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Numerous music cultures use nonsense syllables to represent percussive sounds. Covert reciting of these
syllable sequences along with percussion music aids active listeners in keeping track of music. Owing to
the acoustic dissimilarity between the representative syllables and the referent percussive sounds, asso-
ciative learning is necessary for the oral representation of percussion music. We used functional magnetic
resonance imaging (fMRI) to explore the neural processes underlying oral rehearsals of music. There were
four music conditions in the experiment: (1) passive listening to unlearned percussion music, (2) active
listening to learned percussion music, (3) active listening to the syllable representation of (2), and (4)
active listening to learned melodic music. Our results specified two neural substrates of the association
mechanisms involved in the oral representation of percussion music. First, information integration of
heard sounds and the auditory consequences of subvocal rehearsals may engage the right planum tem-
porale during active listening to percussion music. Second, mapping heard sounds to articulatory and lar-
yngeal gestures may engage the left middle premotor cortex.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

There are two modes of music transmission: written tradition
and oral tradition. Written systems of music notations associate
graphical symbols with sounds, whereas oral transmission of mu-
sic relies on motor imitation via vision and audition. Like written
traditions, oral traditions in some music cultures use representa-
tive symbols, which are nonsense syllables representing percussive
sounds. In Chinese opera, for example, the rhythmic/timbral pat-
terns of the percussion music are symbolized in terms of syllable
sequences, which not only mimic the percussive sounds but also
serve as oral mnemonics widely used in music pedagogy and
appreciation. Students of this music genre are taught various rep-
resentative syllables and syllable sequences, and then learn to
associate them with hand movements. Covert reciting of these syl-
lable sequences along with music aids active listeners in keeping
track of music. However, little is known about the neural correlates
of the oral representation of percussion music.

The oral representation of percussive sounds provides a novel
example to explore the processing of external events by the human
motor system, and may shed new light on the auditory–motor
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matching mechanism supported by the mirror neuron system. Mir-
ror neurons discharge when an individual executes, sees, or hears
an action (Gallese, Fadiga, Fogassi, & Rizzolatti, 1996; Kohler
et al., 2002; Rizzolatti, Fadiga, Gallese, & Fogassi, 1996). A sound
sequence can evoke simulation of the body movements that have
been previously associated with those sounds, and therefore the
auditory–motor network is engaged in active listening. Active lis-
tening to music is best exemplified by a musician listening to a
well-rehearsed piece with co-activation of auditory and hand mo-
tor regions (Bangert et al., 2006; D’Ausilio, Altenmuller, Olivetti
Belardinelli, & Lotze, 2006; Haslinger et al., 2005; Haueisen &
Knosche, 2001; Jancke, Shah, & Peters, 2000; Popescu, Otsuka, &
Ioannides, 2004). In the present study, well-learned associations
between movements and music are still the criteria to distinguish
active listening from passive listening, but the motor simulation
during active listening is not directly related to music performance.
Instead, it is related to the oral rehearsal of instrumental music,
and listeners who tend to covertly recite/hum along with music
are regarded as active listeners.

Oral rehearsals of instrumental music by listeners serve as
internal models for processing external events with the vocal mo-
tor system. Schubotz (2007) discussed such oral rehearsals within
the framework of ‘‘prediction of external events with our motor
system”, arguing that active listening to piano music by a piano
novice may activate fractions of his/her vocal motor system. It
has been suggested that motor simulation of external events feeds
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back into perceptual processing, creating top-down expectations
and constraining predictions (Schubotz, 2007; Schutz-Bosbach &
Prinz, 2007; Skipper, Goldin-Meadow, Nusbaum, & Small, 2007).
This view is consistent with the experience of active listening to
familiar music. The sequential nature of subvocal rehearsals pro-
vides a top-down mechanism for keeping track of music, with
the listener building predictions based on the prior musical events
within a sequence.

Some previous studies have suggested the neural substrates of
the oral rehearsal of melodic music. Halpern and Zatorre (1999)
examined the cerebral activity pattern associated with auditory
imagery for familiar tunes. Their study discovered the involvement
of the right auditory association cortex, bilateral frontal cortices,
and supplementary motor area (SMA). Hickok and colleagues
(2003) investigated neural processes common to both perception
and covert production for speech and tonal sequences, showing
the involvement of the left superior parietal temporal region, left
posterior superior temporal sulcus (STS), and bilateral premotor
cortices (PMC). Later, it was suggested that these regions constitute
the dorsal stream of speech processing (Hickok & Poeppel, 2007),
which maps acoustic speech signals to frontal lobe articulatory
networks.

