspects of expression, these limitations can have
a direct impact on social interactions and quality of life
outcomes [6].
Advances in our understanding of neuroplasticity and
learning capacity have led to interest in formal auditory
training, with investigators proposing that it may form
a component of comprehensive (re)habilitation [6, 7]. As
some studies have demonstrated that normal hearing (NH)
musicians are particularly adept listeners under challenging
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listening conditions such as noise [8, 9], the incorporation of
music as a tool for improving language based tasks is a focus
for many studies [9–11].
Using auditory brainstem responses (ABR), ParberyClark et al. [12] showed that NH musicians exhibited
enhanced neural responses at the phoneme level for stop
consonants /ba, da, and ga/, relative to nonmusicians. In
addition, Strait and Kraus [13] also found that musicians
were both faster and more precise than nonmusicians with
encoding voice onset time (VOT) and second formant (F2)
transitions, both of which contribute to the perception of stop
consonants.
A study by Galvin III et al. [14] trained 11 CI recipients
with an adaptive, PC-based melodic contour program for 30
minutes a day, with a time course varying between 1 week
and 2 months for each participant. Posttraining results using
a Melodic Contour Identification (MCI) task indicated that
CI recipients’ performance was improved between 15.5 and
45.4 percentage points. Recent research extending from this
paradigm has investigated the use of melodic contours as
training stimuli for CI recipients to improve speech perception tasks. In a preliminary study described in Patel [11], CI
recipients were trained to play melodic contours on a piano
keyboard 30 minutes a day, 5 days a week, for 1 month. The
training stimuli consisted of 9 patterns of 5-note sequences
that varied in the size of the intervals between consecutive
tones (as used in [14]). Participants trained with intervals
between 1 and 3 semitones, with the hypothesis that practise
in this task should develop greater precision for MCI. While
preliminary results (from two CI recipients) suggest that
melodic contour training may improve intonation prosody
and speech in noise perception, more evidence is needed to
substantiate this finding. Thus, the present study is motivated
by a need to provide additional evidence with a larger sample
size and explore the transfer effects that melodic contour
training may provide for enhancing the speech perception of
CI recipients.
The OPERA hypothesis provides a theoretical framework
that suggests why music training may drive perceptual
speech gains [15]. These are as follows: overlap: acoustic
features relevant to both speech and music are encoded on
overlapping brain networks; precision: the requirements for
music perception are higher than those for speech; emotion:
the musical activity should elicit a strong positive emotion;
repetition: the promo promotion of plasticity from repeated
engagement of the neural network; attention: the focussed
attention toward the task. When these conditions are met,
there should be a flow on effect resulting in performance gains
for speech perception.
Pitch-based tasks are a focus for many studies measuring
music perception [16, 17], and music training programs have
been used to improve pitch perception for CI recipients
[18]. However, sounds are dynamic and multidimensional
by nature, and different forms of music training may affect
speech and music perception differentially. Therefore, a wider
range of potential benefits, such as speed of processing,
should be considered. An analysis of 5000 MIDI melodies
suggests that mean note durations are approximately 280 ms
[19], and an analysis of 16,000 syllables in American English

Behavioural Neurology
suggests that mean syllable utterances are approximately
191 ms in length [20]. Thus the time available to extract cues
is generally much shorter in speech than in music. Such a
comparison can only be evaluated broadly, as there are many
redundant cues that make speech accessible. The perception
of various consonants that use VOT contrasts (e.g., the
distinction between voiced and unvoiced stops /b/ and /p/)
or formant trajectory discrimination (e.g., to identify stops
within the voiced class such as /b/ from /g/) also relies on the
extraction of cues across very short periods, between 5 and
50 ms, for effective perception [21]. As such, the exploration
of shorter (and thus more difficult) note durations may be
a mechanism for effective training. An emphasis on speed
of processing is a differentiating factor for the present study
and allows for an exploration of transferred skills, beyond the
typical approach of manipulating pitch to adjust difficulty.
The purpose of the present study was to develop and
evaluate two take-home, PC-based melodic contour training
programs for CI recipients. The programs were adaptive and
differentiated by two types of changes introduced in the
stimuli: Interval: the interval size was adjusted and note
duration was fixed; and Duration: the note durations were
adjusted and interval size was fixed. As Patel’s [11] results
cannot disentangle effects related to the motor requirement
of the piano playing task, we designed a purely perceptual
training protocol. A key goal was to explore the transfer
of nonlinguistic musical skills to specific aspects of speech
perception. Using a baseline and posttraining paradigm, the
relative efficacy of the two training programs was compared.
It was hypothesised that both training programs should
confer speech perception benefits to tasks that utilised pitch
contours. Specifically, both programs would enhance speech
in noise perception and prosodic cue perception due to
improved F0 tracking, while consonant perception would be
improved for participants assigned the duration program,
due to greater speed of processing of VOT and F2 trajectories.
The rationale was based on how short the transition period
of VOT and F2 is (approximately 50 ms or less). Hence,
identifying F2 is reliant on tracking the pitch over a short
duration. As such, improvement in identifying melodic contours with shorter durations may have benefits for consonant
perception, providing a specific advantage for consonant
stops such as /b, d, g, p, t, k, m, and n/.

