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Cognition depends critically on working memory, the active representation of a limited number of items over short periods of time. In
addition to the maintenance of information during the course of cognitive processing, many tasks require that some of the items in
working memory become transiently more important than others. Based on cognitive models of working memory, we hypothesized two
complementary essential cognitive operations to achieve this: a selection operation that retrieves the most relevant item, and an updating
operation that changes the focus of attention onto it. Using functional magnetic resonance imaging, high-resolution oculometry, and
behavioral analysis, we demonstrate that these two operations are functionally and neuroanatomically dissociated. Updating the atten-
tional focus elicited transient activation in the caudal superior frontal sulcus and posterior parietal cortex. In contrast, increasing
demands on selection selectively modulated activation in rostral superior frontal sulcus and posterior cingulate/precuneus. We conclude
that prioritizing one memory item over others invokes independent mechanisms of mnemonic retrieval and attentional focusing, each
with its distinct neuroanatomical basis within frontal and parietal regions. These support the developing understanding of working
memory as emerging from the interaction between memory and attentional systems.

Introduction
Working memory is critical for many cognitive tasks and relies on
the ability to maintain stable active representations. However,
one must also retain the flexibility to highlight momentarily rel-
evant items, enter new items, or discard those no longer needed.
This is especially important for the executive functions in work-
ing memory such as monitoring or manipulation (Owen et al.,
1998; Postle et al., 1999; Smith and Jonides, 1999). How does the
brain control the contents of working memory and which op-
erations are involved? One essential operation is to selectively
replace some of the contents of working memory with newly
acquired information and discard those no longer relevant
(Postle et al., 2001; Collette et al., 2006; Roth et al., 2006;
Leung et al., 2007; Roth and Courtney, 2007). Other key op-
erations leave the contents of working memory untouched,
but require the mental selection or refreshing of one item.
These functions award an item in working memory a higher
priority for future perception, cognition, or action (Rowe et
al., 2000; Nobre et al., 2004; Johnson et al., 2005, 2007; Lepsien
et al., 2005; Soto et al., 2007).

Many studies suggest a close association between working
memory and attention, including shared capacity limitations
(Marois and Ivanoff, 2005) and common neural organization
(Awh and Jonides, 2001; Curtis and D’Esposito, 2003; Courtney,
2004; Postle, 2006; Jonides et al., 2008). Indeed, working memory
can be regarded as emerging from the functional interaction of
attentional and memory systems. From a cognitive perspective,
Cowan (1988) has proposed that the critical process in working
memory is attentional and the contents of working memory are
conceived as temporarily activated portions of long-term mem-
ory. This model has been extended by demonstrating that of all
items in working memory, one representation may enter a priv-
ileged state of activation termed the focus of attention (Garavan,
1998; McElree, 2001; Oberauer, 2002; Oberauer and Bialkova,
2009). Only this item is readily available for cognitive action,
whereas the others require active retrieval first to become able to
enter the focus of attention. Hence, in situations that demand
switching between different items held in working memory ac-
cording to their momentary relevance, two control operations
will work hand in hand: a selection mechanism that retrieves the
relevant item from working memory and an update of the focus
of attention with this retrieved item.

Even though these operations of selecting items within work-
ing memory and updating of the attentional focus are fundamen-
tal to our understanding of the organization of working memory,
it is not known whether they have distinct or overlapping neural
mechanisms. Often they have been confounded within experi-
mental paradigms. We sought to address this issue by imple-
menting a novel spatial working memory task that incorporated
independent manipulations of both selection between items in
working memory that calls for their active retrieval and the up-
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dating of the current focus of attention.
Our aim was to determine whether se-
lection and updating were manifesta-
tions of a single underlying mechanism,
with a specific neuroanatomical basis,
or whether they reflected independent
mechanisms.

Materials and Methods
Participants. Nineteen right-handed subjects
were recruited to the fMRI and behavioral con-
trol experiments with normal visual acuity.
Subjects gave informed written consent. The
study was approved by the Local Research Eth-
ics Committee. fMRI data of two subjects were
discarded (head displacement �10 mm and
abnormalities in the structural scan, respec-
tively). The presented data are from the re-
maining 17 subjects (nine females, aged 18 –35
years). Behavioral data from the fMRI experi-
ment are from 17 subjects; however, data from
one subject was incomplete (one session in-
stead of two) due to technical problems. Ten
different subjects (four females, age 19 –27
years) performed an eye-movement control
study.