The oral representation of percussion music is substantially dif-
ferent from that of melodic music in the mapping between exter-
nal sounds and internal rehearsals. For melodic music, humming
along with unlearned tunes is made possible by the well-estab-
lished audio-vocal link for pitch processing. The mapping between
pitch and the muscle activity that determines vocal fold tension is
biomechanical in nature, and establishment of this mapping is
likely to start at the earliest stage of speech learning. In contrast,
if unfamiliar, one is unable to recite along with percussion music
that is not embedded in a musical scale. Typically, the syllable rep-
resentation of percussion music is not identical to the referent per-
cussive sound, although they sometimes share a few common
acoustic features. For instance, the big gong in Beijing opera
produces pitch glides (Fletcher, 1985), and its sound is orally
Fig. 1. Spectrograms of a big gong sound in Beijing opera (upper panel) and its
representative syllable /guang4/ (lower panel). The arrow indicates the downward
pitch glide of the gong sound. See the text for details.
represented by /guang4/, with the fourth lexical tone in Mandarin
mimicking the downward pitch glide of the gong sound. Fig. 1
compares the spectrograms of these two sounds. Both sounds have
the characteristic of downward pitch glide (indicated by an arrow
in the spectrogram of the big gong sound), but the representative
syllable lacks the broadband noise of the referent percussive
sound.

Owing to the acoustic dissimilarity between the representative
syllables and the referent percussive sounds, the oral representa-
tion of percussion music involves two association mechanisms.
The first mechanism mediates stimulus–response (S–R) associa-
tions. Since rhythmic/timbral patterns of percussion music are of-
ten repeated and combined in performance with ornaments and
flexible tempo, the internal model only anticipates a set of possible
upcoming events. The presence of musical sounds further enables
the internal model to select the appropriate motor plan among
competing alternatives through S–R associations. External sounds
not only guide subvocal rehearsals at the jointing point of two
rhythmic/timbral patterns, but also within the repetition of a sin-
gle rhythmic/timbral pattern. During active listening to percussion
music, the auditory consequences of subvocal rehearsals are sent
to a neural network, where the covertly recited syllables and the
heard sounds are integrated. This integration may be mediated
by stimulus–stimulus (S–S) associations.

Although there have been studies on oral imitation of music and
speech, no imaging experiments have examined the neural corre-
lates of covertly reciting representative syllables along with per-
cussion music. Using Beijing opera percussion music as stimuli,
this study addressed the issue of how the auditory mirror neuron
system cooperates with the neural circuitry underlying association
learning for processing external sounds with the vocal motor sys-
tem. Compared to active listening to the syllable representation
of percussion music, active listening to percussion music (with
subvocal rehearsals of syllables) was expected to increase the acti-
vation of the regions that integrate the heard percussive sounds
with the auditory consequences of subvocal rehearsals. A candi-
date is the right posterior superior temporal region, where the per-
ceived actions may interact with the sensory consequences of
internal rehearsals made by the imitator (Iacoboni et al., 2001).
In regard to the S–R associations for the oral representation of per-
cussion music, previous studies have implicated several frontal re-
gions in this task, such as the lateral prefrontal cortex (e.g.
Boettiger & D’Esposito, 2005; Hoshi, Shima, & Tanji, 1998), SMA/
pre-SMA (e.g. Bunge, Kahn, Wallis, Miller, & Wagner, 2003;
Cavina-Pratesi et al., 2006; Donohue, Wendelken, & Bunge, 2008),
and dorsal PMC (e.g. Amiez, Kostopoulos, Champod, & Petrides,
2006; Cavina-Pratesi et al., 2006; Toni et al., 2002). We predicted
that these frontal regions would show greater activation during ac-
tive listening to learned percussion music compared to active lis-
tening to the syllable representation of the music.
2. Materials and methods

2.1. Participants

15 right-handed native Taiwanese speakers participated in this
study (20–26 years old, 13 females and 2 males). Each participant
gave written informed consent, and received monetary compensa-
tion for participation. Three female participants were excluded
from data collection because of large head movements or hardware
glitches during fMRI scans. 12 participants were thus included in
the final analyses. All participants were right-handed, as assessed
by the Edinburgh handedness scale (Oldfield, 1971). They had re-
ceived music training for more than 4 years and were familiar with
the timbres and melodies of Chinese opera music. None of them
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had any experience in performing the musical instruments that
could generate the stimuli of the present experiment, including
the percussion instruments of Chinese opera, and the erhu (a
Chinese bowed-string instrument).

