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Abstract
Lip reading is known to activate the planum temporale (PT), a brain region which may integrate visual and auditory information. To find out
whether other types of learned audio-visual integration occur in the PT, we investigated ‘‘key-touch reading’’ using functional magnetic
resonance imaging (fMRI). As well-trained pianists are able to identify pieces of music by watching the key-touching movements of the hands,
we hypothesised that the visual information of observed sequential finger movements is transformed into the auditory modality during ‘‘keytouch reading’’ as is the case during lip reading. We therefore predicted activation of the PT during key-touch reading. Twenty-six healthy righthanded volunteers were recruited for fMRI. Of these, 7 subjects had never experienced piano training (naı̈ve group), 10 had a little experience of
piano playing (less trained group), and the remaining 9 had been trained for more than 8 years (well trained group). During task periods, subjects
were required to view the bimanual hand movements of a piano player making key presses. During control periods, subjects viewed the same
hands sliding from side to side without tapping movements of the fingers. No sound was provided. Sequences of key presses during task periods
consisted of pieces of familiar music, unfamiliar music, or random sequences. Well-trained subjects were able to identify the familiar music,
whereas less-trained subjects were not. The left PT of the well-trained subjects was equally activated by observation of familiar music, unfamiliar
music, and random sequences. The naı̈ve and less trained groups did not show activation of the left PT during any of the tasks. These results
suggest that PT activation reflects a learned process. As the activation was elicited by viewing key pressing actions regardless of whether they
constituted a piece of music, the PT may be involved in processes that occur prior to the identification of a piece of music, that is, mapping the
complex sequence structure of hand movements onto the sequence of sounds.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction
The human planum temporale (PT) occupies the superior
temporal plane posterior to Heschl’s gyrus [15]. It represents
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auditory association cortex, being engaged in the analysis of
many types of complex sound. In the left hemisphere, most
definitions of Wernicke’s area include part of PT [37] and the
human PT has traditionally been viewed as a language
processor [22,24]. Recently, Calvert et al. [6] found that lip
reading activates the planum temporale (PT), which suggests
that the PT may integrate visual to auditory cross-modal
information. As auditory deprived subjects do not consistently show this activation pattern [21], audio-visual cross modal
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integration during lip reading may be the result of a long-term
learning process. Activation of the planum temporale has also
been reported during reading of written language [25] and
musical scores [24], both of which involve transforming
visually presented symbols into the corresponding sounds
of spoken language or music. As both language and score
reading require specific training to attain proficiency, the
observed PT activation may reflect learned audio-visual
integration. To test this hypothesis, we used functional
magnetic resonance imaging (fMRI) to image subjects during
observation of key pressing finger movements on a piano
keyboard, or ‘‘key-touch reading’’. This approach was motivated by the fact that well-trained pianists are able to identify
pieces of music by watching the key-touching movements of
the hands. We hypothesised that the visual information of
sequential finger movements is transformed into the auditory
modality during ‘‘key-touch reading’’ as during lip reading,
and hence we predicted the activation of the PT during this
task.
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sequences with a 1.5 tesla MR imager (Magnetom Vision
Plus, Siemens, Erlangen, Germany). Each volume consisted
of 19 slices, with a slice thickness of 4 mm without gaps, to
include the entire cerebral cortex. The time-interval between
two successive acquisitions of the same image was 3000 ms,
and the echo time was 66 ms. The field of view (FOV) was
22 cm. The in-plane matrix size was 64  64 pixels with a
pixel dimension of 3.44  3.44 mm.
For anatomical reference, T2-weighted fast spin echo
images were obtained from each subject for the same slice
locations used for the EPIs. In addition, high-resolution
whole-brain MRIs were obtained with a conventional T1weighted, gradient echo sequence.
2.3. Tasks