Study design. The study used a modified
delayed-match-to-sample task, consisting of
encoding, delay and recognition, with the
working memory operations of selection and
updating embedded in the delay phase (Fig. 1).
At the beginning of each trial, participants saw
four black dots (solid squares) presented si-
multaneously for 3.6 s on a gray square sub-
tending 3.9° � 3.9° of visual angle. One dot was
presented in each quadrant, at pseudorandom
positions. There followed a delay phase during which the participants
remembered the exact location of the dots (in Fig. 1 indicated by white
squares for illustrative purposes; these were not actually presented to
participants). During the delay, a black line serving as a cue appeared for
1.2 s running across the screen in the vicinity of one or two of the dots.
Participants were instructed to focus in mind the position of the dot that
was closest to the cue line and maintain it as a target item for a subsequent
match-to sample test. This test followed unpredictably after a sequence of
two up to five cue lines. The onsets of successive cue lines were separated
by an interval of two, three, or four times the repetition time (TR) (1.2 s).

The cue line could run through the vicinity of only one or of two of the
remembered dot locations, the latter increasing selection demands on
which position was closest. In the course of the series of cue presenta-
tions, the same target dot may be cued repeatedly in direct succession, but
by different cues. As the target remained unchanged, this would not
require updating of the dot position to be kept at focus. Alternatively, a
different target location could be indicated, requiring subjects to update
the current focus of attention. The independent manipulation of selec-
tion and updating demands during the delay phase enabled a repeated-
measures 2 � 2 factorial design with the conditions: high selection/
update (�S�U), high selection/no update (�S�U), low selection/
update (�S�U), and low selection/no update (�S�U).

In the recognition phase, a single dot was presented for 0.9 s, which
with 50% probability matched the position of the location that the sub-
jects should have as the focus of attention, based on the most recent cue
line. Nonmatching probes presented the position of one of the remaining
sample dots. Subjects judged whether the probe matched the most re-
cently cued position and responded “yes/no” as quickly as possible by
button press with their right index or right ring finger. Fast responses
were induced by imposing a response deadline of 0.9 s. After the probe
presentation, participants received a feedback for 0.6 s whether they had
responded correctly (green square) or not (red square). Both late and

incorrect responses were fed back as errors. The unpredictable number of
cue presentations during the delay phase (two up to five) and the empha-
sis on quick responses served to ensure that each single-cue presentation
would be attended to and that the required memory operations were
performed. Each trial ended with a rest period varying randomly among
2.1, 3.3, and 4.5 s. Subjects were instructed to maintain fixation to the
center of the gray background square throughout (although there was no
fixation cue).

As the need for updating was determined by the immediately preced-
ing cue, the first cue presentation of each trial was of no interest. In
consequence, a trial included the remaining one to four events of inter-
ests. A total of 96 trials were presented, resulting in an average of 60
repetitions for each of the four experimental conditions. The order of
cues was pseudorandomized, such that each cue type was followed with
equal probability by each of the four cue types.

Presentation software (version 11.3) was used for stimulus presenta-
tion, response recording, and scanner and eye tracker synchronization.
In fMRI, visual stimuli were projected onto a screen using a Christie
video projector LX35 with custom lens at resolution 1024 � 768 back-
projected onto a mirror mounted on the head coil.

fMRI acquisition and analysis. Functional and anatomical images were
acquired at the MRC Cognition and Brain Sciences Unit on a Siemens 3
T TIM Trio scanner. Functional images were collected in two sessions of
1070 volumes each, using a blood oxygen level-dependent (BOLD)-
sensitive T2*-weighted echo-planar sequence [time echo (TE) � 25 ms;
flip angle (FA) � 78°; matrix � 64 � 64] with twenty-one 5-mm-thick
(3 � 3 mm in-plane, 0.5 mm skip) slices and a TR of 1.2 s. A high-
resolution, magnetization-prepared rapid-acquisition gradient echo
(TR � 2250 ms, TE � 2.99 ms, FA � 9°, inversion time 900 ms, 256 �
256 � 192 isotropic 1 mm voxels) and a single volume turbo spine echo
(TR � 5060 ms, TE � 102 ms, FA � 140, 28 � 4 mm slices) structural
image were obtained for purpose of coregistration, normalization, and
assurance of structural normality after the first functional session.