2.2. Stimuli

The brain-imaging experiment consisted of four music condi-
tions plus a baseline condition: passive listening to unlearned per-
cussion music, active listening to learned percussion music, active
listening to the syllable representation of percussion music, active
listening to learned melodic music, and listening to pink noise. The
major aim of this experiment was to differentiate the neural mech-
anisms underlying the oral rehearsals of percussion music, syllable
sequences, and melodies. Stimuli used in the music conditions
were (1) Sichuan opera percussion music, (2) Beijing opera percus-
sion music, (3) syllable representation of (2), and (4) Taiwanese op-
era tunes played by the erhu, respectively. These pieces of Chinese
opera percussion music originally serve to accompany actors’
dancing-like movements with high rhythmic complexity and tim-
bral variety. The rhythmic/timbral sequences of the percussion
music of Beijing opera were repeated and combined with flexible
tempo (see Appendix A), so that monitoring the subvocal rehears-
als in the presence of these external sequences was necessary for
keeping track of the music. The pieces of percussion music were
extracted from commercially available audio/video CDs. The sylla-
ble representation of Beijing opera percussion music was recited
by a music teacher (the first author of this paper). There were
two stimuli for each set except for Sichuan opera percussion music
(unlearned percussion music), which contained 16 stimuli, each of
which appeared once over the entire scanning to avoid a learning
effect. Sichuan opera and Beijing opera are related genres and their
percussion music is produced by similar musical instruments with
similar rhythm complexity. Because the percussion instruments
used in Sichuan opera sound different from those in Beijing opera,
listeners who learned the oral representation of Beijing opera per-
cussion music were unlikely to associate these representative syl-
lables with the percussive sounds in Sichuan opera.

The fundamental frequencies of syllable sequences and melo-
dies lie within 100–300 Hz and 200–600 Hz, respectively. The
number of musical sounds per stimulus ranged from 40 to 70 for
the conditions of active listening. We normalized the intensity of
all stimuli for the frequency range of 1000–4000 Hz, and the
approximate sound level of presentation was 70 dB. All stimuli
were digitized (22,050 Hz sampling rate, 16 bit mono) for presen-
tation in the scanner using CoolEdit (Syntrillium Software), which
was also used to generate pink noise.

2.3. Procedure

Prior to fMRI scanning, participants learned to recite the sylla-
ble representation of two pieces of Beijing opera percussion music
by alternating between listening to the music and its syllable
representation, and imitating the later. Participants learned two
Taiwanese opera tunes by repetitively listening and humming.
Depending on participants’ musical competence and their time
spent rehearsing, the duration of the training sessions ranged from
2 to 6 weeks. At the beginning of this training session, all partici-
pants were informed that this experiment investigated the neural
basis underlying oral transmission of music, and therefore tran-
scription and note-reading were strictly forbidden. The learning
criterion was to recite along with the two pieces of percussion mu-
sic (learned percussion music) and to hum along with the two
tunes (learned melodic music) without making a mistake in the
choice of syllable and musical note. Learning of these musical
pieces was supervised by a music teacher (the first author), who
elucidated the rhythmic structure of music, corrected participants’
errors and determined whether they fulfilled the learning criterion
during an interview. To objectively assess participants’ oral rehear-
sal performances, we recorded their voices during reciting along
with the learned percussion music and during humming along
with the learned tunes at the end of the learning phase. The timing
difference between the onsets of the played sounds and the corre-
sponding recited/hummed sounds was statistically analysed from
these recordings.

Within a week after a participant’s performance passed the
learning criterion, she or he underwent the fMRI experiments. Each
trial consisted of a 10 s baseline noise followed by a 20 s musical
stimulus, with the total duration of 30 s. Participants were in-
structed to rest during the presentation of the baseline noise, and
then to covertly recite/hum along with the learned music or its syl-
lable representation. Tasks of subvocal rehearsals during active lis-
tening were chosen to minimize head motion artifacts during fMRI
scans. If participants encountered an unfamiliar musical stimulus,
they were instructed to listen to it attentively and passively. Stim-
uli were presented through scanner-compatible headphones at a
volume sufficiently loud that the music could be readily perceived
by participants over the scanner noise. There were three functional
runs separated by 2-min rest intervals. A single run consisted of 16
pseudorandomized trials and lasted 8 min. Each of the six stimuli
of learned music was presented six times and each of the 12 stim-
uli of unlearned music was presented once throughout the three
runs. After the fMRI scanning the subjects self-assessed their per-
formance in reciting/humming along with learned music (ranging
from 1 = none, 2 = rarely, 3 = sometimes, 4 = frequently, to 5 = all
the time).

2.4. Data acquisition and analysis

The images were collected with a Bruker 3T scanner located at
National Taiwan University. Within each scanning session, both
functional (T2� weighted, BOLD) and anatomical (T1 weighted)
images were acquired in identical planes. The images were col-
lected in 20 transverse planes parallel to the anterior commis-
sure–posterior commissure line. An echo-planar imaging (EPI)
sequence was used to acquire the functional data (repetition
time = 2000 ms, echo time = 30 ms, flip angle = 90�, voxel si-
ze = 3.75 � 3.75 � 5 mm). The functional images were coregistered
with a high-resolution in-plane anatomical (T1 weighted, voxel si-
ze = 0.94 � 0.94 � 5 mm) image for each observer. Each run lasted
480 s (240 images). To correct head motion artifacts, we used Sta-
tistical Parametric Mapping (SPM2, Friston et al., 1995) to realign
the acquired EPI images. The realigned images, as well as the ana-
tomical image, were then normalized to a standard template in
SPM2.