Twenty-six healthy volunteers, 20 women and 6 men,
aged 22.3. F 5.7 years (mean F S.D.), were recruited for
fMRI. Seven of them had never received piano training.
The remaining 19 subjects had received piano training for 1
to 36 years (9.5 F 7.6 years, mean F S.D.), starting between
the ages of 3 and 18 years (6.4 F 3.7). Duration of the piano
training was positively correlated with the performance of
identification of the familiar music (r = 0.764, P < 0.01,
N = 19). Hence we divided the piano trained group into two
by the average duration of the training (8.0 years): a well
trained group who had received at least 9 years of training
(14.2 F 8.6) and a less trained group who had received less
than 9 years of training (5.2 F 2.9). Between the two groups,
there was no significant difference in the starting age (5.2 F 4
years old for well trained, 7.5 F 4.7 years old for less trained
group). The two groups showed significant difference of their
piano repertoire. Using the grading system of pianist’s
repertoire with 1 to 15 scale [34], which is the modified
version of Hinson [18], the well-trained subjects were able to
play more difficult piano pieces (11.2 F 2.7, mean F S.D.)
than less-trained subjects (4.0 F 3.8) ( p = 0.001, Mann –
Whitney test). The subjects were all right-handed according
to the Edinburgh handedness inventory [26]. The protocol
was approved by the ethical committee of Tohoku Fukushi
University, and all subjects gave written informed consent for
the study.

The task was to identify the names of pieces of music by
observing piano playing finger movements. Prior to the
fMRI session, subjects were informed that after the experiment they would be asked to name the pieces. An fMRI
session consisted of alternating periods of task and rest (with
a total of three task and three rest periods, each 60 s in
duration). The visual stimulation was projected using a LCD
projector (VL-1035SB, NEC, Tokyo, Japan) connected to a
video player (HR-B9, JVC, Tokyo, Japan) onto a semitransparent screen hung 10 cm from the subject’s eyes. The
screen was viewed by the subjects through a mirror. The
visual angle of the screen was approximately 20j. It was
confirmed that the subjects were not able to see their own
both hands during the task. During task periods, subjects
were required to view the hand movements of a piano player
playing one piano piece per task period. The hand movements of the piano player were recorded from above (Fig. 1).
During rest periods, subjects viewed the same hands sliding
backwards and forwards across the piano keys without any
key pressing movements of the fingers. No sound information was provided. In the familiar music session (FM), the
viewed hands played three pieces of piano music that are
typically learnt by all piano players in early piano lessons. In
the unfamiliar music session (UM), the hand played three
pieces of piano music which are now rarely performed. In the
random movement session (RM), three patterns of random
key presses were used. The location of the key-press was
randomly selected for each hand. Prior to the experiment, we
had confirmed that the random sequences did not contain any
musical structure by listening to them. All subjects underwent fMRI in the order of FM, followed by UM and RM.
After all fMRI sessions were completed, the subjects were
asked to name the pieces presented during the sessions. For
the RM session, the correct response was ‘‘the finger movements did not represent music’’.

2.2. MRI

2.4. Data analysis

A time-course series of 130 volumes was acquired using
T2*-weighted, gradient echo, echo planar imaging (EPI)

The first 10 volumes of each fMRI session were
discarded to allow for stabilisation of the magnetisation,

2. Materials and methods
2.1. Subjects
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Fig. 1. Experimental setup. (Top) An fMRI session consisted of alternating periods of task and rest (six blocks in total, each 60 s in duration). (Bottom,
left) During task periods, subjects were required to view the hand movements of a piano player playing piano pieces (one piece per task period),
recorded from above. (Bottom, right) During the rest period, subjects viewed the same hands moving from side to side without key pressing movements
of the fingers.

and the remaining 120 volumes per session, a total of
360 volumes per subject, were used for analysis. The
data were analysed using statistical parametric mapping
(SPM99, Wellcome Department of Cognitive Neurology,
London, UK) implemented in Matlab (Mathworks, Sherborn, MA, USA) [9 – 11]. Following realignment, all
images were anatomically normalized to a standard stereotaxic space [8], then filtered using a Gaussian kernel
of 8 mm (full width at half maximum) in the x, y, and z
axes.
2.5. Statistical analysis
Statistical analysis in the present study was conducted at
two levels. First, individual task-related activation was
evaluated. Second, the summary data for each individual
were incorporated into the second level analysis using a
random effects model [13] to make inferences at a population level.

