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Abstract

Several sensory—motor integration regions have been identified in parietal cortex, which appear to be organized around motor-effectors (e.g., eyes,
hands). We investigated whether a sensory—motor integration area might exist for the human vocal tract. Speech requires extensive sensory—motor
integration, as does other abilities such as vocal musical skills. Recent work found that a posterior superior temporal-parietal region, area Spt, has
both sensory (auditory) and motor response properties (for both speech and tonal stimuli). Brain activity of skilled pianists was measured with
fMRI while they listened to a novel melody and either covertly hummed the melody (vocal tract effectors) or covertly played the melody on a piano
(manual effectors). Activity in area Spt was significantly higher for the covert hum versus covert play condition. A region in the anterior IPS (aIPS)
showed the reverse pattern, suggesting its involvement in sensory-manual transformations. This finding suggests that area Spt is a sensory—motor

integration area for vocal tract gestures.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been a great deal of work over the last decade aimed
at understanding the neural circuits supporting sensory—motor
interaction. Most of this research has centered on sensory—motor
integration within the context of the visual system, and much
has been learned. For example, regions in the posterior pari-
etal cortex (PPC) in both human and non-human primates have
been identified as critical components of visuomotor integra-
tion circuits (Andersen, 1997; Milner & Goodale, 1995). These
regions appear to be organized primarily around motor-effector
systems, such as ocular versus hand/limb action systems (Colby
& Goldberg, 1999; Culham & Kanwisher, 2001; Grefkes, Ritzl,
Zilles, & Fink, 2004; Kertzman, Schwarz, Zeffiro, & Hallett,
1997) and they may be computing coordinate transformations,
mapping between sensory representations and motor commands
during movement planning, online updating, and control of
movement (Andersen, 1997; Castiello, 2005; Colby & Goldberg,
1999).
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Much less research has been conducted on sensory—motor
integration within the context of the auditory system. This
is likely because most investigators who are interested in
sensory—motor interactions have focused on eye or limb move-
ments where visual information plays a dominant role in
movement planning and online guidance. However, there is a
domain of action where the auditory system plays a critical role,
namely in the movements of the vocal tract for speech. For
example, the developmental task of learning to articulate the
sound patterns of one’s language is cued externally by auditory
input primarily (somatosensory feedback plays an additional
important role, see Tremblay, Shiller, & Ostry, 2003). As adults,
we can, simply by listening, learn to pronounce new words,
or pick up regional accents, sometimes unconsciously. Experi-
mental work has also shown that delayed or otherwise altered
auditory speech feedback affects speech articulation (Houde
& Jordan, 1998; Yates, 1963), and it is well known that late
onset deafness results in articulatory decline (Waldstein, 1989).
Finally, neuropsychological research has shown that damage to
left hemisphere auditory regions leads to deficits in speech pro-
duction (Damasio & Damasio, 1980). All of this shows clearly
that the auditory system plays an important role in speech pro-
duction and therefore, there must be a neural mechanism for
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interfacing auditory and motor representations of speech (Doupe
& Kuhl, 1999). See Hickok and Poeppel (2007) for a recent
review.

Until recently, little was known about the neural circuit(s)
supporting auditory—motor integration. But recent fMRI exper-
iments have made some progress in this respect. The design
of these studies relied on the observation from the visual
domain, that many neurons in PPC sensory—motor integration
areas have both sensory and motor response properties (Murata,
Gallese, Kaseda, & Sakata, 1996). Thus, an area supporting
auditory—motor integration for speech should respond both dur-
ing perception and production of speech (covert production
is used in prior studies, including the present study, to avoid
overt auditory feedback (Buchsbaum, Hickok, & Humphries,
2001; Hickok, Buchsbaum, Humphries, & Muftuler, 2003).
Using this approach, a fronto-parietal-temporal network of
auditory + motor responsive regions was identified in human
cortex. Included in this network is a region in the left pos-
terior Sylvian fissure at the parietal-temporal boundary, area
Spt.! Area Spt appears to be functionally and anatomically con-
nected with a frontal area known to be important for speech
(area 44) (Buchsbaum, Olsen, Koch, & Berman, 2005a; Catani,
Jones, & Ffytche, 2005; Galaburda & Sanides, 1980; Hickok &
Poeppel, 2004) and the area Sptregion, when disrupted via lesion
or electrical stimulation, results in speech production deficits
(Anderson et al., 1999; Damasio & Damasio, 1980). For these
reasons, and also because of its anatomical location, area Spt
has been hypothesized to be a sensory—motor integration area
(Hickok et al., 2003) analogous in function to the sensory—motor
integration areas previously identified in the PPC (Andersen,
1997; Colby & Goldberg, 1999).

