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Abstract

Sounds of hammering or clapping can evoke simulation of the arm movements that have been previously associated with those
sounds. This audio-motor transformation also occurs at the sequential level and plays a role in speech and music processing.
The present study aimed to demonstrate how the activation pattern of the sensorimotor network was modulated by the
sequential nature of the auditory input and effector. Fifteen skilled drum set players participated in our functional magnetic
resonance imaging study. Prior to the scan, these drummers practiced six drumming grooves. During the scan, there were four
rehearsal conditions: covertly playing the drum set under the guidance of its randomly-presented isolated stroke sounds, covertly
playing the drum set along with the sounds of learned percussion music, covertly reciting the syllable representation along with
this music, and covertly reciting along with the syllable representation of this music. We found greater activity in the bilateral
posterior middle temporal gyri for active listening to isolated drum strokes than for active listening to learned drum music. These
regions might mediate the one-to-one mappings from sounds to limb movements. Compared with subvocal rehearsals along with
learned drum music, covert rehearsals of limb movements along with the same music additionally activated a lateral subregion of
the left posterior planum temporale. Our results illustrate a functional specialization of the posterior temporal lobes for audio-
motor processing.

Introduction

Since the discovery of premotor activation in monkeys when they
listen to action-related sounds (Kohler et al., 2002), several studies
have dealt with the issue of representing actions through their sounds.
Short action-related sounds, such as hammering or clapping, were
found to activate the bilateral premotor cortices (PMCs) and the
bilateral posterior superior temporal sulci (STSs) in humans (Lewis
et al., 2005, 2006; Pizzamiglio et al., 2005; Galati et al., 2008;
Aglioti & Pazzaglia, 2010). This audio-motor transformation also
occurs at the sequential level and plays a role in speech processing.
Hickok & Poeppel (2007) proposed a dual-stream model of speech
processing, which posits a ventral stream for speech comprehension
and a dorsal stream for mapping sounds to articulatory-based
representations. A region in the left posterior planum temporale (PT)
in humans, area Spt, might work in tandem with the left PMC to form

this dorsal stream. Area Spt exhibits mirror-like properties, becoming
activated during both the auditory perception and the production of
speech (Buchsbaum et al., 2005; Okada & Hickok, 2006; Hickok
et al., 2009), as well as during other sound-guided phonation gestures
such as melody humming (Hickok et al., 2003).
Most studies on the auditory dorsal stream have focused on the

phonation ⁄ articulatory gestures associated with speech ⁄ melody per-
ception and production (Hickok et al., 2003, 2009; Buchsbaum et al.,
2005; Brown et al., 2006b; Okada & Hickok, 2006; Dhanjal et al.,
2008; Zarate & Zatorre, 2008; Chang et al., 2009; Peck et al., 2009;
Sammler et al., 2010; Schon et al., 2010), and it remains to be seen if
this sensorimotor network exhibits any somatotopic organization. To
the best of our knowledge, only one study has examined effector
specificity at the temporoparietal boundary for audio-motor process-
ing. Pa & Hickok (2008) measured the brain activity of skilled pianists
while participants listened to a novel melody and either covertly
hummed the melody (laryngeal effector) or covertly played the
melody on a piano (hand effector). They found left Spt underpinning
the sensorimotor integration for humming, and an area in the left
anterior inferior parietal sulcus underpinning the similar integration for
piano playing.
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The present functional magnetic resonance imaging (fMRI) study
recruited skilled drum set players to explore the audio-motor
processing involved in drummers’ covert rehearsals. The reasons for
this recruitment were threefold. First, skilled drummers recognize
drumming-related sounds and actions very well, with their auditory
and motor networks more tightly connected than those of non-
drummers, as suggested by previous studies on musicians (Munte
et al., 2002; Lotze et al., 2003; Haslinger et al., 2005; Baumann
et al., 2007; Zatorre et al., 2007). Second, because distinct strokes of
the drum set are associated with distinct percussion instruments, the
mappings between percussive sounds and drummers’ movements are
essentially one-to-one. A full-size drum set has a bass drum, a floor
tom, a snare drum, tom-toms, and a variety of cymbals. In principle,
different strokes of the drum set are produced by different body
gestures. This is in contrast to the sound–action mappings in a pianist,
who has several choices of finger movements for playing a specified
note. Compared with pianists, drum set players might prove to be
better subjects for studying the neural substrates of one-to-one sound–
action mappings.