SPM{t} was transformed to the unit normal distribution
(SPM{Z}). The threshold for SPM{Z} was set at P < 0.05
with a correction for multiple comparisons at the voxel level
for the entire brain [12].
2.7. Group analysis using a random effects model
The weighted sum of the parameter estimates in the
individual analyses constituted ‘‘contrast’’ images, which
were used for the group analysis [13]. Contrast images
obtained via individual analyses represent the normalised
task-related increment of the MR signal of each subject.
To evaluate the group effect and familiarity effect, a oneway ANOVA was performed using all contrast images,
i.e., FM, UM, and RM of the well trained, less trained,
and naı̈ve groups. The threshold for SPM{Z} was set at
P < 0.05 corrected for multiple comparisons at the cluster
level with a threshold of Z > 3.09 [12].

2.6. Individual analysis

3. Results

The signal was proportionally scaled by setting the
whole-brain mean value to 100 arbitrary units. The signal
time course for each subject was modelled using a box-car
function convolved with a haemodynamic response function
and temporally high pass filtered using a filter of 246 s
width. To test hypotheses about regionally specific condition effects, estimates for each model parameter were
compared with linear contrasts. First, we delineated the
areas activated during the FM, UM and RM compared with
the rest periods of the same session. The resulting set of
voxel values for each contrast constituted a statistical
parametric map (SPM) of the t statistic (SPM{t}). The

3.1. Performance
Well-trained subjects were able to identify the familiar
music more accurately than less-trained subjects (well
trained: 77.8 F 0.7% correct responses; less trained:
26.7 F 0.8%, naı̈ve: 0%). Unfamiliar pieces of music were
not well identified by either trained group (3.3 F 0.3% for
less trained, 18.5 F 0.9% for well trained, difference not
statistically significant, naı̈ve: 0%). Well-trained subjects
were able to correctly identify random finger movements as
such (88.9 F 0.1%), whereas less-trained (50.0 F 1.7%) or
naı̈ve subjects (28.6 F 0.2%) were less accurate.
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3.2. Group analysis
Task related neural activations for each group (well
trained, less trained and naı̈ve) are summarised in Fig. 2
and Table 1.
In the well trained group, viewing random finger movements activated the bilateral dorsal premotor cortex (PMd)
extending to the inferior prefrontal cortex, superior parietal
lobule (LPs), left middle occipital gyrus (GOm), superior
temporal gyrus (GTs), thalamus and preSMA. During
familiar and unfamiliar music conditions, similar activation
patterns were observed. When activations were pooled
across all three task conditions, the well-trained subjects
showed activation in the bilateral superior and inferior
parietal lobules, dorsal and ventral premotor cortex, occipito-parietal junction, thalamus, inferior frontal gyrus, SMA
and the left planum temporale in the superior temporal
gyrus (Fig. 2). These areas showed no significant gender
effect or gender x group effect (two-way ANOVA). They
showed significantly greater activation in the well trained
group than the other groups (Fig. 3). The left planum
temporale of the well-trained subjects (x = 62, y = 34,
z = 14) was equally activated by familiar music, unfamiliar
music and random movement, whereas this region was not
strongly activated by any condition in the naı̈ve and less
trained groups (Fig. 4).
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In the less trained group, weaker activation patterns
were observed: viewing random finger movement activated
the left LPi and LPs. During the familiar music condition,
bilateral LPi and LPs, and left precentral gyrus were
activated. During the unfamiliar music condition, bilateral
LPs and right posterior GTs were activated. When pooled
across all three conditions, activation was observed in the
bilateral LPs, left LPi, and right GTm.
In the naı̈ve group, viewing random finger movement
did not elicit any significant activation. During the familiar
music condition, left postcentral gyrus, right middle temporal gyrus (GTm), PMd and LPi were activated. During
the unfamiliar music condition, left LPi, right PMd and
posterior GTm were activated. Pooled across all the conditions, activation was observed in the left LPs and LPi,
right PMd and right GTm.
Representative individual data for each group are shown
in Fig. 5.

