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Learning to play a musical instrument is a demanding process requiring years of intense
practice. Dramatic changes in brain connectivity, volume, and functionality have been
shown in skilled musicians. It is thought that music learning involves the formation
of novel audio visuomotor associations, but not much is known about the gradual
acquisition of this ability. In the present study, we investigated whether formal music
training enhances audiovisual multisensory processing. To this end, pupils at different
stages of education were examined based on the hypothesis that the strength of
audio/visuomotor associations would be augmented as a function of the number of
years of conservatory study (expertise). The study participants were violin and clarinet
students of pre-academic and academic levels and of different chronological ages, ages
of acquisition, and academic levels. A violinist and a clarinetist each played the same
score, and each participant viewed the video corresponding to his or her instrument.
Pitch, intensity, rhythm, and sound duration were matched across instruments. In half of
the trials, the soundtrack did not match (in pitch) the corresponding musical gestures.
Data analysis indicated a correlation between the number of years of formal training
(expertise) and the ability to detect an audiomotor incongruence in music performance
(relative to themusical instrument practiced), thus suggesting a direct correlation between
knowing how to play and perceptual sensitivity.

Keywords: music learning, visual feedback, auditory processing, multimodal coding, audiomotor, visuomotor,
mirror system

Introduction

Research has shown that learning to play a musical instrument has dramatic effects on cognition
(Schlaug et al., 2005), even after only a few years of training. The beneficial effects of musical
training are not limited to enhancement of musical skills [such as, note coding and staff reading (e.g.,
Proverbio et al., 2013; Wong et al., 2014)] but extend to many other skills, including finger tapping
(Braun Janzen et al., 2014), visual memory (Rodrigues et al., 2014), auditory memory (Cohen et al.,
2011), speech in noise perception (Strait and Kraus, 2011), auditory temporal processing (Bishop-
Liebler et al., 2014), dexterity of finger movements (Furuya et al., 2014), reading skills (Tierney and
Kraus, 2013), gesture imitation (Spilka et al., 2010), and non-verbal reasoning (Forgeard et al., 2008).
By increasing the number of years of constant practice (musical expertise), the musical ability is
thought to improvemonotonically, independent of individual musical talent (which naturally affects
achievement). Indeed, according to Ericsson et al. (1993), “many characteristics once believed to
reflect innate talent are actually the result of intense musical practice extended for a minimum of 10
years.” Interestingly, Groussard et al. (2014) conducted a regression study on 44 non-musicians and
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amateur musicians with 0–26 years of musical practice with a
variety instruments to identify which brain areas undergo gray
matter changes as a function of expertise. They found that some
brain areas underwent volume changes after only a few years of
musical practice, whereas others (especially auditory and motor
areas such as the superior temporal and supplementary motor
areas) required longer practice before they exhibited changes, thus
suggesting a long-lasting learning process.

It is widely agreed that the length of time spent learning amusi-
cal skill is a crucial factor in development of expertise (Hallam,
1995, 1998, 2013). Some researchers have attempted to quantify
the amount of time it takes to become an expert in a particular skill
(e.g., Sosniak and Perlman, 1990). The current estimate (Ericsson
et al., 1993) is approximately 10,000 h, which equates to approxi-
mately 10 years of practice, although this can vary as a function
of the individual talent and aptitude. A recent study examined
which factors best predict musical achievement. A large group
of instrumental music students was evaluated by their teachers
and through a questionnaire; data analysis showed that the level
of expertise attained was best predicted by time spent learning
(Hallam, 2013).

