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Recent studies have revealed that the internal representations that we construct from the environment and maintain in visual short-term
memory (VSTM) to guide behavior are highly flexible and can be selectively modulated according to our task goals and expectations. In
the current study, we conducted two experiments to compare and contrast neural mechanisms of selective attention related to searching
for target items within perceptual versus VSTM representations. We used event-related potentials to investigate whether searching for
relevant target items from within VSTM representations involves spatially specific biasing of neural activity in a manner analogous to that
which occurs during visual search for target items in perceptual arrays. The results, replicated across the two experiments, revealed that
selection of a target object within a search array maintained in VSTM proceeds through a similar mechanism as that in the perceptual
domain. In line with previous results, N2pc potentials were obtained when targets were identified within a perceptual visual-search array.
Interestingly, equivalent N2pcs, with similar time courses and scalp distributions, were also elicited when target items were identified
within a VSTM representation. The findings reinforce the notion of highly flexible VSTM representations that can be modulated accord-
ing to task goals and suggest a large degree of overlap in the spatially specific neural mechanisms of target selection across the perceptual
and VSTM domains.

Introduction
Recent studies have revealed that the internal representations
that we construct from the environment and maintain in visual
short-term memory (VSTM) to guide behavior are highly flexible
and can be selectively modulated and accessed by attentional
mechanisms according to our task goals and expectations (Grif-
fin and Nobre, 2003; Landman et al., 2003). However, how atten-
tional mechanisms operate on VSTM representations remains
largely unknown. Here, we investigated whether searching for
relevant target items from within VSTM representations involves
spatially specific biasing of neural activity in a manner analogous
to that which occurs during visual search for target items in per-
ceptual arrays.

The nature of VSTM representations is not fully understood,
but growing evidence suggests that some of the intrinsic spatial
configuration of the original perceptual array is preserved along
with the remembered items (Gratton, 1998; Jiang et al., 2000).
Partially shared neural mechanisms for coding perceptual and
VSTM representations may support these functional parallels.
One prevailing account of the neural organization of VSTM pro-
poses that representations of relevant items are supported by the

concerted action of multimodal cortical regions involved in ex-
ecutive control, especially prefrontal cortex, and posterior brain
areas that participate in the perception of these same items
(D’Esposito et al., 2000; Fuster, 2000; Petrides, 2000; Passingham
and Sakai, 2004; Harrison and Tong, 2009). According to this
view, top-down signals from prefrontal areas bias activity in pos-
terior regions to maintain, monitor, and/or manipulate informa-
tion in VSTM (Awh and Jonides, 2001; Curtis and D’Esposito,
2003). The participation of retinotopically organized and func-
tionally specialized visual areas in VSTM representations opens
the possibility that signals about predictions or task goals that
involve VSTM representations may bias activity in visual areas
analogously to how top-down signals bias activity in visual areas
during perception (Desimone and Duncan, 1995; Treue, 2003).
For instance, spatial selection of task-relevant items from VSTM
could be achieved by “top-down” biasing of topographically or-
ganized neuronal activity in the posterior areas.

We exploited the well established event-related potential
(ERP) marker of attentional selection within visual search, the
N2pc, to probe whether the selection of targets within VSTM
similarly involves spatially specific biasing of neural activity. Al-
though the sources of the N2pc are not fully characterized, the
differential potential across contralateral versus ipsilateral sites of
the posterior scalp is thought to reflect spatial biasing of activity
in posterior parietal and occipital–temporal areas (Hopf et al.,
2000), correlated with the selection of target items and/or the
suppression of distracting items (Kiss et al., 2008; Hickey et al.,
2009). Across two experiments, we tested for the presence of an
N2pc when participants searched for a target within a stimulus
array held in VSTM, based on shape or color. Both experiments
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also contained visual search conditions, so that the effects of at-
tentional selection within VSTM and perception could be com-
pared directly. In addition, we tested for the presence of a recently
described ERP marker of VSTM search (N3RS) (Nobre et al.,
2008).