A third reason for recruiting drummers as participants was that we
could compare brain activity for the rehearsals of coordinated limb
movements with that for oral rehearsals. Owing to its rhythmic
complexity and timbral variety, non-melodic percussion music is often
transmitted as an oral tradition. Numerous music cultures use
nonsense syllables in systematic ways to represent percussive sounds
(Tsai et al., 2010). For the drum set, different strokes of drumming are
symbolized in terms of syllables, such as ⁄ dong ⁄ (the bass drum),
⁄ da ⁄ (the snare drum), and ⁄ tz ⁄ (the cymbal). These syllables not only
imitate the sounds of specific drum strokes but also serve as oral
mnemonics. To learn a novel drumming groove, some drummers first
learn to recite its representative syllable sequence, and then ‘translate’
it into a sequence of limb movements for playing the drum set.

This study was conducted with two major aims. The first major aim
was to specify the neural substrate of the one-to-one mappings from
isolated sounds to limb movements. We measured drummers’ brain
activity during sound-guided covert rehearsals of randomly-presented
isolated strokes and well-learned drum music, expecting that ran-
domly-presented strokes would yield greater activity in the brain
regions that underpin the one-to-one mappings from isolated sounds to
actions than well-learned drum music. During the rehearsals of well-
learned drum music, drummers might rely on both sequence memories
and sound–action mappings. On the contrary, when drummers were
asked to play the drum set under the auditory guidance of randomly-
presented strokes, they were likely to exclusively rely on the one-to-
one mappings from sounds to actions, as no sequential cues existed in
the auditory input. Previous studies have demonstrated that the
mappings from short sounds to the actions that produce the sounds
activated the PMC and posterior STS (Lewis et al., 2005, 2006;
Pizzamiglio et al., 2005; Galati et al., 2008; Aglioti & Pazzaglia,
2010). We hypothesized that skilled drummers might also recruit these
regions for mapping randomly-presented isolated stroke sounds to
limb movements.

The second major aim of the present study was to examine the
effector specificity of the sensorimotor network. We compared
drummers’ brain activity while reciting and while playing the drum
set along with well-learned drum music. According to the aforemen-
tioned study by Pa & Hickok (2008), we expected to find effector-
specific subregions at the temporoparietal boundary for audio-motor
integration. Finally, relevant to the issue of recited music vs. played
music, a minor aim of the present study was to examine how audio-
motor processing is modulated by the ‘voiceness’ of the auditory
input.

Materials and methods

Participants

Fifteen drummers (12 males and three females, mean age 22.0 years)
participated in this experiment. All participants had been playing the
drum set for more than 3 years (mean 6.4 ± 3.1 years) and practiced for
more than 3 h per week. They reported no neurological or psychiatric
problems.Written informed consent was obtained from each participant
prior to participation in the study. All experimental procedures were
performed in accordance with a protocol approved by the Institutional
Review Board at the National Taiwan University Hospital.

Stimuli

Figure 1 describes the three stimuli types in our fMRI experiment:
(i) percussion music of drumming grooves (type PM), (ii) verbalized
version of (i) (type VB), and (iii) randomly-presented isolated stroke
sounds of the drum set (type IS). We expected that the stimuli of type
IS would differentiate the one-to-one sound–action mappings from the
sequential sound–action mappings associated with the PM stimuli,
because the IS stimuli differ from the PM stimuli in that the IS stimuli
are not sequential and are unpredictable; thus, drummers might
substantially rely on one-to-one sound–action mappings for the sound-
guided rehearsals. However, the activation contrast for listening to the
PM stimuli vs. listening to the VB stimuli would show how the
sensorimotor mechanisms are modulated by the ‘voiceness’ of
the auditory input, as the VB stimuli differ from the PM stimuli only
in the presence of timbres of the human voice.
The six trials of type PM were basic drumming grooves (for the

musical scores and sound files, see Supporting Information) generated
by Logic Studio (Apple, Inc.). The six trials of type VB, which can be
regarded as onomatopoeia of the PM trials, were recited by a drummer
at the same tempos as the original drumming grooves. The rhythmic
similarity between the played and verbalized versions of drum music
was guaranteed, as the time differences between each played sound
and corresponding recited syllable were shorter than 60 ms for the six
trial pairs of PM and VB.
The 12 trials of type IS were generated by a MATLAB (Natick,

MA, USA) program, which randomly arranged the sounds of the
hi-hat cymbal (associated with movement of the right hand), bass
drum (associated with movement of the right foot), and snare drum
(associated with movement of the left hand) with the inter-stroke
interval randomly distributed within 0.3–1 s.
The duration of each trial was 20 s. All stimuli were digitized

(44 100 Hz sampling rate, 16 bit mono) for presentation in the scanner
using CoolEdit (Syntrillium Software), which was also used to
generate pink noise (PN). The power spectral density of PN is
inversely proportional to the frequency. According to Cutting et al.
(2010), PN can be regarded as a scrambled version of all musical
stimuli. Therefore, PN was used as the baseline of our experiment. We
roughly normalized the intensity of all musical stimuli within the
frequency range of 50–4000 Hz, and the approximate maximal sound
level of presentation was 70 dB.