2. Materials and Methods
Approval for this study was granted by the Macquarie University Faculty of Human Sciences Human Research Ethics
Subcommittee (reference: 5201400348).
2.1. Participants. Sixteen adult postlingually deafened CI
recipients (11 female, 5 male) ranging in age from 26 to
86 (M = 58, SD = 15) and CI experience from 1 to 20
years (M = 9, SD = 7) participated in the study. All CI
recipients used Cochlear Ltd. implants in unilateral, bilateral,
or bimodal (with a hearing aid (HA)) configuration and
were recruited from the Sydney Cochlear Implant Centre
(SCIC). Eligibility required full time use of a CI, and at
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Table 1: Demographic information for Cochlear implant (CI) recipients.

ID Age Gender

1

80

Female

2

26

Female

3

66

Male

4

56

Female

5

35

Female

6

61

Male

7

47

Female

8

86

Female

9

52

Female

10 54

Male

11

Male

48

12 69

Female

13 66

Female

14 60

Male

15 67

Female

16 55

Female

CI/HA

Processor

L-CI24M
R-CI24RE (CA)
L-CI24RE (ST)
R-HA
L-CI422
R-HA
L-CI24M
R-CI24RE (CA)
R-CI24RE (ST)
L-CI24R (ST)
R-CI24RE (ST)
L-CI24RE (CA)
R-CI24R (ST)
L-CI24RE (CA)
R-CI24RE (ST)
L-CI24RE (CA)
R-CI24RE (CA)
L-HA
R-CI422
R-CI512
L-CI24RE
R-CI24M
L-CI512
R-CI24RE (CA)
L-CI24RE (CA)
R-HA
L-CI24RE (CA)
R-CI24M
L-CI422
R-CI22

L-CP810
R-CP810

Number
of
Strategy
electrodes
activated
L-16
ACE
R-22

Unilateral/bilateral/bimodal

Number of
years
implanted

Training
program

Bilateral

20

Interval

L-CP810

ACE

L-22

Bimodal

1

Interval

L-CP810

ACE

L-21

Bimodal

2

Duration

L-CP810
R-CP810
R-CP810
L-CP810
R-CP810
L-CP810
R-CP810
L-CP810
R-CP810
L-Freedom
R-Freedom