Although numerous studies have ascertained the presence of
audiomotor representations in skilled musicians (e.g., Baumann
et al., 2007), little information is available on the development
of such representations during learning. In addition, practice-
dependent neural plasticity seems to be very sensitive to the
technical characteristics of the instrument played. For example,
violinists have a greater cortical representation of the left hand
than controls (Elbert et al., 1995), and the amount of cortical
reorganization is correlated with the age at which the person
began to play. Similarly, expert trumpeters display stronger neural
interactions between the auditory and somatosensory input on
the lips (Schulz et al., 2003) compared to other instrumental-
ists. The development of audiovisual associations as a result of
musical expertise has been shown by Hasegawa et al. (2004), who
investigated how pianists can identify familiar pieces of music by
watching the key-touchingmovements of the hands. Naïve groups
with little or no experience of piano playing were compared with
trained pianists. While pianists were able to identify the music
played in a silent video from hands movements, naïve subjects
were not, and this was associated with the activation of the left
planum temporalis (PT), supporting the representation of sound.
It was hypothesized that piano practice induced the formation of
new connections between visuomotor and auditory information
in the skilled brain and that the activation of the left PT in pianists
may be related to the process of association between the rapid
movement of the fingers and the sequences of sounds correspond-
ing to the key pressed. Taken together, these findings show that
the study of a musical instrument can lead to obvious phenomena
of cortical reorganization in response to the increased need for
multisensory processing specific to music performance. While
this is a well-known fact, knowledge is scarce about intermedi-
ate proficiency levels and whether those associations are formed
during the early stage of learning or require a much longer period.

The present study aimed to investigate whether formal music
training enhanced multimodal associations (auditory, motor, and
visual associations) in violinists and clarinetists, as well as whether

this ability was acquired within the first few years or, instead,
gradually during a period of 2–18 years of study. To this end, con-
gruent vs. incongruent musical stimuli were presented to pupils
at different stages of education (grades) to determine whether
the ability to play different musical instruments can modify the
way the instrument-specific sensory information is processed.
Music conservatory violin and clarinet students of pre-academic
and academic levels with different chronological ages, ages of
acquisition (AoAs) of musical ability, and academic degrees were
tested. They were shown videos in which a violinist or a clarinetist
played the same musical score on the instrument played by the
viewer. Pitch (Hz), intensity (dB), tempo (beats per minute), and
sound duration (ms) were matched across instruments. In one
condition, the images and soundtrack were coherent, whereas in
another condition, musical gestures were accompanied by a per-
fectly synchronized soundtrack that did not match in pitch with
the sounds heard. This manipulation was intended to stimulate
the recognition of an inconsistency in the relationship between
sound and gesture, specifically in musicians who have developed
motor ability for that specific instrument (therefore the violinists
for the violin but not the clarinet, and vice versa).

Materials and Methods

Participants
Nineteen musicians participated in this experiment: 10 violin-
ists and 9 clarinetists, all from Milan Conservatory “Giuseppe
Verdi.” Regardless of their age and grade, violinists tended to have
more experience than clarinetists. Participants’ chronological age
ranged from 14 to 24 years and averaged 17.68 years (SD = 3.2).
The AoA of musical ability varied from 5 to 15 years across musi-
cians and averaged 8.5 years. The years of study of the instrument
ranged from 2 to 18 years. The chronological age of musicians
averaged 16.8 years (SD = 2.94) for clarinetists and 18.67 years
(SD = 3.35) for violinists.

All participants had normal visual and auditory skills. Figure 1
shows the relationship between chronological age and the years
of study of the instrument for each subject, listed in ascending
order. Informed and signed consent was obtained for all partic-
ipants (for underage students, consent was obtained from their
parents). The two musicians who used their personal instruments
to perform the musical scores used as stimuli provided release
notes for audiovisual material and were moderately compensated.
Experiments were conducted with the understanding and writ-
ten consent of each participant according to the Declaration of
Helsinki (BMJ 1991; 302:1194) with approval from the Ethical
Committee of University of Milano-Bicocca in compliance with
APA ethical standards for the treatment of human volunteers
(1992, American Psychological Association).

Stimuli and Material
A musical score of 200 measures was created (in 4/4 time), fea-
turing 84 single-note measures (1 minim) and 116 double-note
measures (2 semiminims). Figure 2B shows an excerpt of the
score. Each combination of sounds was also absolutely unprece-
dented. Six measures were created specifically for the violin,
which extends higher than the clarinet, and they were executed
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FIGURE 1 | Study participants with their chronological ages, listed in
ascending order as a function of the years of study devoted to their
musical instruments.

