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Working memory is a system that enables the
temporary maintenance of limited information,
where that information is kept on-line or available
for immediate access by other cognitive processes.
This kind of active maintenance is essential for a
variety of tasks such as language comprehension and
problem-solving1,2. An influential model of working
memory was proposed by Baddeley and his
colleagues3 that included a separation between
working memory for visuospatial versus verbal
information. Subsequent research has yielded a
further fractionation for visuospatial information,
suggesting separate stores for visual and spatial
working memory. For example, there are numerous
studies that suggest there are dissociations of spatial
and object working memory4–8. This division within
the architecture for working memory mirrors the
known organization of the mammalian visual
system, in which separate pathways have been
shown to process spatial and object visual features9.
Although it has been productive to identify the
independent components of the working memory
system, the next step is to provide a functional
description of how information is maintained within
each system. The evidence reviewed in this article
supports a specific hypothesis regarding the
subcomponents of spatial working memory.

The maintenance of information in spatial
working memory appears to recruit a network that
includes occipital, dorsal parietal and superior
frontal cortex. This article focuses on evidence
relevant to a description of the cognitive mechanisms
that are implemented by this neural network.
Baddeley and colleagues3 proposed the first specific
hypothesis regarding the functional subcomponents
of spatial working memory. They suggested that this
system might rely upon implicit eye-movement
programs, analogous to the way that verbal

rehearsal involves a component of subvocal
articulation. In support of this hypothesis, eye
movements have been shown to disrupt the accurate
maintenance of information in spatial working
memory10. However, it has also been observed that
spatially directed arm movements can interfere with
spatial working memory11, raising the possibility of a
more-general mechanism for maintenance that
might not be tied exclusively to the oculomotor
system. Smyth and Scholey12 proposed such an
account when they argued that the short-term
maintenance of spatial information involves covert
shifts of attention. In line with this view, there is
evidence that supports a specific hypothesis: the
active maintenance of spatial information is
accomplished by means of focal shifts of spatial
attention to memorized locations. This argument
hinges on a long line of research that has shown that
orienting of spatial selective attention causes
relative improvements in visual processing
(independent of the direction of gaze) at attended
relative to unattended locations in space13. There is
compelling biological evidence that these processing
improvements begin at the level of early sensory
processing14. This mechanism might operate in the
service of memory as well as perception, by
providing a functional marker for location-specific
representations in working memory. By this account,
the frontal and parietal mechanisms involved in
spatial working memory are an attention circuit
that operates in the service of memory.

The plausibility of attention-based rehearsal is
supported by a comparative analysis of the
neuroanatomy of spatial working memory and
spatial selective attention15,16. Both processes are
driven by a right-hemisphere dominant network of
frontal and parietal sites; this anatomical overlap
suggests a functional relationship between attention
and memory systems. Of course, one weakness in
this analysis is that different behavioral paradigms
have been used to assess the brain regions that
participate in attention and working memory.
Differences in the task demands, stimulus displays
and overall difficulty of these disparate experiments
places limits on what we can conclude from this
analysis. Nevertheless, there is an apparent
correlation between the brain circuits that mediate
attention and working memory. But the strength of
the overlap between the neural substrates recruited
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in these tasks does not show that there are functional
consequences to this overlap, as a hypothesis of
attention-based rehearsal would claim. This article
goes beyond the correlational evidence to present
data of two sorts:

(1) Behavioral evidence shows us that visual
processing at memorized locations is better than at
non-memorized locations, consistent with the notion
that visual attention is focused on the memorized
locations17. Moreover, if subjects are forced to direct
attention away from locations held in working
memory, their ability to remember those locations is
impaired12,17,18. This interference effect suggests that
spatial orienting of attention is a necessary part of
accurate spatial memory, rather than being merely a
correlated phenomenon.

(2) Additional evidence from functional magnetic
resonance imaging (fMRI) and event-related
potentials (ERPs) reveals the cortical mechanisms
that underlie spatial rehearsal effects. These data
suggest that spatial rehearsal modulates early
sensory processing in the visual areas that represent
the memorized locations19. The time course and

cortical locus of these rehearsal effects are similar to
those that are observed after explicit manipulations
of spatial selective attention (Ref. 20; and A. Jha and
G.R. Mangun, unpublished).

