
MANUSCRIPT ACCEPTED FOR PUBLICATION BY HUMAN BRAIN MAPPING JAN 2008 

 
Functional Architecture of Verbal and Tonal Working  Memory:  

An fMRI Study 

 

Stefan Koelsch1,2, Katrin Schulze1, Daniela Sammler1, Thomas Fritz1, Karsten Müller1  

& Oliver Gruber3 
 

1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany  
2 University of Sussex, Brighton, UK 
3 Georg August University, Goettingen, Germany 

 
 
ABSTRACT  
This study investigates the functional architecture  of working memory (WM) for verbal and 
tonal information during rehearsal and articulatory  suppression. Participants were presented 
with strings of four sung syllables with the task t o remember either the pitches (tonal informa-
tion) or the syllables (verbal information). Rehear sal of verbal, as well as of tonal information 
activated a network comprising ventrolateral premot or cortex (encroaching Broca’s area), dor-
sal premotor cortex, the planum temporale, inferior  parietal lobe, the anterior insula, subcorti-
cal structures (basal ganglia and thalamus) as well  as the cerebellum. The topography of acti-
vations was virtually identical for the rehearsal o f syllables and pitches, showing a remarkable 
overlap of the WM components for the rehearsal of v erbal and tonal information. When the WM 
task was performed under articulatory suppression, activations in those areas decreased, 
while additional activations arose in anterior pref rontal areas. These prefrontal areas might 
contain additional storage components of verbal and  tonal WM that are activated when audi-
tory information cannot be rehearsed. As in the reh earsal conditions, the topography of activa-
tions under articulatory suppression was nearly ide ntical for the verbal as compared to the 
tonal task. Results indicate that both the rehearsa l of verbal and tonal information, as well as 
storage of verbal and tonal information relies on s trongly overlapping neuronal networks. 
These networks appear to partly consist of sensorim otor-related circuits which provide re-
sources for the representation and maintenance of i nformation, and which are remarkably simi-
lar for the production of speech and song.  
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INTRODUCTION 

Working memory (WM) refers to a brain system 
of linked and interacting information-processing 
components for temporal storage and simultane-
ous manipulation of information (Baddeley, 1992; 
Baddeley, 2003). This brain system is critical for 
higher cognitive functions such as language, 
music, planning, problem solving and reasoning. 
One of the most influential WM models was 
developed by Baddeley & Hitch more than three 
decades ago (Baddeley & Hitch, 1974; Baddeley, 
1992). According to this model, WM consists of 
an attentional control system (the “central execu-
tive”) that operates in conjunction with two “slave 

systems” that serve to maintain representations of 
information of different modalities: the visuospatial 
sketchpad and the phonological loop. The visu-
ospatial sketchpad is concerned with the process-
ing and storage of visual and spatial information. 
The phonological loop represents verbal short-
term memory, and is thought to consist on the one 
hand of a phonological store that holds auditory 
information for a few seconds, and on the other 
hand of a phonological rehearsal mechanism that 
is analogous to subvocal speech (Baddeley, 
2003).  

So far, the functional neuroarchitecture of the 
phonological loop has mainly been investigated 
with respect to language. Both neuropsychologi-



 2 

cal and functional imaging studies indicate that 
Broca’s area and premotor areas (pre-SMA, 
SMA, vlPMC and dPMC) play a crucial role during 
the phonological rehearsal process (Awh et al., 
1996; Fiez et al., 1996; Gruber & von Cramon, 
2003; Paulesu et al., 1993; Ravizza et al., 2004). 
In addition, both the insular cortex (Bamiou et al., 
2003; Paulesu et al., 1993; Chein et al., 2002) 
and the cerebellum (Chen & Desmond, 2005; 
Gruber, 2001; Kirschen et al., 2005; Ravizza et 
al., 2004) have been reported to be involved in 
phonological rehearsal. The phonological store 
has been suggested to be located in parietal 
areas, particularly the inferior parietal lobe (Awh 
et al., 1996; Chen & Desmond, 2005; Crottaz-
Herbette et al., 2004; Gruber, 2001; Gruber & von 
Cramon, 2003; Henson et al., 2000; Jonides et 
al., 1998; Kirschen et al., 2005; Paulesu et al., 
1993), but also in the superior parietal lobe (Awh 
et al., 1996; Chen & Desmond, 2005; Crottaz-
Herbette et al. 2004; Henson et al., 2000; Ravizza 
et al., 2004). However, the localization of the 
phonological store in the parietal lobe is partly 
controversial (Fiez et al., 1996; Hickok, Buchs-
baum, Humphries, & Muftuler, 2003), because, 
e.g., neural activity in this area might also reflect 
increased engagement of attentional resources 
(for an overview see: Cabeza and Nyberg, 2000; 
Corbetta and Shulmann, 2002, see also Jones et 
al., 2004). Moreover, a series of recent functional 
neuroimaging and experimental neuropsychologi-
cal studies has provided evidence that phonologi-
cal storage is not a purely parietal brain function, 
but relies on a broader network of inferior parietal 
and anterior prefrontal brain regions supporting 
the non-articulatory maintenance of phonological 
information (Gruber, 2001; Gruber & von Cramon, 
2001, 2003; Gruber & Goschke, 2004; Gruber et 
al., 2005). 

Obviously, phonological information is not the 
only important auditory information in everyday 
life. Other relevant information includes speech 
prosody, and music. So far, a number of behav-
ioural studies investigated whether the phonologi-
cal loop also serves the processing of such non-
phonological information, or whether different 
sub-systems (like a “tonal loop”, see Pechmann & 
Moor, 1992) exist in addition to the phonological 
loop. However, these studies do not yet provide a 
consistent picture. Deutsch (1970) reported that 
intervening tones interfered more strongly than 
phonemes with a pitch memory task, and this 
finding was taken as evidence for a specialized 
tonal WM system. Salame & Baddeley (1989) 
showed that vocal music interfered more strongly 
with phonological short-term memory than in-
strumental music, supporting the assumption of 
two independent WM systems for verbal and 
tonal stimuli (Salame & Baddeley, 1989). On the 
other hand, results by Semal, Demany, Ueda, 
and Halle (1996) suggest that the pitch of speech 
sounds is not stored differently from the pitch of 

non-speech sounds in WM. In addition, Iwanaga 
and Itoh (2002) reported that instrumental as well 
as vocal music interfered with a verbal WM task, 
and Chan et al. (1998) observed that musical 
training increases the performance during a 
verbal WM task, suggesting rather overlapping 
neural resources for verbal and tonal WM. Con-
sidering these contradictory results, it remains 
unclear whether cognitive (and neural) resources 
of tonal and verbal WM overlap. Thus, knowledge 
about the neural organization of the phonological 
loop cannot simply be generalized to non-
phonological auditory WM.  

Possible differences or similarities between the 
neuronal networks underlying WM for tonal and 
verbal stimuli have so far only sparsely been 
addressed. Using fMRI, Gaab, Gaser et al. (2003) 
showed involvement of the supramarginal gyrus 
(SMG) extending into the intraparietal sulcus 
(IPS), planum temporale, ventrolateral premotor 
regions encroaching Broca’s area, dorsolateral 
premotor regions, and dorsolateral cerebellar 
regions during a pitch memory task. This network 
is surprisingly reminiscent of the network impli-
cated in the phonological loop (see above). A 
similar network (including the inferior frontal and 
insular cortex, the planum temporale, and the 
SMG) had previously been shown with PET for 
the active retention of pitch (Zatorre et al., 1994). 
Hickok, Buchsbaum, Humphries and Muftuler 
(2003) showed with fMRI that (subvocal) articula-
tory rehearsal of verbal as well as of musical 
information activated ventrolateral premotor 
regions encroaching Broca’s area, dorsolateral 
premotor regions, the planum temporale (referred 
to by the authors as area Spt), and (with lowered 
statistical threshold) the SMG/IPS. The regions 
activated in that study were, thus, very similar 
compared to those observed by Gaab et al. 
(2003), and they served the processing of both 
verbal and musical rehearsal.  

