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Functional anatomy of pitch memory—an fMRI study
with sparse temporal sampling
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Abstract

Auditory functional magnetic resonance imaging tasks are challenging since the MR scanner noise can interfere with the auditory
stimulation. To avoid this interference a sparse temporal sampling method with a long repetition time (TR � 17 s) was used to explore the
functional anatomy of pitch memory. Eighteen right-handed subjects listened to a sequence of sine-wave tones (4.6 s total duration) and were
asked to make a decision (depending on a visual prompt) whether the last or second last tone was the same or different as the first tone.
An alternating button press condition served as a control. Sets of 24 axial slices were acquired with a variable delay time (between 0 and
6 s) between the end of the auditory stimulation and the MR acquisition. Individual imaging time points were combined into three clusters
(0–2, 3–4, and 5–6 s after the end of the auditory stimulation) for the analysis. The analysis showed a dynamic activation pattern over time
which involved the superior temporal gyrus, supramarginal gyrus, posterior dorsolateral frontal regions, superior parietal regions, and
dorsolateral cerebellar regions bilaterally as well as the left inferior frontal gyrus. By regressing the performance score in the pitch memory
task with task-related MR signal changes, the supramarginal gyrus (left�right) and the dorsolateral cerebellum (lobules V and VI,
left�right) were significantly correlated with good task performance. The SMG and the dorsolateral cerebellum may play a critical role in
short-term storage of pitch information and the continuous pitch discrimination necessary for performing this pitch memory task.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Pitch memory; Music; Temporal lobe; Supramarginal gyrus; Cerebellum; Performance

Introduction

Auditory tasks in the MR environment have been re-
garded as challenging because of the noise created by the
gradient coil switches. This “scanner noise” can (1) interfere
with the auditory stimulation (Bandettini et al., 1998; Shah
et al., 1999, 2000; Hall et al., 2000), (2) lead to masking of
the auditory cortical response depending on the frequency
of the MR acquisition, (3) lead to activation of the auditory
cortex itself depending on the effective repetition time (TR)
for MR acquisitions (Bandettini et al., 1998; Scheich et al.,
1997; Ulmer et al., 1998), and (4) lead to differences in the

attentional demands if frequency and intensity of the MR
scanner noise differ between studies. A few imaging designs
have been proposed to overcome this interference (Edmister
et al., 1999; Hall et al., 1999, 2000). Hall et al. (1999)
compared continuous scanning with a sparse temporal sam-
pling method, using an effective TR of 14 s, and revealed a
greater MR signal change for acquisitions with a long TR.
In addition, it was found that recording scanner noise and
playing it back to the subject could lead to a signal change
of up to 1.5% in primary and secondary auditory cortex.
Hall et al. 1999, 2000 showed further that the activation
reached its maximum at 4–5 s after stimulus onset and
decayed after an additional 5–8 s. Others have shown a
decrease in the spatial spread and lower z scores of the
activated auditory regions dependent upon the duration of
the MR scanner noise (Shah et al., 1999). Belin et al. (1999)
used an effective TR of 10 s and varied the delay between

* Corresponding author. Department of Neurology, Beth Israel Dea-
coness Medical Center and Harvard Medical School, 330 Brookline Ave-
nue, Boston, MA 02215. Fax: �1-617-632-8920.

E-mail address: gschlaug@bidmc.harvard.edu (G. Schlaug).
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a short auditory stimulus and the MR acquisition. Primary
auditory cortex showed a maximum response about 3 s after
stimulus onset and had a duration of 3 s.

We used a variation of Hall’s (1999) and Belin’s (1999)
methods of sparse temporal sampling to examine MR signal
changes related to a pitch memory task. The functional
anatomy of pitch memory is still poorly explored and there
are discrepancies comparing some of the experimental an-
imal studies and the few neuroimaging studies in humans
that have examined pitch memory. Deficits in tonal reten-
tion and auditory memory were seen after bilateral ablations
of the superior temporal cortex in monkeys, whereas uni-
lateral cortex lesions resulted only in minor auditory mem-
ory deficits (Stepien et al., 1960; Colombo et al., 1990,
1996) but usually no impairments in frequency discrimina-
tions. There is also a growing body of literature that extra-
temporal brain regions within the dorsolateral and ventro-
lateral prefrontal cortex may play a role during the retention
of an auditory stimulus (Gottlieb et al., 1989; Bodner et al.,
1996; Romanski and Goldman-Rakic, 2002).