ACE

L-18
R-22
R-22
L-22
R-14
L-22
R-20
L-22
R-18
L-22
R-18

Bilateral

14

Duration

Unilateral

1

Duration

Bilateral

12

Duration

Bilateral

10

Interval

Bilateral

8

Interval

Bilateral

10

Interval

ACE
ACE
ACE
ACE
ACE

R-CP810

ACE

R-21

Bimodal

2

Duration

R-CP810
L-CP910
R-Freedom
L-CP910
R-CP810

ACE

R-22
L-21
R-22
L-19
R-22

Unilateral

4

Interval

Bilateral

15

Interval

Bilateral

18

Duration

L-CP810

ACE

L-22

Unilateral

2

Duration

L-CP810
R-CP810
L-CP900
R-Freedom

ACE

L-22
R-20
L-22
R-15

Bilateral

15

Interval

Bilateral

19

Duration

ACE
ACE

ACE

least 6-month CI experience. For performance reference
purposes, 12 NH adults (6 female, 6 male) ranging in age
from 21 to 42 (M = 27 years) were recruited from Macquarie
University. All NH adults had hearing thresholds ≤30 dB
hearing level (HL) measured in octave steps between 500
and 4,000 Hz, tested in a sound proof room. All participants
were native Australian English speakers and did not have
a significant impairment (such as a learning or cognitive
disorder) that affected their ability for testing or training.
Relevant demographic information can be found in Table 1.
2.2. Melodic Contour Training Program (MCTP). Two takehome PC-based training programs were created: MCTP
(Interval) and MCTP (Duration). The training paradigm
was adaptive with the stimuli becoming more difficult
after a correct response and easier after every incorrect
response. The program began at the easiest setting, and each
change in difficulty was modulated by 1 level (one-up, onedown procedure), with a total of 7 levels of difficulty. The
task was to identify a randomly selected melodic contour,
at the designated difficulty level, using a four-alternative

forced choice paradigm (4AFC). The melodic contours were
sequences of 5 consecutive notes that formed a total of 9
patterns as used in Galvin III et al. [14]. Figure 1 shows the
melodic contours used in the training programs.
The two programs differed by how difficulty was controlled. In the MCTP (Interval), note duration was fixed at
250 ms, and the interval size between consecutive notes was
manipulated between 1 and 7 semitones that increased or
decreased by 1 semitone. In the MCTP (Duration), interval
size was fixed at 5 semitones, while the duration of each note
was manipulated between 7 durations: 450, 350, 250, 200,
150, 100, and 50 ms. The lowest note in all stimuli was A4
for both programs; these are marked in light grey in Figure 1.
The F0 range for the MCTP (Interval) was 440 to 2218 Hz,
and the MCTP (Duration) was 440 to 1397 Hz. The stimuli
were created using a Yamaha Disklavier Pro, providing a fairly
realistic MIDI representation of an acoustic grand piano.
The program had two modes: “Practice” and “Training.”
In Practice, participants were provided with all 9 melodic
contours on their screen, and it was designed so that participants could practise listening to (and seeing) all 9 melodic

4

Behavioural Neurology

Rising

Rising-ﬂat

Rising-falling

Flat-rising

Flat

Flat-falling

Falling-rising

Falling-flat

Falling

Figure 1: The 9 melodic contours used in the Melodic Contour
Training Program. The lowest notes are marked in grey. From Galvin
III et al. [14].

contours available. The main task was the Training mode in
which participants were presented with a melodic contour
sound stimulus (which they could repeat), and four buttons
representing answers, with one correct answer matching
the presented contour, and three other options that were
randomly selected from the pool of 9 contours. Feedback
was provided after each response. If they were incorrect,
the correct response would be highlighted, and they were
then permitted (and encouraged) to listen for the differences
between their selected and correct responses.
Data logging tracked the progress of each participant’s
session. For the MCTP (Interval), a melodic contour interval
threshold was calculated, the interval size (measured in semitones) at which 50% of contours were correctly perceived.
Similarly, for the MCTP (Duration), a melodic contour
duration threshold was calculated. The thresholds for each
session were averaged across each week of training.
2.3. Materials. The Australian Sentences Test in Noise
(AuSTIN) is an adaptive speech in noise test developed
specifically for Australian CI recipients [22]. Sixteen sentences were randomly selected and spoken by a female
speaker in the presence of time-locked four-talker babble
(4TB). In each session, two lists were completed, and a speech
reception threshold (SRT, the signal to noise ratio at which
50% of words were correctly perceived) was calculated.
A short Consonant Discrimination Test was developed
for the purposes of this study, using a set of 12 commonly
used consonants /pa, ta, ka, ba, da, ga, fa, va, sa, za, ma,
and na/. The speech materials consisted of one male speaker
and were validated for clarity and level-balance by two
professional linguists. Lists consisting of 60 consonants in
random order were created in two conditions: quiet and
noise with 4TB (10 dB SNR). Spectrograms for voiced stop
consonants are presented in Figure 2, highlighting F2 as the
primary contrastive feature.