Procedure

Prior to fMRI scanning, our participants received training for all PM and
VB trials. They were asked to virtually play the drum set (i.e. to move
their limbs as if the drum set was present) and to recite along with these
drumming grooves. During the training for IS trials, these participants
were asked to virtually play the drum set under the guidance of
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randomly-presented stroke sounds in one IS trial. Depending on the
participants’ musical competence and their time spent rehearsing, the
duration of the training session ranged from 1 to 3 weeks. The learning
criteria were to play the drum set and to recite along with all six
drumming grooves without making a mistake. Prior to the scan, a drum
teacher examined whether the participant passed the learning criteria.
The present study aimed to investigate the cognitive mechanisms in

drummers that support music rehearsals. Here, we included the
rehearsals for imagined limb movements and subvocal rehearsals to
address the issue of effector specificity of the sensorimotor network.
There were four rehearsal conditions: covertly playing the drum set
under the auditory guidance of isolated strokes (drumIS), covertly
playing the drum set along with the sounds of well-learned percussion
music (drumPM), covertly reciting along with the sounds of well-
learned percussionmusic (verbPM), and covertly reciting alongwith the
verbalized version of well-learned percussion music (verbVB). The
neuroimaging experiment consisted of four runs with the tasks of either
drumming or verbalizing, as schematically illustrated by Fig. 2. To
ensure that participants were alert and attentive throughout the duration
of scanning, they were asked to answer a simple question related to

metric identification after each stimulus. The question was – ‘Was the
previous stimulus of 6 ⁄ 8 meter?’ They answered the question with a
button press (right for ‘YES’ and left for ‘NO’). Among all musical
stimuli, two PM trials and two VB trials were of 6 ⁄ 8 meter.
The duration of each trial was 20 s. The inter-trial interval included

a 0.5 s warning tone (1 kHz), 1.5 s silence for participant’s response
(button press), and 5 s of baseline noise. A single functional run
consisted of 12 pseudorandomized trials and lasted 5.5 min (Fig. 2).
Four runs were separated by 2 min rest intervals. In total, the
functional scanning took approximately 30 min for each participant.
Stimuli were presented through scanner-compatible headphones at a
volume sufficiently loud that subjects could readily perceive the
stimuli over the scanner noise. Additionally, participants wore
earplugs to reduce the scanner noise by 20–30 dB.

Data acquisition

The images were collected with a Bruker 3T scanner located at
National Taiwan University. Within each scanning session, both
functional (T2*-weighted, blood oxygenation level dependent) and

A B

Fig. 1. Descriptions of three types of stimuli. (A) Spectrograms of an excerpt of percussion music of drumming grooves (type PM, lower panel) and its verbalized
version (type VB, upper panel). The syllable representation is displayed between the two spectrograms. These two spectrograms show similar temporal structures and
spectral distributions. However, the voiced syllables ⁄ da ⁄ and ⁄ dong ⁄ in VB have greater harmonic content than their referent drum strokes in PM. (B) The sound
waveforms and drummers’ gestures of three strokes: the hi-hat cymbal, bass drum, and snare drum. The stimuli of type IS were generated by randomly arranging
these three sounds with the inter-stroke interval randomly distributed within 0.3–1 s.

Fig. 2. Description of the four runs of functional scanning. A single run consisted of 12 pseudorandomized trials with inter-trial intervals of 7 s. The four runs were
separated by 2 min rest intervals. An inter-trial interval consisted of a warning tone, silence, and PN.
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anatomical (T1-weighted) images were acquired in identical planes.
The images were collected in 20 transverse planes parallel to the
anterior commissure–posterior commissure line. An echo-planar
imaging sequence was used to acquire the functional data (repetition
time, 3000 ms; echo time, 30 ms; flip angle, 90�; voxel size,
3.75 · 3.75 · 5 mm). The functional images were co-registered with
a high-resolution in-plane anatomical (T1-weighted; voxel size,
0.94 · 0.94 · 5 mm) image for each observer. There were four
functional runs, each lasting 5.5 min.

Image analysis

Data analysis was performed using SPM5 (statistical parametric
mapping). The functional images were corrected for differences in
slice-acquisition time to the middle volume and were realigned to the
first volume in the scanning session using affine transformations. No
participant had more than 3 mm of movement in any plane.
Co-registered images were normalized to the Montreal Neurological
Institute average template (12 linear affine parameters for brain size
and position, 16 non-linear iterations and 2 · 2 · 2 non-linear basis
functions). Statistical analyses were calculated on the smoothed data
(8 mm isotropic Gaussian kernel), with a high-pass filter (128 s cutoff
period) in order to remove low-frequency artifacts.