Human functional imaging studies assessing pitch pro-
cessing or auditory short-term working memory have not
revealed a consistent pattern of activation across the studies.
In a positron emission tomography study, Zatorre et al.
(1994) showed blood flow increases bilaterally in the supe-
rior temporal cortex (more on the right than on the left)
when subjects listened to melodies. When subjects were
asked to perform a pitch memory task in contrast to a
passive listening task, a right inferior frontal region became
activated, indicating an involvement of frontal regions in
auditory working memory. Griffiths et al. (1999) found a
more extensive right lateralized network including cerebel-
lum, posterior temporal, and inferior frontal regions when
subjects were asked to make a “same/different” judgement
while comparing pitch sequences of 6 tones. More left
hemispheric activation in the precuneus, superior temporal
gyrus, and superior frontal gyrus were found in a study by
Platel et al. (1997) in which subjects were asked to detect
pitch changes in familiar tunes. Celsis and colleagues
(1999) found rightward asymmetry of the primary and sec-
ondary auditory cortex for tones, but left more than right
posterior temporal lobe activation when subjects were pre-
sented with deviances in the tonal sequences. It is most
likely that frontal/prefrontal as well as parietal lobe regions
play a common role in auditory working memory and in the
online maintenance of tonal patterns (Chao and Knight,
1996; Celsis et al., 1999); recent experimental evidence
even suggested that the prefrontal cortex has cells that
respond to nonspatial auditory cues (Romanski and Gold-
man-Rakic, 2002). The role of the temporal lobe in auditory
memory remains unclear. Several studies assessing the ef-
fects of lesions on melodic discriminations and pitch judg-
ments found impairments mainly after right but not left
temporal lesions or temporal lobectomies (Milner, 1962;
Zatorre, 1985; Zatorre and Halpern, 1993; Samson and
Zatorre, 1988).

We undertook the current study to explore the functional
anatomy of pitch memory in a group of subjects with min-
imal or no musical experience using a variation of a sparse
temporal sampling technique to allow subjects to listen to
the auditory stimulation without any scanner interference in
order to examine the time course of cortical activation due
to a pitch memory task.

Materials and methods

Subjects

Eighteen normal right-handed volunteers (age range:
18–40; 9 female and 9 male), participated in the study after
giving written informed consent. Subjects were unselected
for musical training; most of them had received some mu-
sical theory classes, usually as part of their elementary, high
school, or college education, but none were professional
musicians and none of our subjects actively played any
instruments. They had no history of any neurological or
hearing impairments. All subjects were strongly right-
handed according to a standard handedness questionnaire
(Annett, 1970). This study was approved by the institutional
review board of the Beth Israel Deaconess Medical Center.

Experimental tasks

All subjects performed a pitch memory task which was
contrasted with a motor control task. During the pitch mem-
ory task, subjects were instructed to listen to a sequence of
individual sine-wave tones (either 6 or 7 tones) with a
duration of 4.6 s for each sequence. Each tone was 300 ms
long with an attack and decay rate of 50 ms and a pause of
300 ms separated tones from each other. Our target tones
corresponded to the frequencies of semitones of the Western
musical scale (based on A � 440 Hz). Target tones had a
frequency range from 330 (E4) to 622 (D#5). Semitones
within that range were used as target tones. The absolute
frequency difference between the first and the last or second
last tone was between 41 and 64 Hz, if the tones were
different. Microtones were used only as distractor tones.
The frequency range from the lowest to the highest tone in
all tone sequences was not more than 108 Hz. In the pitch
memory task subjects had to compare either the last or the
second last tone (depending on the visual prompt “second
last” or “very last”) to the first tone and we asked subjects
to make a decision as to whether these tones were the same
or different (Fig. 1). We chose to vary the total number of
tones (6 or 7 tones per sequence) and the comparison to be
made (second last tone with first tone or last tone with first
tone) across sequences to reduce the possible inattention to
intervening tones. The sequence length was kept constant
for the 6- and 7-tone sequences by introducing a short pause
prior to the first tone for the 6-tone sequences. No analysis
was planned to compare the 6-tone with the 7-tone condi