In the present study, we investigated similarities 
and differences between the neural components 
underlying WM for verbal (syllables) and tonal 
(pitch) material both during rehearsal and under 
articulatory suppression. The stimuli for the tonal 
and verbal WM tasks were identical, consisting of 
sequences of four sung syllables. To investigate 
the articulatory rehearsal component, participants 
were required to rehearse subvocally either the 
pitches or the syllables after the presentation of a 
stimulus sequence, and to respond subsequently 
to a probe sequence with a button press. In 
addition, suppression conditions were employed 
to assess the neural correlates of the non-
articulatory storage component. Articulatory 
suppression is known to prevent articulatory 
rehearsal, and participants therefore have to rely 
more strongly on the information represented in 
the phonological store to perform the task (Gru-
ber, 2001). During the suppression condition in 
the present experiment, participants were asked 
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to remember either the pitches or the syllables of 
a presented sequence, while singing a well 
known children’s song after the presentation of 
the sequence. Only this combined articulatory 
and musical (tonal) suppression task was able to 
prevent the subjects from using a tonal rehearsal 
strategy, i.e. to subvocally repeat the pitches 
while performing (purely) articulatory suppression. 
After the suppression, participants were asked to 
respond subsequently to a probe sequence with a 
button press (as in the rehearsal conditions).  

Based on the literature reported above, we 
hypothesized that articulatory rehearsal would 
activate frontal speech areas (ventral premotor 
cortex and Broca’s area), parietal regions 
(SMG/IPS), and the planum temporale. Region of 
interest analyses were planned to investigate 
possible differences in the topography of the 
activated networks for tonal and verbal rehearsal, 
as well as hemispheric differences and differ-
ences in strength of activation. In the suppression 
conditions, additional activations were expected 
in anterior prefrontal (intermediate frontal sulcus) 
and inferior parietal areas.  

 
METHODS 

Participants.  Twelve right-handed non-
musicians (25 to 30 years, M = 26.7 years, 7 
females) with normal hearing took part in the 
experiment. None of the participants had any 
special musical training exceeding general school 
education. All subjects were students of the 
University of Leipzig (except one, who was a chef 
in a restaurant). Participants were right-handed 
(mean lateralization quotient was 95.8% accord-
ing to the Edinburgh Handedness Inventory; 
Old�eld, 1971), and had reading span scores 
ranging from 2.6 to 6 (M = 3.7, SD = 1.1; scores 
were assessed with a German version of the 
reading span test from Daneman & Carpenter, 
1980).  

Stimuli.  Stimuli were sung syllables, thus con-
taining both verbal (syllable) and tonal (pitch) 
information (no spoken syllables, and no pure 
tones or instrumental tones were presented). 
There were eight syllables (taken from the Ger-
man alphabet) which were acoustically well 
distinguishable (b [be;], f [Ef] , j [jOt] , k [ka;], o [o;], 
v [fAu] , x [Iks] and z [tsEt]). Each of these eight 
syllables was sung by a female singer on eight 
different pitches (these eight pitches corre-
sponded to the pitches of a major scale), resulting 
in a total of 64 sung stimuli (8 syllables x 8 
pitches = 64). The pitches of the stimuli were 
electronically adjusted using Cool Edit Pro (Syn-
trillium Corp., Phoenix, Arizona / USA) within a 
range from 200 to 400 Hz (corresponding to one 
octave) with interval ratios exactly corresponding 
to tempered intonation. Length of stimuli was 
adjusted to 400±2 ms by shortenting vowels only 

(thus without reducing intelligibility of the sylla-
bles). To construct control conditions, each 
stimulus was also recorded backwards (see also 
below). Subsequently, stimuli were grouped to 
216 sequences, each comprising of four stimuli 
(Figure 1). Syllables did not form meaningful 
words (such as “fox”) and pitches of consecutive 
stimuli were at least five, and not more than nine, 
semitones apart from each other. Silence periods 
of 150 ms were inserted between stimuli, and a 
100 ms pause was added after the last stimulus.  

Procedure. There were six experimental condi-
tions (see also Figure 1): (1) memorize pitches 
while rehearsing the pitches, (2) memorize 
pitches during articulatory suppression (singing a 
children’s song, see also below), (3) memorize 
syllables while rehearsing the syllables, (4) 
memorize syllables during articulatory suppres-
sion (singing the children’s song). In addition to 
these memory conditions, there were two control 
conditions: (5) memorize nothing (without re-
hearsal or singing), and (6) memorize nothing and 
sing the children’s song.  

Each experimental trial started with a visual cue 
consisting of two simultaneously presented capital 
letters (2350 ms). The first letter indicated what to 
memorize (see green letters in the left of Figure 
1): either only syllables (i.e., the verbal informa-
tion, “V”), or only pitches (i.e., the tonal informa-
tion, “T”), or nothing (“N”). The second letter 
indicated the articulatory action to be performed 
after the presentation of a stimulus sequence (see 
red letters in the left of Figure 1): either rehearsal 
(of pitches or syllables, “R”), or singing the chil-
dren’s song (“S”, this task also served the articula-
tory suppression, see below), or neither sing nor 
rehearse (“0”). For the singing condition, partici-
pants were instructed to subvocally sing a well-
known German children’s song (“Hänschen 
klein”). Importantly, during trials in which pitches 
or syllables had to be memorized, the singing 
condition represented a combined articulatory and 
musical (tonal) suppression because it prevented 
both tonal and verbal rehearsal (note that the 
material used for articulatory suppression was, 
thus, identical for the verbal and the tonal condi-
tion). For the rehearsal conditions, participants 
were instructed to subvocally rehearse the sylla-
bles (without melody) in the verbal condition, and 
in the tonal condition to subvocally rehearse the 
pitches (without articulating the syllables of the 
stimulus sequence) using the syllable [hm]. That 
is, the rehearsal task was designed such that 
participants only rehearsed pitches (without 
syllables), or only rehearsed syllables (without 
pitches). We used covert production to avoid 
auditory feedback of the subject’s own voice (and 
corresponding activations of the auditory cortex), 
and to avoid motion artefacts in the fMRI signal 
that are likely to occur during overt oral production 
(see also Callan et al., 2006). Moreover, the 



 4 

potential interaction between the degree of 
susceptibility artefact related to changes in the 
oral cavity during scanning of vocal articulation on 
the one side, and the type of production task 
(verbal or tonal rehearsal) on the other, is likely to 
produce false results (see also Callan et al., 
2006). However, participants were thoroughly 
trained with the tasks in a separate training 
session with both overt and covert production 
(see also below).  

The initial cue of each trial was followed by a 
four-stimulus sequence that had a duration of 
2150 ms, and by a silence period (4000 ms) for 

subvocal rehearsal or singing/suppression. After 
this period, participants were presented with a 
probe sequence that consisted, as the initial 
sequence, of four sung syllables (2150 ms). Then, 
subjects were asked to indicate via a button press 
whether the pitches of that sequence (in the tonal 
condition) or the syllables of that sequence (in the 
verbal condition) were the same as those of the 
initial sequence. As mentioned above, participants 
did not have to memorize syllables or tones in the 
two control conditions (N 0, N S).  