A one sample t-test based on the random effects model was ap-
plied to all voxels to examine whether they showed a significant
differential activation for a contrast. Four contrasts were tested:
unlearned percussion music–baseline (unlearnPM), learned per-
cussion music–baseline (learnPM), oral representation of learned
percussion music–baseline (learnPMV; learned ‘‘percussion music
verbalized”), and learned melodic music–baseline (learnMM). The
threshold for significance was a = 0.001 (uncorrected) within a
cluster of at least five contiguous voxels. Then, we examined six
contrasts: unlearnPM–learnMM and unlearnPM–learnPMV for
the auditory processing of percussive sounds, learnPM–learnMM
and learnPM–learnPMV for the audio-motor processing of percus-
sive sounds, S–R associations and information integration; learn-
MM–learnPM for processing tone sequences; learnPMV–learnPM
for processing nonsense syllable sequences. The threshold for sig-
nificance was set to a = 0.005 (uncorrected) within a cluster of at
least five contiguous voxels.



Table 1
MNI coordinates of cortical activations for music conditions contrasted to baseline.

Regions unlearnPM learnPM learnPMV learnMM

x y z Zmax x y z Zmax x y z Zmax x y z Zmax

Frontal cortex
L PMC �50 2 40 4.86 �54 4 40 3.96

�52 �4 46 3.66
R PMC 56 4 44 5.07 56 4 44 5.07 56 4 44 5.20
L pre-SMA �8 2 64 3.86 �8 0 64 3.26
R pre-SMA 10 4 68 3.87 10 4 70 3.81

Temporal cortex
L aSTG/S �54 10 �10 3.75 �48 6 �18 3.64 �50 �2 �12 3.95
L mSTG/S �56 �16 �2 3.89 �52 �10 �8 5.18 �54 �10 �6 4.01

�50 �12 �6 4.03 �58 �8 �6 4.36 �52 �4 46 3.92 �60 �16 �2 3.42
�48 �6 �16 3.99

R aSTG/S 50 8 �2 3.93 56 12 �18 4.09
52 2 �14 4.02 62 0 �8 4.50 50 4 �14 5.28

R mSTG/S 66 �6 �4 4.10 54 �8 �12 4.59 56 �4 �8 4.40
58 �14 �2 4.15 56 �16 �4 4.38 64 �16 �10 5.31

L PT �46 �38 12 3.43 �64 �34 2 3.84 �44 �24 6 3.41
�50 �38 12 3.66

R PT 62 �24 �2 4.13 64 �22 4 3.23
58 �28 6 3.79

Other regions
L putamen/pallidum �22 0 0 4.44 �20 2 �2 4.11

�20 0 12 3.70
R putamen/pallidum 22 6 8 4.59 24 6 10 3.87

24 6 �2 4.62
L declive �28 �64 �34 3.81 �26 �66 �28 4.13 �26 �66 �28 3.83

P < 0.001 (uncorrected), spatial extent voxel > 5, cluster size in 2 � 2 � 2 mm voxels. Abbreviations: unlearnPM, passive listening to unlearned percussion music; learnPM,
active listening to learned percussion music; learnPMV, active listening to learned ‘‘percussion music verbalized” (the syllable representation of percussion music); learnMM,
active listening to learned melodic music; PMC, premotor cortex; pre-SMA, pre-supplementary motor area; aSTG/S, anterior superior temporal gyrus/sulcus; mSTG/S, middle
superior temporal gyrus/sulcus; PT, planum temporale.

Table 2
MNI coordinates of cortical activations for the contrasts between active listening
conditions.

x y z Zmax Size

learnPM > learnMM
R PT 58 �28 4 3.88 12

learnMM > learnPM
R aSTS 52 �2 �10 3.45 10

learnPM > learnPMV
R PT 54 �24 2 3.38 9

learnPMV > learnPM
L STS �54 �10 �8 4.66 116
R STS cluster I 66 �8 �8 4.48 59
R STS cluster II 54 �6 �12 4.00 26