4. Discussion
4.1. Performance and expected neural activations
The performance measurement revealed that, as expected,
the well-trained piano players were able to identify the pieces

Fig. 2. Statistical parametric maps showing the group analysis of fMRI activity in well trained (left column), less trained (middle column), and naı̈ve groups
(right column), during random movement (first row), familiar music (second row), and unfamiliar music (third row). The results of pooling all conditions are
shown in the bottom row. Each map is shown in standard anatomical space. The three-dimensional information was collapsed into two-dimensional sagittal,
coronal and transverse images (i.e., maximum intensity projections viewed from the right, back, and top of the brain). The statistical threshold was P < 0.05,
corrected for multiple comparisons at the cluster level.
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Table 1
Task-related activation: pooled across all conditions
Cluster

Talairach co-ordinates

Size

Z

x

y

Location

BA

4.2. Well-trained subjects only

L
L
L
L
L
L
L
L
L
L
R
R
L
R
R
R
R
L

LPi
LPs
GO
GTs
LPi
GPrC
GFi
GFm
PMd
PMv
PMd
GFi
Thalamus
Thalamus
PCu
LPi
GOm
SMA

40
7
19
22
40
6
44/6
9
6
6
6
44

64
44
16
8
10
52

L
L
R
R
R
R

LPs
LPi
GTs
GTm
GTm
LPs

7
40
22
21
39
7

44
64
56
18

L
L
R
R

LPi
LPs
GPrC
GTm

40
7
6
39

4.2.1. Parieto – premotor – prefrontal network (including
P – O junction)
The present study revealed that well-trained pianists
activate the bilateral dorsal premotor cortex extending to
the ventral premotor cortex, inferior frontal cortex, parietal
cortex, and SMA during observation of hand movements.
It has previously been shown that area F5, the macaque
homologue of Broca’s area, is active during both execution
and observation of movement. It has been proposed that
activity of F5 is related to matching observed actions to
similar, internally generated actions, forming a link between
the observer and the actor, and hence constituting a ‘mirror’
system [30]. Human neuroimaging studies support this finding: the left inferior frontal cortex (BA 44) is active during
imitation of hand movement [20] and bilateral BA 6 and 44
are somatotopically activated during observation of mouth,
hand, and foot movements [5]. Furthermore, observing object
related actions additionally activates parietal regions,
prompting the suggestion that the mirror system may extend
beyond the premotor cortex [5].
In the current study, well-trained pianists showed activation in the bilateral premotor – parietal network during all task
conditions. To correctly identify pieces of music, online
processing of structured sequences of key presses and integration of this information with the location of the fingers on
the piano keyboard is essential. Schuboz and von Cramon
[32] revealed that the complexity of structured movement
sequences at a perceptual level was related to activity of the
premotor cortex, and serial prediction of movements was
related to activity in the premotor and parietal cortices. They
argued that to predict how a target will move, the motor
system generates a ‘‘blue-print’’ of the observed motion that
is the basis for target motion prediction. Activation in these
areas has also been related to the execution of complex
sequential finger movement [17].

z

Well trained
3774
5.84
5.63
5.63
4.01
3.75
1934
5.59
5.27
4.89
4.51
3.41
1161
5.29
4.66
799
5.19
4.49
1486
5.18
4.21
342
4.87
297
4.47

36
24
28
62
54
32
52
52
44
58
40
54
12
8
18
40
32
2

42
62
80
34
28
12
6
2
2
12
0
12
20
22
62
38
80
4

48
62
24
14
26
66
30
42
50
8
54
30
8
12
64
54
18
58

Less trained
326
4.13
3.83
264
4.11
3.48
3.11
408
3.87

34
40
58
46
50
32

56
36
38
54
58
44

34
34
30
42

36
54
8
64

Naı̈ve
424
276
293

4.63
4.09
4.37
4.33

the group differences in activation pooled across all task
conditions.