  

 

 
Figure 1: Experimental design. The six example trials illustrate the six different experimental conditions, each 
trial had a duration of 13 s and began with a visual cue (V R = verbal (syllable) rehearsal, V S = verbal (syllable) 
suppression, T R = tonal (pitch) rehearsal, T S = tonal (pitch) suppression, N 0 = not memorize anything without 
rehearsing or singing a song, N S = not memorize anything and sing the song). The cue was followed by the 
presentation of the stimulus sequence. In the subsequent rehearsal conditions, subjects covertly rehearsed either 
the syllables (V R) or the pitches (T R). During the suppression conditions (V S, T S), subjects covertly sang a 
children’s song while trying to maintain either the verbal (V S), or the tonal information (T S) in their memory. 
Then, a probe sequence was presented, followed by a silence period of 2.35 s during which participants had to 
indicate whether the probe sequence was identical to the initial sequence (verbal and tonal conditions). In the 
control conditions (N 0, N S), in which participants did not have to memorize the initial sequence, participants 
had to indicate whether each of the syllables was played forward (forward speech) or backward (backward 
speech). 

 



In these conditions, stimuli of the probe se-
quence were played with the same pitches, but 
each of the syllables was either played forward 
or backward, and subjects had to indicate via a 
button press whether they heard forward speech 
or backward speech (see outermost right of the 
two bottom panels of Figure 1). This task was 
easy (correct responses were > 98 %, see 
Results), and although participants had nothing 
to remember, they still anticipated a control 
sequence, made a binary (yes/no) decision, and 
performed a motor response.  

In the other conditions, four different types of 
probe sequences were used (see two outer most 
right panels in Figure 1): (a) verbal and tonal 
information of the sequence was correct (same 
syllables, same pitches), (b) only the tonal, or (c) 
only the verbal sequence was correct, or (d) 
neither tonal nor verbal sequence were correct. 
Incongruency was obtained by exchanging the 
positions of two elements, that is, either of two 
syllables, or of two pitches, or of two pitch-
syllable elements (see right of Figure 1). Each 
probe sequence type occurred equiprobably in 
the four conditions (V R, V S, T R, T S). 

Participants had two response buttons (cor-
rect/incorrect) which they pressed with their left 
and right index finger. Key assignment was 
counterbalanced across participants. The fMRI 
experiment comprised 36 trials in each of the six 
conditions (T S, T R, V S, V R, N S, N 0), result-
ing in a total of 216 trials (with 216 different initial 
stimulus sequences), corresponding to a dura-
tion of approximately 50 minutes. During the 
experiment, trials of all six conditions were 
pseudo-randomly intermixed.  

Participants were trained in a separate session 
of about one hour duration on a separate day 
within the week prior to the fMRI measurement. 
In the training session they performed all tasks 
both covertly and overtly. This enabled us to 
control that participants actually rehearsed only 
either the pitches or the syllables in the re-
hearsal conditions, and that they actually sang 
the children’s song during the suppression 
condition. Moreover, it allowed us to collect 
behavioural data for overt rehearsal and sup-
pression, and to compare these data with the 
behavioural data obtained in the fMRI session. 

fMRI Scanning Procedure.  Scanning was 
performed on a 3-T scanner (Medspec 30/100, 
Bruker, Ettlingen). Prior to the functional re-
cordings, anatomical slices were acquired. The 
anatomical slices had the same geometric 
orientation as the functional slices. Before each 
functional session, a high-resolution anatomical 
reference data set (T1-weighted) was acquired 
for each participant, which was standardised to 
the Talairach stereotactic space (Talairach & 
Tournoux, 1988). A spin-echo EPI sequence 
was used with a TE of 75 ms, a TR of 2000 ms, 

and an acquisition bandwidth of 100 kHz. Acquisi-
tion of the slices was arranged uniformly within the 
TR interval. The matrix acquired was 64x64 with a 
FOV of 19.2 cm, resulting in an in-plane resolution 
of 3x3 mm. Slice thickness was 5 mm with an 
interslice gap of 1 mm (14 slices were acquired, 
nine above the AC-PC plane). In the present study, 
we did not choose a sparse temporal scanning 
design because our primary interest was not to 
investigate perceptual mechanisms within the 
auditory cortex (and the larger number of acquisi-
tions may increase the signal-to-noise ratio in non-
auditory regions). However, we currently investi-
gate whether the continuous scanning interferes 
more strongly with the maintenance of tonal than 
with the maintenance of verbal information during 
articulatory suppression (unpublished data).  

fMRI Data Analysis. fMRI data were processed 
using the software package LIPSIA (Lohmann et 
al., 2001). Functional data were corrected for 
motion using a matching metric based on linear 
correlation. To correct for the temporal offset 
between the slices acquired in one scan, a cubic-
spline-interpolation was applied. A temporal high-
pass filter with a cutoff frequency of 1/72 Hz was 
used for baseline correction of the signal and a 
spatial gaussian filter with 5.65 mm FWHM was 
applied. Functional data were linearly registered 
with the Talairach stereotactic coordinate system 
(Talairach and Tournoux, 1988). The rotational and 
translational parameters were subsequently trans-
formed by linear scaling to the standard size. The 
resulting parameters were then used to transform 
the functional slices using trilinear interpolation, so 
that the resulting functional slices were aligned with 
the Talairach coordinate system. 

The statistical evaluation was based on a least-
squares estimation using the general linear model 
for serially autocorrelated observations (see also 
Friston, 1994; Worsley and Friston, 1995; Aguirre 
et al., 1997; Zarahn et al., 1997). The design matrix 
was generated using a box-car function. The 
design matrix, the acquired data, and the error 
term were convolved with a Gaussian kernel of 4 s 
(to deal with the temporal autocorrelation). Subse-
quently, contrast-images were calculated for each 
participant, and entered into a second-level ran-
dom effects analysis. One-sample t-tests were 
performed to evaluate whether observed differ-
ences were significantly different from zero 
(t-values were transformed into z-values). The 
results were corrected for multiple comparisons 
using cluster-size and cluster-value thresholds 
obtained by Monte-Carlo simulations using a 
significance level of p < 0.05 (clusters in the result-
ing maps were obtained using a z-value threshold 
of 2.58).  

Region of interest (ROI) analysis. Cortical ar-
eas that were significantly activated in the SPMs in 
either hemisphere, and in either the verbal or the 
tonal rehearsal condition, were subjected to a 
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further post hoc analysis. It was tested whether 
the activation strength in regions of interest 
(ROIs) differed between hemispheres and/or 
conditions (for comparisons between hemi-
spheres, or conditions, some areas were investi-
gated with ROI analyses, even if those areas 
were not significantly activated in the SPMs with 
the applied statistical thresholds, see Table 1). 
For each subject, five ROIs were defined in each 
hemisphere and for each condition as single 
voxels. These ROIs were: (1) ventrolateral 
premotor cortex (vlPMC), (2) dorsolateral premo-
tor cortex (dlPMC), (3) supramarginal gyrus / 
intraparietal sulcus (SMG/IPS), (4) planum 
temporale, and (5) the anterior superior insula. 
An additional ROI was defined as voxel in the 
pre-SMA. The ROI coordinates were determined 
separately for each subject (using for each 
subject the individual z-maps and the individual 
high-resolution anatomical scan). Such individu-
ally adjusted ROIs were computed because of 
the inter-individual variability of brain morphol-
ogy, thus obtaining as high an accuracy of the 
statistical comparisons as possible (see Figure 
3D for illustration of individual ROIs for verbal 
rehearsal). For the determination of ROI coordi-
nates, SPMs were scaled to 1 x 1 x 1 mm using 
trilinear interpolation. The coordinate of each 
ROI was defined as pixel with the highest z-
value in the interpolated single-subject SPM 
within a search radius of 9 mm around the local 
signal maximum in the group contrast, but within 
the anatomical boundaries of the respective 
structure (regardless of the statistical signifi-
cance of the z-value; coordinates were deter-
mined by S.K. and T.F.). These coordinates 
were local maxima in approximately 95 % of all 
cases. Then, for each subject contrast values 
were computed for each contrast for the voxel 
containing the respective coordinate. These 
mean values subsequently entered repeated 
measures ANOVAs with factors condition (verbal 
rehearsal, tonal rehearsal) and hemisphere 
(Bosch, 2000). In addition to comparing the 
hemodynamic responses in the ROIs, coordi-
nates of ROIs were compared between verbal 
and tonal rehearsal to test for possible differ-
ences in the topography of activations between 
these two conditions. Therefore, x-, y-, and z-
coordinates were compared by paired two-sided 
t-tests.  

