
Recoding, storage, rehearsal and grouping in verbal short-term
memory: an fMRI study

p

R.N.A. Hensona, b,*, N. Burgessb, c, C.D. Fritha

aWellcome Department of Cognitive Neurology, Institute of Neurology, 12 Queen Square, London WC1N 3BG, UK
bInstitute of Cognitive Neuroscience, University College London, 10, Queen Square, London WC1N 3BG, UK

cDepartment of Anatomy, University College London, Gower Street, London WC1E 6BT, UK

Received 29 July 1998; accepted 6 July 1999

Abstract

Functional magnetic resonance imaging (fMRI) of healthy volunteers is used to localise the processes involved in verbal short-
term memory (VSTM) for sequences of visual stimuli. Speci®cally, the brain areas underlying (i) recoding, (ii) storage, (iii)
rehearsal and (iv) temporal grouping are investigated. Successive subtraction of images obtained from ®ve tasks revealed a

network of left-lateralised areas, including posterior temporal regions, supramarginal gyri, Broca's area and dorsolateral
premotor cortex. The results are discussed in relation to neuropsychological distinctions between recoding and rehearsal,
previous neuroimaging studies of storage and rehearsal, and, in particular, a recent connectionist model of VSTM that makes
explicit assumptions about the temporal organisation of rehearsal. The functional modules of this model are tentatively mapped

onto the brain in light of the imaging results. Our ®ndings are consistent with the representation of verbal item information in
left posterior temporal areas and short-term storage of phonological information in left supramarginal gyrus. They also suggest
that left dorsolateral premotor cortex is involved in the maintenance of temporal order, possibly as the location of a timing

signal used in the rhythmic organisation of rehearsal, whereas Broca's area supports the articulatory processes required for
phonological recoding of visual stimuli. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Verbal short-term memory (VSTM) has been the
subject of considerable psychological, neuropsychologi-
cal and developmental research, culminating in suc-
cessful theories such as the Phonological Loop of
Baddeley [2]. This research has recently been sup-
plemented by both functional neuroimaging [1,36,46]
and computational modelling [7,8,23,34]. As such, the-
ories of VSTM sit at the juncture of several strands of

evidence. The present study used fMRI to identify the

neural correlates of the basic processes in VSTM and,

at a more detailed level, the components of a connec-

tionist model of the Phonological Loop [10].

The basic processes assumed to be involved in

VSTM for visually-presented material are shown sche-

matically in Fig. 1. These processes are: (a) recoding,

during which visual material is transcoded into a pho-

nological form; (b) storage, during which phonological

material is held temporarily, subject to loss by decay

or interference; (c) rehearsal, during which phonologi-

cal material is refreshed via subvocal articulation; and

(d) temporal grouping, whereby the rhythmic parsing

of a sequence of items improves retention of their tem-

poral order. We summarise the evidence for the disso-

ciable nature of these processes, introducing both the
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theoretical framework of the Phonological Loop and
the connectionist model of Burgess and Hitch [10].

1.1. Storage and rehearsal

The Phonological Loop of Baddeley [2] comprises
two components, a passive Phonological Store and an
active Articulatory Control Process. Verbal material
enters the Phonological Store and subsequently under-
goes rapid decay unless rehearsed via the Articulatory
Control Process. Two key empirical ®ndings in support
of this theory are the phonological similarity e�ect,
whereby short-term memory is worse for similar-
sounding material, even when presented visually [16],
and the word-length e�ect, whereby short-term memory
is worse for words that take longer to articulate [4].
The former is attributed to confusions between similar
representations in the Phonological Store; the latter is
attributed to the extra time taken to rehearse longer
words via the Articulatory Control Process. The role
of articulatory processes is reinforced by the fact that
suppression of articulation not only impairs perform-
ance by preventing rehearsal, but also removes the
word-length e�ect [2].

Considerable numbers of patients have been
reported with selective impairments of VSTM that are
consistent with a damaged phonological store [54].
Some of these patients, such as JB [45] and PV [50],
show severely impaired short-term memory for audi-
tory-verbal material, combined with normal speech
perception and production, normal long-term memory
and normal short-term memory for nonverbal ma-
terial. Another such patient, LA, who showed an
impaired auditory memory span and no evidence of a
phonological similarity e�ect nonetheless showed an
e�ect of articulatory suppression on a serial pointing
task, suggesting that she retained the ability to
rehearse [53]. This pattern is consistent with a
damaged Phonological Store, but intact Articulatory
Control Process. By contrast, patient TO showed an
intact phonological similarity e�ect with auditory pres-
entation, but no evidence of rehearsal [53]. This pat-
tern is consistent with an intact Phonological Store,
but a damaged Articulatory Control Process. Patients
LA and TO therefore provide a double dissociation of
storage and rehearsal processes in VSTM.

Neuroanatomical localisation of phonological sto-
rage following brain damage has been reasonably con-
sistent. Patients JB and LA for example, who are
assumed to have an impaired phonological store, both
have lesions to left temporo-parietal cortex (including
the supramarginal and angular gyri in both cases
[53,56]). Patients assumed to have impaired rehearsal
possess a more varied pattern of damage (TO had
lesions in premotor, rolandic, frontal paraventricular
and anterior insula areas of the left hemisphere;
patient GF [52] showed severe cerebellar atrophy, per-
haps re¯ecting a ventral pontine infarction [12]; CM,
cited in [18], su�ered a bilateral ventral pontine lesion).
More generally, Broca's area (left inferior premotor
cortex, BA 44) is likely to play an important role in
articulatory control processes, given its long associ-
ation with speech output.