a

b

Figure 1. Experimental design. a, Subjects saw four dots (black) and retained their locations in working memory (indicated
here by white squares for illustration only). After a variable interval, a cue line ran through the vicinity of one or two of the dots.
Participants were asked to select in the mind the location of the dot that was closest to the cue line and maintain it as a specific
target item. The number of cue presentations varied from two up to five. At the end of a trial subjects judged whether a probe
matched the dot-position that had been cued by the immediately preceding line and received a feedback. A short response window
(0.9 s) ensured that each cue was actively attended and processed (for details, see Materials and Methods). b, The sequence of cues
determined the demands for updating: During the high-selection/update-condition (�S�U), the cue line ran through the vicinity
of two of the encoded dots requiring the selection of the closer dot position. In addition, the cue indicated a different target dot as
on the immediately preceding cue presentation, thus needing an update of the focus of attention. In the high selection/no-update-
condition (�S�U), the cue was ambiguous too but indicated the same target as the preceding cue, hence not requiring any
change of the focus of attention. In the low-selection/update-condition (�S�U), the cue line ran through the vicinity of only one
dot and required an update of the focus of attention. In the low-selection/no-update-condition (�S�U), a cue unambiguously
denoted the same target as in the preceding presentation. ISI, Interstimulus interval; ITI, intertrial interval.
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FMRI data were analyzed using Statistical Parametric Mapping
(SPM5; Wellcome Department of Cognitive Neurology). Preprocessing
included slice-time correction, realignment to the first image, nonlinear
normalization to the Montreal Neurological Institute (MNI) template,
resampling of voxel size to 3 � 3 � 3 mm, and spatial smoothing with an
8 mm full-width at half-maximum Gaussian kernel.

For the design matrix, time points were defined to represent different
task phases of a single trial (encoding, first cue presentation, second to
fifth cue presentations, during the memory delay and a probe). At the
first level, each of these task phases was modeled using a finite impulse
response approach. We used 12 time points with an interval of 1.2 s
(corresponding to the TR). The first cue always demanded updating,
because no other cue had preceded it so that the focus of attention had to
be shifted from central fixation to one of the remembered locations. To
avoid biases, the first cues of each trial were modeled as a separate effect
of no interest. All subsequent cue presentations in series (second, third,
fourth, and fifth, depending on the total number of cues in a specific trial)
were defined as cue of interests and represented the independent combi-
nations of selection and updating demands in a pseudorandom order.
They were modeled by separate regressor for each condition. The probe
presentation was modeled separately for “match” and “nonmatch” trials.
In addition, a block of variable duration was used to model the encoding/
maintenance period, which spanned the whole time window from the
onset of the to-be-remembered positions to the onset of the probe stim-
ulus (including persistent activation). Because there were between two
and five cue presentations per trial, the duration of the block varied
across trials. The hemodynamic response of this block was also seg-
mented into 12 bins (due to its extended duration, one bin did not
correspond to one scan for this part of the task).

For each cue of interest (�S�U, �S�U, �S�U, and �S�U), indi-
vidual contrasts versus implicit baseline for scans 4 – 6 after cue onset
were computed. This corresponds to a time window of 3.6 –7.2 s after cue
that covers the peak of the hemodynamic response even in the presence
of some interregional variability.

The resulting parameter maps from each subject were entered into a
second-level repeated-measurements ANOVA analysis with subjects as a
random factor and the within-subjects factors of scan (fourth through
sixth scan), selection (high vs low), and updating (updating, no updat-
ing). Using F contrasts, brain regions responsive to changes in selection
(high vs low selection) and updating (vs no updating) demands were
identified by a significant main effect of selection and updating present at
the fourth, fifth, or sixth scan. The statistical SPM( F) maps were thresh-
olded at p � 0.05 [false discovery rate (FDR) corrected; cluster thresh-
old � 10 voxels] and visualized on a surface reconstruction of the SPM
canonical single-subject brain using the BrainVoyager QX software
(Brain Innovation).

In addition, we used a conjunction analysis to identify regions with
significant activation for both selection and updating as well as to identify
brain areas significantly activated by every single-cue condition (see sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental mate-
rial). Conversely, we used an exclusive masking approach to identify
regions with a significant effect of selection ( p � 0.05 corrected) but no
more than a slight effect of updating (no more than a trend at p � 0.1
uncorrected).