Materials and Methods
Across both experiments, participants viewed a sample shape (experi-
ment 1) or color (experiment 2) and a search array of different loads (two
or four shapes or colored items). Their task was to state whether the
sample shape (or color) was present in the search array. In the visual
search condition, the sample shape (or color) appeared before the search
array, and participants searched for the target item within the perceptual
search array. In the VSTM condition, the sample shape (or color) ap-
peared after the search array, and participants searched for the target item
within the internalized VSTM representation of the search array. In line
with previous studies, attentional selection of a target during visual
search was expected to generate an N2pc effect (Luck and Hillyard, 1994;
Eimer, 1996). The main experimental question was whether an N2pc
effect would also occur when spatial selection occurred within a VSTM
representation, indicating spatially specific biasing of mnemonically held
information. We also sought to replicate a recently described load-
dependent N3RS effect related to searching within VSTM (Nobre et al.,
2008). We predicted that the amplitude of the N3RS should increase
monotonically with the increasing load of retro-search within VSTM.

Experiment 1
Participants. Nineteen healthy right-handed (Oldfield, 1971) participants
took part in this experiment. All were student members of the Department of
Experimental Psychology at the University of Oxford. The behavioral and
ERP analyses included data from a subset of 14 participants (nine females
and five males; age range, 20–25 years; mean age, 21.21 years) who all
showed above-chance performance and had a sufficient number of artifact-
free ERP trials (�40; see below) across all task conditions. Twelve subjects
were undergraduate students who participated for course credit. Two sub-
jects were graduate students who participated voluntarily. Visual acuity was
normal or corrected-to-normal. Informed written consent was obtained
from all of the participants before taking part in the study, the nature of
which was fully explained. The experimental methods were non-invasive
and had ethical approval from the Central University Research Ethics
Committee of the University of Oxford.

Task design. The task is illustrated in Figure 1a (top row). Participants
viewed two stimulus arrays and searched for a target amid an array of two

or four items presented perceptually in a visual
search task (V2 and V4) or maintained in short-
term memory in a VSTM search task (M2 and
M4). The search type (visual, VSTM), search load
(two-item, four-item), and the correct search re-
sponse (target-present, target-absent) were ma-
nipulated factorially within participants, in a
three-way repeated-measures design.

A trial began with a centrally displayed aster-
isk (500 –1000 ms duration), which signaled the
onset of each trial. In visual search trials, one
item was initially presented in the first array in
the center of the monitor (200 ms), followed,
after a randomized variable interval (800 –1300
ms), by an array of two or four peripherally
located items (200 ms). Participants searched
for the initial item within the second array and
indicated whether the item was present or ab-
sent. In VSTM search trials, an array of two or
four peripheral items was initially presented
(200 ms), followed, after a randomized variable
interval (800 –1300 ms), by a single centrally
presented item (200 ms). Participants searched
for the single target item within the previous
array maintained in VSTM. Participants were
instructed to indicate whether the item was

present (50%), by pressing the left mouse button, or absent (50%), by
pressing the right mouse button, when the second visual array was dis-
played. All trial types were intermixed in a randomized and unpredict-
able order. The interval between trials, which included a 2000 ms re-
sponse period, varied randomly between 2500 and 3500 ms. There were
768 trials in total (96 target-present and 96 target-absent trials in each
search-type and load condition). To avoid fatigue and provide partici-
pants with time to rest their eyes, the experiment was completed in 48
mini blocks of 16 trials, which participants could self-initiate. One addi-
tional practice block was completed at the beginning, to familiarize par-
ticipants with the task.

Stimuli. A black background was used throughout the experiment.
The stimuli used for search arrays were drawn from the set of novel
meaningless closed shape contours previously developed by Endo et al.
(2003), which are difficult to verbalize. All stimulus contours were white.
Stimulus arrays were composed of two (50%) or four (50%) shapes
randomly selected from a subset of eight items. Each stimulus was 1.72°
visual angle in size and was positioned randomly in one of the four
possible peripheral locations of an invisible 2 � 2 matrix. Stimulus loca-
tions were centered at 2.58° eccentricity and 2° elevation. Two-item ar-
rays contained stimuli presented along a diagonal (top left and bottom
right; or top right and bottom left). Short durations were chosen for the
presentations of the arrays and probes (200 ms; see above) to discourage
participants from making eye movements and because these durations
were shown to be effective for measuring the N2pc (Brisson and Joli-
coeur, 2007), our ERP marker of interest.