Neuroimaging studies have supported the neuropsy-
chological evidence for the anatomical dissociation of
storage and rehearsal in VSTM. For example, Paulesu
et al. [36] used positron emission tomography (PET) to
image brain activity during an item recognition task
[47]. When images from the experimental task (that
used English letters) were contrasted against those
from the control task (that used unfamiliar symbols),
activated areas included bilateral inferior prefrontal
cortex (Broca's area, BA 44) and bilateral inferior par-
ietal cortex (supramarginal gyri, BA 40). The authors
proposed that these areas comprise part of Baddeley's
Phonological Loop. To distinguish the storage and
rehearsal components of VSTM, Paulesu et al. [36]
compared a second task of rhyme judgement for the
English letters with a control task of visual matching
of the symbols. Subtraction in this case revealed sig-

Fig. 1. Schematic depiction of processes assumed to be involved in

short-term memory for visual-verbal material.
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ni®cant activation in Broca's area, but not the left in-
ferior parietal area. Given independent evidence that
rhyme judgements require subvocal articulation [6,51],
the authors argued that the inferior prefrontal area
contributes to rehearsal in VSTM, therefore implicat-
ing the inferior parietal area as the locus of storage.

A similar PET study was reported by Awh et al. [1].
They compared both an item recognition task and a
two-back task with controls requiring response to a
single target item. Areas showing signi®cant activation
on the left in both subtractions included superior and
posterior parietal (BA 7/40) and Broca's (BA 44)
areas, broadly consistent with those found by Paulesu
et al. [36]. To isolate the storage component, Awh et
al. [1] subtracted from the two-back task a second con-
trol of continuous subvocal repetition of single items.
This subtraction produced signi®cant activation only
in the parietal areas. Thus inferior parietal areas were
again implicated in storage, whereas inferior frontal
areas were implicated in rehearsal, consistent with the
neuropsychological evidence and further supporting
dissociable processes of storage and rehearsal (see
[31,46] for reviews).

1.2. Recoding and rehearsal

The existence of phonological similarity and word
length e�ects with both visual and auditory presen-
tation implies that visual inputs are recoded into a
phonological form. As well as its role in rehearsal, the
Articulatory Control Process has also been implicated
in recoding visual material into the Phonological Store
[2], because articulatory suppression removes the pho-
nological similarity e�ect for visual material (but not
auditory material, which is assumed to have direct
access to the Phonological Store).

However, the dual role of Baddeley's Articulatory
Control Process in recoding as well as rehearsal has
been questioned by neuropsychological evidence. Val-
lar and Cappa [52] report two contrasting cases of
anarthria following strokes. Patient MDC showed nor-
mal e�ects of phonological similarity and word-length
with auditory material, but neither with visual ma-
terial. Patient GF showed a normal e�ect of phonolo-
gical similarity with both visual and auditory material,
but no e�ect of word-length with auditory material.
These results can be explained by assuming dissociable
processes of recoding and rehearsal. MDCs de®cit can
be attributed to impaired recoding, but intact rehear-
sal, whereas GFs de®cit can be attributed to normal
recoding, but impaired rehearsal. This proposal has
been bolstered by a patient CM studied by Nichelli
and Cubelli (cited in [18]), who showed a clear e�ect
of phonological similarity with both visual and audi-
tory material, an e�ect of word-length with visual ma-
terial, but no e�ect of word-length with auditory

material. These de®cits resemble those of GF, again
explicable by intact recoding but impaired rehearsal,
with the e�ect of word-length for visual material
(which was not tested for GF) being attributed to the
reasonable assumption that longer words take longer
to recode. Data from these patients therefore comprise
a double dissociation between recoding and rehearsal.

The neuropsychological evidence for a dissociation
between recoding and rehearsal is also consistent with
developmental studies of children's VSTM. Hitch et al.
[27] reported that both 5- and 11-year olds show
e�ects of phonological similarity and word-length
when pictorial stimuli were named aloud, suggesting
that rehearsal may begin as early as 5-year olds
(though the authors also suggest alternative expla-
nations). However, only the 11-year olds showed these
e�ects when pictorial stimuli were viewed silently,
suggesting that 5-year olds do not spontaneously
recode visual material. According to conventional
accounts of the phonological similarity and word-
length e�ects therefore, rehearsal and recoding dis-
sociate developmentally, with rehearsal developing
before recoding.

1.3. Grouping and rehearsal

Though Baddeley's Phonological Loop has been a
valuable framework within which to view VSTM, it is
not speci®ed in su�cient detail to make precise predic-
tions about performance on di�erent memory tasks.
Most notably, the theory does not specify how tem-
poral order is represented in VSTM. The issue of tem-
poral order is important because the majority of
empirical dissociations underlying the theory, such as
the e�ects of phonological similarity and word-length,
are based on the memory span task, which requires
recalling a novel sequence of items in the correct
order. As a consequence, there has been much recent
interest in computational models that make explicit
assumptions about the representation of temporal
order [7,10,23,34].

One of the most successful of these is the neural net-
work model of Burgess and Hitch [8±10]. Phonological
storage corresponds to changes in short-term weights
to and from item (lexical) nodes, and articulatory
rehearsal corresponds to the recycling of activation
around an input phonemes±item nodes±output pho-
nemes loop, resulting in strengthening of the short-
term weights. The phonological similarity e�ect arises
from confusions between similar representations on the
input and output phoneme layers; the word-length
e�ect arises from the decay of the short-term weights
during the time taken to rehearse words. Auditory ma-
terial activates the nodes in the input phoneme layer,
whereas visual material activates the item nodes and/
or the output phoneme nodes via lexical and sublexical

R.N.A. Henson et al. / Neuropsychologia 38 (2000) 426±440428



reading processes, respectively [15]. Articulatory sup-
pression prevents recoding of visual material by occu-
pying the layer of output phonemes: Because of its
position within the input phonemes±item nodes±out-
put phonemes loop, disruption of this layer prevents
feedback to the input phoneme layer, removing the
phonological similarity e�ect, and interferes with
rehearsal, removing the word-length e�ect (see [10] for
details).

An additional component of the Burgess and Hitch
model that is absent from Baddeley's Phonological
Loop is a timing signal. This timing signal is a
dynamic signal that is used to represent temporal
order in VSTM. For simplicity, it can be conceived as
a wave of activity that moves across an array of nodes
as each item is presented. The conjoint activity of the
timing nodes and the item nodes allows each item to
be associated with its position within a sequence (the
presence of such positional information in VSTM
being indicated by position-speci®c substitutions
between sequences, errors that cannot be explained by
alternative means of representing serial order such as
item±item associations [23]). In reality, the timing sig-
nal may be derived from a set of temporal oscillators
in the brain [7,24]. Rerunning the signal (resetting the
oscillators) allows the item nodes to be reactivated in
the appropriate order.