Additional work showed that area Spt is not speech-specific,
but responds equally well to the perception and production
(covert humming) of tonal melodies (Hickok et al., 2003). Area
Spt also responds during the temporary maintenance of a list
of words in short-term memory independently of whether the
items to be maintained were presented auditorily or visually
(Buchsbaum et al., 2005b). This latter finding parallels claims
that visual-motor integration areas have working memory-
related properties (Murata et al., 1996), as well as the observation
that sensory input from multiple modalities can drive neurons in
PPC sensory—motor fields (Cohen, Batista, & Andersen, 2002;
Mullette-Gillman, Cohen, & Groh, 2005). In sum, the response

1 Spt is functionally defined within an anatomically constrained region of
interest. It was initially identified in an anatomically unconstrained analysis that
specified regions showing both auditory (speech responsive) and motor (respon-
sive during covert speech production) response properties (Buchsbaum et al.,
2001; Hickok et al., 2003). A network of regions is identified in such an analysis
including area 44 and a more dorsal pre-motor site in the frontal lobe, a region in
the superior temporal sulcus, and a region in the posterior aspect of the planum
temporale, sometimes extending up into the parietal operculum. Anatomically
this later area, Spt, appears to be a sub-portion of Galaburda and Sanides (1980)
area Tpt. Although auditory-motor responses are identifiable within this region
very consistently in individual subjects (using their own anatomy as a guide
localization), the activation location in standardized space can vary substan-
tially. Thus, Spt is defined as a region within the posterior portion of the Sylvian
fissure that exhibits both auditory and motor response properties.

properties of area Spt — particularly that it shows both sensory
and motor responses — are consistent with the hypothesis that it
is a sensory—motor integration region similar to those found in
the primate intraparietal sulcus (Buchsbaum et al., 2005b).

While area Spt has been shown to respond quite well in tasks
involving a variety of sensory inputs (speech, tones, written
words), its response to varying motor output conditions has not
yet been investigated. While Baumann et al. (2007) report that
the planum temporale is active in musicians generating hand/arm
movements associated with playing a piece of music (the piece
was “played” on a board), suggesting that Spt is active not only
during orofacial-associated output tasks, but also manual tasks,
without an orofacial task to use as a contrast it is impossible to
gauge whether that region may be relatively selective for one
or another output modality. If area Spt is organized in a manner
analogous to PPC sensory—motor regions — which are organized
around motor-effector systems — it should be fairly tightly linked
to the vocal tract-related motor system. This, in turn, predicts that
manipulation of the output modality should affect activity levels
in area Spt even if the sensory stimulation were held constant.
We set out to test this prediction in the present experiment.

One population in which auditory inputs can be mapped
efficiently to two different motor-effector systems is skilled
musicians. In at least some musicians, an aurally presented
novel melody can be reproduced either by covertly humming
the melody (vocal track effectors) or by covertly playing the
melody (manual effectors). Based on our hypothesis that area
Spt is a sensory—motor integration area involving vocal track-
related motor systems, we predicted that area Spt would activate
more strongly when musicians (pianists) were asked to covertly
hum a heard melody than when they were asked to covertly
play a heard melody. As a secondary hypothesis, we postulated
that the use of manual effectors in covertly playing the melody
will activate PPC, as this region has been implicated in several
manual tasks including visually guided reaching, apraxic assess-
ments, and piano-playing (Burnod et al., 1999; Haslinger et al.,
2005; Makuuchi, Kaminaga, & Sugishita, 2005; Meister et al.,
2004).