FIGURE 2 | (A) Frames taken from the video clips for the clarinet and violin,
respectively. The lateral view allowed vision of the tonehole (above the
musician’s left thumb) for the clarinet, while the seated position for the violinist
allowed a clear view of the keyboard and the right arm in its entire range of
extension. (B) An excerpt of the musical score played.

one octave lower for the clarinet, which extends lower. Stimulus
material was obtained by videotaping a clarinetist and a violinist
performing the score. As he played, the actor violinist was filmed
in a frontal perspective, so that the movements of the bow and
the positions of the fingers on the keyboard were clearly visible.
The violinist was seated and slightly farther from the camera than
the clarinetist, so that when the left arm was fully extended (in the

bow-down position) the image fell within the photographic frame.
For the clarinetist, much preliminary testing led to the choice
of filming him from a side view (profile). In fact, the clarinet’s
tonehole (which is an important clarinet feature placed under the
instrument, near the left thumb) remains hidden by the instru-
ment in a frontal view, while it is well visible in lateral view. This is
of considerable importance because, when activated, the tonehole
raises the note played by one octave and a perfect fifth (see a
frame in Figure 2). The position of the musician never changed
during recording, which took place in a quiet classroom. Music
was executed non-legato, and moderately vibrato on the violin
(metronome = BPM 60) for approximately 2 s of sound stimu-
lation for musical beat. The two videos (one for each instrument)
were subsequently segmented into 200movie clips per instrument
(for a total of 400 videos). Two clips per instrumentwere discarded
for technical reasons (for a total of four stimuli discarded). Each
clip lasted 3 s: during the first second, the musician was getting
ready to play (no sound yet), and he played for 2 s thereafter.
Therefore, each video clip lasted 3 s, the sound started after 1 s, and
it lasted 2 s. The two stimulus classes were equiluminant. Audio
sound values were normalized to −16 dB using Sony Sound Forge
9.0 software, by setting a fixed value of RMS (rootmean square of a
sound correspond to the perceived intensity recorded at intervals
of 50 ms). To obtain an audiovisual incongruence, for half the
videos, the original sound was substituted with that from the
next measure (which was intentionally created to be sufficiently
different) using Windows Movie Maker 2.6.

Procedure
The 396 stimuli were divided into two groups based on the
instrument being played, and they were randomly mixed in a
PowerPoint presentation. The stimuli were presented to students
or musicians found in the clarinet and violin classes at the Con-
servatory, waiting for their lessons. Participants were comfortably
seated in front of a portable notebook PC in an empty testing
room and wore headphones for sound stimulation. The task was
to evaluate whether the sound-gesture video clip combinations
were correct or not by using a 3-point Likert scale (2= congruent;
1 = I am unsure; 0 = incongruent). Judges evaluated only video
clips for the instrument they knew: violinists judged only violin
video clips, and clarinetists judged clarinet clips. The aim of
the validation test was to ensure that targets (incongruent clips)
were easily identifiable by musicians at various levels of expertise,
ranging from the pre-academic level throughmastery and beyond.
The results of this validation were crucial for an EEG study later
performed on professional musicians (Proverbio et al., 2014).

Data Analyses
For each subject, the percentage of errors (incorrect and “I am
unsure” responses) was arcsine transformed (for statistical treat-
ment) and underwent a repeated measures analysis of variance of
which the factor was Expertise, dependent on the years of study
of the instrument (moderate expertise from 2 to 8 years, high
expertise from 9 to 18 years).

Furthermore, individual error frequency was correlated with
musicians’ chronological age (in years), and with the musical
expertise (in years) computed on the basis of the referred AoA of
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FIGURE 3 | Accuracy data and statistical significance for expertise
factor. After 8 years of training, the ability to detect an audiovisual
incongruence in a musical performance underwent a dramatic improvement,
thus suggesting an enhancement of multisensory associations as a result of
intense practice.

musical ability. The Pearson product-moment correlation coeffi-
cient (r) was computed for the two classes.