The timing signal is also assumed to underlie the
temporal grouping e�ect: the dramatic improvement in
memory span when sequences are grouped by the
insertion of a pause every few (e.g. three) items [44].
Hitch et al. [26] showed that the temporal grouping
e�ect is independent of word-length, phonological
similarity and articulatory suppression, suggesting a
distinct locus for the e�ect. They proposed that tem-
poral structure in stimulus presentation recruits a sec-
ond timing signal such that the original signal tracks
the rhythm of items and the additional signal tracks
the rhythm of the groups. The modulation of one sig-
nal by the other reduces the activation of items at
incorrect positions, hence improving retention of serial
order [9,26]. One purpose of the present study is to
identify an anatomical locus for this timing signal by
comparing rehearsal of grouped and ungrouped
sequences.

1.4. Present aims

In the present study, we sought to extend our under-
standing of the functional anatomical specialisation of
VSTM by designing ®ve tasks that di�ered in their
recoding, storage, rehearsal, and grouping require-
ments, successive subtractions of which were assumed
to isolate each process. Firstly, we expected to repli-
cate previous neuroimaging studies in ®nding separate
brain areas associated with rehearsal and storage.

More importantly, we hoped our tasks would allow us
to (1) separate areas used in recoding from those used
in rehearsal, processes that have been confounded in
previous studies, and (2) separate areas used in rehear-
sal from those used in temporal grouping, processes
that have not been distinguished in previous analyses
of VSTM. The ultimate aim was then to situate the
components of the Burgess and Hitch model within
the brain.

2. Methods

2.1. Participants

Informed consent was obtained from six, right-
handed volunteers (four male; two female), aged
between 22 and 30 (with a mean age of 27).

2.2. Cognitive tasks

Five tasks were designed in a hierarchical man-
ner, such that the cognitive processes involved in
one task were assumed to subsume those involved

Fig. 2. Experimental procedure for a single trial of each task.
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in tasks lower in the hierarchy. The procedure as-
sociated with one trial of each task is shown in
Fig. 2. All tasks involved sequential, visual presen-
tation of six items, followed by a probe string
prompting a yes-no manual response. The lowest
level task was the Symbol Match task, in which the
items were nonverbalisable symbols and the task
was simply a same-di�erent judgement for the two
symbols in the probe string. This task was assumed
to control for the visual input and motor output
processes common to all ®ve tasks (though the
prior sequence of six symbols was irrelevant to per-
formance of this particular task, participants were
instructed to pay attention to them).

The next task in the hierarchy, the Letter Match
task, was identical except that the symbols were
replaced with letters, which participants were told
to read silently to themselves. Subtraction of images
obtained in the Symbol Match from those obtained
in the Letter Match tasks was predicted to reveal
the neural loci of phonological recoding of visual-
verbal material.

In the Letter Probe task, the probe consisted of a
single letter and the judgement was for the presence or
absence of that letter in the prior sequence of six
letters. This was the ®rst task to include an explicit
memory component. Though Sternberg [47] proposed
that performance of such a task requires serial scan-
ning of item representations in memory, subsequent
evidence has shown that the task is more likely associ-
ated with direct access to memory representations
[3,32,33].1 More speci®cally, we assumed that this task
involved access to a phonological store in addition to
phonological recoding. The assumption that this task
taxes phonological (rather than, say, visual) memory is
supported by our previous ®ndings of a phonological
similarity e�ect using this task [25]. We predicted
therefore that subtraction of images obtained in the
Letter Match task from those obtained in the Letter
Probe task would reveal the neural loci of storage in
VSTM.

In the Sequence Probe task, the probe consisted of
all six letters, presented simultaneously, and the judge-
ment was for a match of their serial order (from left to
right) with their temporal order in the prior sequence.

The probe string contained the same items as the prior
sequence and, when the probe di�ered to the prior
sequence, it di�ered only in the order of two adjacent
items. On the basis of previous behavioural exper-
iments [25], we were con®dent that this task, unlike the
Letter Probe task, requires serial rehearsal. Whereas
reaction times in the Letter Probe task are typically
¯at or even decrease across probe position, reaction
times in the Sequence Probe task tend to grow mono-
tonically with the position of the transposed items (at
a rate of approximately 200 ms per position). This
suggests that participants perform the Sequence Probe
task by rehearsing the sequence from the ®rst to the
last item, until they ®nd a mismatch with the probe
string. These hypotheses were further supported by
®ndings that the Sequence Probe task shows greater
detrimental e�ects of concurrent articulatory suppres-
sion and irrelevant background speech than does the
Letter Probe task. We therefore predicted that subtrac-
tion of images obtained from the Letter Probe task
from those obtained in the Sequence Probe task would
reveal the neural loci of subvocal, serial rehearsal.

Our ®nal, highest-level task was the Grouped Probe
task. This task was identical to the Sequence Probe
task except that presentation of the sequence was
grouped temporally into two groups of three by the
insertion of a short pause after every third letter. As
discussed in the Introduction, we predicted that group-
ing sequences during presentation would entail modi®-
cation to the timing signal assumed to underlie serial
rehearsal. Comparison of images obtained from the
Sequence Probe with those obtained from the Grouped
Probe task should reveal the neural loci of this timing
signal.

2.3. Experimental materials

Letter sequences were generated by random selection
without replacement from the set of 12 consonants
BFHJLMPQRTYZ. The Symbol Match task used 12
nonverbalisable symbols taken from the false font of
Howard et al. [30]. For the probe tasks, sequences
were constructed such that (1) each Position 1±5 was
probed equally often (Position 6 was never probed),
and (2) there were equal numbers of positive and nega-
tive probes.

2.4. Experimental procedure

The items were presented in 32-point fonts on a
Macintosh computer, projected onto a screen approxi-
mately 300 mm above the participant in the MRI scan-
ner. The resulting visual angle for single items was
approximately 28. For the Symbol Match, Letter
Match and Letter Probe tasks, the centred probe string
was padded with hyphens to match the visual size of

1 Some previous imaging studies have employed variations of

the Sternberg task and assumed that it does involve rehearsal

[1,36]. These studies used slow presentation rates and a delay

between presentation and recall; conditions under which partici-

pants are inclined to rehearse [33] (indeed, participants in the

Paulesu et al. [36] study were explicitly instructed to rehearse).