Region of interest (ROI) analyses were conducted to compare the
effect sizes revealed by voxel-based statistics. Spherical ROIs (radius 6
mm) were centered on peak coordinates of clusters activated by the main
effect of selection and updating ( p � 0.05; FDR) (Table 1). MarsBar
toolbox (http://marsbar.sourceforge.net) was used to extract for each
condition the first eigenvariate of the BOLD signal and to estimate the
individual effect size for the average of scans 4, 5, and 6 after cue onset.
Effect sizes for selection and updating were then compared using a post
hoc t test.

Control studies. Before fMRI scanning each subject underwent a be-
havioral measurement. The stimuli and task were the same as in the fMRI
experiment, except for the following differences. In addition to the re-
sponses to the probe stimulus subjects were asked to confirm via right
middle finger button press when they had selected in mind the dot closest
to the cue line after each single-cue presentation. This time was taken as

a behavioral index of the time needed for the demanded operations and
was used as a dependent variable in a 2 (high, low selection) � 2 (updat-
ing, no updating) repeated-measures ANOVA. The intertrial interval was
fixed at 4.5 s. In total, 36 trials were presented, which resulted in an
average of 22.5 repetitions of each cue type.

Ten different subjects performed an eye-movement control study,
which consisted of a working memory and a baseline fixation session. In
the working memory session, subjects performed the very working mem-
ory task that was used in fMRI (but only 48 instead of 96 trials, resulting
in an average of �30 repetitions of each of the four experimental condi-
tions). As in the fMRI study, subjects were instructed to permanently
maintain their fixation on the center of the gray display box. In the
baseline fixation session, 12 trials of the working memory task were
presented with identical stimulus and timing parameters, but subjects
were only asked to maintain fixation to the center of the gray display box
and did not perform any task. This allowed for an assessment of sponta-
neous saccade rates as a baseline measure in the absence of all working
memory demands. Due to technical problems, baseline fixation data of
one subject is missing.

Recording of eye movements was conducted binocularly at 1000 Hz
using the video-based infrared EyeLink 1000/2K Desktop system (SR
Research). Nine-point calibration was performed at the beginning of
each session. The head position was maintained using a chin rest. During
the cue presentation (1.2 s), saccades were detected by the EyeLink soft-
ware, using eye-movement thresholds of 22°/s for velocity and 4000°/s 2

for acceleration. For statistical analysis, we calculated the average saccade
rate per cue presentation separately for each subject and experimental
condition and performed two-way repeated-measures ANOVAs with
selection and updating as within-group factors. For the comparison of
eye movements between the working memory and the baseline fixation
session, we used a t test for paired samples on the saccade rate averaged
across all cue presentations in each session separately.

Table 1. List of cortical regions for selection and updating

Brain region Side Z score MNI coordinates (x, y, z in mm)

Selection
cSFS Left 3.80 �21, �6, 51

Right 4.28 24, �3, 51
PPC Left 4.48 �18, �66, 57

Right 5.21 18, �60, 57
Right 3.57 42, �36, 42

rSFS Left 4.02 �24, 30, 36
PCC Left 4.46 �21, �30, 39
PCN Left 4.58 �9, �48, 36

Right 4.13 6, �45, 33
vmPFC Left 3.82 �3, 54, �6

Right 3.69 18, 57, 24
Right 4.12 18, 51, �3

IPL Left 4.15 �51, �66, 36
PHG Left 4.65 �27, 0, �21

Updating
cSFS Left 5.12 �24, �3, 57

Right 3.88 27, �3, 54
PPC Left 5.26 �18, �66, 54

Right 5.45 18, �60, 57
Left 4.00 �33, �39, 42
Right 3.74 42, �39, 54

vmPFC Right 3.84 27, 63, 12
BG Left 4.07 �21, 12, �6

Selection � updating
n.s.