The analogous procedure was applied for the 
maintenance of verbal, and the maintenance of 
tonal information during articulatory suppression 
with the following ROIs: (1) intermediate frontal 
sulcus, (2) IFG/pars triangularis, (3) vlPMC, (4) 
anterior superior insula, and (5) pre-SMA. To 
test for hemispheric differences, this procedure 
was also applied for the singing condition with 
the following ROIs: dlPMC, Rolandic operculum, 
planum temporale / supramarginal gyrus, IPL / 

angular gyrus, precuneus, and posterior cingulate 
cortex (PCC).  

 
RESULTS 

Behavioural data. The behavioural data for both 
verbal (syllable) and tonal (pitch) tasks are summa-
rized in Figure 2. During the verbal rehearsal, 
participants had on average 97.25% 
(SEM = 0.78%) correct responses. Memory per-
formance in the verbal task clearly dropped during 
articulatory suppression (87.08%, SEM = 2.60%). 
During the tonal rehearsal, participants had on 
average 63.83% (SEM = 2.82%) correct re-
sponses. Like in the verbal task, performance in 
the tonal task was less accurate under articulatory 
suppression (60.08%, SEM = 2.82%). To fulfil the 
requirements of normal distribution and equality of 
variances for an ANOVA, behavioural data for both 
verbal and tonal tasks were transformed with 2 * 
arcsin(sqrt(x)) (and 1-(1/2n) for x = 100% correct 
responses, n being the number of trials, see Kirk, 
1995). A subsequent ANOVA with factors memory-
type (verbal, tonal) and suppression (with, without 
articulatory suppression) on the hit rates showed a 
main effect of memory-type (F(1,11) = 131.78, p < 
.0001, reflecting that participants' performance was 
better in the verbal than in the tonal tasks), a main 
effect of suppression (F(1,11) = 15.82, p = .002, 
reflecting that performance was better during 
rehearsal than during articulatory suppression), 
and a two-way interaction (F(1,11) = 17.37, p = 
.002, reflecting that the effect of articulatory sup-
pression on the memory task was stronger during 
the verbal than during the tonal task). Importantly, 
performance dropped significantly during suppres-
sion (compared to rehearsal) in both the verbal 
(t(11) = 4.27, p < .001) and the tonal task (t(11) = 
2.22, p < .05), providing assurance that partici-
pants actually performed the articulatory suppres-
sion during both tasks. In the control task in which 
subjects only had to sing subvocally, without 
memorizing pitches or syllables, they classified 
98.08% (SEM = 0.79) of the probe stimuli correctly 
as played forward/backward, and 99% 
(SEM = 0.56) in the control task in which they 
neither sang, nor memorized the stimuli.  

During the rehearsal tasks, and during the verbal 
WM task under suppression, performance during 
the fMRI session was similar to the performance 
during the training session in which both rehearsal 
and suppression was also performed overtly (and 
could, thus, be controlled by the experimenter): 
Correct responses for verbal rehearsal were 
96.64%, for maintenance of verbal information 
under articulatory suppression 83.35%, and for 
tonal rehearsal 70.04%. Paired t-tests showed that 
the differences between training and fMRI session 
were statistically not significant (verbal rehearsal: p 
> .7, maintenance of verbal information under 
suppression: p > .2, tonal rehearsal: p > .1). This 
provides some assurance that participants followed 
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the instructions correctly. For the maintenance of 
tonal information during articulatory suppression, 
performance was significantly better during the 
training session (69.09% correct responses, p < 
.05), perhaps because the scanner noise made 
the tonal task more difficult. However, the fact 
that performance dropped during the fMRI 
experiment corroborates that the participants 
followed the instructions correctly.  

 

Figure 2: Behavioural data of verbal and tonal WM 
during rehearsal (shaded bars), and of verbal and 
tonal WM under simultaneous articulatory suppres-
sion (non-shaded bars). Participants performed better 

in the verbal than in the tonal conditions. Note the 
significant drop in performance (compared to the 
rehearsal conditions) during maintenance of both verbal 
and tonal information under articulatory suppression. 

 

fMRI data: Rehearsal conditions.  Table 1 
summarizes activations elicited by the verbal and 
the tonal rehearsal (both contrasted to non-
rehearsal, see also Figure 3A & B). The topogra-
phy of local maxima was remarkably similar for 
both rehearsal conditions: Both the verbal and the 
tonal rehearsal activated a cortical network com-
prising (a) ventrolateral premotor cortex (vlPMC, 
this activation extended along the precentral sulcus 
into the posterior wall of the pars opercularis / 
Broca’s area), (b) dorsolateral premotor cortex 
(dlPMC), (c) the intraparietal sulcus (IPS) extend-
ing into the supramarginal gyrus (SMG), (d) the 
planum temporale, (e) the anterior superior insula, 
(f) the pars triangularis of the IFG (BA 45/46), 
although during verbal rehearsal only in the right 
hemisphere), and (g) the pre-SMA [local maxima in 
the planum temporale lay within the probability 
region of 26-45 % for the planum temporale ac-
cording to the probability maps of Westbury et al. 
(1999)]. This network clearly resembles the func-
tional architecture of articulatory rehearsal reported 
in previous studies (see Introduction). 

 
 left hemisphere right hemisphere 
Anatomical structure BA Talairach  

coord. (SPM) 
z-value 
(SPM) 

mm3 Talairach 
coord. (ROI) 

p-value 
(ROI)  

Talairach  
coord. (SPM) 

z-value 
(SPM) 

mm3 Talairach  
coord. (ROI) 

p-value
(ROI)  

Verbal rehearsal                     
vlPMC 6 -44 1 24 4.6 2511 -46 3 22 .005      50 9 22 .007 
dlPMC 4/6 -50 -8 42 8.27 1350 -48 -6 44 .0001 49 -8 39 5.35 378 49 -6 41 .0001 
IPS/SMG 40 -38 -38 39 4.83 1161 -41 -37 40 .0002      41 -37 43 .0004 
planum temporale 22 -44 -38 21 6.88 1269 -47 -40 22 .0001      52 -34 23 .0001 
ant. sup. Insula       -32 15 4 n.s.      34 15 0 n.s. 
IFG/pars trinangularis  45/46      -45 29 9 n.s.      45 32 8 .005 
pre-SMA 6 -5 3 54 5.11 243 -6 6 55 .005          
subcentral gyrus1 43 -59 -5 15 5.94              
Putamen  -17 0 15 4.10 2511             
Caudate nucleus          16 10 15 4.01 594     
Thalamus2  -17 -18 15 4.25              
Cerebellum           25 -62 -15 5.68 1269     