2. Materials and methods
2.1. Subjects

Seven (2 male) skilled pianists (age range 18-35 years) participated in the
experiment after giving written informed consent. The approval of the Univer-
sity of California, Irvine Institutional Review Board (IRB) was received prior to
the start of the study. All participants were screened for prerequisite skill level
prior to inclusion in the study. Potential subjects were seated in front of a piano
keyboard and presented with novel 3-s piano melodies one at a time. After each
melody, participants had to accurately reproduce the melody on the keyboard
with only one exposure (approximately 50% of screened participants were able
to perform the task and were included in the study). All participants who satis-
fied criteria had several years of piano experience including professional piano
training (mean = 13 years, S.D. =5), four were music majors, and all continued
to play regularly. One participant was self-reported as having perfect pitch.

2.2. Stimuli and experimental procedure

Auditory stimuli were novel 3-s piano melodies (no chords) composed in
C major and recorded using a midi synthesizer. The melodies ranged in com-
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plexity with the average number of notes =7.69 per 3-s stimulus (S.D.=1.75)
with varying 3/4, 4/4, 6/8 m. A trial began with the presentation of a melody
followed by a variable rehearsal period during which subjects were asked to
either covertly (subvocally) hum the melody repeatedly, or to covertly (sub-
manually) play the melody on a piano keyboard. The rehearsal period lasted
0, 6, or 12s. Rehearsal conditions were counterbalanced across runs. A visual
cue (an asterisk) indicated the end of the covert hum/play phase of the trial
and was followed by 12 s of rest before the onset of the next trial. There were
16 trials of music processing, eight of each condition (i.e. covert hum, covert
play). Auditory stimuli were presented through air conduction. DMDX software
(http://www.u.arizona.edu/~kforster/dmdx/dmdx.htm) was used to deliver the
stimuli and to control the timing of stimulus presentation. The presentation of
the visual stimulus indicating the end of a rehearsal period was displayed on a
magnet compatible LCD monitor.

2.3. FMRI procedure

Data were collected at the University of California, Irvine in a 4T scan-
ner (Magnex Scientific Inc.) interfaced with a Marconi Medical Systems’
EDGE console for the pulse sequence generation and data acquisition. A
high-resolution anatomical image was acquired (axial plane) with a 3D
SPGR pulse sequence for each subject (FOV=240mm, TR=50ms, flip
angle =50°, size=0.9375 mm x 0.9375 mm x 2.5 mm). A series of EPI acqui-
sitions were then collected, obtaining the magnetic field map (Chiou Ahn,
Muftuler, & Nalcioglu, 2003). Functional MRI data were acquired using
single-shot EPI (FOV =240 mm, TR=2s, TE =31.3 ms, flip angle =75°, voxel
size =2.55mm x 3.75 mm x 5 mm).

2.4. Data analysis

Motion correction was achieved by aligning all functional volumes to the
sixth volume in the series using a 6-parameter rigid-body model in AIR 3.0
(Woods, Grafton, Holmes, Cherry, & Mazziotta, 1998). Field map correction
was later performed on all volumes during the post-processing of the raw data
to correct for geometric and intensity distortions in the EPI scans (Chiou et
al., 2003). The high-resolution structural image was co-registered to the sixth
volume of the scan. The timecourse of the BOLD signal was temporally fil-
tered (bandpass between 0.0147 and 0.125 Hz). Using AFNI software (Cox,
1996), ROI-based single subject analysis was performed with separate regres-
sors for music perception, covert hum production, and covert play production.
Each predictor variable was convolved with a hemodynamic response function
and entered into the analysis. An F-statistic was calculated for each voxel, and
statistical parametric maps (SPM) were created for each subject. ROIs were
determined using the rehearsal conditions (i.e. covert hum, covert play) versus
rest. Area Spt has been shown to activate strongly to covert humming of novel
melodies (Hickok et al., 2003). Thus, the area Spt ROI was identified using
the covert hum regressor associated with the longest rehearsal period: the top
four activated contiguous voxels (above a cutoff threshold of p <.001, uncor-
rected) within the left planum temporale/parietal operculum of each subject were
selected for subsequent analysis. All seven subjects had significant activations
in this region. Based on previous studies showing that production of manual
movements (e.g., gesture copying) activated posterior parietal areas (Makuuchi
etal., 2005; Muhlau et al., 2005), we also defined a parietal ROI using the covert
play regressor: a region within the left anterior IPS (aIPS) was activated in all
seven subjects. The top four activated contiguous voxels in this ROI, in each
subject, were selected for further analysis. See Table 1 for ROI coordinates in
each subject. This ROI selection process has the potential to induce task-specific
selection bias. That is, we may see differences in amplitude in these two ROIs
not because there is any real difference between the covert hum and covert play
conditions within these regions, but because we used different selection crite-
ria that biased voxel selection toward randomly higher values in one condition
versus the other. To determine if there was this bias in our analysis, we used the
opposite regressors to select voxels in the two ROI regions; that is we used the
covert play regressor to select planum voxels, and the covert hum regressor to
select PPC voxels. This procedure selected nearly identical sets of voxels, and
did not change the direction of the effects reported below. Thus, selection bias
cannot explain our findings.