In this study the years of musical expertise, rather than for
example “estimated hours of practice” was considered as a very
predictive variable in that all participants were actual students (or
ex-students) ofConservatorio diMilanoGiuseppeVerdi, and there-
fore shared the same teachers, classes organization, and overall
study workload per day.

Results

The analysis of variance yielded the significance of Expertise
(F1,17 = 7.03; p = 0.0168), indicating a strong effect of the num-
ber of years devoted to musical studies on the ability to detect
audiovisual incongruences (see Figure 3).

The results of Pearson’s correlation was weakly significant in
terms of chronological age (r = −0.4; p < 0.05), as displayed in
Figure 4, and strongly significant in terms of years of expertise
(r = −0.7261), as shown in Figure 5. In both cases, a signifi-
cant inverse correlation was found between number of years and
error frequency (arcsine converted): older or more expert pupils,
showed lower error frequencies in the audiovisual incongruence
test. It should be remarked that the effect of expertise was much
stronger than that of chronological age.

Discussion

Overall data analysis indicated a strong effect of the number of
years devoted to musical studies (expertise factor) in the ability
to detect audiovisual incongruences, which is consistent with the
available neuroimaging literature showing that long-term musical
training alters the basic audiovisual temporal processing in the
skilled musician (Paraskevopoulos et al., 2012; Lu et al., 2014;
Proverbio et al., 2014). Indeed, to our knowledge, all such studies
have been performed comparing the skilled brain of musicians

FIGURE 4 | Pearson’s correlation between musicians’ chronological
age (in years) and their accuracy in the audiovisual incongruence
detection test y (error frequency %). An inverse correlation was found
(p < 0.05) with a small size effect (r = −0.4).

FIGURE 5 | Pearson’s correlation between years of musical expertise
[estimated on the basis of the referred age of acquisition (AOA) of
musical ability] and error frequency (%). An inverse correlation was found
(p < 0.05) with a large size effect (r = −0.73).

to adult non-musicians [see for example Bermudez and Zatorre
(2005) and Barrett et al. (2013), for a review], and no knowledge is
available about the degree of musical expertise and the formation
of new associations within the learning brain. In a combined
psychophysics-fMRI study (Lee and Noppeney, 2011) investigat-
ing how sensorimotor experience molded temporal binding of
auditory and visual signals, musicians showed increased audiovi-
sual asynchrony responses for music in neural circuitry including
the superior temporal sulcus (auditory areas) and the premotor
and cerebellar cortex (motor and sensorymotor areas). In another
fMRI study (Petrini et al., 2011) performed on skilled drum-
mers, the stimulus sound was synchronized or desynchronized
with drumming strikes to provide an audiovisual incongruence
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(as in the present study). The results showed that drummers’
brain activation was reduced in motor and action representation
brain regions when the sound matched the observed movements
and was similar to that of novices when sound was mismatched,
thus indicating that brain functions in action–sound represen-
tation areas are modulated by multimodal action expertise. To
our knowledge, similar experiments have not been performed
in violinists or clarinetists. In our study, the ability to detect a
visuomotor incongruence correlated with the numbers of years of
study of violin or clarinet. This pattern of results seems to sup-
port our initial hypothesis that the acquisition of musical ability
gradually leads to the development of visuomotor associations
allowing the visual recognition of an auditory incongruence. It
is therefore likely that, because of neuroplasticity, a long period
of training leads to the development of audio and visuomotor
associations able to integrate multimodal information in a very
specific manner (e.g., Schulz et al., 2003; Hasegawa et al., 2004;
Baumann et al., 2007; Proverbio et al., 2013). Furthermore, the
importance of visual information processing during musical exe-
cution for coordinating performance has been shown inmusicians
playing simultaneously (in orchestra, for example, or in quartets,
as in the study by Badino et al., 2014).