F1
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tions. Subjects were asked to keep their eyes open and fixate
a cross in the middle of the screen that was only interrupted
for the short visual prompt. The motor control task was a
rest condition with eye fixation. Subjects were asked to
press a button depending on a short visual prompt (“right”
or “left”; Fig. 1). All subjects were made familiar with the
pitch memory task for approximately 10 min prior to the
actual MR session using samples of the stimulation mate-
rial. All subjects performed above chance in the pre-func-
tional magnetic resonance imaging (fMRI) training phase.
The behavioral performance during the fMRI session was
calculated as correct responses (in percentage). All subjects
performed above chance in the pitch memory task. The
mean of correct responses was 66.8% (SD 11.1; range:
54–100%).

fMRI scanning

fMRI was performed on a Siemens Vision (Siemens,
Erlangen, Germany) 1.5 Tesla whole-body MRI scanner,
equipped with echo planar imaging (EPI) capabilities using
the standard head coil for radio-frequency transmission and
signal reception. A gradient-echo EPI sequence with an
effective repetition time (TR) of 17 s, an echo time of 50
ms, and a matrix of 64 � 64 was used. Using a midsagittal
scout image, a total of 24 axial slices 4 � 4 � 6 mm voxel
size—parallel to the bicommissural plane—were acquired
over 2.75 s each 17 s. Initiation of the first set of 24 slices
was triggered by a TTL pulse from a PC and all subsequent
MR acquisitions were synchronized with stimulus presen-
tation. A high-resolution T1-weighted scan (1 mm3 voxel
size) was acquired for each subject for anatomical co-reg-
istration.

We used a variation of a sparse temporal sampling tech-
nique acquiring one set of 24 axial slices every 17 s to
circumvent the scanner noise interference. Although the TR
was kept constant at 17 s, the MR acquisition actually varied
with regard to the auditory stimulation by moving the au-
ditory stimulation frame within the 17-s time frame, which
varied the delay between the end of the stimulation and the
onset of the next MR acquisition (see Fig. 1). There was a
minimum delay of 0 s and a maximum delay of 6 s between
the end of the auditory stimulation and the onset of the MR
acquisition (see Fig. 1). We will refer to these imaging time
points (ITP) as ITP0 through ITP6. Similarly, there was a
minimum delay of 4 s and a maximum delay of 10 s
between the end of the MR acquisition and the onset of the
next auditory stimulation. We acquired four sets of axial
images per acquisition time point during each run in a
randomized order; we had two runs per subject. Thus, each
acquisition time point was sampled eight times.

The initial exploratory analysis of each imaging time
point indicated that the pattern of brain activation varied
depending on the delay between MR acquisition and the end
of the auditory stimulation frame. However, the change

between neighboring imaging time points was minimal,
which led us to combine imaging time points into three
combined clusters of time points to demonstrate the main
activation changes over time; furthermore, this allowed us
to have a higher number of acquisitions per combined time
point for statistical reasons. MR acquisitions obtained at
ITP 0–2 s were combined into one block, MR acquisitions
obtained at ITP 3–4 s were combined into the second block,
and MR acquisitions obtained at ITP 5–6 s were combined
into the third block.

fMRI data analysis

fMRI data were analyzed using the SPM99 software
package (Institute of Neurology, London, UK). Each set of
axial images for each subject was realigned to the first
image, co-registered with the corresponding T1-weighted
data set, spatially normalized to the SPM99 template using
a nonlinear spatial transformation with 7 � 8 � 7 basis
functions, and smoothed with an isotropic Gaussian kernel
(8 mm full-width at half-maximum). Condition and subject
effects were estimated using a general linear model (Friston
et al., 1995). The effect of global differences in scan inten-
sity was removed by scaling each scan in proportion to its
global intensity. We contrasted the pitch memory task with
the motor control task for these three clusters of ITP and
applied a threshold of P � 0.05, corrected for multiple
comparisons (Worsley et al., 1996). In addition, we also
contrasted these imaging clusters with each other using the
contrast images to determine significant changes in the time
course of the activation. Low-frequency drifts were re-
moved using a temporal high-pass filter with a cutoff of
200 s. Because of the sparse temporal sampling design there
is no temporal auto correlation between the images. There-
fore, we did not convolve our data with the hemodynamic
response function (HRF) and we did not apply a low-pass
filter.