Experimental procedure. Participants were comfortably seated in a
dimly illuminated, electrically shielded room, facing a computer
monitor placed 100 cm in front of them. Each participant was given
written as well as verbal instructions about the task requirements, and
they completed 16 practice trials before the actual experiment to
ensure they understood the task. They were also instructed to main-
tain fixation on a small fixation marker at the center of the monitor
during the active parts of the experiment and to respond as accurately
and quickly as possible. Participants responded using their right
hand. Participants were also asked to minimize blinking and moving
their eyes throughout the experiment.

Behavioral analyses. Perceptual sensitivity to detect target stimuli
(d� score) (Green and Swets, 1966) and reaction times (RTs) in target-
present trials were analyzed by a 2 (search type: visual and VSTM) �
2 (search load: two-item and four-item) repeated-measures ANOVA.
In the d� measure, hit rate was defined as the conditional probability
that the participants responded “target-present” given that the target

Figure 1. Schematic of experimental trials: visual search and VSTM search (top) used in experiment 1 (a) and experiment 2 (b).
In visual search trials, a single item was initially presented in the center of the screen, followed by an array of two or four
peripherally located items. Participants were asked to search for the initial item within the second array and indicate whether the
item was present (50%) or absent (50%). In VSTM search trials, an array of two or four peripheral items was initially presented,
followed by a single centrally presented item. Participants were asked to search for this item within the previously presented array
now maintained in VSTM. In both types of search, the delay between presentation of the first and second items varied between
800 and 1300 ms. Sensitivity measures (d�) and mean response times (milliseconds) in target-present trials across the two types
of search tasks (visual and VSTM) and two types of search load (two-item and four-item) were measured (bottom). Error bars
represent SEM.
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was presented, and the false-alarm rate was defined as the conditional
probability that the participants responded “target-present” given
that the target was absent. The d� scores were calculated by hits and
false alarms in each condition using the following equation (En-
gelmann and Pessoa, 2007):

d� �
1

�2
� z(hit) � z(false alarm�].

In the RT analysis, only correct responses were included. Post hoc con-
trasts were performed to guide interpretation when appropriate.

EEG recording
The EEG was recorded continuously using NuAmp amplifiers (Neuro-
scan) from 40 silver/silver-chloride electrodes placed on the scalp with an
elasticized cap, positioned according to the 10 –20 international system
(AEEGS, 1991). The montage included six midline sites (FZ, FCZ, CZ,
CPZ, PZ, and OZ) and 14 sites over each hemisphere (FP1/FP2, F3/F4,
F7/F8, FC3/FC4, FT7/FT8, C3/C4, T7/T8, CP3/CP4, TP7/TP8, P3/P4,
P7/P8, PO3/PO4, PO7/PO8, and O1/O2). Electrodes were placed around
the eyes to monitor for blinks and eye movements. Additional electrodes
were used as ground and reference sites. Electrodes were referenced to the
right mastoid site (A2). The electrode between FPZ and FZ (AFZ) on the
midline served as the ground electrode. Electrode impedances were kept
below 5 k�. The ongoing brain activity at each electrode site was sampled
every 1 ms (1000 Hz analog-to-digital sampling rate). Activity was fil-
tered with a low-pass filter of 300 Hz. The EEG was recorded continu-
ously during the entire duration of each experimental run. The computer
used for stimulus presentation sent digital codes (via the parallel port) to
the EEG-acquisition computer, indicating exactly when each stimulus
was presented.

EEG processing
Offline, the EEG was re-referenced to the algebraic average of the right
and left mastoids. Bipolar electro-oculogram (EOG) signals were derived
by computing the difference between the voltages at electrodes placed to
the side of each eye [horizontal EOG (HEOG)] and above and below the
left eye [vertical EOG (VEOG)]. The re-referenced and transformed con-
tinuous data were further low-pass filtered (40 Hz) to exclude high-
frequency noise.

The continuous EEG was then segmented into epochs starting 100 ms
before and ending 500 ms after each stimulus array. The EEG epochs
were normalized to the baseline period before stimulus presentation.
Data quality was inspected using automated algorithms. Epochs contain-
ing excessive noise or drift (�100 �V) at any electrode between �100
and 	500 ms were excluded. In addition, epochs with eye-movement
artifacts (blinks or saccades) were rejected. Blinks were identified as large
deflections (�50 �V) in the HEOG or VEOG electrodes. Saccades were
identified by visually inspecting HEOG traces individually. Finally, trials
with incorrect behavioral responses were also discarded.