An individual subtest (turn-end reception) was selected
from the Profiling Elements of Prosody in Speech-Communication (PEPS-C) [23], as a means to assess simple question
and statement prosodic discrimination. Participants were
presented with 16 single word utterances such as “carrot” or
“milk” spoken by a female speaker that varied with intonation. Rising intonations indicated questions, while falling
intonations indicated statements. With a 2AFC paradigm,
participants were asked to indicate if the utterance was
perceived as a question or a statement.
2.4. Procedures. Testing occurred in an acoustically treated
test booth in the Macquarie University Speech and Hearing
Clinic and in an acoustically treated room at SCIC, Gosford,
NSW. The test battery was administered using a Toshiba Tecra
R850 laptop. A Yamaha Audiogram 3 USB audio interface
provided the sound signal and was connected to a Behringer
Truth B3030A loudspeaker. Stimuli were presented at 65 dBA
as measured with a sound level metre from the participant’s
listening position, located 1 metre in front of the loudspeaker.
CI recipients were asked to use their regular, everyday settings
and adjust their volume to a comfortable sound level on their
Cochlear device and hearing aid. Once set, participants were
requested to refrain from modifying any settings.
Following the baseline battery, participants were randomly assigned either the Interval or Duration program for
the MCTP and provided instructions. There was an equal
distribution of participants in each program. The training
required the completion of one set of the “Training mode” (25
melodic contours, requiring approximately 15 to 30 minutes,
depending on the participants’ ability), 4 days a week, for
a total duration of 6 weeks. All participants were provided
with a set of Edifier M1250 USB powered loudspeakers to
use during their training and instructed to train with their
regular, everyday settings. Progress was monitored at 2 and 4
weeks, with contact through phone calls and email.
2.5. Statistical Methods. Analysis was performed with IBM
SPSS Statistics version 21. Unless stated otherwise, each test
was analysed using a repeated measures analysis of variance
(ANOVA), with session (baseline and posttraining) as the
within-subject factor and program (Interval or Duration)
as the between-group factor. Additionally, the posttraining
scores were compared between the CI group and the NH
group using independent sample 𝑡-tests. All statistical tests
used a criterion of 0.05 and all tests were 2-tailed.

3. Results
Group means and statistical data have been tabulated and are
presented in Table 2.
While participants were randomly assigned a training
program, to confirm there were no statistically significant
differences in key variables between those assigned the
Interval program compared with the Duration program,
independent sample 𝑡-tests were calculated across age, CI
experience, and all baseline scores. There were no statistically
significant differences found; therefore the two groups were
considered broadly equivalent prior to the training program.
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Figure 2: Spectrograms for voiced stop consonants /ba, da, and ga/ with F1 and F2 labelled.

Table 2: Main effects of session, program, and interactions for all
tests.

∗

t or F (df)

p

2.75 (6)

0.033∗

3.35 (7)

0.012∗

2.46 (1, 14)
0.01 (1, 14)
0.01 (1, 14)

0.139
0.925
0.914

6.00 (1, 14)
0.03 (1, 14)
2.69 (1, 14)

0.028∗
0.868
0.123

0.48 (1, 14)
0.08 (1, 14)
0.62 (1, 14)

0.500
0.779
0.444

9.31 (1, 14)
0.01 (1, 14)
0.90 (1, 14)

0.009∗
0.978
0.359

Indicates Significance at alpha = 0.05.

Compliance was high, with data-logged results indicating
that 13 participants completed the full 6 weeks of training.
Additionally, there were no drop-outs. Two participants (1
and 7) were inconsistent, completing 4 weeks of the required
training, but did compensate with extra sessions in those
weeks trained. As such, their data was still included in
the analyses. Unfortunately, the data-log recording training
performance was corrupted and thus unavailable for participant 9. In summary, performance in the training programs
was analysed for 15 participants (excluding participant 9),
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Figure 3: Week-to-week interval threshold scores for the Melodic
Contour Training Program (Interval group). Error bars indicate 1
standard error.