The rapid presentation and immediate probing in our Letter

probe task are conditions under which previous psychological stu-

dies have denied a role for rehearsal [32,33], including our own

analyses in previous uses of the Letter Probe task [25].
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the probe string in the Sequence Probe and Grouped
Probe tasks (see Fig. 2). The sequentially-presented
letters were displayed in upper case and probe letters
in lower-case, in order to minimise use of visual
matching.

Items were presented every 600 ms (400 ms on, 200
ms o�), except in the Grouped Probe task, in which
they were presented every 450 ms (400 ms on, 50 ms
o�) and in which a 450 ms pause followed the third
and the sixth item. This ensured that the total presen-
tation time was equated in all conditions. The ®rst
item in each condition was preceded by a ®xation
cross (400 ms on; 200 ms o�) and the sixth item was
followed by extra 412 ms pause before the appearance
of the probe. The probe remained in view for 4200 ms,
during which time participants used the index or
middle ®nger of their right hand to make a `yes' or
`no' response, respectively. The probe was followed by
a 413 ms pause before the next trial began (giving a
total trial length of 9225 ms). The tasks were per-
formed in blocks of four trials. Participants were given
practice on the ®ve tasks before entering the scanner,
and a brief reminder of the instructions was displayed
for 8.2 s at the start of each block.

2.5. fMRI scanning technique

A 2 T Siemens VISION system (Siemens, Erlangen,
Germany) was used to acquire both T1 anatomical
volume images (1 � 1 � 1.5 mm voxels) and volumes
of 48 T2�-weighted echoplanar slices (64� 64 3� 3 mm
pixels, TE=40 ms) with blood oxygenation level
dependent (BOLD) contrast. The 1.8 mm-thick slices
were acquired axially every 3 mm, positioned to cover
the whole brain. Data were recorded during two ses-
sions, separated by a 2 min rest period. A total of 538
volume images were acquired continuously with an
e�ective repetition time (TR) of 4.1 s, with the ®rst
®ve volumes in each session being discarded to allow
for T1 equilibration e�ects.

The blocks of four trials of each condition were pre-
sented in a box-car design, with the Symbol Match
condition presented every other block. There were six
repetitions of the other four conditions, the order of
which was counterbalanced across the experiment.
Each block lasted approximately 45.1 s, during which
time 11 volume images were acquired. The scanner
was synchronised with the presentation of the ®rst trial
of each block, with the ratio of interscan to intertrial
interval ensuring that voxels were sampled at di�erent
phases relative to trial onset.

2.6. Data analysis

Data were analysed using Statistical Parametric
Mapping (SPM97 d, Wellcome Department of Cogni-

tive Neurology, London, UK; [19]). All volumes were
realigned to the ®rst volume (actual head movement
was <2 mm in all cases) and the mean of the rea-
ligned volumes was coregistered with the structural T1
volume. The structural volume was then spatially nor-
malised to a standard template (the canonical brain of
[14]) in the space of Talairach and Tournoux [48]
using non-linear basis functions. The derived spatial
transformation was applied to the realigned T2�

volumes, which were then spatially smoothed with a
10 mm FWHM isotropic Gaussian kernel (to accom-
modate further anatomical di�erences across subjects).
The resulting timeseries across each session were high-
pass ®ltered with a cut-o� of 180.4 s, to remove low-
frequency drifts in the BOLD signal [28], and globally
scaled to a Grand mean of 100. Mean images were
then created by averaging across volumes acquired for
each condition in each session.

The mean images were subjected to a general linear
model comprising condition and subject e�ects at each
voxel. Only voxels for which condition e�ects survived
P < 0.001 in an F-test were included in the analyses.
Subsequent pairwise, planned contrasts across con-
ditions produced statistical parametric maps of the t-
statistic, which were subsequently transformed to the
unit normal Z-distribution. The activations reported in
Tables 1±4 consist of four or more contiguous voxels
that survived an uncorrected threshold P < 0.001 (Z
> 3.09) and the corresponding brain regions were
identi®ed by referring to structural images. We concen-
trate, in section 3, on activations of those regions that
have been implicated in verbal short-term memory by
previous neuropsychological and neuroimaging studies.

3. Results

3.1. Behavioural data

As expected, performance was close to ceiling in all
®ve conditions, with perfect performance in the Sym-
bol Match and Letter Match tasks, and success rates
of 0.88 (SD=0.04) for the Letter Probe task, 0.83
(SD=0.18) for the Sequence Probe task and 0.88
(SD=0.12) for the Grouped Probe task. None of the
success rates di�ered signi®cantly across probe tasks.
The mean correct reaction times were 786 ms
(SD=216), 993 ms (SD=273), 1302 ms (SD=268),
2028 ms (SD=521) and 2099 ms (SD=2032), respect-
ively. These reaction times increased signi®cantly
across the Symbol Match, Letter Match, Letter Probe
and Symbol Probe tasks (t(5) > 3.22, P < 0.05), but
did not di�er signi®cantly between the Sequence Probe
and Grouped Probe tasks.
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Table 1

Maxima within regions showing BOLD signal changes (P<0.001 uncorrected) in comparison of symbol match and letter match tasks