P < 0.005 (uncorrected), spatial extent voxel > 5. Also see Table 1 notes.
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To better quantify differences in frontal activation for music
conditions, whole-brain analyses were supplemented by regions
of interest (ROI) analyses. This approach is especially important
in the case of the frontal lobe, a brain area with high interindivid-
ual anatomical variability. Regions in the premotor cortices that
were significantly activated for learnPM were subject to ROI anal-
yses. Individual left premotor ROI centers were defined by individ-
ual peak activation within a search cubic of 10 � 10 � 10 mm
centered at a premotor ROI ‘localizer’ for learnPM. This localizer
was based on the coordinates reported by three previous studies
that explored the neural mechanisms involved in cued responses
similar to those involved in learnPM in our study. Basho, Palmer,
Rubio, Wulfeck, and Muller (2007) found greater activation in pre-
motor regions for a paced compared to an unpaced word genera-
tion; Chen, Penhune, and Zatorre (2008) and Bedwell et al.
(2005) found similar activation for encoding verbal/rhythmic stim-
uli. The average coordinates of these three peak voxels for the left
premotor ROI localizer were [�50, 2, 44]. In our study, individual
right premotor ROI centers were defined by individual peak activa-
tion within a search cubic of 10 � 10 � 10 mm centered at the mir-
ror points of the left premotor ROI localizer. Signals within an ROI
were calculated for each subject by averaging a cubic of
6 � 6 � 6 mm centered at the ROI center. Mean b–values were ex-
tracted separately for each music condition relative to the baseline.
Consequently, these values were submitted to a 1-way analysis of
variance (ANOVA) of test conditions to determine whether there
was a significant condition effect in each ROI. A paired-sample t-
test was conducted to test the difference between learnPM and
learnPMV.
3. Results

All 12 participants reported that their performance in reciting/
humming along with learned music was good throughout the en-
tire fMRI scanning (6 for ‘‘frequently good”; 6 for ‘‘good all the
time”). To objectively assess their performance in audio-motor
synchronization, we collected and analysed the timing errors in
the oral rehearsals recorded at the end of the learning phase for
each participant. When the time difference between the onsets of
a played sound and the corresponding recited/hummed sound
was larger than 0.1 s, it was regarded as a timing error. No timing
error was found for the task of humming along with learned tunes.
For the task of reciting along with two pieces of learned percussion
music, there were 5.2 ± 1.6 occurrences of timing error over 109
representative syllables (see Appendix A), with the average time
difference between played sounds and the corresponding recited
syllables of 0.18 ± 0.05 s. In regard to the complex temporal struc-
ture of Beijing opera percussion music, these timing errors were
acceptable and participants’ performances in audio-motor syn-
chronization were good.

The results of the whole-brain analyses are summarized in Ta-
bles 1 and 2. Passive listening to unlearned percussion music



Fig. 2. Brain activation patterns for the four music conditions contrasted to baseline (P < 0.001 uncorrected; cluster threshold 5 voxels). Abbreviations: unlearnPM, passive
listening to unlearned percussion music; learnPM, active listening to learned percussion music; learnPMV, active listening to learned ‘‘percussion music verbalized”;
learnMM, active listening to learned melodic music; pre-SMA, pre-supplementary motor area; PMC, premotor cortex; STG/S, superior temporal gyrus/sulcus.

Fig. 3. Brain activation patterns comparing the conditions of active listening (P < 0.005 uncorrected; cluster threshold five voxels). Also see Fig. 2 notes.
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(unlearnPM) activated the bilateral superior temporal regions. Ac-
tive listening to learned percussion music (learnPM) additionally
activated several motor regions, including the bilateral PMC, bilat-
eral basal ganglia, and the left cerebellum (Fig. 2). Similar activa-
tion patterns were observed during active listening to the
syllable representation of learned percussion music (learnPMV).
Active listening to learned melodic music (learnMM) activated
the bilateral superior temporal regions and the right PMC.

Significant activity in the contrasts between learnPM, learnMM,
and learnPMV is summarized in Table 2 and Fig. 3. We observed
greater activation of the right planum temporale (PT) for learnPM
compared to learnPMV and learnMM. Conversely, the middle/ante-
rior aspects of STS were more activated for learnPMV and learnMM
compared to learnPM (Fig. 3). No brain regions showed increased
activity for unlearnPM compared to either learnMM or learnPM.
The bilateral PMC were significantly activated for learnPM, and
they were subject to further ROI analyses. The outcome of the ROI
analyses is summarized in Fig. 4. The bilateral PMC were activated
for the three active listening conditions and were not activated for
the passive listening condition. There was a significant main effect
of condition on these ROIs (left PMC, F(3,33) = 26.49, P < 0.001; right
PMC, F(3,33) = 23.91, P < 0.001). The left PMC showed significantly
greater activation for learnPM than for learnPMV (P < 0.01).
4. Discussion

To explore the neural circuitry underlying the oral rehearsals of
percussion music, syllable sequences, and melodies, we designed
music conditions of active and passive listening. Given that the



Fig. 4. ROI analyses for all music conditions for the bilateral PMC. Data is reported as means ± SE. �P < 0.01. Also see Fig. 2 notes.
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stimuli of the passive listening condition were unfamiliar percus-
sion music, we expected no oral rehearsal in participants for this
condition. Indeed, several motor-related regions, including the
PMC and cerebellum, were found activated for the three active lis-
tening conditions and not activated for the passive listening condi-
tion. The whole-brain analyses revealed that the processing of
melodic music, percussion music and its syllable representation
engaged overlapped neural networks. The middle/anterior STS
selectively responded to syllable sequences (learnPMV) and tone
sequences (learnMM). The right PT showed increased activation
during listening to learned percussion music (learnPM) compared
to learnPMV and learnMM. This could be due to the information
integration of the heard percussive sounds with the auditory con-
sequences of subvocal rehearsals. The ROI analyses revealed in-
creased activation of the left PMC for learnPM compared to
learnPMV, implicating this region in S–R associations during covert
reciting of the syllable representation along with percussion music.