Behavioral evidence

If spatial selective attention is directed towards a
location stored in working memory, then the typical
effects of spatial attention – improved visual
processing efficiency – should be observed at that
location. Awh et al.17 have provided a behavioral
test of this prediction. Subjects were engaged in a
simple memory task (see Fig. 1a), in which a letter
(the cue) appeared in a specific location. Five
seconds later, another letter (the probe) appeared
on the screen and subject indicated whether the
probe matched the information that they were
holding in memory. Half of the subjects memorized
the location of the cue, while the other half
memorized the identity of the cue. During the
retention interval, subjects made speeded key
presses to indicate the shape of a letter-like
character that appeared on the computer screen. In
some trials, the choice stimulus appeared in the
same location as the memory cue (choice match); in
the other trials the choice stimulus appeared in
other parts of the visual field (choice miss). The key
prediction was that subjects’ reaction times to the
choice stimulus should be faster when it fell in the
memorized location, but only when subjects were
rehearsing the location of the initial memory cue.
The letter memory condition served as a control for
the stimulus display; if the predicted effect was a
result of automatic orienting of attention21 or the
mere presence of a 25% correspondence between the
location of the cue and the choice stimulus, then the
same effects should have been observed in both the
letter and the spatial conditions. Only in the spatial
memory condition were reaction times reliably
faster to choice-match stimuli than to choice-miss
stimuli (see Fig. 1b). No trace of this effect was
observed in the letter memory condition. These data
suggest that spatial rehearsal – not the stimulus
display – was responsible for the reaction time
effects in the spatial memory condition.

This study demonstrates the predicted association
between the focus of spatial attention and the
memorized locations, but it did not address the
stronger claim that spatial selective attention plays a
functional role in working memory. That is, spatial
attention might be directed towards the memorized
locations without playing a beneficial role in the
active maintenance of location information. This
issue has been addressed by testing a simple
prediction of attention-based rehearsal: if subjects are
hindered in their ability to direct attention towards
the memorized locations, then memory accuracy
should decline. The first study to demonstrate this
connection between spatial attention and spatial
working memory was carried out by Smyth and
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Fig. 1. Assessing visual processing efficiency at memorized
locations. (a) The events in a single trial of the spatial and letter dual
tasks. The choice reaction time stimulus that appeared during the
retention interval allowed a direct comparison of visual processing
efficiency at memorized and non-memorized locations. Subjects were
required to fixate centrally throughout each trial, and compliance was
verified by video monitoring. (b) Mean reaction times (RT) to the
choice stimulus. Only in the spatial condition, were subjects  faster to
respond to choice stimuli that matched the location of the memory
cue, suggesting that spatial attention is directed towards locations
held in working memory. The failure to observe this effect in the letter
condition rules out the stimulus display as the cause of this effect.
Although reaction times appear to be faster on average in the letter
condition, this reflects the responses of a single subject in the letter
condition; thus, there was no reliable difference in choice reaction
times between the spatial and letter conditions. The results would be
unchanged if this subject were excluded.



Scholey12. They studied performance on a traditional
measure of spatial memory span, the Corsi Blocks
test. Subjects viewed an array of boxes on a computer
screen while a subset of these boxes was indicated one
at a time. After a 12.5 s retention interval, the
subjects were required to recall the spatial sequence
by touching the appropriate boxes in the correct
order. The results showed that if subjects were
engaged with secondary tasks requiring shifts of
attention during the retention interval, memory
performance declined. A subsequent study showed
that this result obtained when subjects were required
to maintain fixation throughout the delay interval18,
showing that the secondary tasks interfered with
shifts of attention, not shifts of gaze.