Table 1
Talairach coordinates of peak activations within each subject for both ROISs (area
Spt, anterior IPS)

Area SPT Anterior IPS

X y z X y z
S1 -56 -37 15 —45 —-32 34
S2 —57 -25 6 —42 -31 37
S3 -53 -30 9 —53 —26 29
S4 —51 -39 11 —43 —41 27
S5 —60 -36 6 —41 -31 27
S6 —41 -31 22 -30 21 43
S7 —53 —15 6 —-20 -35 42

Analysis of ROI data focused on the condition with the longest rehearsal
period because it was in this condition that motor-effector based responses were
most evident (see Fig. 3). Outliers (less than or greater than 2S.D. from the
mean) were removed from the timecourse data. The remaining data points were
converted to Z-scores, and the baselines for each condition in each ROI were
aligned. Statistically significant differences were calculated using paired z-tests
on the 10 voxel values surrounding the activations peaks.

3. Results

Our main objective was to identify regions that have both per-
ceptual and motor response properties. Our assumption is that
rehearsal-related activity is tapping motor-articulatory networks
(Meister et al., 2004). The theoretical motivation for focusing on
regions that respond both to sensory and motor phases of the task
is that these regions are likely to be good candidates for perform-
ing sensory—motor integration. A left Sylvian parietal-temporal
ROI (area Spt), a region previously identified to be a part of
an auditory—motor network (Buchsbaum et al., 2001; Hickok et
al., 2003) was shown to be active in all seven subjects for the
music perception + covert hum task. Representative activation
maps from three subjects are shown (Fig. 1). In contrast, left
alPS was shown to be active in all seven subjects during music
perception + covert play condition with representative activation
maps from three subjects (Fig. 2).

To unequivocally show the distinct contributions of sensory
and motor responses, the activation of area Spt during 0 (sensory
only), 6, and 12 s of rehearsal is shown (Fig. 3). It is clear that the
behavior of area Spt is driven not only by the sensory condition,
but that it is also modulated by the time period of rehearsal.

Timecourse graphs for the 12 s rehearsal trials in the area Spt
ROI and the left aIPS ROI are shown (Figs. 4 and 5, respectively).
Area Spt shows greater activation during the covert hum trials
compared the covert play trials, particularly during the rehearsal
phase. The aIPS, conversely, shows the reverse pattern, with
greater activation for covert play than covert hum, again evident
most prominently during the rehearsal phase. Paired r-tests on
the time points between the first and second peaks indicated
that the amplitude differences were highly significant both in
Spt (#(9)=15.87, p=.000) and in the alPS ROIs (#9)=28.28,
p=.000).

Although our focus and theoretical hypotheses centered on
posterior regions, we also found frontal activations during both
the covert hum and play conditions, as expected. Two regions
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Fig. 2. Representative activation maps from three subjects in anterior IPS during covert play.

were found to be activated consistently across subjects and for
both tasks: a pre-motor location [-48 —4 33], and aregion in the
posterior inferior frontal gyrus [—46 19 18]. No further analysis
was performed on these regions.

-8- 0 secs of rehearsal
—+ 6 secs of rehearsal
—— 12 secs of rehearsal

Z-score

o 5 10 15 20 25
Time (s)

Fig. 3. Averaged timecourses for the three rehearsal periods, 0, 6, and 12, in
area Area Spt. Notice the increase in the width of the response function with pro-
gressively longer rehearsal periods, showing clearly the contribution of rehearsal
to the region’s hemodynamic response. The sensory-only response can be seen
in the zero rehearsal condition, showing that this region is responsive to acous-
tic events alone. The increase in amplitude of the initial peak in the rehearsal
trials (both 6 and 12 s) relative to the no rehearsal trials reveals additivity in the
response to the sensory event and the early part of the rehearsal period. In the
12 s rehearsal condition the drop in amplitude after the initial peak presumably
reflects the decay of the sensory response leaving only the rehearsal-related acti-
vation. This relative isolation of the rehearsal-related response is evident only
in the longer 12 s rehearsal condition.