fMRI results of SPM(F) contrasts ( p � 0.05, FDR corrected) for the effects of modulation of selection (high selection
vs low selection) and updating (updating vs no updating) at the time of cue presentations within the memory delay.
The independent experimental manipulations of selection and updating were associated with differential activa-
tions in separate sets of frontoparietal cortical regions. There was no significant interaction between the factors of
selection and updating. vmPFC, Ventromedial prefrontal cortex; IPL, inferior parietal lobule; PHG, parahippocampal
gyrus; BG, basal ganglia/putamen.
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Results
Behavioral results
To obtain a direct behavioral measure of
the cue task performance, subjects under-
went separate behavioral testing before
fMRI scanning. The stimuli and task were
the same as during scanning, except that
at every presentation of a cue, subjects ad-
ditionally indicated by key press the time
point when they had finished selection/
updating. This time was used as a depen-
dent variable and analyzed with a 2 (high,
low selection) � 2 (updating, no updat-
ing) repeated-measures ANOVA. The re-
sults are shown in Figure 2. As expected,
subjects were slower after high selection
cues (844.2 � 42.9 ms, mean � SEM, for
�S�U and 787.8 � 46.0 ms for �S�U vs
770.1 � 39.9 ms for �S�U and 702.7 � 35.2 ms for �S�U;
main effect of selection: F(1,16) � 25.3, p � 0.000). Also, they were
slower when updating the cued location (main effect of updating:
F(1,16) � 13.9, p � 0.002). Importantly, we did not observe any
interaction between selection and updating (F(1,16) � 0.3, p �
0.602), i.e., subjects were slower when they updated the focus of
attention in working memory than when no update was needed
independent of selection demands and vice versa. These results
clearly indicate that demands on selection and updating were
successfully manipulated and independent.

In fMRI we sought to avoid extensive motor-related activa-
tions during cue-induced memory operations. We therefore re-
quired overt responses only to the probe item at the end of each
trial (recognition phase). Behavioral data from the fMRI study
showed that recognition accuracy was high (85.6 � 1.6%) with
reaction times (RTs) lying clearly below the response deadline
(618.2 � 13.1 ms). Importantly, RTs were faster to probes that
matched the current focus of attention than to nonmatching po-
sitions (596.8 � 14.6 ms vs 639.6 � 15.4 ms; paired t test, t �
�2.9; p � 0.010). Thus, as commonly observed in attentional
cueing paradigms (Posner, 1980), devoting spatial attention to a
position accelerates detection of stimuli presented there. In con-
sequence, these results indicate that participants performed the
intended selecting or updating at every cue presentation and
maintained the selected item as a target for recognition.

fMRI results
To characterize the neural correlates of working memory selec-
tion and updating, we analyzed the fMRI BOLD responses to the
four cue types (�S�U, �S�U, �S�U, and �S�U). In a first
step, to identify regions responsive to demands of either selection
or updating, we computed the respective main effects (SPM(F)
map, p � 0.05, FDR corrected; cluster threshold � 10 voxels),
identifying activation differences in scans 4, 5, or 6 after cue onset
(TR � 1.2 s) covering the peak of the hemodynamic response.

In accordance with our hypothesis, selection between items in
working memory and the updating of the currently focused target
item were associated with differential activity in distinct brain
regions. The brain areas sensitive to the manipulation of selection
regardless of updating comprised left and right caudal superior
frontal sulcus (cSFS), posterior parietal cortex (PPC) including
superior parietal lobe and inferior parietal sulcus, left rostral su-
perior frontal sulcus (rSFS), posterior cingulate cortex (PCC),
precuneus (PCN), ventromedial prefrontal frontal cortex, and
left inferior parietal lobe (Fig. 3).

In contrast, whenever an update of the focus of attention was
needed, regardless of the selection demands, we observed differ-
ential activation of the bilateral cSFS and PPC. For a complete list
of active areas, see Table 1. In addition, no brain area exhibited a
significant interaction between effects of selection and updating
at standard threshold [SPM(F) map, p � 0.05, FDR corrected;
cluster threshold � 10 voxels] or a more liberal voxelwise thresh-
old ( p � 0.001, uncorrected).

All four cue types invoked some common processes, similar to
those identified by Rowe et al. (2000) in response to the cue line.
These common elements were identified by a conjunction anal-
ysis across all four cues (�S�U and �S�U and �S�U and
�S�U, each vs baseline, FDR p � 0.05) and included activation
of the middle frontal gyrus of dorsolateral prefrontal cortex
(dlPFC) but not rSFS (see supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

The previous analyses of thresholded responses do not yet
allow for conclusions concerning functional selectivity, i.e.,
whether a region is significantly more responsive to demands on
selection versus updating. We therefore directly compared the
effect sizes of selection versus updating. Formally, this was done
by extracting the individual effect sizes (� values) from regions of
interest (radius 6 mm) centered on the local maxima of the main
effects of the previous analysis and entering these in dependent
samples t tests. These revealed that BOLD signal changes in left
rSFS and PCC/PCN were significantly more pronounced in se-
lection than in updating (for rSFS: t � 2.73, p � 0.010; for PCC/
PCN: t � 2.92, p � 0.015) (see also Fig. 3). There was no region
that was significantly more active during updating than selection.