Data from each participant were entered into a general linear model
using an event-related analysis procedure (Josephs & Henson, 1999).
Events were modeled using a canonical hemodynamic response
function. For all analyses, the dependent variable was the peak signal
strength across all event-related responses for a particular stimulus
type. There were five event types: drumIS, drumPM, verbPM,
verbVB, and PN. A random-effects analysis using one-sample t-tests
across all participants was used to determine whether activation during
a contrast was significant (i.e. parameter estimates were reliably >0).

First, we separately compared drumIS, drumPM, verbPM, and
verbVB with PN. The threshold was set to P < 0.05 false discovery
rate corrected at the voxel level with a cluster size >10 voxels in a
whole-brain analysis. To look at the relative levels of activations along
an antero-posterior gradient in the temporal lobe, a supplementary
analysis was performed by using two regions of interest for the left Spt
and the left middle superior temporal gyrus (STG) across all
conditions. Second, we conducted comparisons among drumIS–PN,
drumPM–PN, verbPM–PN, and verbVB–PN. We used an inclusive
mask of a combined brain map from the drumIS, drumPM, verbPM,
and verbVB conditions with a logical ‘OR’ operation (P < 0.05
uncorrected). The threshold was set to P < 0.001 uncorrected at the
voxel level or P < 0.05 corrected at the cluster level. These compar-
isons were expected to reveal different aspects of audio-motor

processing in drummers, as shown in Table 1. The contrast (drumIS–
PN) > (drumPM–PN) aimed to identify the neural substrates of the
one-to-one mappings from sounds to limb movements. The contrast
(drumPM–PN) > (verbPM–PN) aimed to identify the subregions in the
sensorimotor network that might be specific to limb movements. The
contrast (verbPM–PN) > (drumPM–PN) aimed to identify the subre-
gions in the sensorimotor network that might be specific to phona-
tion ⁄ articulatory gestures. The contrast (verbVB–PN) > (verbPM–PN)
aimed to identify the neural substrates for perceiving the ‘voiceness’ of
the auditory input.

Results

All 15 participants passed the criteria for learning the six drumming
grooves. Behavioural performance during the scans was assessed from
the recordings of participants’ responses. These participants performed
the task of metric identification at near ceiling, with a correct response
average of 97.0%. This result indicated that our participants were alert
and attentive throughout the duration of scanning.
The imaging results are summarized in Tables 2 and 3. All four

conditions of active listening commonly evoked activation in the
bilateral mid-posterior auditory cortices and the bilateral PMC. The
regions of interest were the left Spt centered at [)46, )36, 18] and the
left middle STG centered at [)52, )16, )6]. The results of this region of
interest analysis (Fig. 3) suggest that activities of the left Spt and the left
middle STG for drumPM, verbPM, and verbVB were greater than those
for drumIS and the baseline (PN). Because the sound-guided rehearsals
were covert, no activation in the primary motor cortices was observed.
Although no visual stimuli were involved in the present experiment, the
primary visual cortex was significantly activated for drumIS. The left
putamen was significantly activated for drumPM, drumIS, and verbVB.
Figure 4 shows the contrast of drumPM minus the baseline and the

contrast of drumIS minus drumPM. When comparing with active
listening to well-learned drum music, active listening to isolated drum
strokes additionally activated the bilateral posterior middle temporal
gyri (MTGs) in the vicinity of the posterior STS. An activity increase
of the bilateral posterior MTG might reflect their role in the one-to-one
sound–action mappings.
Horizontal sections in Fig. 5 show activation in the bilateral STG

for the contrast of verbPM minus the baseline and for the contrast of
drumPM minus verbPM. The contrast of verbPM minus the baseline
shows activity of the bilateral mid-posterior STG and the left Spt. The
bilateral middle STG might reflect the perceptual processing of PM,
whereas the left Spt might function as an audio-motor interface for
sound-guided subvocal rehearsals. Covert rehearsals of limb move-
ments along with percussion music (drumPM) additionally activated

Table 1. Cognitive mechanisms involved in four rehearsal conditions

Cognitive mechanisms

Condition

Tasks ‘drum’ – to covertly play the
drum set under auditory guidance

Tasks ‘verb’ – to covertly recite
syllables under auditory guidance

drumIS drumPM verbPM verbVB

One-to-one mappings from sounds to limb movements s
Effector

Imagined limb movements s s
Imagined phonation ⁄ articulatory gestures s s

‘Voiceness’ of auditory input s

s The involved mechanism(s).
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a subregion of the left PT, which is located immediately lateral to the
Spt. No suprathreshold activation was observed for the contrast of
verbPM vs. drumPM.