In order to describe the time course of activation, regions
of interests were drawn on a spatially standardized, group-
averaged anatomical dataset and superimposed on the
SPM_T images representing the group contrasts “pitch
memory vs motor control” for each single imaging time
point. Anatomical regions were drawn on each hemisphere
and included the first transverse gyrus of Heschl represent-
ing primary auditory cortex, the planum temporale (for
definition see Steinmetz et al., 1991, and Schlaug et al.,
1995) representing auditory association cortex, the supra-
marginal gyrus, and lobules V and VI of the cerebellum
(Schmahmann et al., 1999).

The relationship between performance (percentage cor-
rect responses) and task-related activations was examined
by weighting the parameter estimates with the performance
data of each subject which were normalized to the group
mean performance.
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Fig. 1. This schematic drawing demonstrates the task design (A) and MR image acquisition procedure (B) using a modification of a sparse temporal sampling
technique (ITP, imaging time point).
Fig. 2. Brain activation pattern (P � 0.05, corrected) during the initial ITP 0–2 (0–2 s after the end of the auditory stimulation).
Fig. 3. Brain activation pattern (P � 0.05, corrected) during the intermediate ITP 3–4 (3–4 s after the end of the auditory stimulation).
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Results

Time course of activation pattern: comparing pitch
memory with control condition for three combined
imaging time points

The brain activation pattern during combined ITP 0–2
(0–2 s after end of stimulation) is dominated by strong and
extensive—left more than right—activation of the superior
temporal gyrus bilaterally including Heschl’s gyrus (HG)
and auditory association cortex; anterior, lateral, and poste-
rior to HG including the planum temporale (PT); and the
supramarginal gyrus (Fig. 2). Activations outside the peri-
sylvian region included a left posterior dorsolateral frontal
(�43.0, �7.2, 43.2) and right posterior dorsolateral frontal
region (43.2, 2.5, 41.9), a superior parietal region on the
right side (44.9, �44.0, 43.1), a left�right pre-SMA region
(�0.8, 4.4, 45.5), and lobules V and VI of the cerebellum on
the left side (�23.6, �67.3, �24.9) (Fig. 2).

The brain activation pattern at combined ITP 3 and 4
(3–4 s after end of stimulation) showed prominent activa-
tion of the left lateral superior temporal plane and of the
right planum polare, but no longer any significant activation
of HG. There was still strong activation of cerebellar lobules
V and VI bilaterally (left more than right). There was some

scattered activation involving a posterior dorsolateral fron-
tal region (left hemisphere) and a superior parietal region
(both hemispheres) which were seen in the initial time
points as well. There was also activation of the left inferior
frontal operculum, including Broca’s region (�51.8, 6.4,
24.5), and an adjacent activation in the left lateral mid-
dorsal prefrontal cortex (�41.2, �7.2, 44.9) (Fig. 3).

The brain activation pattern at combined ITP 5 and 6
(5–6 s after end of stimulation) showed prominent activa-
tion of cerebellar lobules V and VI on both sides, the
anterior superior parietal region on the right, and the planum
polare region bilaterally (Fig. 4).

Contrasting early with late activations

Contrasting the initial ITP (0–2 s after the end of audi-
tory stimulation) with the intermediate (3–4 s) and the late
ITP (5–6 s) revealed extended significant (P � 0.05, cor-
rected) activations of the superior temporal gyrus bilaterally
for both contrasts (Fig. 5). In addition, activation of the
anterior frontomesial region (�4.3, 4.4, 47.3) was seen
bilaterally in the contrast “initial time points vs late time
points.” The differences in the superior temporal gyrus are

Fig. 4. Brain activation pattern (P � 0.05, corrected) during the late ITP
5–6 (5–6 s after the end of the auditory stimulation).