Updating-related activity in these regions may however still be
present, albeit subthreshold and less strong than for selection.
Thus, to test the extent at which they were strictly exclusive for
selection, we used an exclusive masking approach. We examined
which of the selection-related activations do not exhibit an effect
of updating even at a very liberal threshold of p � 0.1 uncor-
rected. Clusters in left rSFS and PCC/PCN previously shown to
be selectively enhanced for selection were unaltered. Hence, we
infer that these areas are activated exclusively in response to se-
lection demands.

To summarize, we observed two distinct activation patterns
subserving updating and selection processes, respectively. A
common set of regions including bilateral cSFS and PPC showed
stronger activation in response to both selection and updating
(this result was also supported by a conjunction analysis) (sup-
plemental Table 1, available at www.jneurosci.org as supplemen-
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Figure 2. Reaction times and saccadic eye movements. a, Reaction times (mean � SEM) during behavioral control revealed
that subjects needed more time to process high selection cues and when updating the cued location. However, there was no
interaction effect between selection and updating, indicating that demands on selection and updating were manipulated inde-
pendently. b, The rate of saccades during the cue presentation did not differ between experimental conditions. There were no
significant differences which may have arisen from manipulations of selection and updating demands. In a separate baseline
fixation session (Fix) without any demands on memory operations, participants produced a comparable number of eye movements
as reflected by the overall saccade rate.
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tal material), but did not show an interaction between them. In
contrast, activations in left rSFS and PCC/PCN were exclusively
sensitive to demands on selection between items held in working
memory.

Eye-movement control study
Bilateral cSFS and PPC were significantly activated during updat-
ing as well as selection, attributable to shifts of attention. How-
ever, activation of these regions is also observed when subjects
generate overt eye movements (Corbetta et al., 1998; Konen and
Kastner, 2008). Thus, differences between conditions might be
due to differences in eye movements. To evaluate this alternative
interpretation of our data, we conducted a separate eye-move-
ment control study. For this we recorded eye movements in 10
subjects with a high spatial accuracy and temporal resolution
using a video-based infrared eye tracker (for details, see Materials
and Methods) and analyzed the number of saccades participants
had made. Behavioral data were similar to the fMRI results (rec-
ognition accuracy: 87.9 � 2.9%, mean � SEM; RTs were faster to
match than to nonmatch probes: 635.6 � 33.6 ms vs 686.2 � 43.1
ms; paired t test, t � �3.5; p � 0.006), indicating that perfor-
mance of the working memory task was comparable across dif-
ferent groups and experimental settings.

Importantly, the eye-movement data showed that during the
1.2 s of cue presentation, the average number of saccades did not

differ between the experimental conditions
(Fig. 2; supplemental Fig. 2, available at
www.jneurosci.org as supplemental ma-
terial). This was confirmed by a repeated-
measures ANOVA that failed to reveal a
main effect of selection (F(1,9) � 2.3, p �
0.170; number of saccades per cue presen-
tation: 1.08 � 0.60, mean � SEM, for
�S�U and 1.07 � 0.70 for �S�U vs
1.16 � 0.56 for �S�U and 1.21 � 0.57 for
�S�U) or updating (F(1,9) � 0.5, p �
0.509). Also, we did not observe any inter-
action between the two factors (F(1,9) � 0.4,
p � 0.534). Moreover, the overall saccade
rate was similar when subjects just pas-
sively viewed the task stimulation (not re-
quiring any working memory operations
and shifts of spatial attention) (t � 0.9,
p � 0.377; average saccade rate: 1.21 �
0.57 for working memory and 1.28 � 0.68
for fixation session). Thus, we conclude
that the activity changes observed in cSFS
and PPC were modulated by demands on
selection and updating and are highly un-
likely to have arisen from differential
numbers of eye movements.