Figure 6 shows the conjunction of verbVB and verbPM as well as
the contrast of verbVB minus verbPM. Reciting along with drum
music and its verbalized version commonly engaged the bilateral PMC

Table 2. Activation clusters for rehearsal conditions relative to the baseline

Condition Regions H BA z-test Voxels

MNI coordinates

x y z

drumIS–PN Mid-posterior STG ⁄ STS ⁄ MTG L 22 4.81 1575 )44 )34 18
22 4.78 )50 )30 0
22 4.62 )50 )18 )8

Mid-posterior STG ⁄ STS ⁄ MTG R 21 4.56 833 70 )20 )4
22 4.08 54 )26 0
41 3.66 44 )36 8

Dorsal PMC R 6 4.32 71 54 4 48
Dorsal PMC L 6 3.72 100 )30 )6 50
Dorsal PMC L 6 3.58 87 )48 )6 46
Primary visual cortex R 18 3.53 17 4 )98 18
Putamen L 3.60 90 )20 2 6

drumPM–PN Mid-posterior STG ⁄ STS ⁄ MTG L 21 4.88 1811 )52 )16 )6
41 4.74 )50 )34 16
41 4.69 )38 )30 12

Mid-posterior STG ⁄ STS ⁄ MTG R 21 4.69 1052 66 )14 )4
22 4.47 56 )24 2
22 4.05 50 )14 )6

Dorsal PMC L 6 4.04 179 )48 )6 46
6 3.51 )40 )6 64

Dorsal PMC R 6 3.89 53 54 2 48
Putamen L 3.66 166 )22 0 4

verbPM–PN Mid-posterior STG ⁄ STS ⁄ MTG and insula L 22 4.97 1033 )50 )16 )6
22 4.84 )46 )24 0
13 3.84 )46 )36 20

Mid-posterior STG ⁄ STS ⁄ MTG R 22 4.82 829 52 )24 2
22 4.32 66 )14 )2

Dorsal PMC R 6 3.79 52 54 2 44
Dorsal PMC L 6 3.69 105 )50 )4 48

6 4.41 )48 )6 58
verbVB–PN Mid-posterior STG ⁄ STS ⁄ MTG and Insula L 21 5.86 2193 )54 )14 )4

21 4.70 )52 )4 )8
13 4.09 )36 )30 14

Mid-posterior STG ⁄ STS ⁄ MTG R 21 5.72 1831 62 )16 )4
22 5.29 50 )12 )6
22 4.18 50 )34 4

Dorsal PMC R 6 3.92 77 54 2 44
Dorsal PMC L 6 3.58 63 )48 )4 46
Putamen L 3.32 16 )20 0 6

Regions surviving false discovery rate P < 0.05 at the voxel level and clusters >10 are presented. BA, Brodmann’s area; H, hemisphere; L, left; R, right;
MNI, Montreal Neurological Institute.

Table 3. Activation clusters for the contrasts between rehearsal conditions

Condition Regions H BA z-test Voxels

MNI coordinates

x y z

(drumIS–PN) vs. (drumPM–PN) Posterior MTG L 21 3.86* 105 )54 )44 0
Posterior MTG R 21 3.66* 94 52 )40 0

21 3.64* 60 )40 2
(drumPM–PN) vs. (verbPM–PN) Posterior STG L 22 4.16* 148 )66 )34 10
(verbPM–PN) vs. (drumPM–PN) No suprathreshold voxels
(verbVB–PN) vs. (verbPM–PN) STG ⁄ STS ⁄ MTG R 21 6.14* 3007 64 )22 )6

22 5.55* 54 )12 )8
21 5.28* 64 )2 )14

STG ⁄ STS ⁄ MTG ⁄ insula L 22 5.95* 3866 )54 )14 )2
13 5.78* )38 )22 12
22 5.57* )54 )2 10

Dorsal PMC R 6 3.78 49 54 )2 48

Regions surviving P < 0.001 uncorrected at the voxel level. *P < 0.05 corrected at the cluster level. BA, Brodmann’s area; H, hemisphere; L, left; R, right; MNI,
Montreal Neurological Institute.
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and the bilateral mid-posterior STG ⁄ STS. The contrast of verbVB vs.
verbPM activated the bilateral STG ⁄ STS ⁄ MTG, left insula, and right
PMC. An activity increase in these regions might reflect their sensitivity
to the ‘voiceness’ of the auditory input during active listening.