Tonal rehearsal                     
vlPMC 6 -50 4 24 12.97 8883 -49 6 22 .0001 49 7 21 9.43 2754 47 7 20 .0001 
dlPMC 4/6 -47 -8 42 9.20 1080 -47 -5 43 .0001      50 -7 42 .0001 
IPS/SMG 40 -47 -35 39 10.95 5238 -41 -38 40 .0001 34 -38 42 10.51 2403 40 -39 44 .0002 
planum temporale3 22 -47 -42 24 8.07  -48 -41 26 .0001      51 -34 23 .0004 
ant. sup. Insula 4  -32 19 3 9.83  -31 18 5 .02      35 16 0 n.s. 
IFG/pars trinangularis  45/46 -44 31 9 7.67 486 -43 30 10 .005      45 33 9 .005 
pre-SMA 6 -5 7 54 10.85 3132 -5 7 55 .0005          
Caudate nucleus          16 9 15 4.01 189     
Pallidum  -17 -3 3 7.24 189             
Thalamus  -14 -14 15 7.31 918    13 -15 15 6.27 135     
Cerebellum  -29 -62 -18 9.62 864    31 -56 -18 8.47 1863     
                   

1 The cluster in the left vlPMC had another local maximum in the subcentral gyrus 
2 The cluster in the left striatum had another local maximum in the Thalamus 
3 The cluster in the left IPS/SMG had another local maximum in the planum temporale 
4 The cluster in the left vlPMC had another local maximum in the anterior superior insula  

    

 
Table 1: Activations elicited during rehearsal conditions (contrasted to the control condition in which subjects did neither 
sing nor memorize). The table shows the results of the cluster analysis of statistical parametric maps (p < 0.05 corrected for 
multiple comparisons) and ROI analyses (see Methods for details). 



The conjunction analysis showed that vlPMC, 
dlPMC, and SMG/IPS (all bilaterally), and the 
left planum temporale were significantly acti-
vated during both verbal and tonal rehearsal 
(Figure 3C). Moreover, activations for both 
conditions were also indicated in the pre-SMA, 
the cerebellum bilaterally, the left Rolandic 
operculum, putamen, pallidum, and thalamus, 
as well as the right caudate nucleus (not 
shown in Figure 3C).  
For the verbal rehearsal an additional activa-
tion was indicated within the subcentral gyrus 
(Rolandic operculum, BA43). Such activation 
was not yielded for the tonal rehearsal in the 
corrected SPMs. However, a local maximum 
within this structure was also indicated for the 
tonal rehearsal in the uncorrected SPMs 
(z = 5.45; coordinate of this local maximum 
was -52, -14, 14), strongly suggesting that the 
Rolandic operculum was not only activated 
during the verbal, but also during the tonal 
rehearsal.  
To investigate hemispheric differences, and to 
compare both activation patterns in more de-
tail, ROI analyses were performed using indi-
vidually adjusted ROIs (see Table 1 for results, 

see Figure 3D for illustration of individual ROIs): 
For each participant and each analyzed struc-
ture, a ROI-coordinate was determined as local 
maximum of activation within the anatomical 
boundaries of the respective structure (vlPMC, 
dlPMC, planum temporale, SMG/IPS, and pre-
SMA, see Methods for details).  
In a first step, we investigated if these ROI coor-
dinates differed between verbal and tonal re-
hearsal. Therefore, individual ROI coordinates 
were grand-averaged separately for each struc-
ture (grand-averaged ROI-coordinates are pro-
vided in Table 1). In each of the analyzed struc-
tures (except the planum temporale) grand-
averaged coordinates of local maxima of the 
verbal rehearsal were located within a 3 mm 
range of the respective coordinates of the tonal 
rehearsal (in the planum temporale, grand-
averaged coordinates were within a 4 mm 
range). That is, given the spatial resolution of our 
fMRI data, the local maxima of ROI coordinates 
were virtually identical for both verbal and tonal 
rehearsal (located within the same, or the directly 
adjacent voxel). 
 

 
 

 
 

Figure 3: Activations 
during verbal (A) and 
tonal (B) rehearsal (con-
trasted to the control 
condition in which sub-
jects did neither sing nor 
memorize; p < 0.05 cor-
rected for multiple com-
parisons). Both tasks 
activated a network com-
prising the ventrolateral 
premotor cortex (vlPMC), 
the dorsal precentral 
gyrus, the intraparietal 
sulcus (IPS) extending 
into the supramarginal 
gyrus (SMG), and the 
planum temporale (p.t.). 
In the left hemisphere, the 
pars triangularis of the 
IFG was activated only 
during the tonal rehearsal. 
C shows areas that were 
significantly activated 
during both verbal and 
tonal rehearsal. D: Illus-
tration of individually 
adjusted ROIs (for the 
verbal rehearsal condi-
tion). In each cluster, each 
circle represents the ROI 
coordinate of one partici-
pant. 
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These observations were confirmed by sta-

tistical analyses: Paired t-tests on the x-, y-, 
and z-coordinates of individual ROI coordi-
nates were computed for each structure to test 
if the coordinates of activations during tonal 
rehearsal differed from coordinates of activa-
tions during verbal rehearsal. These t-tests did 
not indicate any difference between verbal and 
tonal rehearsal (p was between .1 and .2 in 
four tests, between .21 and .89 in 33 tests, and 
> .9 in two tests). This indicates that the func-
tional architecture of verbal and tonal re-
hearsal does not differ, at least when applying 
the task used in the present study.  

To test differences in activation strength be-
tween conditions, and lateralization of activa-
tions, ANOVAs with factors condition (tonal 
rehearsal, verbal rehearsal) and hemisphere 
were carried out for each ROI, indicating sig-
nificant effects of hemisphere for the vlPMC (p 
< .05), and a marginally significant effect of 
hemisphere for the SMG/IPS (p < .07) as well 
as for the planum temporale (p < .07). Signifi-
cant effects of condition were indicated for BA 
45/46 (p < .02), and for the vlPMC (p < .05). A 
t-test comparing left and right BA46 for the 
tonal condition only indicated a significant dif-
ference between hemispheres (p < .05).  

fMRI data: Suppression conditions. Figure 4 
(A & B) shows the activations during verbal and 
tonal WM under articulatory suppression (i.e., 
singing the children’s song while maintaining the 
pitches or the syllables in WM) contrasted to the 
control condition (singing the children’s song 
without keeping the pitches or syllables in mem-
ory). Significant activations were observed for 
both verbal and tonal conditions within the left 
vlPMC (extending into the pars opercularis / 
Broca’s area), the anterior insula, the right cere-
bellum and the right striatum (see Figure 4, and 
Table 2). Moreover, activations were present in 
the IFG (pars triangularis, BA 45/46) during the 
tonal condition, and during both tonal and verbal 
conditions in the inferior frontal sulcus (IFS, see 
also Table 2). The latter activation extended 
anteriorly along the upper bank of the IFS into 
the frontomarginal / anterior intermediate frontal 
sulcus (see inset in Figure 4). The conjunction 
analysis showed that, in the left hemisphere, 
vlPMC, and anterior prefrontal areas were sig-
nificantly activated during maintenance of both 
verbal and tonal information in the face of simul-
taneous suppression (Figure 4C). Moreover, 
activations for both conditions were observed in 
the anterior insula bilaterally, as well as in the 
right putamen and the right cerebellum.  