Discussion
Working memory supports many higher
cognitive functions by keeping a small
number of items available in a state of ac-
tive neural representation, and by select-
ing and attending preferentially to that
item that is momentarily most relevant.
This close relationship between memory
and attention is reflected in contemporary
models of working memory (Cowan,
1988; Awh and Jonides, 2001; Curtis and
D’Esposito, 2003; Courtney, 2004; McElree,

2006; Postle, 2006; Jonides et al., 2008). Extending these models,
we found dissociable neural mechanisms of selection and updat-
ing. These two processes were subserved by different sets of fron-
toparietal cortical regions with independent behavioral effects,
supporting the hypothesis that selection and updating are distinct
working memory operations.

In our paradigm, the selection of a new position based on the
cue stimuli within each trial led to an updating of the attentional
focus (required for speeded recognition). This update, or change
in the focus of attention, was associated with activations in cSFS
and PPC, both regions associated with spatial attention in tasks
without strong memory demands (Kastner and Ungerleider,
2000; Corbetta et al., 2002; Yantis and Serences, 2003). The re-
sults of our eye-tracking control experiment strongly suggest that
these activations were not due to potential differences in the
number of saccades induced by our task manipulations. Rather,
the activations support the hypothesis that spatial information is
retained by attention-based rehearsal, i.e., by systematic shifts of
attention to the to-be-remembered positions (Awh and Jonides,
2001; Corbetta and Shulman, 2002; Postle et al., 2004; Awh et al.,
2006; Jonides et al., 2008). In that sense, rehearsal of spatial mem-
oranda could be conceived as a series of updating operations in
cSFS and PPC. Since activation in these regions has also been
associated with directing attention to nonspatial features of visual
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Figure 3. Dissociable neuronal correlates of selection and updating. a, Modulation of regional activation by selection (yellow)
and updating (red) projected onto the surface cortex reconstruction of the SPM canonical single-subject brain. Areas of overlap are
shown in orange. The full set of coordinates is listed in Table 1. Note that no brain region was sensitive to an interaction between
updating and selection. b, Estimated effect size coefficients (mean � SEM) for the regions of interest showing either main effects
of selection and updating (cSFS and PPC) or an exclusive response to selection modulation only (rSFS and PPC/PCN).
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stimuli and mental representations (Lepsien et al., 2005; Lepsien
and Nobre, 2007), their role may not be limited to the spatial
domain.

The suggestion that PPC and cSFS are implicated in updating
the attentional focus is further supported by fMRI studies on
updating the working memory contents with nonspatial infor-
mation like faces and houses (Roth et al., 2006; Roth and Court-
ney, 2007). In these studies by Roth and colleagues, updating was
defined as the cue-based replacement of a currently memorized
item in working memory with a newly acquired input. In con-
trast, in our study the updating event required a switch of the
attention focus between items constantly held in working mem-
ory, without the presentation of a new item. This difference may
explain why updating of the working memory contents was asso-
ciated with additional activations of prefrontal (inferior frontal
gyrus, pre-supplementary motor area) and extrastriate cortex
(inferior occipitotemporal and parahippocampal gyrus). We
propose that shifting the attentional focus, subserved by cSFS and
PPC, represents updating of attentional focus common in both
types of task, while the extrastriate, ventrolateral, and medial
frontal cortex mediate visual processing and encoding of new
information into working memory. This interpretation is also
supported by results of Postle et al. (2001) and Montojo and
Courtney (2008). For example, Montojo and Courtney recently
showed that again, the updating of numbers and rules (mathe-
matical operations) activated regions associated with the shifts of
attentional focus. In addition, the update of a number preferen-
tially activated the PPC (also associated with numerosity) and the
update of a rule the inferior frontal gyrus [an area responsive to
rule switching (Derrfuss et al., 2005)]. Together, the converging
evidence between studies using different materials and opera-
tional definitions of updating suggests that cSFS and PPC may
form the neuronal basis of a supramodal attentional updating
mechanism, whereas other regions show stronger task and mate-
rial specificity between studies. We conclude that the changes of
the attentional focus represent the core mechanism underlying
different types of updating, emphasizing the role of attention in
the control of working memory.