Region of maximal activation No. voxels Left/right Talairach coordinates Brodmann areas Z value

x y z

Increases in letter match

Middle frontal gyrus 458 L ÿ51 6 42 6/9 4.95

Inferior frontal gyrus L ÿ45 27 21 45 4.37

Inferior frontal gyrus L ÿ54 18 18 44 4.32

Middle frontal gyrus 25 R 54 15 39 9 4.15

Anterior cingulate gyrus 20 B 6 27 39 8/32 3.83

Middle temporal gyrus 91 L ÿ66 ÿ36 ÿ3 21 4.15

Middle temporal gyrus 23 R 69 ÿ48 ÿ3 21 4.21

Superior parietal gyrus 135 L ÿ33 ÿ48 57 7 3.98

Inferior parietal gyrus L ÿ33 ÿ45 39 40 3.56

Superior parietal gyrus 150 R 36 ÿ54 54 7 4.18

Inferior parietal gyrus R 54 ÿ33 51 40 3.48

Precuneus 21 B 9 ÿ69 42 7 3.45

Fusiform gyrus 109 L ÿ57 ÿ57 ÿ15 20/37 4.36

Fusiform gyrus 12 L ÿ15 ÿ84 ÿ18 18 3.88

Increases in symbol match

Medial frontal 622 B 0 54 3 10 5.52

Middle temporal gyrus 28 L ÿ66 0 ÿ18 21 3.67

Superior temporal gyrus 7 R 54 ÿ9 6 22/42 3.44

Medial temporal gyrus 24 L ÿ33 15 ÿ21 28 4.36

Parahippocampal gyrus 91 L ÿ21 ÿ36 ÿ18 36 4.18

Parahippocampal gyrus 486 R 33 ÿ27 ÿ21 36 4.79

Inferior temporal gyrus R 57 ÿ3 ÿ24 20/21 4.42

Inferior temporal gyrus 33 R 45 ÿ57 ÿ6 37 4.08

Angular gyrus 11 L ÿ45 ÿ72 24 39 3.48

Precentral gyrus 13 R 51 ÿ15 33 6 3.38

Posterior cingulate 94 R 12 ÿ54 18 23/30 4.68

Posterior cingulate 13 B 3 ÿ39 39 31 3.43

Table 2

Maxima within regions showing BOLD signal changes (P<0.001 uncorrected) in comparison of letter probe and letter match tasks

Region of maximal activation No. voxels Left/right Talairach coordinates Brodmann areas Z value

x y z

Increases in letter probe

Inferior frontal gyrus 228 L ÿ42 24 ÿ9 47 4.82

Inferior frontal gyrus 200 R 48 24 ÿ3 47 4.60

Middle frontal gyrus 72 L ÿ33 54 3 10 3.92

Middle frontal gyrus 45 R 33 51 ÿ6 10 3.79

Middle frontal gyrus 8 R 39 39 21 46 3.46

Anterior cingulate 265 B 6 39 24 9/32 4.80

Supramarginal gyrus 65 L ÿ51 ÿ39 36 40 3.96

Supramarginal gyrus 71 R 57 ÿ33 42 40 4.17

Caudate head 19 R 15 9 9 ± 3.58

Cerebellum 6 R 21 ÿ66 ÿ45 ± 3.45

Cerebellum 6 R 39 ÿ39 ÿ39 ± 3.44

Cerebellum 5 L ÿ27 ÿ57 ÿ30 ± 3.39

Increases in letter match

Middle occipital gyrus 76 R 42 ÿ90 3 18/19 4.71

Middle occipital gyrus 5 L ÿ39 ÿ90 3 19 3.18

Precuneus 23 R 18 ÿ84 42 19 3.59

Fusiform gyrus 14 L ÿ18 ÿ87 ÿ18 18 3.57

Fusiform gyrus 12 R 39 ÿ75 ÿ18 18 3.51
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3.2. Imaging data

3.2.1. Comparison of letter match and symbol match
tasks

Subtraction of images in the Symbol Match task
from those in the Letter Match task was predicted to
reveal the neural regions involved in phonological
recoding of visual-verbal material. As expected from
previous imaging studies of reading [41,42], recoding
was associated with a predominantly left-lateralised
network of areas, including posterior frontal, inferior
parietal, and posterior temporal regions (Table 1; Fig.
3A). The frontal activation was maximal in lateral pre-
motor cortex (BA 6) and extended inferiorly along the
precentral sulcus into Broca's Area (BA 44) and ante-
riorly into inferior frontal sulcus (BA 9/45). The parie-
tal activations were evident in both left and right
superior and inferior parietal gyri (BA 7/40). The left
temporal activations were evident in middle temporal

(BA 21) and inferior temporal/fusiform (BA 37) gyri.
Less extensive right hemispheric activations were
found in posterior middle frontal (BA 6/9) and middle
temporal (BA 21) gyri. These right-sided activations
may re¯ect distinct functions in recoding, or they may
simply re¯ect `spill-over' of activation via interhemi-
spheric connections.

The opposite subtraction revealed extensive acti-
vations in medial frontal gyri (BA 10) and right an-
terior temporal gyri (BA 20/21). More focal
activations were seen in bilateral parahippocampal gyri
(BA 36), left anterior medial temporal gyrus (BA 28),
and left angular gyrus (BA 39). The parahippocampal
activations may re¯ect the relative novelty [49] of the
false font symbols used in our task (previously unseen
by our participants). Left anterior temporal and angu-
lar gyrus are often associated with lexical-semantic
processing [43,55], and their relative deactivation in
our Letter Match task may re¯ect an inhibition of

Table 3

Maxima within regions showing BOLD signal changes (P<0.001 uncorrected) in comparison of sequence probe and letter probe tasks

Region of maximal activation No. voxels Left/right Talairach coordinates Brodmann areas Z value

x y z

Increases in sequence probe

Middle frontal gyrus 17 L ÿ54 12 36 9 3.54

Superior parietal gyrus 31 L ÿ24 ÿ51 51 7 4.07

Superior parietal gyrus 77 R 27 ÿ54 51 7 5.05

Middle occipital gyrus 586 L ÿ30 ÿ93 12 18 5.96

Fusiform gyrus L ÿ27 ÿ78 ÿ18 18 4.51

Middle occipital gyrus 371 R 42 ÿ87 0 18 4.81

Fusiform gyrus R 30 ÿ75 ÿ15 18 4.54

Cerebellum 5 B 3 ÿ60 ÿ21 ± 3.26

Increases in letter probe

Inferior frontal gyrus 17 R 51 36 ÿ18 47 3.88

Inferior frontal gyrus 9 R 45 27 15 45 3.46

Anterior cingulate 46 L ÿ3 42 24 9/32 3.87

Superior temporal gyrus 20 R 63 ÿ24 15 22/42 3.96

Inferior temporal gyrus 16 R 60 ÿ27 ÿ18 20/21 3.65

Inferior parietal gyrus 20 L ÿ33 ÿ66 45 40 3.67

Supramarginal gyrus 51 L ÿ54 ÿ48 36 40 3.58

Cingulate gyrus 38 B ÿ9 ÿ21 33 24 3.67

Table 4

Maxima within regions showing BOLD signal changes (P<0.001 uncorrected) in comparison of grouped probe and sequence probe tasks