7
40
19
6

GFi; inferior frontal gyrus, GFm; middle frontal gyrus, GO; occipital gyrus,
GOm; middle occipital gyrus, GPrC; precentral gyrus, GTm; middle
temporal gyrus, GTs; superior temporal gyrus, LPi; inferior parietal lobule,
LPs; superior parietal lobule, PCu; precuneus, PMd; dorsal premotor cortex,
PMv; ventral premotor cortex, SMA; supplementary motor cortex.

of music, whereas less-trained players and naive subjects
were not. In accordance with the performance data, fMRI
activation patterns were quite different across the groups. The
well trained group revealed extensive activation during task
performance, whereas less prominent activation was observed in the less trained and naı̈ve groups. This difference
may be attributable to the different mental processes that
would take place during the tasks across the groups. For
example, transformation of the visual information of sequential finger movements into the auditory information required
to identify the pieces of music would occur more frequently
in the well trained group. On the other hand, there was no
significant difference in activation across the different task
conditions in any subject group. Therefore, the activation
differences between the well trained and other groups may be
related to processes that are common to all three task conditions, e.g., transformation of visual input into the motor or
auditory modalities. The following discussion will focus on

4.2.2. Planum temporale
As expected, activation in the posterior part of BA 22,
posterior to the Heschl’s gyrus, in a region corresponding to
the planum temporale (PT), was seen in the well-trained
subjects but not in the less-trained or naı̈ve subjects. This
finding suggests that activation of the PT by observation of
hand motion reflects a learned process. McIntosh et al. [23]
reported auditory to visual cross-modal likage through learning: the activation of the visual cortex by learning that an
auditory stimulus signaled a visual event. Present study
showed that the reverse may occur: visual to auditory
cross-modal linkage is learning dependent. As the activation
was elicited with or without a music component to the hand
motion, PT activation may be related to processes that occur
prior to identification of pieces of music. Furthermore, the left
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Fig. 3. Percent signal change in the well trained (Wt), less trained (Lt), and naı̈ve (Na) groups. Regions were defined by pooling results across all conditions
(Fig. 2, the bottom row.) in the well trained (upper middle column), and less trained (lower middle column) groups. GFi, inferior frontal gyrus; LPi, inferior
parietal lobule; GO, occipital gyrus; GOm, middle occipital gyrus; GPrC, precentral gyrus; GTm, middle temporal gyrus; GTs, superior temporal gyrus.

lateralized activation may suggest special function of the left
PT rather than ‘‘internal hearing of sounds’’.
Anatomically, the left PT is significantly larger, has greater
cell size and density and more functionally distinct columnar
systems per surface unit than the right PT [14]. Functionally,
the left PT is involved in word detection and generation which
have been attributed to its ability to process rapid frequency
changes [2,33], whereas the right homologue is specialised
for the discrimination of melody, pitch, and sound intensity
[2,38]. Left lateralised activity in the PT may be related to the
functional asymmetry noted in auditory processing. The left
auditory cortical areas have a higher degree of temporal
sensitivity, making them optimal for speech discrimination,
which is highly dependent on detecting rapidly changing

broadband sounds. Whereas the right auditory cortical areas,
with greater spectral sensitivity, are optimal for processing
the tonal patterns of music, in which small and precise
changes in frequency are important [40]. Hence, activation
of the left PT in the well-trained subjects may be related to
coupling of the rapidly alternating position of the fingers with
the sequence of sounds corresponding to the touched keys.
4.3. Lack of activation in the right GTs
There was no significant activation in the right GTs of the
well-trained subjects. Based on previous studies [16,39] we
had expected activation of the right GTs in the well-trained
subjects during familiar or unfamiliar music conditions, as
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Fig. 4. There was prominent activation in the left planum temporale of the well-trained subjects during ‘‘key touch’’ reading tasks pooled across three
conditions (random movement, familiar music, and unfamiliar music). The focus of activation is shown as a pseudocolour functional MRI superimposed on a
high-resolution anatomical MRI in the sagittal (bottom left), and coronal (bottom right) planes, as indicated by the blue lines that cross at ( 62, 34, 14)
corresponding to the left planum temporale. The activity level (t-value) is as indicated by the colour bar, increasing from red to white. The statistical threshold
was P < 0.05, corrected for multiple comparisons at the cluster level. Top, the percent signal change in the left PT ( 62, 34, 14) in naı̈ve, less-trained and
well-trained subjects during each task condition. During random movement without any music component, activation of the left PT of the well trained group
was noted.