12

0.4

0.2

0 G 10 15 20 25
Time (s)

Fig. 4. The averaged timecourse of the top 4 activated voxels from 7/7 subjects
in area Spt during the covert hum condition.

Fig. 6 shows the averaged talairach coordinates of each sub-
ject in both posterior ROIs (area Spt: —53 —30 11; anterior IPS:
—39 —31 34) overlaid onto an high resolution, volume-rendered
brain.

4. Discussion

A region in the posterior Sylvian fissure at the
parietal-temporal boundary (area Spt), known to have
auditory—motor response properties (Buchsbaum et al., 2001,
2005b; Hickok et al., 2003; Hickok & Poeppel, 2004; Okada &



366 J. Pa, G. Hickok / Neuropsychologia 46 (2008) 362-368

T T

0.8

Z-score

0.4

0.2

0 5 10 15 20 25
Time (s)

Fig. 5. The averaged timecourse of the top 4 activated voxels from 7/7 subjects
in anterior IPS during the covert play condition.

Hickok, 2006), was found to be substantially more active during
covert humming of novel melodies than during covert playing
on a keyboard of those same melodies. This finding is in support
of the hypothesis that area Spt is a sensory—motor integration
area for the vocal tract motor system. While there is substantial
evidence from previous studies suggesting that area Spt, a
sub-region of PT, is involved in both sensory and motor aspects
of vocal tract action, (Buchsbaum et al., 2001, 2005b; Hickok
et al., 2003), this is the first study to manipulate motor-effector
output in a within-subjects design. Some studies investigating
the function of PT have argued for different functions roles
for that region, such as the computational hub hypothesis or a
possible role in rhythm processing (Chen, Zatorre, & Penhune,
2006; Griffiths & Warren, 2002); however, these studies were
not designed in a way to functionally dissociate the nature and

Fig. 6. The averaged peak activations pooled across subject in each ROI overlaid
on a volume-rendered brain. The blue cluster represents the activations in area
Spt [—53 —30 11] during the covert hum condition and green cluster represents
the activations in anterior IPS [—39 —31 34] during the covert play condition.

location of area Spt, as these studies were devised with other
theoretical motivations in mind and may not have isolated our
area Spt site.

Somatosensory feedback from the vocal tract is an important
component of the production of speech and orofacial ges-
tures generally (Tremblay et al., 2003). Further, somatosensory
responses are commonly observed in parietal sensory—motor
integration areas in monkey (Murata et al., 1996). It is, there-
fore, conceivable that a portion of our activation pattern results
from modulation of somatosensory feedback. This possibility
does not undermine our fundamental claim of separable motor-
effector based networks, and in fact may strengthen the claim.
However, a somatosensory explanation of our findings seems
unlikely as sensory stimulation of the vocal tract appears to acti-
vate primarily regions anterior to our ROIs (Miyamoto et al.,
2006). This is an important issue, however, that deserves further
investigation.

Consistent with previous functional imaging studies on the
production of manual gestures including piano-playing and ges-
ture imitation (Makuuchi et al., 2005; Meister et al., 2004;
Peigneux et al., 2004), the present study found a region in the
left aIPS which showed an effector bias in the opposite direc-
tion, responding significantly more during the covert play than
covert hum condition. This finding is consistent with the idea that
the aIPS contains a system that functions as a sensory—motor
interface for the manual effectors (Colby & Goldberg, 1999;
Culham & Kanwisher, 2001). A music study investigating musi-
cal imagery versus performance found a similar region active
during both piano-playing conditions, using a visual stimulus
to induce playing instead of an aurally presented stimulus and
suggested its role in visuomotor transformations (Meister et al.,
2004). Further, a study by Bangert et al. (2006) found BA40
(emcompassing alPS) active during a conjunction analysis of a
musical acoustic task and a motion-related task of piano-playing.
These findings along with the present findings suggest that aIPS
may be involved in both visuo- and auditory-to-manual trans-
formations, and that this region is recruited for imagined and
overt play in musicians. Interestingly, recent diffusion tensor
imaging work has identified not only the classic arcuate fas-
ciculus pathway connecting posterior superior temporal regions
with Broca’s area, but also a parallel pathway that projects to the
inferior parietal region (Catani et al., 2005). This finding may
provide the anatomical substrate for our functional interactions.