Awh et al.17 have also addressed this issue using a
dual-task interference paradigm. Subjects performed
a color discrimination task during the retention

interval of a memory task for a single location (see
Fig. 2a). There were two types of color task. One task
required the color classification (e.g. red or blue) of a
small stimulus that was randomly positioned on the
computer screen, a task that required a shift of
attention to accomplish because of the size and
eccentricity of the stimulus (the shifting-attention
condition)22. The other task required a similar color
judgment, but the stimuli were large enough to
occlude all potential memorized locations – thus,
attention shifts were not required for the color
discrimination (the static-attention condition). The
prediction was that memory performance should be
worse in the shifting-attention condition than in the
static-attention condition, because shifts of attention
to non-memorized locations should be incompatible
with attention-based rehearsal. The results (shown
in Fig. 2b) confirmed this prediction; the shifting-
attention task caused greater decrements in memory
performance than did the static-attention task. The
responses to the color stimuli were also informative.
When the color tasks were performed alone
(i.e. without the memory task) accuracy was equal
between the shifting- and static-attention conditions.
However, when the memory task was added, color
responses became far less accurate in the
shifting-attention condition but were unaffected in
the static-attention condition (see Fig. 2c). This
result underscores the fundamental incompatibility
between accurate maintenance of information in
spatial working memory and a secondary task that
requires shifts of spatial attention. The results from
these interference studies are a crucial aspect of the
behavioral evidence, because they demonstrate that
spatial attention plays a beneficial functional role in
the active maintenance of location information (but
see Box 1 for further discussion).
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Fig. 2. Interference with spatial rehearsal by disrupting the focus of
spatial attention. (a) Events in the shifting attention condition (top) and
the static attention condition (bottom). Subjects were instructed to
remember the location of the initial memory cue for 5 s. At the end of the
trial, they indicated whether or not the probe was in the same location as
the one they were remembering. Subjects classified the colors of the
stimuli appearing during the retention interval. The shifting attention
condition entailed shifts of attention away from the memorized location;
the static attention condition did not. (b) Spatial memory accuracy.
Subjects participated in four separate conditions: the shifting and static
attention conditions (right side: ‘with color responses’), and two control
conditions during which color stimuli were presented, but only memory
responses were required (left side: ‘without color responses’). As
predicted by attention-based rehearsal, memory performance was
worse in the shifting attention condition than in the static attention
condition. In order to rule out the explanation that the color task was
simply more difficult in the shifting attention condition, the static
attention stimuli were made more difficult to discriminate (the colors
were more similar) than the shifting attention stimuli. (c) Accuracy of
color discriminations in the shifting attention condition and the static
attention condition. Subjects were equally accurate when the color tasks
were performed without the accompanying spatial memory task – the
‘alone’ condition (but recall that reaction times were slower in the static
attention condition, because the colors were more difficult to
discriminate). However, the addition of the spatial memory task (the
‘w/mem’ condition) caused significant impairment of color responses in
the shifting attention condition, but color responses in the static
attention condition were unaffected.



The cortical substrate of spatial rehearsal effects

Neuroimaging studies of spatial working memory and
spatial selective attention have supported the
hypothesis of attention-based rehearsal in two ways.
First, there is a clear overlap in the brain regions that
have been implicated in these processes15,16. A variety
of neuroimaging studies, using a diverse range of
stimulus materials and task requirements converge
upon the view that spatial rehearsal elicits activity in
a right-hemisphere dominant network of frontal and