retrieval of melodies would be required for correct responses.
Halpern and Zatorre [16] reported activation of the right GTs
by imagining the continuation of a tune contrasted with reimaging a sequence that had just been heard. This comparison
segregates the retrieval of melody into distinct components.
However, Halpern and Zatorre found no activation in the
auditory cortices during the re-imaging task contrasted with
listening only, instead SMA and other left frontal regions
were activated by this comparison and were probably related
to the motor code involved in the re-imaging task. In contrast,
the present study revealed similar activation patterns across

the task conditions with (familiar music, unfamiliar music) or
without (random movement) retrieval of melody. This may be
due to the fact that throughout the session, subjects were
mainly focused on visual-to-auditory transformations rather
than retrieval of auditory long-term memory.
4.4. Less trained or naı̈ve groups only
4.4.1. Right MT
Less trained and naı̈ve groups revealed activation in the
right middle temporal cortex during the tasks. This area is

Fig. 5. Statistical parametric maps of individual analysis of fMRI activity in naı̈ve, less trained and well trained groups. A representative case is shown for each
group. Increased neuronal activition in naı̈ve, less-trained and well-trained subjects during all tasks (familiar music, unfamiliar music, and random movement)
compared with the control condition were superimposed onto surface-rendered high-resolution MRIs viewed from the right (top row) and left (bottom row).
The statistical threshold is P < 0.05, corrected for multiple comparisons at the cluster level. The yellow arrow indicates activation in the left planum temporale
of a well-trained subject during the tasks.
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close to the posterior rami of the superior temporal gyrus
and anterior to the well-documented V5 area. The pattern of
activity in the naı̈ve and less trained groups evoked during
all task conditions is consistent with the proposed neural
substrates subserving the perception of human movement
[7]. Activity was observed predominantly in the right V5
and posterior STS regions. The right occipitotemporal
junction was activated during all tasks in the naı̈ve and less
trained groups. This area is coextensive with the presumed
human area V5. Human area V5, homologue to monkey
MT/V5, is known to be specifically involved in motion
perception [3,19,35,36]. Thus, the activation of V5 is likely
due to perception of the movement of the hands.
Perception of movement of the human body consistently
activates regions in the posterior STS [3,19,29]. Viewing a
representation of a man running compared with random dot
motion bilaterally activates the GTs close to the Vpc line
[19]. Puce et al. [29] found that viewing eye and nonlinguistic mouth movement bilaterally activates a region
centred in the posterior STS, posterior to the Vpc line.
Bonda et al. [3] showed that the caudal STS, far posterior to
the Vpc line, is activated while perceiving hand motion. The
upper bank of the rostral STS of the macaque monkey is
called the superior temporal polysensory (STP) area, because the neurons there respond to auditory, somatosensory,
and visual stimuli [31]. Many of the visual responses in the
anterior STP involve motion [4], especially movements of
the human body [4,27,28]. Visual information from two
distinct pathways processing motion and form are integrated
in the anterior STP to establish a coherent representation of
the object and direction of motion [27]. Thus, the posterior
STS in the human brain may correspond to area STPa in the
monkey [7]. These findings suggest that the function of the
posterior STS is related to perception of motion of the
hands. This area is known to be activated by observation of
biological motion in which the form of an object changes
[1]. This is consistent with the present finding, as sequential
finger movement together with sideways movements of the
hands occurred during the task conditions, whereas sideways movements only were shown during the control
condition.
Why was the posterior STS not activated by the welltrained subjects? This may be related to associations between sounds and key-presses as opposed to hand movements. As the piano sound is associated with the location of
the tapped key rather than the hand movement in which the
form of the hand changes, well-trained subjects may have
been attending to the spatial and temporal sequence of the
tapped keys which then was converted into the temporal
sequence of sounds through the parieto-premotor ‘mirror
system’ and the left PT. Hence, well-trained subjects are
keyboard oriented, whereas less-trained and naı̈ve subjects
may be hand-oriented.
In conclusion, the left PT of the trained pianist was
activated by ‘‘piano key touch reading.’’ This may represent
the neural substrate of association formation between se-
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quential visual codes and the corresponding sounds of
pieces of music.
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