Fig. 5. Brain activation pattern (P � 0.05, corrected) comparing initial ITP
with intermediate (ITP 0–2 � 3–4) and late ITP (ITP 0–2 � 5–6). Brain
activation pattern comparing intermediate ITP with late (ITP 3–4 � 5–6)
and late ITP with initial ITP (ITP 5–6 � 0–2). All other comparisons did
not show any significant activations.
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consistent with results from our ROI analysis (Fig. 6),
which showed higher t values for HG and PT in the first
time point cluster and then a continuous decrease at later
ITP reaching negative values after ITP 4 (Fig. 6). Mean
regional t values were overall greater for the left hemisphere
for the first three imaging time points (Fig. 6). The planum
temporale region, representing auditory association cortex,
showed a slight rise in mean t values on the left, reaching

the highest t values at the second imaging time point for
both hemispheres; again higher t values were seen for the
left hemisphere region. Mean regional t values in the PT
region decreased gradually, reaching negative t values at
time point 4 for the right hemisphere and time point 5 for
the left hemisphere. The regional analysis for the supramar-
ginal gyrus (SMG) showed the highest mean t values at the
second ITP (1 s after the end of the auditory stimulation)

Fig. 6. Regional group mean t values for all ITP for selected regions of interest (HG, Heschl’s gyrus; PT, planum temporale; SMG, supramarginal gyrus;
Cer, cerebellum; L. V � VI, lobules V and VI).
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and a rapid decline over time in the right SMG while the left
SMG showed positive t values up to ITP 6, indicating a
longer involvement of the left supramarginal gyrus in the
pitch memory task.

By contrasting the intermediate ITP (3–4 s) with the late
ITP (5–6 s) a small cluster of significant voxels were seen
in the right (55.5, �31.5, 7.1) and left superior temporal
gyrus region (�57.4, �36.8, 6.8) (Fig. 5). The contrast of
the intermediate time points (3–4 s) with the earlier ones
(0–2 s) revealed no significant differences.

By contrasting the last time points (5–6 s) with the initial
time points (0–2 s) bilateral activation of the dorsolateral
cerebellum was seen (Fig. 5), further supporting the strong
activation of the cerebellum throughout the task. Similar
results were seen in the regional analysis (Fig. 6). The
contrast of the last ITP (5–6 s) with the intermediate ITP
(3–4 s) showed no significant differences.

Correlating performance with brain activation pattern

By weighting the parameter estimates with the mean
corrected performance data for each subject, activity in the
SMG emerged as positively correlated with higher accuracy
in the pitch memory task (Figs. 7A and B). The left SMG
(�44.8, 42.1, 20.3) was much more dominantly activated
than the right SMG (55.5, �34.3, 13.6). The supramarginal
gyrus on the left also stayed active during the intermediate
ITP (3–4 s after the end of the auditory stimulation). At the
last ITP (5–6 s after the end of the auditory stimulation),
there was prominent activation of the left cerebellum in-
cluding the posterior part of lobule VI (�16.6, �72.9, 23.9;
Figs. 7C and D).

A negative correlation between activity and performance
in the pitch memory task was found in the right temporal–
occipital junction (53.7, �51.8, 0.5) for the initial ITP and
in the left superior parietal lobe (�28.9, �57.6, 44.1) for the
last two ITP (Figs. 7E and F).

Discussion

In refining a sparse temporal sampling technique as orig-
inally developed by Hall et al. (1999), we were able to
discern the functional anatomy and the time course of ce-
rebral activations of a pitch memory task. The use of a
sparse temporal sampling technique enabled us to overcome
some of the interference of scanner noise and auditory tasks
(Hall et al., 1999; Belin et al., 1999; Edmister et al., 1999;
Shah et al., 2000). The majority of previous studies using a
sparse temporal sampling technique only examined re-
sponses in primary and secondary auditory areas, most typ-
ically using short stimuli such as single tones. Belin et al.
(1999) assessed the time course of primary auditory cortex
activation with an event-related method. Maximal signal
change occurred 3 s after stimulus onset and lasted for 3 s.
The earliest imaging data in our study were obtained at 4.6 s