 

 
Figure 4: Activations during maintenance of verbal (A) and maintenance of tonal (B) information under articu-
latory suppression (contrasted to the control condition in which subjects covertly sung, but did not memorize; p 
< 0.05 corrected for multiple comparisons). During both verbal and tonal conditions, activations were observed 
in the vlPMC (extending into the pars opercularis / Broca’s area), the anterior insula, the right cerebellum and 
the right ventral striatum (not shown). Additional activations were indicated in the pars triangularis, and in the 
inferior frontal sulcus. The inset in B shows that the latter activation extended anteriorly along the upper bank of 
the IFS into the frontomarginal / intermediate frontal sulcus (p < 0.05 uncorrected). C shows areas that were 
significantly activated during both conditions. 



In contrast to the rehearsal condition, no sig-
nificant activations were indicated for the 
dlPMC, or the planum temporale (the IPL was 
activated only during the tonal condition, and 
only in the left hemisphere). Because the ab-
sence of significant activations in the SPMs 
does not indicate that these structures were 
completely inactive, each coordinate of the 
network observed under verbal and tonal re-
hearsal was examined by searching for the 
nearest local maximum in the z-maps of the 
suppression contrasts (only activations with a 
p-value of at least .05 uncorrected were re-
garded as local maxima). In all structures of 
the left hemisphere, except the planum tempo-
rale, local maxima were found within the same, 
or the adjacent, voxel as in the rehearsal con-
ditions. These findings were supported by ROI 
analyses (using the coordinates determined for 
the rehearsal conditions): All mentioned struc-
tures (vlPMC, dlPMC, SMG/IPS, and insula), 
but not the planum temporale, were also sig-
nificantly activated (all p < .05) during the sup-
pression conditions. That is, the activity of the 
network observed under articulatory rehearsal 
was not completely abolished, although 
strongly reduced during articulatory suppres-
sion.  

In addition to this ROI analysis (which used 
ROI coordinates obtained for the rehearsal 
conditions), we also obtained the individual 
coordinates of activations during the suppres-

sion conditions (grand-averaged ROI-
coordinates are provided in Table 2). As in the 
rehearsal conditions, in each of the analyzed 
structures (except the vlPMC) grand-averaged 
coordinates of local maxima of the verbal and the 
tonal conditions were located within the same, or 
the directly adjacent voxel. In the vlPMC, the ROI 
coordinates differed between the verbal and the 
tonal condition (with regards to x-, y-, and z-
coordinates, p < .05 in all three paired t-tests). 
No such differences between conditions were 
indicated for any other structure (neither in x-, y-, 
nor z-direction, p > .2 in each test). To test for 
differences in activation strength between condi-
tions, and for lateralization of activations, 
ANOVAs with factors condition (maintenance of 
tonal, and maintenance of verbal information, 
both during articulatory suppression) and hemi-
sphere were carried out for each ROI, but no 
main effects or interactions were indicated.  

Figure 5 shows activations of the covert sing-
ing (contrast: singing vs. not singing, without 
memorizing pitches or syllables in both condi-
tions, see also Table 3). Marked activations were 
found within the planum temporale bilaterally (in 
the left hemisphere extending into the supramar-
ginal gyrus), the Rolandic operculum bilaterally, 
and the dlPMC bilaterally. Notably, in contrast to 
the rehearsal and suppression conditions, activa-
tions within the vlPMC or Broca’s area were not 
significant with the applied statistical threshold.  

 
 

 left hemisphere right hemisphere 
Anatomical structure BA Talairach  

coord. (SPM) 
z-value 
(SPM) 

mm3 Talairach 
coord. (ROI) 

p-value 
(ROI)  

Talairach  
Coord. (SPM) 

z-value  
(SPM) 

mm3 Talairach  
coord. (ROI) 

p-value 
(ROI)  

Verbal WM  
(during suppression)  

                   

intermediate frontal sulcus  -35 40 24 3.13 111 -34 38 23 .05      34 40 11 n.s. 
IFG/pars trinangularis  45/46      -44 27 3 n.s.      48 30 1 n.s. 
vlPMC 6 -53 7 15 4.25 648 -48 8 16 .01      47 5 18 .05 
IPS/SMG 40      -44 -36 41 .05      40 -40 41 .08 
ant. sup. Insula  -29 19 3 5.09 1269 -29 20 3 .0005 37 16 3 3.98 729 33 16 2 .001 
Pre-SMA 6 -5 16 51 5.05 2511 -5 14 52 .0001          
Putamen           22 16 -3 4.03 270     
Pallidum   -14 -6 0 3.79 162              
Cerebellum   -38 -65 -24 4.75 432     25 -59 -18 3.82 891     

Tonal WM  
(during suppression)  

                   

intermediate frontal sulcus  -35 40 21 3.99 648 -33 39 21 .05      35 43 14 .08 
IFG/pars trinangularis  45/46 -41 37 6 3.86 270 -44 29 3 .05      47 30 2 n.s. 
vlPMC1 6 -44 3 24 5.42  -44 3 23 .005      48 5 24 .05 
IPS/SMG 40 -50 -35 48 3.76 243 -46 -37 44 .05      41 -41 44 .05 
ant. sup. Insula   -29 19 6 7.14 5751 -28 19 3 .001 34 19 6 4.52 3159 31 17 3 .01 
pre-SMA 6 -5 25 45 6.36 5940 -3 14 51 .0001          
Cerebellum           31 -56 -24 4.05 216     
                    

1 The cluster in the insula had another local maximum in the vlPMC     
 

Table 2: Activations elicited during maintenance of verbal, and maintenance of tonal information under articulatory 
suppression (contrasted to the control condition in which subjects covertly sang, but did not memorize). The table shows 
the results of the cluster analysis of statistical parametric maps (p < 0.05 corrected for multiple comparisons) and ROI 
analyses. 
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DISCUSSION 

Rehearsal.  During the verbal rehearsal, a 
neural network including the vlPMC and 
dlPMC, the anterior insula, the SMG/IPS, the 
planum temporale, the IFG, pre-SMA and the 
cerebellum was activated. This network has 
been described in previous studies on verbal 
WM with auditory (Hickok et al, 2003), and 
visual stimuli (with the exception of the planum 
temporale; Awh et al., 1996; Chen & Des-
mond, 2005; Gruber, 2001; Gruber & von 
Cramon, 2001; Gruber & von Cramon, 2003; 
Kirschen et al., 2005; Paulesu et al., 1993). 
Importantly, virtually the identical network as 
during verbal rehearsal was also found to be 
activated during the tonal rehearsal: the coor-
dinates of the above mentioned activations did 
not differ within subjects between the verbal 
and the tonal rehearsal, and the conjunction 
analysis showed that the mentioned structures 
(in concert with the left putamen, pallidum, and 
thalamus, as well as the right caudate nucleus) 
were significantly activated in both conditions. 
Thus, the present data show a remarkable 
overlap of (neo)cortical, subcortical, and cere-
bellar neuronal resources underlying the re-
hearsal of verbal and tonal stimuli, indicating 
that phonological rehearsal mechanisms are 
less specialized for language than usually 
believed. This finding is in agreement with 
previous studies on tonal WM (Gaab et al., 
2003; Zatorre et al., 1994; Hickok et al, 2003) 
which reported activations for tonal WM that 
were similar to those observed in studies on 
verbal WM (see above). Our data are also in 
line with previous findings from Hickock et al. 
(2003), who observed activations of the 
vlPMC, the IPS/SMG, the planum temporale 
(referred to as area Spt by the authors), and 
the dlPMC for the rehearsal of both melodies 
and sentences.  