while baseline and posttraining speech perception measures
included all 16 participants.
3.1. Melodic Contour Training Program (Interval). Figure 3
shows the mean interval threshold (semitones) for each week
of training. Using paired 𝑡-tests, the posttraining session
threshold (measured at week 6, M = 1.7 ± 1.2 semitones)
was significantly better compared with baseline (measured
at week 1, M = 2.5 ± 1.7 semitones), 𝑡(6) = 2.75, 𝑝 = 0.033,
indicating that CI recipients were able to identify melodic
contours with smaller interval sizes at posttraining than at
baseline, with the greatest improvement found at week 4.
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3.2. Melodic Contour Training Program (Duration). Figure 4
shows the mean duration threshold (ms) for each week
of training. Using paired 𝑡-tests, the posttraining session
threshold (M = 79 ± 23 ms) was significantly better compared
with baseline (M = 115 ± 39 ms), 𝑡(7) = 3.35, 𝑝 = 0.012.
These results indicate that CI recipients were able to identify
melodic contours with shorter note durations at posttraining
than at baseline. Ceiling performance was observed in 3
participants.
3.3. Australian Sentence Test in Noise (AuSTIN). Figure 5
shows the mean SRTs for baseline and posttraining on speech
in noise. The main effect of session was nonsignificant [𝐹(1,
14) = 2.46, 𝑝 = 0.139], the main effect of program was
nonsignificant [𝐹(1, 14) = 0.01, 𝑝 = 0.925], and there were
no interaction effects [𝐹(1, 14) = 0.01, 𝑝 = 0.914]. SRT scores
at the posttraining session showed that the CI group was
significantly higher (M = 4.4±2.2 dB) compared with the NH
group (M = −4 ± 0.9 dB), 𝑡(26) = 11.85, 𝑝 < 0.001.
3.4. Consonant Discrimination in Quiet. The main effect of
session was statistically significant [𝐹(1, 14) = 6.00, 𝑝 =
0.028], the main effect of program was nonsignificant [𝐹(1,
14) = 0.03, 𝑝 = 0.868], and there were no interaction effects
[𝐹(1, 14) = 2.69, 𝑝 = 0.123]. Consonant scores in quiet
at the posttraining session showed that the CI group was
significantly lower (M = 87 ± 15%) compared with the NH
group, with all NH individuals performing at ceiling (M =
100%), 𝑡(26) = −3.58, 𝑝 = 0.003. Figure 6 shows the mean
scores (percent correct) for baseline and posttraining for
consonant discrimination in quiet.

Baseline
Posttraining

Figure 5: Baseline and posttraining SRTs for AuSTIN. Error bars
indicate 1 standard error.

100

80

Correct (%)

Figure 4: Week-to-week duration threshold scores for the Melodic
Contour Training Program (Duration group). Error bars indicate 1
standard error.
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Figure 6: Baseline and posttraining performance for consonant
discrimination in quiet. Error bars indicate 1 standard error.

Further analysis using confusion matrices for individual
consonants revealed that perceiving place of articulation was
most improved for both training programs. To reconcile
the analysis, only confusions greater than 10% (5 or more
confusions) at baseline were considered.
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Figure 7: Confusion matrix for Interval group. Baseline is on top,
posttraining at the bottom. Significant confusions in baseline have
been marked in grey, and this is carried over to the posttraining
matrix for easier visual identification of confusion decreases.

In the Interval group, analysis of individual consonants showed large improvements in the perception of stop
consonants in which a 30% increase in accuracy was observed
for /p/, a 23% increase for /d/, and an increase of 33% for
/n/. A large reduction of confusions was observed for stop
consonants, in which a 23% decrease was observed for /p/
perceived as /k/ and a 13% decrease was observed for /d/
perceived as /g/, in fricatives a 13% decrease was observed for
/s/ perceived as /z/, and in the nasal stop an 18% decrease
was observed for /m/ perceived as /n/. Pooled confusion
matrices at baseline and posttraining for the Interval group
are presented in Figure 7.
In the Duration group, analysis of individual consonants
showed large improvements in the perception of stop consonants in which a 25% increase in accuracy was observed
for /p/, a 33% increase was observed for /n/, and a 25%
increase was observed for the fricative /v/. A large reduction
of confusions was observed for stop consonants, in which
a 13% decrease was observed for /g/ perceived as /d/, in
fricatives an 18% decrease was observed for /v/ perceived as
/m/, and in the nasal stop a 13% decrease was observed for /m/
perceived as /n/. Pooled confusion matrices at baseline and
posttraining for the Duration group are presented in Figure 8.
3.5. Consonant Discrimination with 4TB. The main effect of
session was nonsignificant [𝐹(1, 13) = 0.48, 𝑝 = 0.500],
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Figure 8: Confusion matrix for Duration group. Baseline is on top,
posttraining at the bottom. Significant confusions in baseline have
been marked in grey, and this is carried over to the posttraining
matrix for easier visual identification of confusion decreases.