Discussion

It is well accepted that musicianship provides an important model for
exploring the neural substrates of sensorimotor processes (Munte

et al., 2002; Zatorre et al., 2007). Using randomly-presented isolated
percussive sounds, percussion music, and verbalized percussion music
as stimuli, the present fMRI study on skilled drummers provided new
insights into the neural mechanisms underlying audio-motor process-
ing for music rehearsals. The first finding showed activation of the
bilateral posterior MTG for the contrast of drumIS minus drumPM,
which might mediate the one-to-one mappings from isolated percus-
sive sounds to the limb movements that produce these sounds. The
contrast of drumPM minus verbPM revealed the effector specificity of
the audio-motor interface at the left temporoparietal boundary. We
found that drummers’ covert rehearsals of limb movements along with
well-learned percussion music activated a lateral subregion of the left
posterior PT relative to subvocal rehearsals along with the same
music. Moreover, the contrast of verbVB minus verbPM showed
activation of the bilateral STG ⁄ STS ⁄ MTG, left insula, and right PMC.
This result demonstrates how the ‘voiceness’ of the auditory input
modulates activation of the sensorimotor network.

One-to-one mappings from sounds to limb movements

Although the auditory dorsal stream might perform the sound–action
mappings at the level of sound sequences (Hickok et al., 2003;
Hickok & Poeppel, 2004; Hickok, 2009), the present study identified
the neural substrates of such mappings at the level of isolated
percussive sounds. It is noteworthy that most previous neuroimaging

Fig. 3. Region of interest analysis for the left Spt and left middle STG.

Fig. 4. Brain activation patterns for drumPM relative to the baseline and the
contrast of drumIS minus drumPM.

Fig. 5. Brain activation patterns for verbPM relative to the baseline and for the contrast of drumPM minus verbPM. The activated regions are shown in horizontal
sections with the numbers indicating the corresponding z coordinates.
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studies on audio-motor integration for music production have used
melodies as stimuli, and such a design might not be optimal for
investigating the one-to-one mappings from sounds to actions. First,
there are several choices of manual gestures for pianists and string
players to produce a specified note. Second, even musicians need a
reference for mapping a heard pitch to a musical note if they do not
have absolute pitch. The present study on percussionists provides a
novel opportunity to examine the neural substrates of one-to-one
mappings from musical sounds to actions. The IS trials randomly
presented the sounds of the hi-hat cymbal (associated with movement
of the right hand), bass drum (associated with movement of the right
foot), and snare drum (associated with movement of the left hand)
with the inter-stroke interval randomly distributed within 0.3–1 s
(Fig. 1B). When drummers were asked to play the drum set under the
auditory guidance of the IS trials, they might exclusively rely on the
one-to-one sound–action mappings. However, when drummers were
asked to play the drum set under the auditory guidance of well-learned
drum music (drumPM), they might retrieve sequence memories for
covert rehearsals, with the sound–action associations playing an
auxiliary role in monitoring their rehearsals. Therefore, the loading of
sound–action mappings might be lower for drumPM as compared with
drumIS.
The contrast of drumIS minus drumPM showed activation of the

bilateral posterior MTG (Fig. 4; Table 3), which may play a critical
role in the one-to-one mappings from percussive sounds to the limb
movements that produce these sounds. This finding is consistent with

previous studies that addressed the issue of representing actions
through their sounds. Pizzamiglio et al. (2005) found that the left
posterior superior temporal and premotor areas were selectively
modulated by short action-related sounds. The left superior temporal
area had peak activity at around 280 ms after sound presentation, and
this activity was followed by left frontal activity that peaked at around
300 ms. Using fMRI experiments, Lewis et al. (2005) and Galati
et al. (2008) found that the bilateral posterior STS ⁄ MTG were
selectively responsible for action-related sounds. Although the
participants in these studies were not asked to imitate the heard
actions like our participants were, their PMC activation was significant
and the reported locations of posterior STS ⁄ MTG activation were
close to those in the present study for the contrast of drumIS minus
drumPM (Table 4).