Epochs were averaged according to search type, search load, target
side, and response type. In the visual condition, ERPs were derived from
the onset of the search arrays. In the VSTM condition, ERPs were derived
from the onset of the centrally presented probe item, which triggered
search in the array maintained in VSTM. ERPs from trials containing
targets located on the right side and from trials containing targets located
on the left side were combined by an averaging procedure that preserved
the electrode location relative to the target side (ipsilateral or contralat-
eral). The ERPs of main interest were those in target-present trials, across
the two search types and two search loads, resulting in four conditions:
visual search with two items (V2), visual search with four items (V4),
VSTM search with two items (M2), and VSTM search with four items
(M4). To maintain an acceptable signal-to-noise ratio, a lower limit of 40
artifact-free trials per subject per condition was set.

EEG analysis
Statistical analyses were performed using the mean voltage value (mean
amplitude) over successive time bins across different scalp regions. The
first aim of this experiment was to determine whether search in VSTM
relied on spatially specific neural processes similar to those observed

during visual search. We therefore focused on identifying the predicted
N2pc potential during the visual search task and testing for the presence
of an N2pc potential in the VSTM search task. The mean amplitudes of
the N2pc were measured between 240 and 300 ms at the parietal– occipi-
tal electrodes (PO7/PO8, P7/P8, P3/P4, and TP7/TP8) contralateral and
ipsilateral to the side of the target. A four-way repeated-measures
ANOVA was computed on the mean amplitudes of the N2pc, testing the
effects of search type (visual and VSTM), search load (two-item and
four-item), electrode side (ipsilateral and contralateral to target), and
electrode pair (PO7/PO8, P7/P8, P3/P4, and TP7/TP8). Only effects in-
cluding the factor of electrode side, reflecting differential activity ob-
served in contralateral versus ipsilateral electrodes, were of interest.

To compare the scalp distributions of the N2pc in the visual and
VSTM search conditions, we calculated the voltage difference between
contralateral and ipsilateral electrodes at all lateral parietal– occipital
electrode pairs (CP3/CP4, TP7/TP8, P3/P4, P7/P8, O1/O2, and PO7/
PO8). The differential voltage was then normalized over these electrode
pairs in each condition for each participant (McCarthy and Wood,
1985). A three-way repeated-measures ANOVA (search type, search
load, electrode pair) was used to test for the differential distribution of
the normalized N2pc.

A subsidiary aim of this experiment was to identify load-dependent
neural activity related to VSTM search, by comparing the processes of
searching retroactively for a task-relevant target from four items versus
two items in the VSTM representation. Successive pointwise t tests were
used to compare the effects of load during VSTM search (M4 vs M2) to
identify reliable sustained effects (Guthrie and Buchwald, 1991; Murray
et al., 2002). This exploratory analysis guided the selection of the time
window with which to test for the presence of an N3RS effect (Nobre et al.,
2008). The N3RS was quantified by measuring mean amplitudes at the
midline electrode and flanking electrodes from frontal to parietal sites
(F3/Cz/4, FC3/Z/4, C3/Z/4, CP3/Z/4, and P3/Z/4) during the time win-
dow between 340 and 400 ms. Mean amplitudes were analyzed in three-
way repeated-measures ANOVA, testing the effects of search load (two-
item and four-item), electrode position along the anteroposterior axis
(five levels of region), and electrode position along the lateral axis (three
levels of electrode sites). The Greenhouse-Geisser � correction for non-
sphericity was applied to all analyses when appropriate (Jennings and
Wood, 1976).

Experiment 2
The goal of this experiment was to replicate the results of experiment 1
using different search stimuli and search based on a different feature:
color. Consequently, the stimuli used in the search and probe arrays
differed from those in the previous experiment, but the methods were the
same in all other aspects, including task design, experimental procedure,
behavioral analyses, and EEG recording and analyses.