No conclusions are being drawn about left-hemisphere dom-
inance for integrating auditory and manual actions as the covert
play task in this study relied on covert right-hand movements for
performing the task which would lead to left-hemisphere dom-
inance. This predominantly left hemisphere activation has also
been found in other musical studies, but again, may simply be
due to methodological idiosyncrasies (Bangert et al., 2006).

Although we observed a clear double-dissociation between
the covert hum and covert play conditions in the two ROls,
the dissociations were relative. That is, area Spt activated dur-
ing both covert hum and covert play, but with a significantly
greater amplitude to covert hum. The aIPS ROI also activated
during both covert hum and covert play, but with a significantly
greater amplitude than covert play. This observation does not
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contradict our claim that these regions are functionally linked
to specific motor-effector systems. Skilled pianists are likely
to have tight associations between auditory representations of
tonal stimuli and both vocal tract (for singing/humming) and
manual motor systems (for playing) such that hearing a piece
of music may automatically activate both auditory—vocal, and
auditory—manual circuits. Although we instructed participants
to avoid covert humming in the covert play condition and vice
versa, this may have been impossible to prevent altogether. A
recent study showing greater activation in posterior inferior pari-
etal cortex among musicians compared to non-musicians during
passive auditory stimulation, supports this speculation (Bangert
et al., 2006). It appears however, that our instructions were able
to bias the activation patterns in these circuits sufficiently well
to detect the double-dissociation.

The present result extends much existing work on
sensory—motor integration systems in the primate and human
parietal lobe. The vast majority of this work has focused on
manual or ocular motor-effector systems, and has been carried
out in the context of vision, the sensory system most relevant to
manual and ocular action systems. We have shown that the recent
work on auditory—motor integration, which has been carried out
mostly on the context of speech (Buchsbaum et al., 2001; Hickok
et al., 2003), fits nicely within the broader sensory—motor liter-
ature. Specifically, we argue that previously identified area Spt,
which had been characterized as an auditory—motor integration
area, might instead be considered a sensory—motor integration
area for the vocal tract action system, much like the lateral
intraparietal sulcus (area LIP) is a sensory—motor integration
area for eye movements, and anterior intraparietal sulcus (area
AIP) is a sensory—motor integration area for grasping (Culham,
2004; Grefkes et al., 2004). The fact that the planum tempo-
rale region activates to non-auditory stimulation (e.g., during
silent lip reading (Calvert et al., 1997)) is consistent with this
characterization.

On this view, posterior parietal regions, extending down into
the dorsal most aspect of the posterior temporal lobe, contain
systems critical for interfacing sensory information with action
systems. These areas are organized around particular motor-
effector systems (Andersen, 1997; Colby and Goldberg, 1999;
Simon, Mangin, Cohen, Bihan, & Dehaene, 2002). While these
areas can take input from multiple sensory modalities (Cohen
et al., 2002; Mullette-Gillman et al., 2005; Xing & Andersen,
2000), these systems may nonetheless be biased towards certain
sensory modalities depending on the demands of the particular
action systems involved. For example, manual action systems
may be biased towards visual input in most individuals because
of visually guided reaching/grasping functions, whereas vocal
tract systems may be biased toward auditory input for reasons
discussed in Section 1. These biases have led many writers
(including ourselves) to discuss these posterior parietal/dorsal
temporal areas as being part of the dorsal stream of one sensory
modality or another. But on the current view, a more accurate
conceptualization may be that these parietal-temporal regions
comprise a network of interfaces between particular motor-
effector systems on the one hand and multiple sensory systems
on the other (for a comprehensive review of parietal lobe func-

tion, please see Andersen, 1997; Culham & Kanwisher, 2001).
Thus, it may be more accurate to refer to this network as a set of
sensory-effector integration regions, rather than as visual-motor
or auditory—motor integration areas.
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