Region of maximal activation No. voxels Left/right Talairach coordinates Brodmann areas Z value

x y z

Increases in grouped probe

Inferior frontal gyrus 14 R 57 42 ÿ3 47 3.74

Increases in sequence probe

Middle frontal gyrus 22 L ÿ42 9 54 6 3.94

Medial thalamus 14 L 0 ÿ3 9 ± 3.55
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Fig. 3. Lateral areas on a rendered canonical brain that showed BOLD signal increases (red) and decreases (blue) in comparison of (A) the Letter

Match task relative to Symbol Match task, (B) the Letter Probe task relative to the Letter Match task, (C) the Sequence Probe task relative to

the Letter Probe task, and (D) the Grouped Probe task relative to Sequence Probe task.
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semantic retrieval, given that semantics are irrelevant
to the task, as suggested by Price [41].

3.2.2. Comparison of letter probe and letter match tasks
Subtraction of images in the Letter Match task from

those in the Letter Probe task was predicted to reveal
the neural regions involved in phonological storage.
Activations were observed in a bilateral frontal and
parietal network (Table 2; Fig. 3B), comprising pos-
terior inferior frontal (BA 47), anterior middle frontal
(BA 10), anterior cingulate (BA 32) and supramarginal
(BA 40) gyri. Right anterior frontal activation is often
found during episodic retrieval [11], and left inferior
frontal activation (inferior to Broca's area) is often as-
sociated with phonological retrieval [37,43]. Anterior
cingulate activation has been associated with executive
processes such as response selection [5,39] (e.g., decid-
ing on criteria for successful recognition in our Letter
Probe task). Most interesting is the activation of left
supramarginal gyrus, slightly inferior to the inferior
parietal activation identi®ed in the Letter Match versus
Letter Probe subtraction, and an area proposed by
Paulesu et al. [36] as the locus of the phonological
store. We cannot say whether our activation of the
homologous right inferior parietal area also re¯ects
phonological storage, or whether it is simply a conse-
quence of hemispheric coactivation.

The opposite subtraction revealed only visual cortex
activations, which may simply re¯ect greater visual
processing for the two letter probe in the Letter Match
task than the one letter probe in the Letter Probe task.

3.2.3. Comparison of sequence probe and letter probe
tasks

Subtraction of images in the Letter Probe task from
those in the Sequence Probe task was predicted to
reveal the neural regions involved in subvocal, serial
rehearsal (Table 3; Fig. 3C). Extensive bilateral acti-
vations were found in visual cortex, which probably
re¯ect the greater visual complexity of the sequence
probe (six letters) than the letter probe (one letter).
The bilateral activations in superior parietal gyri (BA
7) and cerebellar vermis are most likely to re¯ect corre-
sponding increases in visual attention and eye-move-
ment associated with serial scanning of the sequence
probe [17]. The most interesting activation was in left
lateral premotor cortex (middle frontal gyrus, BA 6/9).
Though this activation might also owe to di�erences in
visual processing, it is not contained within the frontal
eye ®elds identi®ed by Paus [38]. Moreover, similar
areas have been activated in previous imaging studies
[1,35], and in our Grouped Probe versus Sequence
Probe comparison (see section 3.2.4), under conditions
with no apparent di�erence in visual processing
requirements. Rather, we attribute this activation to
subvocal rehearsal: in particular, the temporal sequen-

cing that is required in our Sequence Probe task but
not our Letter Probe task.

The opposite subtraction revealed a number of focal
activations which were not predicted. Most notable
were two activations in left inferior parietal gyrus (BA
40), one of which is close to that found in the subtrac-
tion of Letter Match from Letter Probe images. Poss-
ible interpretations of this pattern of activity are
considered in the Discussion.

3.2.4. Comparison of grouped probe and sequence probe
tasks

Comparison of images in the Sequence Probe task
with those in the Grouped Probe task was predicted to
reveal the neural regions involved in temporal group-
ing. Only one region, in right inferior frontal gyrus
(BA 47), was more active in the Grouped Probe than
Sequence Probe task, and two regions, in left dorsolat-
eral premotor cortex (BA 6) and medial thalamus,
were more active in the Sequence Probe than Grouped
Probe task (Table 4; Fig. 4D).

Di�erential right inferior frontal and medial thal-
amic activity was not predicted on the basis of pre-
vious studies. Left dorsolateral premotor cortex
however has been associated with execution of sequen-
tial and rhythmic movements [13,21], and the present
grouping-related deactivation was only slightly su-
perior to the premotor activation found in the
Sequence Probe minus Letter Probe subtraction. We
attribute these premotor di�erences to a timing signal
used in serial rehearsal and its modulation by temporal
grouping.

3.2.5. Activation pro®les across all ®ve conditions
The activation pro®les of four left-hemisphere

regions identi®ed by the above subtractions, in pos-
terior middle temporal cortex, inferior parietal cortex
(supramarginal gyrus), inferior frontal cortex (Broca's
area), and lateral premotor cortex, are shown in Fig.
4. All four regions were activated in the letter tasks
relative to the Symbol Match task. Activation in the
middle temporal area (BA 21) di�ered little as a func-
tion of the type of letter task, whereas activation in
the supramarginal area (BA 40) was greatest for the
Letter Probe task. Broca's area (BA 44) showed great-
est activation in the three memory tasks, but this acti-
vation di�ered little as a function of whether the tasks
involved rehearsal or grouping. The premotor area
(BA 6) on the other hand showed greatest activation
in the Sequence Probe task, less in the Grouped Probe
task, and least in the Letter Probe and Letter Match
tasks. These activation pro®les are discussed in relation
to the computational model of Burgess and Hitch
below.
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4. Discussion