Participants. Thirteen healthy right-handed participants were paid to
participate in this experiment. All participants were undergraduate and
graduate student members of the Department of Experimental Psychol-
ogy at the University of Oxford. The behavioral and ERP analyses in-
cluded data from a subset of 12 participants (eight females and four
males; age range, 21–27 years; mean age, 22.33 years) who all showed
above-chance performance and had a sufficient number of artifact-free
ERP trials (�40; see above) across all task conditions. Once again, visual
acuity was normal or corrected-to-normal. Informed written consent
was obtained from all of the participants before taking part in the study,
the nature of which was fully explained. The experimental methods were
non-invasive and had ethical approval from the Central University Re-
search Ethics Committee of the University of Oxford.

Stimuli. Search arrays were composed of two or four colored squares
randomly selected from a set of eight possible colors (red, green, yellow,
blue, gray, pink, purple, and brown). Each stimulus subtended 
1 � 1°
and was positioned randomly in one of the four possible peripheral lo-
cations of an invisible 2 � 2 matrix, whose positions were centered at

2.6° eccentricity and 2° elevation. The task is illustrated in Figure 1b
(top row).

EEG analysis. The only difference in the analysis of the EEG data was
the temporal window used for the analysis of the N3RS (320 –380 ms),
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which the exploratory analysis indicated occurred earlier in the second,
color-search experiment.

Results
Behavioral results
Figure 1 (bottom rows) and Table 1 show the mean d� scores and
RTs in each condition for both shape-based search [experiment 1
(Fig. 1a)] and color-based search [experiment 2 (Fig. 1b)]. The
pattern of d� modulation was equivalent across experiments. In
both experiments, the d� scores showed a significant effect of
search type (shape, F(1,13) � 528.60, p � 0.001; color, F(1,11) �
9.96, p � 0.01) and a significant effect of load (shape, F(1,13) �
16.74, p � 0.05; color, F(1,11) � 192.20, p � 0.001). Higher mean
d� scores occurred in the visual search task and the two-item
condition than in the VSTM search task and the four-item con-
dition. A significant interaction between search type and load was
also observed in both cases (shape, F(1,13) � 16.63, p � 0.05;
color, F(1,11) � 19.56, p � 0.05). This interaction arose because
the difference of detection sensitivity between the M2 condition
and the M4 condition was larger than the difference between the
V2 condition and the V4 condition (shape, 1.11 � 0.87 d� differ-
ence between M2 and M4 and 0.67 � 0.80 d� difference between
V2 and V4, t(13) � 4.08, p � 0.001; color, 0.85 � 0.24 d� difference
between M2 and M4 and 0.32 � 0.27 d ’ difference between V2
and V4, t(11) � 4.44, p � 0.001).

In experiment 1, the RT data showed only a significant main
effect of search load (F(1,13) � 54.08, p � 0.001), with faster RTs in
the two-item condition than in the four-item condition. No other
effects were significant ( p � 0.1). In experiment 2, RTs were also
significantly modulated by search load (F(1,11) � 25.85, p �
0.001), with faster RTs in the two-item condition compared with
the four-item condition. In addition, the main effect of search
type (F(1,11) � 5.99, p � 0.05) and interaction between search
type and load (F(1,11) � 20.42, p � 0.001) were also significant.
RTs were faster in the visual search task compared with the VSTM
search task. The interaction indicated that the load effect was
larger in the VSTM condition (103.30 � 68.09 ms difference
between M2 and M4) than in the visual condition (11.61 � 20.91
ms difference between V2 and V4) (t(11) � 4.52, p � 0.001).

Electrophysiological results
N2pc effect
Figure 2 demonstrates that the N2pc was elicited by the target-
present arrays at parietal– occipital electrode sites contralateral to
the side of the target in both visual and VSTM tasks in both
experiments.

In experiment 1, analysis of N2pc amplitudes showed a signif-
icant main effect of electrode side (F(1,13) � 75.01, p � 0.001),
replicating the pattern of enhanced negative voltage over con-
tralateral electrodes. The interaction of search type with electrode
side was also significant (F(1,13) � 5.88, p � 0.05). Follow-up

subsidiary ANOVAs testing for the N2pc in each task condition
separately revealed the presence of the N2pc effect in both the
VSTM (F(1,13) � 5.97, p � 0.05) and visual (F(1,13) � 137.10, p �
0.001) conditions. Direct comparison of the voltage difference
between contralateral versus ipsilateral electrodes indicated that
the N2pc was larger during the visual search than during VSTM
search (t(13) � 2.43, p � 0.05). A significant three-way interaction
(search type, electrode side, and electrode pair) (F(1.81,13) � 4.62,
p � 0.05) indicated that the N2pc was largest in the visual search
condition at P7/P8. There were no modulations of the N2pc by
search load.