after the start of the auditory stimulation. No MR acquisi-
tions were obtained before 4.6 s to minimize the possible
interference between scanner noise and auditory task. This
makes it likely that the maximal signal change in primary
auditory cortex in our study could be earlier than 4.6 s after
stimulus onset. It is also possible that the time course of the
cerebrovascular response in primary and secondary auditory
cortex to a single tone differs from that to a sequence of
tones. Robson et al. (1998) showed that the fMRI response
to sequences of 6 s and longer are linear but that shorter
stimuli produce signals that are larger than might be ex-
pected from the results of the longer stimuli. The responses
in HG in this study are in partial agreement with Hall et al.
(2000), who reported maximal activity change in response
to recorded MR scanner noise to occur between 4 and 5 s
after stimulus onset and to decay 5–8 s later. The decay of
significant activations occurred slightly faster in our study
compared to Hall et al., (2000).

The planum temporale—a representative anatomical re-
gion for secondary auditory cortex—showed a maximal
signal change between 5 and 6 s after the beginning of
auditory stimulation and the signal decayed 3–4 s later.
Similar activations of the PT have been seen in other studies
using either single tones or musical sequences (Binder et al.,
1996; Ohnishi et al., 2001). The SMG showed the highest t
values between 5 and 6 s after the beginning of the auditory
stimulation in both hemispheres. However, there was stron-
ger activation on the left compared to the right SMG and the
decay was different for the right and left hemispheres.
While activity in the right SMG decayed relatively fast, the
left SMG remained active for a longer period of time.

The strong leftward activation pattern is somewhat dif-
ferent from other studies showing a more rightward activa-
tion pattern in pitch memory tasks (Zatorre et al., 1994;
Griffiths et al., 1999). It is not very likely that our subjects
were able to verbally encode the target tone, since none of
them possessed absolute pitch and it would be very difficult
for a subject without absolute pitch to develop a verbal
labeling scheme during the course of this task. In similar
experiments, Siegel (1974) and Zatorre and Beckett (1989)
found that subjects without absolute pitch most likely use a
sensory encoding strategy. This sensory encoding strategy
may be visual, kinesthetic, or auditory. It is also unlikely
that the visual prompt shown at the end of the auditory
stimulation could have caused the left-sided activation,
since the inherent cerebrovascular delay in response to a
visually presented verbal command would have caused a
left temporal lobe activation at our last ITP, but this was not
seen. A more convincing explanation for the left more than
right activation pattern is the possibility that a top-down
processing stream could influence the activation pattern; a
higher order brain region (e.g., SMG) could specify the area
of processing at earlier ITP during the perceptual phase of
this task. This explanation has some support in our data,
since the SMG on the left was more strongly activated than
the SMG on the right and seemed to play a key role in those
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individuals performing well in the pitch memory task. The
SMG could serve as a top-down modulator causing stronger
involvement of the left than the right temporal regions.
Several neurophysiological and lesion studies have revealed
the importance of the SMG—particularly on the left—for
short-term auditory–verbal memory processes and phono-
logical storage (e.g., Salmon et al., 1996; Sakurai et al.,
1998; Vallar et al., 1997; Caplan et al., 1995; Paulesu et al.,
1993; Clarke et al., 2000). Our study and those of others
indicate that the SMG may be involved in short-term mem-
ory processes for musical information as well. Celsis et al.
(1999) showed left SMG activation in a task requiring
memory judgements between tones of different pitch height
or spectral content.

The dominant dorsal cerebellar activation in our pitch
memory task was surprising, although in agreement with
reports indicating that the cerebellum has non motor func-
tions (Bower, 1997; Jueptner et al., 1997; Parsons and Fox,
1997; Desmond et al., 1998; Penhune et al., 1998; Satoh et
al., 2001; Schmahmann and Sherman, 1998). Several stud-
ies have shown now an involvement of the cerebellum in
auditory tasks such as the planning of speech production