The present data show not only that multisensory audio visuo-
motor processing is crucially involved in music learning but that
the ability to processmusic-relatedmultisensory information pro-
gresses constantly even after many years of study, as demonstrated
by the significant difference in the performance betweenmoderate
and highly expert pupils (from 9 to 18 years of practice). This
suggests a very long-lasting period of cortical plasticity induced
by musical learning and intensive practice. Furthermore, the data
suggest an effect of expertise independent of chronological age per
se, which correlated with performance, but with a smaller effect
size (r) than expertise. In fact, it has been shown that musicians
who began training early show better musical performance and
greater changes in auditory and motor regions of the brain than
late learners (Watanabe et al., 2007; Penhune, 2011; Bailey and
Penhune, 2012). Therefore, training during a sensitive period
in development may have greater effects on brain structure and
behavior than training later in life. Although this is certainly true,
our data indicate that the improvement in performance cannot
be ascribed to brain maturation per se and that it depends on
practice. The strong correlation between years of practice and
achievement indicates a crucial role of “deliberate” practice in pre-
dicting music achievement (Sosniak and Perlman, 1990; Ericsson
et al., 1993; Hallam, 1995, 1998, 2013). According to Ericsson et al.
(1993), the amount of time an individual is engaged in “delib-
erate” practice (which, in the present study, corresponds to the
years of formal study at theMilan Conservatory) is monotonically
related to the quality of that individual’s performance. Therefore,
to reach the highest levels of expertise, the amount of practice
should be maximized. According to this view, the exercise is at
least as important as genetics and predisposition in determining
performance (cf. the nurture vs. nature hypothesis) because all
individuals show a dramatic benefit from practicing their skill (as
in the case of the present study).While behavioral genetic analyses
indicate that a certain proportion of individual differences in per-
formance are associated with genetic factors (Mosing et al., 2014;

Hambrick and Tucker-Drob, 2015), the instrument-specific effect
ofmusical expertise on perceptual sensitivity to incongruence that
is described here, as well as in other studies, hints at a crucial role
of musical practice in shaping the musical brain functions and
behavior (the nurture hypothesis, Wan and Schlaug, 2010).

Naturally, the effects on neuroplasticity are not visible only in
musicians but also in other skilled populations, such as athletes or
dancers (Brutsaert and Parra, 2009). For example, Proverbio et al.
(2012) investigated the effect of expertise in professional basket-
ball players vs. naïve students andmeasured how this affected their
sensitivity in detecting an incorrect motor action with an N400
paradigm. Similarly to the present study, the skilled population
(experts) showed a better sensitivity to perceptual incongruence,
presumably through the enhancement of multimodal associa-
tions.

In conclusion, this study shows that the ability to detect an
audiovisual incongruence inmusical performance is an excellence
predictor of musical expertise with a given instrument, thus sug-
gesting a direct correlation between knowing how to play and
sensitivity in audiovisual perception (musical cerebral resonance,
Harris and de Jong, 2014), also shown in neuroimaging (Proverbio
et al., 2014) and behavioral studies (Petrini et al., 2009; Bishop and
Goebl, 2014).

One of the possible limitations of the present study is that
students were not tested with the unfamiliar instruments, which
would have provided direct clues about the possible instrument-
specificity of the effects. However, we did test four control stu-
dents (non-musicians, but amateur guitarists and singers) and

FIGURE 6 | How sensitivity to audiovisual incongruence progresses as
a function of the number of years of musical study and motor practice.
Error percentages are plotted along with standard deviations. The first
bar refers to a group of controls (N = 4) with null musical education, the last
one to a group of teachers and experienced musicians (N = 4).