In experiment 2, the presence of the N2pc was also confirmed
by a significant main effect of electrode side (F(1,11) � 7.40, p �
0.05). During color search, the N2pc effect was also significantly
modulated by search type (F(1,11) � 6.68, p � 0.05). In this case,
the N2pc effect was larger during VSTM search than in visual
search (t(11) � 2.58, p � 0.05). A significant three-way interaction
was observed involving search type, search load, and electrode
side (F(1,11) � 11.90, p � 0.05). Follow-up analyses for each type
of search were conducted to clarify the pattern of effects. Analysis
of the visual search condition revealed a significant interaction
between electrode side and load (F(1,11) � 9.70, p � 0.01). During
visual search, the N2pc effect was significant only when the array
contained four items (F(1,11) � 18.82, p � 0.001). The effect of
electrode side was not significant for two-item arrays ( p � 0.1).
Analysis of the VSTM search condition revealed a main effect of
electrode side (F(1,11) � 13.84, p � 0.05), which did not interact
with load ( p � 0.1). Overall, the results indicated that the differ-
ence in the N2pc effect between two and four items was larger
during visual search (1.03 � 1.15 �V) than during VSTM search
(0.29 � 1.19 �V) (t(1,11) � 3.45, p � 0.05).

Analyses using normalized differences between voltage over
the contralateral versus ipsilateral posterior scalp showed no sig-
nificant differences in the topographical distribution of the N2pc
effect in the visual versus VSTM conditions of either experiment
(search type � electrode pair in experiment 1, F(3.64,47.37) � 1.27,
p � 0.29; experiment 2, F(2.78,30.61) � 1.13, p � 0.35).

N3RS effect
Figure 3 shows the replication of the load-dependent VSTM
search N3RS effect in experiment 1 (a) and experiment 2 (b).
Grand-averaged ERP waveforms are shown from representative
midline electrodes (e.g., FCz, Cz, and CPz) in the two load con-
ditions of the VSTM search tasks.

Search load exerted a significant main effect in both experi-
ment 1 (F(1,13) � 8.24, p � 0.05) and experiment 2 (F(1,11) �
26.73, p � 0.001). Search load did not interact with electrode
position during shape-based search in experiment 1 ( p � 0.1).
During the color-search task in experiment 2, however, the load
effect was larger over more frontal electrodes, as revealed by a
significant interaction between search load and electrode posi-
tion along the anteroposterior axis (F(1.258,13.83) � 11.29, p �
0.05).

Discussion
In this study, two ERP experiments revealed that selection of a
target object within a search array maintained in VSTM proceeds
through a mechanism that is qualitatively similar to target selec-
tion in the perceptual domain. In line with previous results, the
N2pc was obtained during visual search within a perceptual array
(Luck and Hillyard, 1994; Eimer, 1996). The main novel finding
was that a similar N2pc was also elicited when target items were
identified within a VSTM representation. The N2pc in the visual

Table 1. Mean d� scores and reaction times (in milliseconds) of correct responses in
each condition

Visual VSTM

Two items Four items Two items Four items

Shape
d� score 2.37 � 0.99 1.70 � 0.27 1.68 � 0.96 0.57 � 0.25
RT 495.32 � 105.79 564.59 � 109.95 504.67 � 124.61 596.53 � 139.58

Color
d� score 2.81 � 0.97 2.49 � 0.98 2.36 � 0.45 1.52 � 0.43
RT 354.46 � 102.39 366.07 � 104.46 346.95 � 98.13 450.25 � 142.59
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and VSTM domains had equivalent time courses and topogra-
phies, suggesting overlap in the spatially specific neural mecha-
nisms of target selection in the two cases. Finally, we also repli-
cated the finding of a later potential (N3RS) associated with
VSTM search in a load-dependent manner (Nobre et al., 2008).

Behavioral search performance showed broadly similar pat-
terns in the perceptual and VSTM domains. In both experiments,
the number of items (load) through which the search had to be
performed significantly affected sensitivity measures (d�) and
RTs. Replicating well established findings, search was less accu-
rate and slower as load increased (Sternberg, 1966; Treisman
and Gelade, 1980). As expected, VSTM search performance
was relatively poorer, indicating some degradation in the
quality or number of items maintained in memory. Neverthe-
less, participants could perform all task conditions above
chance levels and below ceiling.