We examined VSTM using three tasks that required
immediate memory for visually presented letters
(Letter Probe, Sequence Probe and Grouped Probe
tasks), a task that required matching visual letters
(Letter Match task), and a task that required matching
visual symbols (Symbol Match task). All tasks invol-
ving letters activated a network of mainly left-latera-
lised regions relative to the Symbol Match task. Some
of these regions (e.g. posterior temporal regions)
appeared to be concerned solely with phonological
recoding (silent reading), being no more active in the
mnemonic tasks than in the Letter Match task. Other
regions, predominantly frontal and parietal, showed
activity that was modulated by the particular demands
of the mnemonic tasks. Given that neuroimaging alone
cannot demonstrate which of these activations are

necessary for task performance, we concentrate below,

where possible, on those regions that have been impli-

cated by previous neuropsychological studies. In par-

ticular, the activation of left supramarginal and

inferior frontal gyri in our Letter Probe relative to

Letter Match task we attribute to storage and retrieval

of phonological information. The left lateral premotor

cortex activation in our Sequence Probe task relative

to Letter Probe task we attribute to subvocal rehearsal

of serial order. The deactivation of left dorsolateral

premotor cortex in our Grouped Probe relative to

Sequence Probe task we attribute to the exploitation

of temporal grouping in maintaining serial order. We

®rst elaborate these ®ndings with respect to previous

studies, and then incorporate the ®ndings within a neu-

roanatomical instantiation of the connectionist model

of Burgess and Hitch [10].

Fig. 4. Mean percentage signal change for each condition, relative to global across voxels and mean across conditions, within a 6 mm radius of

the maxima identi®ed in (A) left posterior middle temporal, (B) left inferior parietal (supramarginal gyrus), (C) left inferior frontal (Broca's area)

and (D) left lateral premotor regions in Tables 2±4. Error bars show standard error of the mean across participants. SM=Symbol Match,

LM=Letter Match, LP=Letter Probe, SP=Sequence Probe, GP=Grouped Probe.
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4.1. Recoding

Contrasting the Letter Match against Symbol Match
task revealed a large network of activation, predomi-
nantly on the left, including Broca's area, parietal and
posterior temporal regions. Lesions to Broca's area
have long been associated with speech output dis-
orders, and the activation of this area, together with
more superior regions of premotor cortex, is therefore
consistent with an articulatory role in recoding visual
material [2]. The inferior parietal activation is consist-
ent with a role for this region in sublexical phonologi-
cal processing of visual material [40], possibly
including incidental storage of phonological infor-
mation. The posterior temporal activations may re¯ect
access to lexical representations of the letters [30].

4.2. Storage

Contrasting the Letter Probe against Letter Match
task revealed activation in both frontal and parietal
areas. As well as frontal areas consistent with those
activated by phonological retrieval and episodic recog-
nition in other studies, this contrast activated the left
supramarginal gyrus. The interpretation of this lo-
cation as the phonological store is consistent with pre-
vious functional imaging studies [1,36] and with lesion
sites in patients JB [56] and LA [53], who demonstrate
speci®c impairments in storage. More generally, it is
consistent with the temporoparietal damage seen in the
majority of patients with VSTM de®cits [54].

4.3. Rehearsal

Contrasting the Sequence Probe against Letter
Probe task revealed activation in left lateral premotor
cortex (BA 6). Activation in this premotor region is as-
sociated with rehearsal in previous imaging studies
[1,35,46], and was also modulated in our Grouped
Probe versus Sequence Probe comparison. We inter-
pret these activations as re¯ecting the rehearsal mech-
anisms used to maintain phonological traces of items
in VSTM, particularly their temporal order. This
rehearsal hypothesis is consistent with patient TOs pre-
motor lesions and speci®c impairment in rehearsal but
not storage [53].

The activation of a similar left premotor area in the
comparison of Letter Match and Symbol Match task
suggests that left premotor areas are involved in both
rehearsal and recoding, consistent with the Phonologi-
cal Loop [2]. There may be other areas that are critical
for rehearsal but not recoding, as indicated by the
impaired rehearsal but intact recoding shown by
patients CM and GF [52] who have lesions in areas
that were not activated in our comparison of Sequence
Probe and Letter Probe tasks. As in all functional ima-

ging studies, the lack of signi®cant activation in par-
ticular regions cannot be interpreted. Another
possibility is that patients CM and GF do in fact
retain the ability to rehearse, but their rehearsal is not
revealed by indices such as the word-length e�ect (see
for example Della Salla et al. [18] for caveats concern-
ing use of the word-length e�ect as an index of rehear-
sal).

We note that impaired recoding but intact rehearsal
is also possible (as with patient MDC [52]), and may
re¯ect the anatomical diversity of the areas associated
with recoding. For example, lesions to the posterior
temporal gyri, which were activated in our Letter
Match versus Symbol Match comparison, but not our
Sequence Probe versus Letter Probe comparison, may
prevent recoding without preventing rehearsal (though
MDCs temporal lesions were more anterior). This
single dissociation of premotor involvement both in
recoding and rehearsal, but posterior temporal involve-
ment only in recoding, may also re¯ect two anatomi-
cally distinct recoding pathways, only one of which
involves (sublexical) articulatory processes [6,15].

Interestingly, Broca's area was not signi®cantly acti-
vated in the Sequence Probe versus Letter Probe com-
parison. One possibility is that the dorsolateral
premotor area is involved more in the serial processing
of items, whereas Broca's area is involved more in the
processing of their output phonology, with the latter
being equally important for our Letter Probe and
Sequence Probe tasks, given their common recoding
requirement. Thus, though Broca's area may be im-
portant for articulatory processes involved in recoding
visual material, it may not in fact be crucial for rehear-
sal or maintenance of serial order per se.

4.4. Temporal grouping

A nearby region in left dorsolateral premotor cortex
was signi®cantly less activated by our Grouped Probe
than Sequence Probe task. Performance levels and
mean correct reaction times for these two tasks did
not di�er detectably, and the tasks involved the same
physical stimuli, di�ering only in the timing of presen-
tation and the instructions given to participants.