Differences between conditions were activa-
tions of the triangular part of the left inferior 
frontal gyrus, and of the left anterior superior 
insula during the tonal, but not during the ver-
bal rehearsal task. However, it is unlikely that 
these regions play a role only for tonal WM: 
Both the left anterior insula (Bamiou et al., 
2003; Paulesu et al., 1993; Chein et al., 2002) 
as well as the triangular part of the left inferior 
frontal gyrus (e.g., Cabeza & Nyberg, 2000) 
have also been reported to be involved in ver-
bal WM tasks (as well as in other tasks such 
as speech production, and action observation, 
e.g. Augustine, 1996; Binkofski et al., 1999; 
Buccino et al., 2001). During WM tasks, the 
latter region appears to become particularly 
involved when strategic processes come into 
play, such as organizing of WM contents into 
higher level chunks (see Bor et al., 2003; that 
study used a visual-spatial task). Because the 

tonal WM task was more difficult than the verbal 
task (as reflected in the behavioural data), it is 
likely that participants engaged strategic proc-
esses (especially chunking of the pitches of a 
sequence into melodic segments) more strongly 
during tonal rehearsal than during verbal re-
hearsal, and that this engagement may be re-
flected by the activation of BA 45/46 during the 
tonal rehearsal. The greater difficulty of the tonal 
task presumably also explains that activations 
were stronger during the tonal than during the 
verbal rehearsal. Taken together, the present 
data thus indicate that rehearsal of tonal informa-
tion (i.e., a “tonal loop”) relies on neural re-
sources that strongly overlap in their topography 
with those involved in the rehearsal of verbal 
information.  

 

 
Figure 5: Activations elicited during covert singing 
(contrasted to the control condition in which subjects 
did not sing; p < 0.05 corrected for multiple compari-
sons). 

 
It is unlikely that the similar topography of acti-

vations for verbal (syllable) and tonal (pitch) re-
hearsal is simply due to non-compliant behaviour 
on the part of the subjects (i.e., simultaneous 
rehearsal of both syllables and pitches): First, the 
behavioural data recorded during the training-
session (in which participants rehearsed overtly, 
allowing the experimenter to control that they 
were rehearsing either only the tones, or only the 
syllables, but not both simultaneously) were very 
similar to those recorded during the covert re-
hearsal of the fMRI session. Second, after a little 
training, it is considerably easier, and more con-
venient, to rehearse either the tones or the sylla-
bles (instead of both, this was also mentioned by 
our participants when asked after the experi-
ment). Third, activations were in some structures 
significantly stronger during the tonal rehearsal 
(compared to the verbal rehearsal), which is not 
to be expected if participants performed the 
same rehearsal (i.e., simultaneous rehearsal of 
syllables and pitches) in both conditions. Finally, 
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fMRI research experience tells us that subjects 
are generally highly compliant in covert tasks 
(see also Callan et al., 2006).  

(Non)specificity of activations during re-
hearsal.  During subvocal articulatory re-
hearsal, strong activations of the vlPMC, ex-
tending anteriorly into the precentral sulcus, 
and Broca’s area were observed. Such activa-
tions were not observed during the subvocal 
singing, suggesting that vlPMC/Broca’s area 
plays a more specific role for verbal and tonal 
WM. The present data, thus, point to the par-
ticular importance of vlPMC as an active re-
hearsal component (which is a substantial part 
of the articulatory loop). However, it should 
also be noted that the vlPMC is not only in-
volved in WM functions: Previous studies have 
also shown involvement of this region in a 
number of other functions such as action plan-
ning and -understanding, serial prediction, and 
analysis as well as recognition of sequential 
information (Buccino et al., 2001; Conway and 
Christiansen, 2001; Huettel et al., 2002; Riz-
zolatti & Craighero, 2004; Schubotz and von 
Cramon, 2002; Meyer & Jancke, 2006; see 
also below).  

Although the SMG and the IPS were also ac-
tive during the singing condition, activations of 
these areas appeared to be considerably 
stronger during the rehearsal conditions. Be-
cause these structures have previously been 
reported to play an important role for WM (e.g., 
Awh et al., 1996; Crottaz-Herbette et al., 2004; 
Gruber, 2001; Gruber & vonCramon, 2003), 
and because singing also involves WM opera-
tions, it is likely that these areas serve WM 
processes, rather than simply articulatory 
processes. For example, following a sugges-
tion by Cohen et al. (1997), these inferior pa-
rietal areas may store phonological long-term 
information that may be actively accessed via 
item-specific functional connections to the 
anterior prefrontal cortex, which has been 
shown to play a major role both in verbal WM 
(Gruber, 2001; Gruber & von Cramon, 2003) 
and in memory retrieval (see, for example, 
Buckner & Koutstaal, 1998). Nevertheless, we 
already noted in the Introduction that regions 
along the IPS are also involved in attentional 
mechanisms (and in a number of other func-
tions such as spatial localization, reaching and 
grasping, as well as task switching, for over-
views see Cabeza & Nyberg, 2000; Culham & 
Kanwisher, 2001; Corbetta & Shulman, 2002). 
Hence, further studies are needed to clarify the 
particular role that this region plays for WM.  

By contrast, the planum temporale was not 
only activated during the subvocal rehearsal, 
but activated even more strongly during the 
covert singing condition. This suggests that the 
planum temporale plays a role for mechanisms 

that are not directly dependent on WM proc-
esses, such as the formation of auditory images 
during rehearsal or singing (Halpern & Zatorre, 
1999), transformation of such images into motor 
codes (Warren et al., 2005; Hickock et al., 2003; 
Buchbaum et al., 2005; Callan et al., 2006), seg-
regation and analysis of the spectrotemporal 
structure of sounds (Griffiths & Warren, 2002; 
Jäncke et al., 2002; Binder et al., 2000), as well 
as matching of spectrotemporal patterns with 
learned spectrotemporal representations (Grif-
fiths & Warren, 2002).  

Like the planum temporale, the dorsal precen-
tral gyrus was not only activated during re-
hearsal, but also during subvocal singing. The 
coordinates of the dlPMC activations were virtu-
ally identical between the singing and rehearsal 
conditions, and also highly similar to the coordi-
nates reported for monotonic vocalizations of 
tones reported in a previous study (Brown et al., 
2004; in that study, the coordinate reported for 
monotonic vocalization was x = -48, y = -10, z = 
44). This indicates that this region of the dorso-
lateral premotor cortex serves articulatory proc-
esses independent of WM operations.  

Suppression.  Activations in the dlPMC, the 
planum temporale, and the IPL were considera-
bly smaller during the suppression conditions 
(i.e., singing with the additional task of remem-
bering the syllables and the pitches) compared to 
the rehearsal conditions. This indicates that the 
articulatory suppression impaired the phonologi-
cal loop, which is also reflected in the behav-
ioural data. However, activations within these 
regions were not completely abolished. The pos-
sible reasons for the residual activations of these 
areas during suppression are discussed in the 
next section.  