4.1. Middle/anterior STS

The contrast of learnPMV–learnPM specified activation of the
bilateral middle STS. Several studies have implicated the middle
STS regions in the processing of acoustic features of speech or
speech-like sound (Belin, Zatorre, Lafaille, Ahad, & Pike, 2000;
Belizaire, Fillion-Bilodeau, Chartrand, Bertrand-Gauvin, & Belin,
2007; Formisano, De Martino, Bonte, & Goebel, 2008). Since the
syllable representation of percussion music resembles speech in
acoustic features, the present study demonstrated greater activa-
tion of the voice-sensitive regions in the middle STS for learnPMV
as compared to learnPM.

We observed that the right anterior STS responded more to
learned melodies than learned percussion music. This finding is
consistent with other studies suggesting the role of the right
anterior STS in representing complex melody (Brown, Martinez,
Hodges, Fox, & Parsons, 2004; Koelsch et al., 2002; Patterson,
Uppenkamp, Johnsrude, & Griffiths, 2002). Moreover, there is con-
verging evidence indicating the role of the right anterior STS in
processing information related to speaker identity (Belin, Fecteau,
& Bedard, 2004; Belin & Zatorre, 2003). Therefore, since the stimuli
of learnPMV were generated by the first author who taught all par-
ticipants the syllable representation of percussion music, it is
unsurprising that learnPMV induced greater activity in the right
anterior STS than learnPM for speaker recognition.
4.2. Planum temporale

The primary goal of the present study was to investigate the
oral rehearsals of music and syllable sequences, and we confirmed
that active listening engages two components of the auditory dor-
sal ‘‘how” stream (Hickok & Poeppel, 2007): the PT and PMC.
Whereas Warren and colleagues (2005) suggested that the bilat-
eral PT may mediate transformation of auditory signals into a form
that constrains motor processing, Hickok and colleagues found that
the PT activity associated with auditory–motor transformation is
left-biased (Hickok & Poeppel, 2007; Hickok et al., 2003). In the
present study, activation of the left PT during active listening
may also be related to its role in auditory–motor synchronization.
The left PT has been implicated in the synchronization of both mel-
ody and text (Saito, Ishii, Yagi, Tatsumi, & Mizusawa, 2006). This
role was confirmed by a repetitive transcranial magnetic stimula-
tion (rTMS) study, which showed that rTMS over the left PT signif-
icantly reduced the performance of rhythmic auditory–motor
synchronization (Malcolm, Lavine, Kenyon, Massie, & Thaut, 2008).

The right PT was the sole area that survived from the whole-
brain contrast learnPM–learnPMV. This area might maintain the
working memory of acoustic information and play the critical role
of integrating the heard percussive sounds with the auditory con-
sequences of subvocal rehearsals. This hypothesis is based on a
neuroimaging study of imitation conducted by Iacoboni et al.
(2001), which found increased activation of the right posterior
STS during imitation compared to during control motor tasks.
The observed actions and the efference copies of actions made by
the imitator may interact in the right posterior STS. Aziz-Zadeh,
Koski, Zaidel, Mazziotta, and Iacoboni (2006) investigated laterali-
zation of the human mirror neuron system, observing increased
signals in the right PT for both left-sided and right-sided imitation
tasks via vision. A magnetoencephalographic study confirmed the
involvement of the right superior temporal areas in the matching
processes of the sensory properties of action observation and exe-
cution during imitation (Biermann-Ruben et al., 2008). An event-
related fMRI study on duration perception also reported that re-
trieval and comparison of stimulus duration in working memory
selectively activate the right PT (Coull, Nazarian, & Vidal, 2008).
These recent findings lend support to the idea that increased activ-
ity of the right PT for learnPM in our experiment may reflect the
increased working memory for information integration. Due to
the different acoustic features of heard percussive sounds and
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the internally generated syllables, the loading of the right PT for
observation–execution matching may be greater for learnPM than
for learnPMV.