Though the maximum of the premotor activation
was slightly superior to that associated with the
Sequence Probe versus Letter Probe comparison, the
activations were coextensive at a lower threshold. This
suggests that the activations correspond to the same
functional region (i.e. a region involved in both tem-
poral grouping and the maintenance of serial order).
We interpret the e�ect of temporal grouping on dorso-
lateral premotor activity in terms of a modulation of
the timing signal used to maintain serial order of items
(see discussion of the Burgess and Hitch model in sec-
tion 4.4.1).
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Activations in similar areas of premotor cortex have
been reported in association with the execution of
motor sequences. Catalan et al. [13] for example
reported greater activation of a dorsal premotor region
in sequential versus simple (repetitive) ®nger move-
ments. Lesions of premotor cortex are also known to
impair the reproduction of rhythmic motor sequences
from memory [21]. Thus there is neuroimaging and
neuropsychological precedence for a role of premotor
cortex in temporal sequencing.

4.4.1. Anatomical instantiation of the Burgess and Hitch
model

On the basis of the above functional imaging results,
we can propose a tentative mapping of the Burgess
and Hitch model onto the brain (Fig. 5). For simpli-
city, where areas were activated bilaterally, we focus
on the left hemisphere. The input phoneme layer
would be situated in the inferior parietal (supramargi-
nal) area identi®ed by the Letter Probe task. The pho-
nemic units in this layer are activated whenever
phonological information is passed around the input
phonemes±item nodes±output phonemes loop, result-
ing in the temporary strengthening of weights between
these layers. Thus, we would expect the inferior parie-
tal cortex to be active in any task involving phonologi-
cal recoding or rehearsal. The input phoneme layer is
also one of the layers assumed to subserve short-term
item recognition tasks like our Letter Probe task, in
which decisions are made on the basis of the strength
with which item units are reactivated via the weights
from the input phoneme layer [10]. The weights for
items perceived recently will have had less time to
decay, allowing them to be distinguished from items in
previous trials (though less easily if those items share
one or more phonemic units). Without input from the
timing signal, discrimination between items on the
basis of the phonemic input alone is likely to be more
di�cult, and could conceivably involve greater activity
in this inferior parietal area.

The item layer, corresponding to lexical represen-
tations of words and letters, would be situated in the
middle or inferior posterior temporal gyrus. Given that
the item layer would be activated in all our tasks that
used letters, these temporal regions would only be acti-
vated di�erentially in our Letter Match versus Symbol
Match comparison. The output phoneme layer would
be situated in Broca's area. The phonemic units of the
output layer are assumed to be activated in both the
recoding of visual items and in the rehearsal of phono-
logical information around the input phonemes±item
nodes±output phonemes loop. We would therefore
also expect Broca's area to be activated in all our
tasks that used letters.

The timing signal would be located in the dorsolat-
eral premotor area identi®ed in our Sequence Probe
versus Letter Probe and Sequence Probe versus
Grouped Probe comparisons.2 According to the
model, the Sequence Probe task utilises the timing sig-
nal (for serial rehearsal), whereas the Letter Probe
does not (relying only on recency judgements). The
temporal structure in the Grouped Probe task recruits
an additional timing signal that modulates the timing
signal used to maintain the serial order of ungrouped
stimuli, producing a more precise coding of temporal
position. The ®nding that the same lateral premotor
area is more active in the Letter Match task than Sym-

Fig. 5. One possible mapping of the Burgess and Hitch model onto

the brain. Left hemisphere; LPM=lateral premotor cortex, IFC=in-

ferior frontal cortex (Broca's area), IPC=inferior parietal cortex

(supramarginal gyrus), PTC=posterior temporal cortex, LOC=lat-

eral occipital cortex, STC=superior temporal cortex.

2 We note that, like the timing signal, the ``competitive queuing''

process [29], by which one of multiple activated items is selected, is

also required to a greater degree in our Sequence Probe and

Grouped Probe tasks than in our Letter Probe task. Moreover, the

degree of competition might be less for our Grouped than Sequence

Probe tasks, given that a grouped timing signal reduces the acti-

vation of competing items in the model [10], consistent with the rela-

tive deactivation of dorsolateral premotor cortex in our Grouped

Probe task. Thus a role for left dorsolateral premotor cortex in re-

sponse competition and selection is an alternative possible expla-

nation of our results.
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bol Match task is not predicted by the Burgess and
Hitch model, because the timing signal is only utilised
in the temporal ordering of lexical items (mainly
because the model has only been applied to short-term
memory for lexical items). However, various extensions
of the model to the ordering of sublexical items [20,22]
assume additional timing signals to code, for example,
the order of phonemes within a word. These extended
models are consistent with a role for the timing signal
in the recoding of polyphonemic visual material (e.g.,
the naming of letters).

5. Conclusion

In agreement with their previous functional dis-
sociations, the processes of recoding, storage, rehearsal
and grouping in verbal short-term memory appear to
have dissociable anatomical bases. As predicted from
previous neuropsychological and neuroimaging evi-
dence, separate areas were implicated in storage and
rehearsal, namely a left inferior parietal area in the
former, and left prefrontal areas in the latter. As pre-
dicted from previous developmental and neuropsycho-
logical evidence, some areas, such as left posterior
middle and inferior temporal gyri, were implicated in
recoding visual-verbal material, but not in its rehear-
sal. Broca's area was also implicated in the phonologi-
cal recoding of visual stimuli, but not serial rehearsal
per se. By contrast, a left dorsolateral premotor area
was clearly implicated in the serial rehearsal of tem-
poral order. This premotor area was also di�erentially
activated by temporal grouping of items. This is con-
sistent with the presence of a timing signal, predicted
by a computational model of VSTM [10] as necessary
for the serial and rhythmic organisation of rehearsal.
The present results allowed the functional components
of this model to be mapped onto the brain. We feel
that further investigation of the neural basis of VSTM
will bene®t from more detailed speci®cation of
``rehearsal'', ``storage'' and ``recoding'', as necessitated
by such explicit computational models. More gener-
ally, by attempting to situate computational models in
functional neuroanatomy, we hope to provide a com-
mon framework in which psychological, neuropsycho-
logical and neuroimaging data can be evaluated both
qualitatively and quantitatively.
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