parietal sites5–7. In line with this finding,
neuroimaging studies of spatial selective attention
reveal activity in a strikingly similar constellation of
brain regions23–25. However, as we noted earlier, this
kind of correlational evidence can offer only indirect
support for the idea that spatial rehearsal has a close
functional relationship with spatial selective
attention. The remainder of this article focuses on
studies that suggest spatial rehearsal and spatial
selective attention also have similar functional
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Although we argue that covert shifts of attention
play a role in spatial rehearsal, careful
consideration should be given to the potential role
of implicit motor programs in these tasks. This
hypothesis suggests that representations in spatial
working memory could be maintained by the
selection of spatially specific motor responses
towards the memorized locationsa,b. Even in the
absence of overt motor responses, it would be
possible for motor programs to serve as an engram
for spatial memory. Evidence has been reported
from a variety of paradigms that show covert
orienting towards the memorized locations, but
these data do not contradict the motor-rehearsal
account because they show only an association
between covert orienting and the stored location.
The experiments that address the functional role of
attention more directly are those that show a deficit
in spatial memory accuracy when subjects are
prevented from maintaining an attentional focus at
locations held in working memoryc,d. However,
these data might be reconciled with a motor
rehearsal account, because the tasks used to hinder
covert orienting towards the locations in working
memory might have also had the effect of
disrupting spatially specific motor programs.
Moreover, the issue is complicated by the fact that
there are strong links between spatially directed
movements and covert shifts of attention (see, for
example, Ref. e). While these links may or may not
be obligatoryf–h, they are a challenge for attempts to
disentangle the contributions of motor
programming and spatial attention in working
memory with behavioral evidence. Despite this
ambiguity, we note that the clearest evidence for
motor-based rehearsal has come from tasks that
required subjects to recall the positions via motor
movements to the memory locations; but evidence
of attention-based rehearsal has been observed
with tasks that do not require spatially directed
motor movements.

Perhaps some of the strongest pieces of evidence
against a pure motor-rehearsal account are findings
that dissociable neural substrates appear to
mediate motor-programming and spatial rehearsal.
Carlson et al. recorded single-unit activity from the

prefrontal cortex of monkeys and found three
classes of neurons: (1) those active during the delay
period; (2) those active during both delay and
movement periods; and (3) those active only during
movement periodsi. The most relevant finding for
the present purposes was that 70% of the delay-
related neurons did not fire in relation to movement
or the sensory stimuli used in the experiment. So,
mnemonic coding cannot be explained solely in
terms of spatially specific motor programs. Similar
evidence has also been observed in humans. Petit et
al. used fMRI to observe a within-subject
dissociation between superior frontal regions active
during spatial working memory delays, and a more
posterior frontal region that was active during
saccadic eye movementsj. These data suggest a
mnemonic code in spatial working memory that is
independent of motoric codes, but it seems
nonetheless likely that both attention-based and
motor-based processes are important for spatial
rehearsal. An important goal for future research is
to identify the factors that elicit different modes of
rehearsal in visuospatial working memory.
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Box 1. Examining the motor-rehearsal hypothesis



consequences. In particular, spatial rehearsal has a
clear impact on the quality of early visual processing,
and these visual modulations mirror those that have
been previously documented in studies of spatial
selective attention.

The behavioral studies document changes in
visual processing efficiency at memorized locations,
as predicted by the hypothesis of attention-based
rehearsal. However, they leave unanswered
questions regarding the precise nature of these
spatial rehearsal effects. For example, there is a
growing body of biological evidence regarding the
timing and anatomical locus of spatial attention
effects. These studies have revealed that spatial
attention causes modulations of visual processing in
early visual areas contralateral to the attended
regions of space26–32, and that these effects begin
within the first 100 ms of the onset of visual
information33–36. Does spatial rehearsal elicit similar
modulations of early sensory processing?