Semantics of musical sounds

Previous studies have reported that the left posterior STS ⁄ MTG
selectively responds to the processing of verbs (Grossman et al., 2002;
Tranel et al., 2003; Kable et al., 2005; Palti et al., 2007; Bedny et al.,
2008; Kemmerer et al., 2008; Tyler et al., 2008). Thus, it is
interesting to argue that different stroke sounds of the drum set might
engage the neural representation of knowledge contributing to
different actions in a similar manner as verbs. Three different
percussive sounds in the drumIS trials evoked motor simulation of
the right foot, right arm, and left arm. Activity of the left posterior
MTG for the contrast of drumIS minus drumPM supported the idea
that this region might play a role in representing the semantic category
of an event associated with verbs (Grossman et al., 2002; Bedny
et al., 2008).
Although the one-to-one sound–action mappings might share

common neural substrates with verb processing, it has been a matter
of debate for decades whether music can convey meaningful informa-
tion in a similar manner as language. This issue was recently addressed
using neuroimaging technology; some results suggest the role of the
posterior STS in the processing of musicmeaning (Steinbeis &Koelsch,
2008) and in the retrieval of autobiographical memories bymusical cues
(Ford et al., 2011). The reported locations of posterior STS activation
were close to those in the present study for the contrast of drumIS minus
drumPM (Table 4). The accumulating evidence for semantic processing
of musical sounds in the bilateral posterior STS ⁄ MTG needs a unified
model for the cognitive mechanisms underlying both musical semantics
and linguistic semantics.

Fig. 6. Brain activation patterns for the conjunction of verbVB and verbPM
as well as the contrast of verbVB vs. verbPM. The red lines indicate the
overlapping regions of verbVB-PN and verbPM-PN.

Table 4. Peaks of activation in the bilateral posterior STS ⁄ MTG for the contrast (drumIS–PN) > (drumPM–PN) in the present and previous studies

Study Paradigm

MNI coordinates

Left hemisphere Right hemisphere

x y z x y z

This study Drummers’ rehearsals of isolated
stroke sounds vs. rehearsals of drum music

)54 )44 0 52 )40 0

Galati et al. (2008) Listening to action-related sounds
vs. listening to non-action-related sounds

)54 )48 4 52 )42 4
)54 )42 )2

Lewis et al. (2005) Listening to ‘tool’ sounds vs. listening to ‘animal’ sounds )53.8 )59.1 5.5 54.3 )52.1 5.3
Steinbeis & Koelsch (2008) Incongruous chord targets primed by affective words 40 )45 3
Ford et al. (2011) Retrieval of autobiographical memories

by musical cues. Event specific
> lifetime period and general event > lifetime period

)54 )40 0 62 )36 0

MNI, Montreal Neurological Institute.
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An alternative explanation for the increased activity of the bilateral
posterior MTG for drumIS than for drumPM might be related to the
unpredictable timing of stroke sounds in IS. Brown et al. (2006a)
reported increased activity in the right posterior STG (peaked at [52,
)30, 6]) for novel or non-metric rhythms compared with metric
rhythms. Their cluster is approximately 10 mm anterior to the
activation cluster of the right MTG for drumIS-drumPM in the
present study, and these two clusters might be partially overlapping.
Further research is needed to dissociate the effect of timing
predictability from one-to-one sound–action mapping.

Effector specificity at the temporoparietal boundary

Whereas most studies on the auditory dorsal stream have focused on
speech perception and production, the present study examined activity
of this stream associated with the limb effector. We asked drummers to
either covertly play the drum set or to covertly recite along with well-
learned drum music. Compared with subvocal rehearsals (verbPM),
covert limb movements (drumPM) additionally activated a subregion
of the left posterior PT, which is located immediately lateral to an
activation cluster for verbPM (area Spt) (Fig. 5; Table 3). The
posterior lateral subregion of the left PT might be selectively
responsible for the limb effector. An alternative explanation for the
activation of the contrast of drumPM minus verbPM is that our
participants might recruit the brain regions that underpin the spatial
processing for arm movements during covert drumming. However, the
contrast of drumPM minus baseline shows no significant activity in
the parietal and occipital cortices and our participants might not
engage spatial processing for drumPM. Therefore, the single activa-
tion cluster for the contrast of drumPM minus verbPM in the left
posterior lateral PT is probably not related to spatial processing.

To the best of our knowledge, only one previous fMRI study has
directly examined effector specificity at the temporoparietal boundary.
Recruiting pianists as participants, Pa & Hickok (2008) found the role
of area Spt in audio-motor integration for humming, and the role of an
area in the anterior inferior parietal sulcus in similar integration for
finger movements. Although Pa & Hickok (2008) suggested that area
Spt may be selective for the vocal tract effector system, this area did
not show a significant difference in activation for verbPM and
drumPM in our study. This surprising finding leads to the speculation
that area Spt might be equally activated for the sound sequences
associated with phonation ⁄ articulation gestures as well as limb
gestures. An alternative explanation of this finding is that our
participants might have tended to play the drum set with subvocal
rehearsals.