Covertly reciting along with percussion music is associated with
the sensory integration of nonsense syllables with musical sounds,
possibly sharing similar cognitive mechanisms with singing. Previ-
ous studies of human singing have suggested the involvement of
the right PT. Ozdemir, Norton, and Schlaug (2006) compared sung
and spoken bisyllabic words/phrases with humming and vowel
production. The singing versus speaking contrast revealed right-
biased activation in the superior temporal region encompassing
the PT. Callan et al. (2006) compared production of song and
speech by using the sung and spoken lyrics of the same songs as
stimuli. A main finding was the greater activity in the right PT
for singing over speech for both passive listening and covert pro-
duction tasks. This finding partially supports our view that the
right PT may mediate the information integration of heard music
with the verbal aspect of its syllable representation. Lastly, the
right PT was implicated in multisensory integration by a study
on speech and gesture cognition (Hubbard, Wilson, Callan, & Dap-
retto, 2009), with the cluster peak [57, �27, 8] close to the clusters
for the contrast learnPM–learnPMV in our experiment. This reso-
nates with our view that the right PT integrates sensory informa-
tion from different sources.

The right PT also survived from the contrast learnPM–learnMM.
This increased response of the right PT is unlikely due to the per-
cussive timbres, because no brain region survived from unlearn-
PM–learnMM. We suggest that the auditory consequences of
covert humming and the external tunes share similar acoustic fea-
tures, and therefore right PT activity was lower for learnMM than
for learnPM.

4.3. Premotor cortices

It has been proposed that the PMC belongs to the auditory dor-
sal stream (Hickok & Poeppel, 2007). ROI analyses in the present
study showed that the PMC activity was significantly greater dur-
ing active listening than during passive listening, suggesting that
the PMC may be sensitive to the tendency of mental rehearsals.
Functions of two subregions of the PMC are often distinguished:
the dorsal (dPMC) and ventral (vPMC) premotor cortex. They are
demarcated approximately at the junction of the superior frontal
sulcus with the superior precentral sulcus (Rizzolatti & Craighero,
2004). In the present study, the ROIs in the PMC were the bilateral
middle PMC (mid-PMC) because the peaks among participants
were neither strictly contained within the vPMC nor dPMC accord-
ing to prior definitions (Rizzolatti & Craighero 2004; Tomassini
et al., 2007). In our ROI analyses, the locations of the individual
ROI centers in the mid-PMC (32 < z < 52) were definitely superior
to the vPMC (z�0) and slightly inferior to the dPMC (z�68). The
mid-PMC was first labeled by Chen et al. (2008) in an fMRI study
on rhythm perception and production. Their study examined the
effect of the anticipation of finger tapping, finding that the mid-
PMC was not only significantly engaged during listening with
anticipation and during movement synchronization to musical
rhythms, but also during naive passive perception with no
sound-movement association. Chen et al. (2008) suggested that
the sequential nature of stimulus presentation may invoke the
mid-PMC to resonate. The cluster foci of the mid-PMC
([�50, �6, 52] and [54, �2, 48]) reported by Chen et al. (2008)
were close to those in our whole-brain data for learnPM
([�50, 2, 40] and [56, 4, 44]; the left cluster extends to z = 50).
The mid-PMC activity in our study, however, was significantly low-
er during passive listening than during active listening (Fig. 4), sug-
gestive of the view that the mid-PMC is not activated by rhythmic
music unless sound-movement associations have been established.
It should be noted that the rhythms used by Chen et al. (2008)
were more predictable than the unlearned percussion music used
for the passive listening condition in our study, with the latter pro-
duced by unfamiliar percussive sounds. The absence of mid-PMC
activation for unlearnPM may reflect the fact that the participants
were unable to plan subvocal rehearsals according to the heard
rhythmic/timbral sequences. Although the participants may have
attempted to learn and/or anticipate these unfamiliar sequences,
we suggest that it is the PT, not the mid-PMC, that is engaged in
this rhythmic processing (Limb, Kemeny, Ortigoza, Rouhani, &
Braun, 2006). Indeed, the PT showed significant activity for
unlearnPM (Table 1).

Another view of the mid-PMC function attributes its role to con-
trolling the muscles of phonation, which are recruited during oral
rehearsals of music. Brown and colleagues (2008) sought to localize
a larynx area in the human motor cortex by using fMRI and to place
this area in a somatotopic context. Their results demonstrated in-
creased activity in the mid-PMC during larynx movements
([53, 4, 42] and [�53, 0, 42] for glottal stops; [50, �2, 37] and
[�51, 0, 44] for phonation), and the absence of this activation during
lip and tongue movements. The notion of a somatotopic motor cor-
tical organization, however, has been challenged by the finding that
finger movements (Aramaki, Honda, & Sadato, 2006; Bengtsson,
Ehrsson, Forssberg, & Ullen, 2004; Ramnani & Passingham, 2001)
and the observation of well-learned dance (Calvo-Merino, Glaser,
Grezes, Passingham, & Haggard, 2005) also engage the mid-PMC.
We suggested that the mid-PMC participates in the processing of
coordinated movements and may be not effector-specific.