Accurate target identification was accompanied by a similar
lateralized ERP signature over the posterior scalp. A clear N2pc
was elicited for identifying targets based on shape (experiment 1)
or color (experiment 2), independently of whether search was
performed on a visual or VSTM array. In both experiments, the

N2pc showed similar onset times for the different search types
and load conditions. The similar onset latency across search types
suggests that the spatial selection mechanisms within VSTM trig-
gered by the central probe can access an internalized representa-
tion that is being actively maintained and argues against the need
for a time-consuming step of forming a new mental image of the
array when the probe appears. The similar onset latency across
search loads suggests that the neural mechanisms triggering the
N2pc reflect parallel operations during search that are not con-
tingent on target identification.

N2pc amplitude was also insensitive to search load, except for
in one case. When searching for a color amid a perceptual array
containing only two items (visual search condition of experiment
2), the potentials across the two sides of the posterior scalp (i.e.,
the N2pc amplitude) were not significantly different. This repli-
cates the observation that the N2pc effect may be absent in very
easy search conditions (Luck and Hillyard, 1994). Across all other
conditions in the two experiments, the amplitude of the N2pc did
not vary significantly as a function of search load (Jolicoeur et al.,
2008). Our findings suggest that the parallel mechanism in ques-
tion may be relatively insensitive to the amount of competition
among stimuli within the search array. However, we cannot rule
out that N2pc modulations would become apparent with more
extensive and systematic testing of parameters related to compe-
tition among stimuli (e.g., crowding, item proximity, and
similarity).

We speculate that the N2pc may reflect the spatial layout of a
top-down biasing signal prioritizing feature-based or object-
based information about the target identity (Desimone and Dun-
can, 1995). In the case of experiment 1, these biases would be
based on the shape of the target object, whereas in experiment 2,
they would be based on the color of the target object. The top-
down biases would lead to enhanced processing at locations in
which the object attributes matched the task-relevant, target at-
tributes and/or suppression of processing at locations in which
the object attributes do not match the task-relevant ones (Astle
et al., 2009). The timing of the N2pc is compatible with such an
effect. It precedes RTs that signal target identification by at least
100 ms and is consistent with the buildup of attentional biases of
neural activity in extracellular cortex observed during object-
based visual search with single-unit recordings in nonhuman pri-
mates (Chelazzi et al., 1993, 1998), especially taking into account
the slower neuronal response times in human versus primate
visual areas (Schroeder et al., 2001).

Identification of an equivalent N2pc effect in VSTM search as

Figure 2. The N2pc effects in the visual and VSTM domains showed equivalent time courses (grand-averaged waveforms) and topographies in experiment 1 (a) and experiment 2 (b). ERP
waveforms averaged across all participants are shown for the four-item search load over contralateral and ipsilateral locations of a representative lateral posterior electrode pair. The N2pc was
elicited between 240 and 300 ms at the parietal– occipital electrodes (e.g., P7/P8) contralateral (waveforms, solid lines; topographies, blue/right side) and ipsilateral (waveforms, dashed lines;
topographies, red/left side) to the side of the target. The topographic maps isolated the lateralized differences in voltage between contralateral and ipsilateral sites. These maps show the
symmetrical relative differences in voltage, which is more negative over the contralateral scalp and more positive over the ipsilateral scalp. The voltage distributions are shown from posterior
perspective. The color scale shows the range of possible voltage values, normalized for the topographies. Blue indicates negative voltage, and red indicates positive voltage.

Figure 3. The grand-averaged waveforms at representative midline electrodes (FCz, Cz, and
CPz) showing the N3RS during the VSTM search and its modulation by VSTM load (two-item,
dashed lines; four-item, solid lines) in experiment 1 (a) and experiment 2 (b). The temporal
window for N3RS analysis is indicated by shading, and arrows point to the effect.
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observed during visual search strongly suggests the operation of
biasing mechanisms on some common or similar neuronal pop-
ulations. In the first instance, it provides converging evidence for
the suggestion that at least some aspect of the spatial layout of the
original visual array is preserved in VSTM (Gratton, 1998; Jiang
et al., 2000). However, because we did not manipulate the loca-
tion of gaze or other aspects of the spatial layout, our data cannot
explain the precise nature of the spatial layout that is maintained
in VSTM, although this would be an interesting topic to explore
in future studies.