Although our results support the idea that the motor-related
representations for different effectors might be associated with
different activation patterns of the audio-motor interface at the
temporoparietal boundary, we did not find parietal activation for the
sound-guided limb movements in drummers. The activation cluster
for the contrast of drumPM vs. verbPM was considerably inferior to
the finger-specific anterior inferior parietal sulcus for audio-motor
integration reported by previous studies on piano playing (Lahav
et al., 2007; Pa & Hickok, 2008). This discrepancy might be due to
the different effectors associated with piano playing and drum
playing.

‘Voiceness’ of the auditory input

To investigate how the ‘voiceness’ of the auditory input modulates
activation patterns in the sensorimotor network during sound-

guided rehearsals, we generated six stimuli for drum music (type
PM) and their verbalized version (type VB). Our results indicate
that covertly reciting along with the PM and VB trials commonly
activated the bilateral mid-posterior STG ⁄ STS. The contrast of
verbVB minus verbPM shows activation clusters along the bilateral
temporal lobes (Fig. 6; Table 3). This result is in line with our
previous fMRI experiment on the oral representation of Beijing
opera percussion music (Tsai et al., 2010), pinpointing the
temporal regions selective for ‘voiceness’ embedded in sound
sequences. Although the involvement of the bilateral mid-posterior
STS in phonetic ⁄ phonological processes has been demonstrated by
contrasting the activity patterns associated with speech to those
associated with non-speech sounds (Belin et al., 2000; Desai et al.,
2008; Zaehle et al., 2008; Turkeltaub & Coslett, 2010), the
contrast of verbVB minus verbPM shows much larger activation
clusters, extending from the bilateral STS to the STG, MTG, and
left insula.
Whereas the dorsal stream of auditory processing has been

reported as being left-biased (Hickok & Poeppel, 2007), the contrast
of verbVB minus verbPM showed activation of the left PT and right
PMC. Their co-activation might be related to increased load of the
auditory dorsal stream for imitating the intonation contour during
active listening to verbalized drum music. The voiced syllables ⁄ da ⁄
and ⁄ dong ⁄ in the VB stimuli have greater harmonic content and
higher pitch salience than their referent drum strokes in the PM
stimuli (Fig. 1). Therefore, the VB stimuli exhibit clearer intonation
contours than the PM stimuli. Rehearsal of tonal sequences was
found to elicit greater activation in the right PMC, as compared with
sentence generation (Brown et al., 2006b) or rehearsal of atonal
sequences (Schulze et al., 2011), and the cluster peaks are close to
the activation cluster for the contrast of verbVB minus verbPM in
our experiment. The same region also responds to ‘degraded speech’,
which is exclusively comprised of intonation contour (Meyer et al.,
2004). Our finding that the right PMC showed activation for the
contrast of verbVB minus verbPM provides evidence for its role in
imitating pitch contours.
It should be noted that the present study did not include the

condition of subvocal rehearsal under the auditory guidance of
isolated strokes. Bidirectional contrasts between this condition and
drumIS would reveal the effector-specific neural substrates of one-to-
one sound–action mapping, which might not be identical to the
subregions of PT for sound–action mapping at the sequential level.
Moreover, contrasting the condition of subvocal rehearsal under the
auditory guidance of isolated strokes to verbPM would reveal the
neural substrates of one-to-one mapping from percussive sounds to
their syllable representation. Whereas the present study focuses on
drum music and drumming, we plan to systematically investigate
onomatopoetic or sound-symbolic words in future brain-imaging
studies.
In summary, the current study on skilled drummers has illustrated a

functional specialization of the posterior temporal lobes for two
aspects of audio-motor processing: the bilateral posterior MTG might
be selective for the mappings from isolated sounds to actions, and a
posterior lateral subregion of the left PT might be selective for the
limb effector. Although melodic music is closely related to human
singing, non-melodic percussion music is often associated with
patterned limb movements and has been found in non-human primate
culture (Fitch, 2006; Remedios et al., 2009). Regarding the audio-
motor nature and the ancient origins of non-melodic percussion music,
we suggest that future research streams should pay more attention to
percussion music for analysing the relationships between music,
language, and action.
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Supporting Information

Additional supporting information can be found in the online version
of this article:
Video S1. IS1.
Video S2. PM1.
Video S3. VB1.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset by Wiley-Blackwell.
Technical support issues arising from supporting information (other
than missing files) should be addressed to the authors.
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drumIS, covertly playing the drum set under the auditory guidance of isolated
strokes; drumPM, covertly playing the drum set along with the sounds of well-
learned percussion music; fMRI, functional magnetic resonance imaging; IS,
randomly-presented isolated stroke sounds of the drum set; MTG, middle
temporal gyrus; PM, percussion music; PMC, premotor cortex; PN, pink noise;
PT, planum temporale; STG, superior temporal gyrus; STS, superior temporal
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reciting along with the verbalized version of well-learned percussion music.
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