Frontiers in Psychology | www.frontiersin.org April 2015 | Volume 6 | Article 3765

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive


Proverbio et al. The development of audiomotor representations

their performance is reported in Figure 6. Their hit percentage
(49.4%) was equal to chance, which supports the hypothesis that
the ability to perceive an audiovisual incongruence depends on
musical practice with the specificmusical instrument. In Figure 6,
it can also be appreciated the excellent performance of older and
more experienced teachers (withmaster degree), showing that the
refinement of perceptual sensitivity continues after many years of
study (>12 years) and is a lifelong process. The data of controls
and teachers were not statistically analyzed with that of students,
because of excessive groups’ heterogeneity.

Direct evidence of the instrument-specificity of this effect has
been provided in an ERP study performed on professional musi-
cians with the same stimulus set (Proverbio and Orlandi, 2015).
Here, clarinet and violin video clips were presented to professional

clarinetists and violinists, as well as controls. Participants were
asked to count the number of notes they perceived being played.
The results showed a dramatic effect of instrument familiarity
on several ERP components, suggesting a direct relation between
knowing how to play (motor ability) and perceptual sensitivity for
musical gestures.

Acknowledgments

We are very grateful to Mirella Manfredi for her help with behav-
ioral testing and toMarco Perugini andMarcello Gallucci for their
valuable statistical advice. Special thanks go to all participants,
particularly the students of the Conservatorio Giuseppe Verdi of
Milan and their teachers.

References

Badino, L., D’Ausilio, A., Glowinski, D., Camurri, A., and Fadiga, L. (2014). Senso-
rimotor communication in professional quartets. Neuropsychologia 55, 98–104.
doi: 10.1016/j.neuropsychologia.2013.11.012

Bailey, J., and Penhune, V. B. (2012). A sensitive period for musical training:
contributions of age of onset and cognitive abilities. Ann. N. Y. Acad. Sci. 1252,
163–170. doi: 10.1111/j.1749-6632.2011.06434.x

Barrett, K. C., Ashley, R., Strait, D. L., and Kraus, N. (2013). Art and science:
how musical training shapes the brain. Front. Psychol. 4:713. doi: 10.3389/fpsyg.
2013.00713

Baumann, S., Koeneke, S., Schmidt, C. F., Meyer, M., Lutz, K., and Jancke, L. (2007).
A network for audio-motor coordination in skilled pianists and nonmusicians.
Brain Res. 1161, 65–78. doi: 10.1016/j.brainres.2007.05.045

Bermudez, P., and Zatorre, R. J. (2005). Differences in gray matter between musi-
cians and nonmusicians. Ann. N. Y. Acad. Sci. 1060, 395–399. doi: 10.1196/
annals.1360.057

Bishop, L., and Goebl, W. (2014). Context-specific effects of musical expertise
on audiovisual integration. Front. Psychol. 5:1123. doi: 10.3389/fpsyg.2014.
01123

Bishop-Liebler, P., Welch, G., Huss, M., Thomson, J. M., and Goswami, U. (2014).
Auditory temporal processing skills in musicians with dyslexia. Dyslexia 20,
261–279. doi: 10.1002/dys.1479

Braun Janzen, T., Thompson, W. F., and Ranvaud, R. (2014). A developmental study
of the effect ofmusic training on timedmovements. Front. Hum.Neurosci. 8:801.
doi: 10.3389/fnhum.2014.00801

Brutsaert, T. D., and Parra, E. J. (2009). Nature versus nurture in determining
athletic ability. Med. Sport Sci. 54, 11–27. doi: 10.1159/000235694

Cohen, M. A., Evans, K. K., Horowitz, T. S., and Wolfe, J. M. (2011). Auditory and
visual memory in musicians and nonmusicians. Psychon. Bull. Rev. 18, 586–591.
doi: 10.3758/s13423-011-0074-0

Elbert, T., Pantev, C., Wienbruch, C., Rockstroh, B., and Taub, E. (1995). Increased
cortical representation of the fingers of the left hand in string players. Science
270, 305–307. doi: 10.1126/science.270.5234.305

Ericsson, K. A., Krampe, R. T., and Tesch-Römer, C. (1993). The role of deliberate
practice in the acquisition of expert performance. Psychol. Rev. 100, 363–406.
doi: 10.1037/0033-295X.100.3.363