In order to learn about the cortical locus of these
spatial rehearsal effects, Awh et al.19 conducted an
fMRI study that measured posterior visual
activations while subjects performed a spatial
working memory task. The purpose of this study
was to observe whether activations appeared
contralateral to memorized locations – as they do to
attended locations. The task (illustrated in Fig. 3a)
required subjects to memorize three locations
(marked by false-font characters) in either the left
or right visual field for 7 s. During this retention
interval, a bilateral flickering grid occluded all
possible memorized locations. By observing the
independent visual responses to the left and right
sides of the flickering grid, it was possible to assess
whether or not sensory responses to the grid were
amplified contralateral to the memorized locations.
For example, during right visual field memory
trials, attention-based rehearsal would predict
greater visual responses to the right side of the
flickering grid (i.e. in the left hemisphere visual
areas). One pitfall of this procedure was that there
were unilateral presentations of memory stimuli.
Thus, the encoding of the memory display alone
might have resulted in some visual activation
contralateral to the memorized locations. In order
to assess the contributions of encoding versus
rehearsal effects, the same subjects were given a
non-spatial memory condition. This task employed
the same timing and placement of memory stimuli
as the spatial one, but letters were presented
instead of false fonts, and subjects were instructed
to remember the identity, rather than the location,
of these letters. This condition provided a direct
assessment of the contralateral visual activations
that arose owing to encoding of these stimulus
displays. (Note that in these experiments, the use of
a functional criterion to identify visual areas in
each subject acknowledges the recent
demonstrations of substantial between-subject
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Fig. 3. Spatial rehearsal modulates early visual activity. (a) A single
trial in the spatial memory condition. Memory cues had a 300 ms
interstimulus interval. The flickering checkerboard was presented
500 ms after the offset of the third memory cue, and the memory
probe appeared 500 ms after the offset of the checkerboard. During
scanning, subjects were presented with blocks of memory trials that
alternated between the right and left visual field. In the letter memory
condition, the timing and placement of stimuli were identical, but
Geneva font letters were presented instead of false fonts. (b)
Examples of the regions of interest (ROIs) that were used to compare
right and left hemisphere visual activations in a single subject 
(RVF, LVF; stimulus presented to right and left visual fields,
respectively). The yellow–orange areas show the brain regions that
responded to the right side of the flickering grid, and the blue–purple
areas depict visual areas responsive to the left visual field. Talairach
transformations of these data suggest that the functionally defined
ROIs are restricted to Brodmann areas 17, 18 and 19. (c) The mean
level of contralateral visual activation (expressed in percent signal
change) observed in the spatial and letter working memory (WM)
tasks. These measurements represent the total amount of
contralateral visual activation observed within each of the seven
coronal slices (5 mm thick and contiguous, starting at the occipital
pole and moving forwards) that showed visually responsive voxels.
From slices 1–7, the coronal slices move in the anterior direction. The
reliable evidence of visual activity in the letter condition provides a
baseline estimate of the stimulus-driven visual activity in these tasks.
Thus, the significantly greater levels of contralateral visual activity in
the spatial condition suggest the influence of spatial selective
attention during rehearsal in spatial working memory.



variability in the functional morphology of early
visual areas37. That is, although the regions of
interest could have been created by means of
Talairach normalization, the present within-subject
approach is a more reliable way of identifying
visually responsive brain regions.)

The results (depicted in Fig. 3c) showed that
spatial rehearsal did elicit the predicted visual
modulations. There were consistent increases in
activation in the visual areas contralateral to the
memorized locations, a result similar to previous
neuroimaging studies of spatial attention26–32.
Contralateral visual activations were also observed in
the letter memory task (consistent with the unilateral
presentation of memory stimuli), but these effects
were significantly smaller than those observed in the
spatial condition. Thus, the modulations of visual
responses to stimulation in the memorized locations
could not be explained just by the encoding of the
stimulus display. Instead, these effects support the
idea that spatial attention is oriented towards the
memorized locations, leading to amplified visual
responses contralateral to those locations.

The timing of the visual modulations induced by spatial

rehearsal

The previous study reveals a cortical locus for
changes in visual processing efficiency at memorized
locations, as observed in the behavioral work.
However, none of the studies provides evidence
regarding the time course of these visual
modulations. In particular, one would like to know
whether the temporal profile of the visual
modulations associated with spatial rehearsal mimics
that associated with spatial attention.