the main effect of program was nonsignificant [𝐹(1, 13) =
0.08, 𝑝 = 0.779], and there were no interaction effects
[𝐹(1, 13) = 0.62, 𝑝 = 0.444]. Consonant scores with 4TB
at the posttraining session showed that the CI group was
significantly lower (M = 63 ± 16%) compared with the
NH group, with all NH individuals performing near ceiling
performance (M = 99 ± 1%), 𝑡(26) = −9.08, 𝑝 < 0.001. In
the baseline session, participant 12 did not complete the task
citing difficulty perceiving any consonants in noise. However,
in the posttraining session after completion of training, the
participant was able to complete the task, scoring 57% correct.
Figure 9 shows the mean scores (percent correct) for baseline
and posttraining on consonant perception, with participant
12 included.
3.6. Profiling Elements of Prosody in Speech-Communication
(Turn-End Reception). Figure 10 shows the mean percent
correct for baseline and posttraining on question/statement
prosody. The main effect of session was statistically significant
[𝐹(1, 14) = 9.31, 𝑝 = 0.009], the main effect of program was
nonsignificant [𝐹(1, 14) = 0.01, 𝑝 = 0.978], and there were
no interaction effects [𝐹(1, 14) = 0.90, 𝑝 = 0.359]. Prosody
scores at the posttraining session showed that the CI group
was significantly lower (84 ± 18%) compared with the NH
group, with all NH individuals performing at ceiling (100%
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Figure 9: Baseline and posttraining performance for the consonant
discrimination with 4TB. Error bars indicate 1 standard error.

accuracy), 𝑡(26) = −3.42, 𝑝 = 0.004. These results indicate a
significant posttraining improvement for prosody perception
using intonation cues.

4. Discussion
The results indicate that melodic contour training can significantly improve some, but not all, aspects of speech perception
in CI recipients. In particular, significant improvements for
the perception of consonants in quiet and for the identification of questions and statements using only speech intonation
cues were observed. Despite this, there were no significant
group gains for speech in noise perception, or consonant
perception in 4TB. Finally, and as expected, CI recipients
performed more poorly than NH listeners in all tasks at preand posttraining measures.
Data-logged results from CI recipients indicate that MCI
performance was significantly improved after six weeks of
training in both Interval and Duration programs. However,
for all tests, there was no significant effect for the type of
program assigned to each participant. The greatest improvement was seen from week 1 to week 2 for both training
programs, which may be an effect of familiarisation with the
program. Maximum improvement with respect to interval
and duration threshold was observed at weeks 4 and 6,
respectively.
On all tests of speech perception there was no statistical
difference between either of the training programs. These
findings indicate that CI recipients were able to improve
their pitch perception and temporal processing abilities in
the context of MCI. While the relative efficacy between

Duration
Training program

Baseline
Posttraining

Figure 10: Baseline and posttraining performance for the PEPSC (turn-end reception task). The dashed line indicates the chance
score. Error bars indicate 1 standard error.