Activation in cSFS and PPC was not specific for updating, but
was additionally modulated by demands on selection between
items in working memory. This supports recent cognitive con-
ceptions that to make a memory representation amenable to op-
eration, such as evaluating its distance to a cue line, it has to be
put into the focus of attention (Garavan, 1998; McElree, 2001;
Oberauer, 2002; Oberauer and Bialkova, 2009). In conse-
quence, with more items to select from, more activation is to
be expected in regions subserving the updating of the atten-
tional focus. Thus, while the data alone may argue for a role of
cSFS and PPC in both updating and selection, the apparent
effects of selection in these regions may be attributable to
increased concomitant updating demands under high selec-
tion. In line with this interpretation, the conjunction of
selection- and updating-related activations was limited to re-
gions previously implicated in attentional processing.

Critically, we found selection-specific modulation of activity
in a distinct set of frontoparietal areas. Differential activity in the
rSFS and PCC/PCN was not driven by updates of spatial atten-
tion. In our paradigm, selection demands manipulated the need
for memory retrieval: the cue line ran close to either one or two
positions held in working memory. Behavioral research indicates
that the access to representations that are outside of the current
focus of attention is mediated by the same mechanism that re-
trieves representation from episodic memory (McElree, 2001,

2006). Using fMRI, Nee and Jonides (2008) showed that selection
of verbal items outside of the focus of attention recruits brain
regions similar to those implicated in the retrieval from long-
term memory, in contrast to an item already at the focus of at-
tention (the most recently presented item). However, in that
study, the neural bases of memory retrieval and updating could
not be distinguished.

Our high-selection events also involve a decision of which of
the two retrieved positions is closer to the cue line. Our interpre-
tation is that the activations in rSFS and PCC/PCN associated
exclusively with selection (not updating) comprise both regions
that play a role in memory retrieval as well as decision making.
There is a high degree of overlap between our selection-sensitive
regions, the activation foci from studies on memory retrieval, and
areas involved in perceptual decision making. For example, the
results of both the meta-analysis of recollection success by Wag-
ner et al. (2005) and Heekeren’s studies of perceptual decision
making (Heekeren et al., 2004, 2006) reveal common activations
of PCC/PCN and rSFS. This may be due to common require-
ments for accessing internal representations, evidence accumula-
tion, and decision making in all three lines of research using
functional neuroimaging. Other methods might allow a classifi-
cation of these regions as primarily memory or decision related:
e.g., lesions in PCN/retrosplenial cortex impair retrieval of infor-
mation from episodic memory (Valenstein et al., 1987), while
single-unit recording from monkey prefrontal cortex demon-
strates accumulation of evidence to compute a decision (Kim and
Shadlen, 1999). It is possible therefore that in the healthy human
brain the PCC/PCN subserves memory retrieval, whereas the left
rSFS enables decision about retrieved items.

Previous studies of working memory using similar cues have
shown activations of the dlPFC (middle frontal gyrus) with the
selection or “refreshing” of a stimulus representation in memory
but not the maintenance of stimulus locations or directly speci-
fied response selection (Rowe et al., 2000; Rowe and Passingham,
2001; Johnson et al., 2007). In the present study, similar cues
appeared in succession two to five times per trial, and processes
common to all cue types were identified by the conjunction anal-
ysis (�S�U and �S�U and �S�U and �S�U, each vs base-
line) with activation in the same dlPFC region as previous studies
(see supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). This suggests that the dlPFC activation for
selection is present even with relatively low selection demands
and does not depend on the number of reactivated or attended
items between which one has to select. In contrast, activity of the
rSFS was not equivalent across all cue types, but varied with in-
creasing demands on selection between remembered items in
memory. Finally we note that a potential confound in previous
studies of selection in working memory has been the coincidence
between selection events and the transition between phases of a
trial. It could have been argued that the previously reported pre-
frontal activations reflected a switch between cognitive sets linked to
stimulus/memory and response phases respectively (Rushworth et
al., 2005). However, in our paradigm, the series of selection/updat-
ing operations in working memory were not confounded by the
transition from memory to response phases, and the presence of
mnemonic selection remains the relevant function for activation of
dlPFC.

In conclusion, the present study provides behavioral and neu-
rophysiological evidence for a functional and anatomical distinc-
tion between selection and updating operations within working
memory. Selection and updating both contribute to control of
working memory but recruit dissociable neural substrates that

13740 • J. Neurosci., October 28, 2009 • 29(43):13735–13741 Bledowski et al. • Separate Systems for Selection and Updating



have previously been related to attention and memory systems.
Our results support and extend a generic working memory model
based on interactions between distributed attentional and mne-
monic systems.
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