(Silveri et al., 1998), auditory verbal memory function
(Grasby et al., 1993), tone recognition tasks (Holcomb et al.,
1998), and musical tasks such as musical tempo and dura-
tion discrimination (Parsons, 2001). Furthermore, patients
with degeneration of the cerebellum were found to be im-
paired in pitch discrimination tasks (Parsons, 2001). In our
study, the cerebellum may be involved in the ongoing ac-
tivity of pitch discrimination while subjects perform the
pitch memory task. This could explain the cerebellar acti-
vation in the initial time points as well as throughout the
task (see Fig. 5). Furthermore, the strong correlation be-
tween activation and accuracy underlines the importance of
the cerebellum for this pitch memory task. The superior
parietal lobule was activated more prominently during the
initial ITP. The superior parietal lobe may actually serve
two functions in this task. Converging evidence from sev-
eral studies has shown that the superior parietal lobule is an
important nodal point for integrating multimodal sensory
information and for providing guidance to motor operations
through intense reciprocal connections with the premotor
cortex (Friedman and Goldman-Rakic, 1994; Bushara et al.,
1999). Thus, requiring a motor response to an auditory cue
could involve the superior parietal lobule. Neuropsycholog-
ical and functional imaging evidence also suggests that the
parietal lobe, in particular the right parietal lobe, is a key
part of a larger network involved in auditory spatial and
attentional functions (Clarke et al., 2000; Bushara et al.,
1999; Griffiths et al., 2000; Weeks et al., 1999). Satoh et al.,
(2001) compared a harmony listening condition with a more
specific alto-part-listening condition and found bilateral in-
creases in the superior parietal lobules among other changes
using positron emission tomography. Their interpretation
that the parietal lobules are involved in auditory selective
attention and the analysis of pitch information on a mental
score is supported by other work showing that selective
auditory attention led to significant activation of the supe-
rior parietal lobe (Pugh et al., 1996). Of interest is that better
performance in the pitch memory task was associated with
less activation of the left superior parietal lobule and of a
region in the temporo–occipital junction. This might indi-
cate that subjects with an overall better task performance
might rely more on short-term auditory memory storage
(involving the SMG) than on multisensory integration of
information (involving the superior parietal lobule).

The initial and intermediate ITP in this pitch memory
task also showed strong activations of the inferior frontal
gyrus on both sides. Although neuroimaging studies have
shown the involvement of the inferior frontal lobes in au-
ditory processing and auditory working memory (Chao and
Knight, 1996; Griffiths, 2001; Zatorre et al., 1994), the role
that these regions play in auditory processing remains
largely unclear. Several physiological studies of the frontal
lobe in nonhuman primates have focused on auditory spatial
processing in the dorsolateral prefrontal cortex, although the
ventrolateral prefrontal cortex might also play a role, since
it receives afferents from auditory cortex, as has been shown

Fig. 7. Correlating performance and brain activity changes showed signif-
icant positive correlations in the supramarginal gyrus (mainly on the left)
and the left dorsolateral cerebellum (P � 0.05, corrected). (A and B) The
activation pattern for ITP 0–2; (C) ITP 3–4; (D) ITP 5–6. (E) Negative
correlations for ITP 0–2; (F) negative correlations for ITP 5–6. No sig-
nificant negative correlations were seen for ITP 3–4.
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in monkeys. Romanski and Goldman-Rakic (2002) re-
corded neuronal responses to auditory cues in awake mon-
keys from ventrolateral prefrontal cortex. The localization
of auditory responses in the ventral prefrontal cortex in the
macaque brain is suggestive of some functional similarity
between this region and the inferior frontal gyrus of the
human brain (including Broca’s area), where mnemonic,
semantic, and syntactic auditory processes have led to brain
activation. Griffiths (2001) suggested that the features of
individual notes are analyzed in the pathway up to and
including the auditory cortices, while higher-order auditory
patterns and information are analyzed by distributed net-
works in the temporal lobe and frontal lobes distinct from
the auditory cortices. Zatorre and Belin (2001) suggested
that processing of pitch patterns, such as occurs in melodies,
requires higher-order cortical areas, and interactions with
the frontal cortex. The latter are likely related to tonal
working memory functions that are necessary for the online
maintenance and encoding of tonal patterns

In summary, our study showed that a distributed and
dynamic brain network subserves pitch memory functions.
The pitch memory task used in our experiment relied more
on left than on right hemisphere regions. The supramarginal
gyrus and the dorsolateral cerebellum seem to play a critical
role, possibly as a short-term pitch information storage site
(SMG) and as a pitch discrimination processor (cerebel-
lum). Both processes are of critical importance for the
successful performance in this pitch memory task.
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