both mechanisms of interval size and note duration was
nonsignificant, comparisons were difficult to make due to the
small sample size, resulting in a lack of statistical power.
As the two training programs used significantly different
musical mechanisms, it was surprising that the improvement
in consonant perception in quiet had similar patterns for both
training groups. In particular, confusions between place of
articulation cues in voiced, unvoiced, and nasal stops were the
most reduced, despite these cues being typified as the poorest
speech production feature for CI recipients [24], which is an
encouraging finding. As most improvement was found for
stop consonant discrimination and as the F2 trajectory is the
primary cue contrast, it is likely that recipients were better
able to track F2 after training.
Both groups also showed significant improvement for
the question-statement task that required cues of speech
intonation. Firstly, it must be noted that the stimuli were
single words consisting of one or two syllables, and the
intonation pattern occurred over the final (or only) syllable.
As such, there were no syntactic or semantic cues available
and the improvement from training is most likely due to the
mechanism of enhanced F0 tracking. However, it is possible
that recipients also used duration and intensity cues across
syllable boundaries as a distinction. Additionally, as question
utterances rarely consist of just one word, the applicability
of this enhancement to a more realistic question-statement
identification task such as that with sentences, or in adverse
conditions, is limited.
Based on preliminary results by Patel [11] that indicated
the possibility of improvement for speech in noise perception
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as a result of melodic contour training, similar gains were
anticipated for the current study. On the other hand, our
findings indicate that, as a group, there was no significant
improvement for consonant perception in noise, or with
the perception of sentences in noise. Despite this, certain
individuals showed large improvement in SRTs, although
these were both bimodal listeners using a contralateral HA.
This suggests that HA users, with more access to acoustic, F0,
and fine-structure cues, may find melodic contour training
particularly effective for speech in noise improvement. Aside
from presenting data from a larger sample of participants, a
key difference between Patel [11] and the present study was
the removal of piano playing as the training paradigm. As
such, the improvements found in the present study are inherently perceptual, as sensory-motor interactions (through the
mapping of finger movements and musical notes) were not
explicitly trained.
While our findings indicate some level of F0 improvement, primarily for intonation, such enhancement is only
accessible in quiet, indicating that maskers significantly
disrupt F0 cues for CI recipients that only have access to
gross temporal envelope. Effective speech in noise perception
is also reliant on auditory stream segregation processes to
perceptually group and separate multiple sources [25]. As the
melodic contours were a single-stream melody, it is unlikely
that it would confer any benefit for segregation tasks.
The OPERA hypothesis suggests that music-driven
speech gains are likely dependent on the type of training
stimuli itself. Our results indicate that improvement to MCI,
with an emphasis on pitch through the Interval program,
and speed of processing with the Duration program both
provide cues that transfer to more effective perception of
stop consonants and speech intonation. As such, a training
program manipulating both pitch and speed of processing
difficulty may yield even greater improvement.
While there were overall group improvements for both
training programs, there was considerable variation among
individual participants, a common finding for CI studies.
Ten of our participants were bilaterally implanted, and 3
participants were bimodal users. Two-ear listening allows for
a binaural advantage, primarily improving spatially separated
speech in noise tasks that require access to interaural cues
to enhance localisation and segregation ability, relative to
a unilateral CI [26]. On the other hand, as each of our
speech perception tasks was delivered via one loudspeaker
located at 0-degree azimuth, the main benefit of binaural
devices was negated. Another benefit is binaural redundancy,
whereby two ears (and binaural processing within the auditory system) integrate cues into a more salient speech signal,
providing a small advantage of about 1 to 2 dB that may
improve speech perception in adverse listening conditions
[27]. It was not a main objective to evaluate differences
between unilateral, bilateral, and bimodal configurations in
this study, but these advantages should be noted. However, to
maximise statistical power and generalisability, the inclusion
criteria were extended to include all of these configurations,
and we assumed that the difference between these groups
would be nonsignificant for the measures evaluated, in
a repeated measures design. Future studies could assess
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the effect of unilateral, bilateral, and bimodal devices on
training efficacy.
The program had two tasks: Practice and Training, but
data logging was only taken in the training mode. As such,
the week-to-week improvements can only be interpreted
broadly, as it is impossible to determine how much practice
an individual completed. Additionally, participants were
required to do at least 4 training sessions a week but were
not discouraged from doing more. Nonetheless, irrespective
of the rate of improvement, there were significant gains from
baseline to posttraining.
This study was limited by a small sample, reducing the
ability to evaluate subtle differences in the benefits of the
two training protocols. Additionally, more robust baseline
measures should be adopted ensuring stable asymptotic
performance prior to training, such as introducing two or
more spaced sessions prior to the training, as well as followup testing without training to ascertain if improvements are
retained. Interpretation of cues is also made difficult without
objective measures as complimentary evidence. The CI and
NH groups were not age-matched, as the purpose was to
provide a broad comparison across the speech tasks between
the groups. However, it may be of interest to evaluate whether
melodic contour training may improve older NH listeners’
speech perception in noise. Certainly, cognitive abilities
decline with age [28], and several studies show that music
training is correlated with increased cognitive abilities [29].
Therefore it is possible that greater gains in speech perception
might be found in older adults through improvements in
cognitive ability.

5. Conclusion
In conclusion, the findings suggest that both musical mechanisms (intervals and durations) have had a beneficial outcome for CI recipients’ perception of transition cues in quiet.
These cues are most relevant for stop consonant distinctions
and speech intonation, both of which derive the most advantage from melodic contour training. Masking effects, such
as noise, significantly disrupt access to these cues, reducing
the efficacy of melodic contour training in adverse listening
situations.
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