Forgeard, M., Winner, E., Norton, A., and Schlaug, G. (2008). Practicing a
musical instrument in childhood is associated with enhanced verbal abil-
ity and nonverbal reasoning. PLoS ONE 3:e3566. doi: 10.1371/journal.pone.
0003566

Furuya, S., Nakamura, A., and Nagata, N. (2014). Acquisition of individuated
finger movements through musical practice. Neuroscience 275, 444–454. doi:
10.1016/j.neuroscience.2014.06.031

Groussard, M., Viader, F., Landeau, B., Desgranges, B., Eustache, F., and Platel, H.
(2014). The effects of musical practice on structural plasticity: the dynamics
of grey matter changes. Brain Cogn. 90, 174–180. doi: 10.1016/j.bandc.2014.
06.013

Hallam, S. (1995). Professional musicians’ orientations to practice: implications for
teaching. Br. J. Music Educ. 12, 3–19. doi: 10.1017/S0265051700002357

Hallam, S. (1998). The predictors of achievement and dropout in instrumental
tuition. Psychol. Music 26, 116–132. doi: 10.1177/0305735698262002

Hallam, S. (2013). What predicts level of expertise attained, quality of performance,
and futuremusical aspirations in young instrumental players? Psychol. Music 41,
267–291. doi: 10.1177/0305735611425902

Hambrick, D. Z., and Tucker-Drob, E.M. (2015). The genetics ofmusic accomplish-
ment: evidence for gene–environment correlation and interaction. Psychon. Bull.
Rev. 22, 112–120. doi: 10.3758/s13423-014-0671-9

Harris, R., and de Jong, B. M. (2014). Cerebral activations related to audition-
driven performance imagery in professionalmusicians.PLoSONE 9:e93681. doi:
10.1371/journal.pone.0093681

Hasegawa, T., Matsuki, K., Ueno, T., Maeda, Y., Matsue, Y., Konishi, Y., et al. (2004).
Learned audio-visual cross-modal associations in observed piano playing acti-
vate the left planum temporale. An fMRI study. Cogn. Brain Res. 20, 510–518.
doi: 10.1016/j.cogbrainres.2004.04.005

Lee, H., and Noppeney, U. (2011). Long-term music training tunes how the brain
temporally binds signals from multiple senses. Proc. Natl. Acad. Sci. U.S.A. 108,
E1441–E1450. doi: 10.1073/pnas.1115267108

Lu, Y., Paraskevopoulos, E., Herholz, S. C., Kuchenbuch, A., and Pantev, C. (2014).
Temporal processing of audiovisual stimuli is enhanced in musicians: evidence
from magnetoencephalography (MEG). PLoS ONE 9:e90686. doi: 10.1371/jour-
nal.pone.0090686

Mosing, M. A., Madison, G., Pedersen, N. L., Kuja-Halkola, R., and Ullén, F. (2014).
Practice does not make perfect: no causal effect of music practice on music
ability. Psychol. Sci. 25, 1795–1803. doi: 10.1177/0956797614541990

Paraskevopoulos, E., Kuchenbuch, A., Herholz, S. C., and Pantev, C. (2012).Musical
expertise induces audiovisual integration of abstract congruency rules. J. Neu-
rosci. 32, 18196–18203. doi: 10.1523/JNEUROSCI.1947-12.2012

Penhune, V. B. (2011). Sensitive periods in human development: evidence from
musical training. Cortex 47, 1126–1137. doi: 10.1016/j.cortex.2011.05.010

Petrini, K., Dahl, S., Rocchesso, D., Waadeland, C. H., Avanzini, F., Puce, A.,
et al. (2009). Multisensory integration of drumming actions: musical expertise
affects perceived audiovisual asynchrony. Exp. Brain Res. 198, 339–352. doi:
10.1007/s00221-009-1817-2

Petrini, K., Pollick, F. E., Dahl, S., McAleer, P., McKay, L. S., Rocchesso, D.,
et al. (2011). Action expertise reduces brain activity for audiovisual matching
actions: an fMRI study with expert drummers. Neuroimage 56, 1480–1492. doi:
10.1016/j.neuroimage.2011.03.009

Proverbio, A. M., Calbi, M., Manfredi, M., and Zani, A. (2014). Audio-visuomotor
processing in the Musician’s brain: an ERP study on professional violinists and
clarinetists. Sci. Rep. 4, 5866.