Interestingly, particularly during the mainte-
nance of tonal information under articulatory 
suppression, activations within the IFG/IFS ex-
tended into the frontomarginal sulcus/anterior 
intermediate frontal sulcus. This further supports 
previous findings suggesting that these anterior 
prefrontal areas constitute an important compo-
nent of a (bilateral) prefrontal-parietal network 
that becomes activated whenever the speech-
based rehearsal mechanism is not available, or 
not sufficient, to solve a memory task by itself 
(Gruber, 2001; Gruber & von Cramon, 2001, 
2003; Gruber & Goschke, 2004; Gruber et al., 
2005; Gruber et al., 2007). Therefore, these ar-
eas might contain additional storage components 
of WM that are activated when auditory informa-
tion cannot be rehearsed (Gruber & von Cramon, 
2003). Note that the latter study (Gruber & von 
Cramon, 2003) also showed that these regions 
are selectively activated in a (phonological) WM 
task under articulatory suppression, but not un-
der similar conditions of conflict in the visuospa-
tial domain (i.e. during visuospatial WM under 
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visuospatial suppression), providing evidence 
that these regions are not simply involved in 
general executive control that support other 
WM areas in situations of conflict, but rather 
subserve domain-specific processes related to 
phonological WM. Because these areas were 
activated during both verbal and tonal WM 
under suppression conditions, our data indi-
cate that this additional WM component is 
important for the storage of both verbal and 
tonal information.  

Rehearsal and Suppression: Sensorimotor 
codes.  Previous work has suggested that 
sensorimotor processes may assist with the 
representation and manipulation of informa-
tion, and that sensorimotor coding plays an 
important role for WM processes (for a review 
see Wilson, 2001). Sensorimotor codes pro-
vide resources for the representation and 
maintenance of information (in the present 
study verbal and tonal information), and it is 
highly plausible that such resources were used 
by the participants to perform the WM tasks. 
This assumption is supported by the strong 
activation of lateral premotor areas along with 
parietal areas, cerebellar, and subcortical re-
gions during the rehearsal conditions (and, 
although to a lesser extent, also during the 
suppression conditions). Numerous neurons in 
these regions are also involved in cortico-basal 
ganglia-thalamo-cortical and cerebellar loops 
that serve voluntary motor control, and con-
tribute to the programming, initiation, and exe-
cution of movements (Parent & Hazrati, 1995; 
Leblois et al., 2006; Hoover & Strick, 1999; 
Middleton & Strick, 2000).  

Also note that motor actions are not only 
coded by premotor, but also by parietal areas 
and that, in addition, parietal areas translate 
sensory input into information appropriate for 
action, and provide representations of these 
actions with specific sensory information (e.g., 
Fogassi et al., 2005; Fogassi & Luppino, 
2005). In the present study, the parietal 
(SMG/IPS), and ventrolateral as well as dorso-
lateral premotor areas observed to be active 
during the rehearsal tasks (along with subcor-
tical and cerebellar structures) might thus rep-
resent neural circuits involved in the formation 
and maintenance of sensorimotor codes serv-
ing the rehearsal of the tonal and verbal infor-
mation. Because sensorimotor coding is in-
volved in a number of different tasks (such as 
observing, performing, or recognizing actions), 
parts of the network observed in the present 
study (particularly the premotor and parietal 
regions) have also been reported in a number 
of previous studies that did not focus on WM 
(for an overview see Rizzolatti & Craighero, 
2004, see also Janata et al., 2002). Likewise, 
one reason for the strong overlap of neuronal 

networks involved in verbal and tonal WM func-
tions is presumably that WM for phonemes and 
for pitches relies to a considerable amount on 
sensorimotor-related circuits which are similar for 
speech and song (see also Callan et al., 2006; 
that study showed a remarkable overlap of the 
brain structures involved in covert singing and 
covert speech, among them dlPMC and the 
planum temporale).  

The residual activations of these areas during 
suppression are possibly due to the formation of 
motor representations during the presentation of 
stimuli in the suppression trials, which were not 
instantly erased with the onset of the suppres-
sion, but which probably decayed during the 
suppression, and were, thus, still residually ob-
servable. That is, it appears likely that the verbal 
and tonal information was encoded in sensorimo-
tor representations, that these codes were held 
active during rehearsal, but decayed during sup-
pression. However, on the other hand it cannot 
be excluded that the activations of SMG/IPS, and 
of vlPMC during the suppression conditions were 
simply due to erroneous rehearsal in some trials 
by some participants. Nevertheless, the strong 
decrease of performance during the suppression 
condition (as reflected in the behavioural data) 
indicates that participants mainly followed the 
instructions correctly. During articulatory sup-
pression, the local maximum of activation in the 
vlPMC appeared to differ between tonal and 
verbal condition (as indicated by the ROI coordi-
nates). However, because no such difference 
was found in the rehearsal conditions, and be-
cause the conjunction analysis showed a clear 
overlap of both tonal and verbal WM under sup-
pression, we suggest to await whether future 
studies can replicate this effect.  

Singing.  A nice additional finding was the activa-
tion of the Rolandic operculum during the singing 
condition (as well as during rehearsal). Similar 
activations have been reported in previous func-
tional imaging studies on both overt and covert 
singing (Jeffries et al., 2003; Riecker et al., 2000; 
Wildgruber et al., 1996). The Rolandic operculum 
has been proposed to contain the representation 
of the larynx (and the pharynx), that is, of a vocal 
tract articulator crucially involved in the produc-
tion of melody (Koelsch et al., 2006). The pre-
sent results support this assumption, and high-
light the importance of this area for the produc-
tion of frequency-modulated vocal signals.  

 
In conclusion, our data show that the topography 
of (neo)cortical, subcortical, and cerebellar WM 
components is strongly overlapping for the re-
hearsal of verbal and tonal information, as well 
as for the maintenance of such information dur-
ing articulatory suppression. This indicates that 
the functional architecture of verbal and tonal 
WM is remarkably similar. Articulatory rehearsal 
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of verbal and tonal information involved mainly 
motor-related areas (along with basal ganglia 
and thalamic nuclei, as well as the cerebel-
lum), whereas maintenance of information 
during articulatory suppression additionally 
involved anterior prefrontal areas which might 
contain additional storage components of WM 
that are activated when auditory information 
cannot be rehearsed. The overlap of the neu-
ronal networks underlying verbal and tonal 
WM, and the involvement of brain structures 
implicated in sensorimotor processing sug-
gests that WM for phonemes and for pitches 
relies considerably on sensorimotor-related 
circuits which are similar (and partly identical) 
for speech and song. Because of such sen-
sorimotor coding, some WM circuits are also 
overlapping with circuits involved in other cog-
nitive tasks which do not involve WM, but re-
quire activity of sensorimotor-related proc-
esses.  
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 Left hemisphere Right hemisphere 
Anatomical structure BA Coordinate 

(SPM) 
z-value 
(SPM) 

mm3 p-value 
(ROI)  

Coordinate 
(SPM) 

z-value  
(SPM) 

mm3 p-value 
(ROI)  

Singing               
dlPMC 4/6 -50 -8 42 6.27 810 .005 49 -8 39 6.03 459 .001 
Rol. operc. 43 -59 -8 12 5.47 1134 .001      .01 
p.t./SMG  -47 -38 21 7.38 5643 .0001 49 -29 10 6.83 1593 .0005 
IPL/ang. gyrus  -35 -68 39 5.10 1377 .05      n.s. 
IPS/SPL       n.s. 43 -53 48 4.59 1053 .05 
precuneus  1 -59 39 4.99 2052 .001       
PCC  1 -38 21 5.06 2511 .001       
thalamus  -17 -17 15 5.59 2150  16 -15 18 4.96 1650  
cerebellum  -29 -59 -18 6.37 2700  22 -62 -15 6.58 3861  

Table 3: Activations of singing (contrasted to the control condition in which subjects did not 
sing). The table shows the results of the cluster analysis of statistical parametric maps (p < 0.05 
corrected for multiple comparisons) and ROI analyses.  

 
 