Our findings would be most well explained by the participa-
tion of functionally specialized posterior visual and parietal areas
in maintaining VSTM, possibly under the coordination of exec-
utive brain areas, such as the prefrontal cortex (D’Esposito et al.,
2000; Fuster, 2000; Petrides, 2000; Passingham and Sakai, 2004;
Postle, 2006). Furthermore, they suggest that VSTM-related ac-
tivity in these areas can be flexibly modulated according to task
goals (Ranganath et al., 2004; Gazzaley et al., 2005, 2007; Lepsien
and Nobre, 2007). Under this interpretation, it is possible to
envisage the sharing of some selection mechanisms across per-
ceptual and VSTM representations. In both cases, the biasing of
activity in visual or parietal areas according to target attributes
would influence subsequent processes of target identification and
decision making.

In the case of VSTM search, it was also possible to investigate
nonlateralized brain activity that varies as a function of search
load. In the two current experiments, one probe stimulus, pre-
sented at the end of the trial, triggered search through a VSTM
array containing two or four items. When comparing search
through four versus two items, a load-dependent negative poten-
tial distributed over midline electrodes followed the N2pc. This
potential was described previously in a study using a VSTM color
search (Nobre et al., 2008) and was labeled N3RS for its latency
and functional implication in “retroactively searching” through a
VSTM array. A similar load modulation of the N3RS was obtained
in both experiments of the current study. The latency of the N3RS

also varied according to the difficulty of target selection, being
delayed for the slower shape-based search compared with the
faster color-based search. The N3RS, therefore, is a possible
marker of time-consuming evaluation of putative targets or de-
valuation of competing targets. These search mechanisms are
presumed to operate on neural activity that is biased according to
the task goals and could proceed either serially (Treisman and
Gelade, 1980) or through parallel computations that take longer
to resolve with increasing numbers of distractor stimuli (Duncan
and Humphreys, 1989). If this interpretation is correct, one
might expect to observe similar load-dependent modulations
during search through visually presented, perceptual arrays. Un-
fortunately, in this case, it may prove difficult to compare brain
activity without contamination from physical differences in the
arrays (related to the number of stimuli). Although elucidating
the functional underpinnings of the N2pc and N3RS is beyond the
scope of the present study, our findings suggest that these poten-
tials index distinct stages during search. Contrary to its most
common interpretation, the N2pc may reflect a parallel biasing
mechanism, whereas the N3RS may be more closely linked to
target selection processes hitherto attributed to the N2pc.

It is intuitive to consider VSTM search to be mediated by
mental imagery. Although often treated under a separate “litera-
ture,” imagery may be integral to the maintenance and retrieval
of VSTM representations, as well as to the formation of anticipa-
tory attentional biases. The spatial specificity and preservation of
depictive analog qualities have been central themes in mental

imagery research (Shepard and Metzler, 1971; Kosslyn et al.,
1978). Furthermore, similarly for what we propose for VSTM,
imagery representations are thought to rely on activity in some of
the same neural populations that are activated during perception
(Ganis et al., 2004; Stokes et al., 2009). The degree to which the
spatiotopic attentional biases we observed during VSTM search
depend on a mediating role of mental imagery remains to be
tested. To the extent that our task engaged mental imagery, our
findings lend additional support to the preservation of an analog
spatial representation and to a sharing of common neural mech-
anisms with perception. We are currently testing whether spa-
tiotopic selection biases in VSTM can also occur in the absence of
mental imagery.

In summary, we identified similar spatially specific neural
markers during search for target items within perceptual and
VSTM arrays. Our findings suggest that shared spatially orga-
nized activity participating in perceptual and VSTM representa-
tions is modulated by similar attentional biasing mechanisms
that lead to target selection. Our findings bolster the growing
notion that VSTM representations are not merely the end prod-
uct of perception but are themselves highly flexible and under the
control of changing task goals and expectations (Lepsien et al.,
2005; Lepsien and Nobre, 2006; Makovski et al., 2008; Nobre et
al., 2008; Sligte et al., 2008).
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