An ERP study by Awh et al.20 has provided
information about the time course of spatial rehearsal
effects to address this issue. Subjects engaged in two
experimental conditions. One was a spatial memory
condition similar to the fMRI study described above.
The other condition used the same stimulus
parameters to observe visual evoked responses after
explicit manipulations of spatial attention. These
parallel conditions set the stage for a strong test of the
overlap between spatial rehearsal in working memory
and spatial attention. The memory condition required
subjects to remember three locations in either the
right or left visual field for 8.7 s. At the end of the trial,
subjects indicated whether a single memory target
occupied one of the locations stored in memory. During
the delay period, a series of behaviorally irrelevant
probes (patterned rectangles that occluded all
potential memory locations in one visual field) were
flashed over memorized and non-memorized locations,
and the evoked visual responses to these probes were
analyzed as a function of whether they overlapped the
memorized locations or not. The key question was
whether spatial rehearsal elicits phasic modulations
of visual responses over memorized locations. During
the other experimental condition, subjects performed
an explicit spatial attention task. The stimulus
display was virtually identical, except that small
targets that were difficult to detect appeared during
the retention interval, interspersed between the
behaviorally irrelevant probes. The cues at the
beginning of the trial directed subjects to attend to
either the right or left side of the display to detect
these targets. Thus, a direct comparison could be
made between the effects of spatial rehearsal and
spatial attention on ERPs to identical visual stimuli.
Consistent with previous electrophysiological
studies of spatial attention36, the evoked visual
responses were significantly larger in amplitude at
memorized than at non-memorized locations20 (Fig. 4).
Furthermore, very similar modulations were observed
in the spatial attention condition when subjects were
explicitly instructed to direct attention to the left and
right visual fields. These experiments provide another
marker of the functional overlap between spatial
working memory and spatial selective attention, the
phasic modulation of visual responses, beginning
only 100 ms after stimulus onset.

Isovoltage contour maps can be derived that show
the mean amplitude of the visual modulations
observed in the memory and attention task (during the
latency window of the P1, anterior N1 and posterior
N1 components) (Fig. 5). The scalp topography of these
visual modulations further highlights the striking
similarity between the effects of spatial rehearsal
and spatial attention. The P1 modulations were
focused at posterior occipitotemporal electrode sites,
contralateral to the evoking stimuli. The anterior
N1 modulations were broadly distributed over frontal
electrode sites, with no clear laterality effect in either
task. The posterior N1 effects were at occipitotemporal
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P1, positivity. (Modified from Ref. 20.)



electrode sites, extending more centrally than the
P1 modulations. In all three latency windows, the
topography of the visual modulations is highly similar
across the memory and attention conditions.

Jha and Mangun also studied the time course of
the visual modulations due to spatial rehearsal
(A. Jha and G.R. Mangun, unpublished). They
observed phasic modulations of the P1 component,
with higher amplitude responses at memorized
locations. In addition, analyses of the early and late
phases of the retention interval showed that these
visual effects were sustained throughout the retention
interval, consistent with the hypothesis that these
modulations are due to spatial rehearsal. Thus, there
are two similar reports showing phasic modulations of
visual responses during spatial rehearsal in working
memory. Furthermore, a direct comparison of the
evoked visual responses during spatial rehearsal in
working memory and spatial selective orienting
reveals strong overlap in the latency and scalp
topography of the modulations in the two tasks.

Conclusions

We have reviewed three classes of results about the
relationship of spatial attention and working memory.

First, measurements of reaction time, hemodynamic
responses and visually evoked brain potentials all
suggest location-specific changes in visual processing at
memorized locations – a result that is consistent with
the known effects of spatial attention. Second, if these
shifts of attention to memorized locations are
interrupted, memory accuracy declines. Finally, studies
that address the cortical substrate of these effects
reveal modulations of activity in the early visual areas
contralateral to memorized locations, beginning during
the earliest stages of visual processing. Thus, both the
neural locus and timing of these rehearsal effects
further corroborate a role for spatial selective attention.

These data converge on a single view: there is a
functional overlap in the mechanisms of spatial
working memory and spatial selective attention. By our
account, mechanisms of spatial attention are recruited
in the service of a rehearsal-like function to maintain
information active in working memory. This
recruitment is cognitively economical, in that it makes
handsome use of a system specialized for processing real
space in order to maintain an on-line representation of
remembered space. We suspect that the recruitment of
mechanisms of sensory processing in the service of
memory is not isolated to spatial material. There is
evidence, for example, of the involvement of
inferotemporal processing in working memory for
objectsas well38,39, leading to the possibility of a
sensory–memory alliance for this material. Future
research could well benefit from examining other
memory systems to determine whether sensory systems
play an important role in memory more generally.
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