Proverbio, A. M., Crotti, N., Manfredi, M., Adorni, R., and Zani, A. (2012). Who
needs a referee? How incorrect basketball actions are automatically detected by
basketball players’ brain. Sci. Rep. 2:883. doi: 10.1038/srep00883

Proverbio, A. M., Manfredi, M., Zani, A., and Adorni, R. (2013). Musical expertise
affects neural bases of letter recognition. Neuropsychologia 51, 538–549. doi:
10.1016/j.neuropsychologia.2012.12.001

Proverbio, A. M., and Orlandi, A. (2015). Instrument-specific effects of musi-
cal expertise on audiovisual processing (clarinet versus violin). Music Percept.
(in press).

Frontiers in Psychology | www.frontiersin.org April 2015 | Volume 6 | Article 3766

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive


Proverbio et al. The development of audiomotor representations

Rodrigues, A. C., Loureiro, M., and Caramelli, P. (2014). Visual memory in musi-
cians and non-musicians. Front. Hum. Neurosci. 8:424. doi: 10.3389/fnhum.
2014.00424

Schlaug, G., Norton, A., Overy, K., and Winner, E. (2005). Effects of music training
on the child’s brain and cognitive development. Ann. N. Y. Acad. Sci. 1060,
219–230. doi: 10.1196/annals.1360.015

Schulz, M., Ross, B., and Pantev, C. (2003). Evidence for training-induced cross-
modal reorganization of the cortical functions in trumpet players. Neuroreport
14, 157–161. doi: 10.1097/00001756-200301200-00029

Sosniak, L. A., and Perlman, C. L. (1990). Secondary education by the book.
J. Curriculum Stud. 22, 427–442. doi: 10.1080/0022027900220502

Spilka, M. J., Steele, C. J., and Penhune, V. B. (2010). Gesture imitation in musicians
and non-musicians. Exp. Brain Res. 204, 549–558. doi: 10.1007/s00221-010-
2322-3

Strait, D. L., and Kraus, N. (2011). Can you hear me now? Musical training shapes
functional brain networks for selective auditory attention and hearing speech in
noise. Front. Psychol. 2:113. doi: 10.3389/fpsyg.2011.00113

Tierney, A., and Kraus, N. (2013). Music training for the development of read-
ing skills. Prog. Brain Res. 207, 209–241. doi: 10.1016/B978-0-444-63327-9.
00008-4

Wan, C. Y., and Schlaug, G. (2010). Music making as a tool for promoting
brain plasticity across the life span. Neuroscientist 16, 566–577. doi: 10.1177/
1073858410377805

Watanabe, D., Savion-Lemieux, T., and Penhune, V. B. (2007). The effect of early
musical training on adult motor performance: evidence for a sensitive period in
motor learning. Exp. Brain Res. 176, 332–340. doi: 10.1007/s00221-006-0619-z

Wong, Y. K., Peng, C., Fratus, K. N., Woodman, G. F., and Gauthier, I. (2014). Per-
ceptual expertise and top-down expectation ofmusical notation engages the pri-
mary visual cortex. J. Cogn. Neurosci. 26, 1629–1643. doi: 10.1162/jocn_a_00616

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Proverbio, Attardo, Cozzi and Zani. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org April 2015 | Volume 6 | Article 3767

http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

	The effect of musical practice on gesture/sound pairing
	Introduction
	Materials and Methods
	Participants
	Stimuli and Material
	Procedure
	Data Analyses

	Results
	Discussion
	Acknowledgments
	References