Among all the conditions of active listening, the left mid-PMC
showed the highest activity for learnPM. This finding may be
attributed to the S–R associations involved in the oral representa-
tion of percussion music. A study on associative learning in mon-
keys demonstrated that the PMC rapidly develops and maintains
sensitivities to novel arbitrary sensory features, when such fea-
tures are behaviorally relevant (Zach, Inbar, Grinvald, Bergman, &
Vaadia, 2008). In humans, transformation of auditory and visual
instruction cues into associated movements according to learned
rules also engages the dPMC, particularly in the left hemisphere
(Amiez et al., 2006; Cavina-Pratesi et al., 2006; Toni et al., 2002).
Previous studies have reported that lesions involving the dPMC se-
verely impair learning and performance of conditional sensorimo-
tor tasks in both humans (Halsband & Freund, 1990; Petrides,
1997) and monkeys (Halsband & Passingham, 1982; Petrides,
1982; Petrides, 1986). Zatorre, Chen, and Penhune (2007) argued
that the dPMC represents motor information instructed by sensory
cues and a conditional rule about what response to select among
competing alternatives. Our finding that the left mid-PMC adjacent
to the dPMC showed significantly greater activity for learnPM than
for learnPMV (Fig. 4) is in accordance to this view, since learnPM
additionally involved the conditional rules of S–R associations. This
also supported the previous finding that the role of the PMC in
selecting movements is lateralized to the left hemisphere (Cavi-
na-Pratesi et al., 2006; Corbetta & Shulman, 2002; Johansen-Berg
et al., 2002; Rushworth, Johansen-Berg, Gobel, & Devlin, 2003).

4.4. Pre-supplementary motor area

Whole-brain analyses showed that the pre-SMA was signifi-
cantly activated during active listening to percussion music and
its syllable representation, and subthreshold activity was also de-
tected during active listening to melodic music. The sensitivity of
the pre-SMA to sound-movement association is consistent with
the finding that observation and simulation of well-learned dance
increase pre-SMA activity compared to observation of unlearned
dance (Cross, Hamilton, & Grafton, 2006). This mirror-like property
may have a close relationship to other functions of the pre-SMA,
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such as sequence learning (Alario, Chainay, Lehericy, & Cohen,
2006; Cavina-Pratesi et al., 2006; Kennerley, Sakai, & Rushworth,
2004; Nakamura, Sakai, & Hikosaka, 1998), rhythm learning
(Ramnani & Passingham, 2001), and verbal working memory of
pseudo-words (Strand, Forssberg, Klingberg, & Norrelgen, 2008).

Because all participants in our experiment had newly learned
the syllable representation of two pieces of Beijing opera percus-
sion music, activity of the pre-SMA for learnPM and for learnPMV
might also reflect the monitoring of their subvocal rehearsals. It
should be noted that previous experiments have found error-re-
lated activity in the SMA/pre-SMA during motor tasks (Gallea,
Graaf, Pailhous, & Bonnard, 2008; Klein et al., 2007). In our exper-
iment, participants were likely to make some errors while covertly
reciting along with learned percussion music or its syllable repre-
sentation, and the pre-SMA activation may be associated with er-
ror detection and correction.

4.5. Cerebellum and basal ganglia

In the present study, the left lateral aspect of the VI lobule of the
posterior cerebellum (declive) was activated for all conditions of
active listening, and subthreshold activity was also detected in
its right counterpart. This result is similar to the study on percep-
tion and production of singing and speech by Callan et al. (2006),
who suggested that the lateral cerebellum may instantiate the
internal models of vocal tract articulation that simulate learned
phonological and/or segmental articulatory–auditory/orosensory
mappings.
Active listening to percussion music and its syllable representa-
tion recruits the basal ganglia, which is implicated in the process-
ing of rhythmic sequences (Bohland & Guenther, 2006), with its
activity increasing along with loading of working memory (Chang,
Crottaz-Herbette, & Menon, 2007; Strand et al., 2008). The melodic
stimuli used in our experiment lack the rhythmic complexity of
percussion music, and passive listening to unlearned music de-
mands low loading of the working memory to anticipate a set of
possible upcoming events. This may explain why we did not ob-
serve significant activity of the basal ganglia for learnMM and
unlearnPM.
5. Conclusions

The oral representation of percussion music provides an exam-
ple of ‘‘processing external events with our motor system”
(Schubotz, 2007). As our vocal motor system is unable to faithfully
reproduce some percussive sounds, associative learning is neces-
sary for the auditory–motor processes involved in the covert recit-
ing of the syllable representation along with percussion music. The
current study suggests that the additional associations involved in
the oral representation of percussion music increase the activation
of the PT-PMC network for auditory–motor integration.
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