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Recent studies have revealed a strong relationship be-
tween visual working memory and selective attention,
such that attention is biased by what is currently on our
mind. However, other data show that not all memorized
items influence the deployment of attention, thus calling
for a distinction within working memory: whereas active
memory items function as an attentional template and
directly affect perception, other, accessory items do not.
We review recent evidence that items compete for the
status of ‘attentional template’ that contains only one
object at a time. Neurophysiological results provide
insight into these different memory states by revealing
a more intricate organization of working memory than
was previously thought.

Different states of mind

Working memory (WM) (see Glossary) is the cognitive
ability that enables us to retain and manipulate relevant
information for the near future. Its everyday use is end-
less, ranging from temporarily retaining an address until
we have entered it in the in-car navigation system, to
trying to bring to mind the colors of our home interior
while looking at the different paint charts in the Do-It-
Yourself store. Its capacity is limited, with estimates
pointing towards a maximum of approximately four repre-
sentations [1].

It has been proposed that not all WM representations
have the same status [1-3]. On the one hand there seems to
be information that is applied to the current task. This type
of representation is active, within the focus of central
executive processes, and is therefore directly available.
On the other hand there seems to be information that is
merely stored for later use. This type of representation is
temporarily peripheral to the current mental manipula-
tions but is held in WM to be available for later use. For
example, people can keep two separate calculations in
mind without interference. However, switching tabs takes
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time suggesting that focusing executive attention on one
calculation at least partially deactivates the other [2,4].

In this article we review behavioral and neurophysio-
logical evidence that the distinction between active and
accessory WM states also has consequences for perception.
When the active WM representation is used not for cogni-
tive tasks such as arithmetic but for a visual task instead,
it becomes an attentional template that drives the selec-
tion of relevant visual information from the sensory input.
In other words, whereas executive processes determine
which memory representation is currently active, here
we focus on how active memory representations determine
which perceptual objects are selected. We will review evi-
dence on the guidance of selective attention by active visual
memory representations, whereas accessory memory
items (AMIs), although remembered, have relatively little
influence on visual selection. We will then address the
distinct neural codes responsible for the difference between
active templates versus accessory memory representa-
tions. Taken together, the evidence suggests that although
WM can store multiple objects, observers can actively look
for only one at a time.

Working memory and visual search

There are numerous situations in daily life in which WM
and selective attention interact. We look for shoes that

Glossary

Attention: the act or state of selective concentration on a particular aspect of
the environment.

Accessory memory item (AMI): item in WM that is not relevant to the task at
hand.

Biased competition: model proposing that visual input competes for selective
processing. Competition is biased in favor of task-relevant information
matching task-related WM content.

Orthogonal coding: representing different sources of information in uncorre-
lated (i.e. independent) coding patterns across the same population of
neurons.

Search template: WM representation of the target in a visual search task to
which incoming information is matched.

Working memory (WM): storage and manipulation of a limited amount of
information for cognitive tasks.
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Box 1. Guidance of search by the search template: neuronal
mechanisms

Models of visual search hold that a visual object stored in memory
biases neuronal activity in visual cortex such that it promotes the
selection of matching visual items during search [5,8,42]. For
example, neurons in the prefrontal cortex carry signals related to
the cue stimulus that needs to be memorized as the target for a later
search as a persistent increase in their firing rate [35]. Lesions in the
prefrontal cortex impair visual search if the search target varies across
trials [26]. Neurons in the prefrontal cortex could feed back to visual
cortex to also enhance the activity of the neurons that code the task-
relevant features in the episode preceding the presentation of the
search array, enriching the representation of the search template in
memory [43,44].

After the presentation of a search array, neurons in the visual cortex
initially represent the features of the items present. This first visually
driven response phase does not yet distinguish between target and
distractors but it is followed by a later attentional selection epoch [45].
In the selection phase, the template representation interacts with the
visual representation so that the neurons that code visual information
that matches with the template enhance their response [43,46,47].
These neurons then also provide additional information about the
target of search. For example, neurons in early visual areas enhance
their response if their small receptive fields fall on the search target,
and these cells therefore code the location of the search target with
high precision [48,49]. These spatial selection signals can be read out
in areas involved in the selection of motor programs including areas
that are involved in the selection of an eye movement towards the
target [50].

match a specific belt. We switch from channel to channel to
find our favorite TV network. Such situations are collec-
tively referred to as visual search. In the typical laboratory
version, observers are instructed to look for a specific target
object (as defined by a feature such as shape or color)
among a number of irrelevant distractor objects [5]. Al-
though visual search has traditionally been regarded as an
attention task, some form of memory representation is
required to specify what we are looking for. This represen-
tation is the ‘search template’ (also called the attentional
set) [5,6]. Extant theories of visual search have either
explicitly or implicitly assumed that WM provides the store
for representing the template, and that a WM representa-
tion is in principle sufficient to affect the deployment of
attention [7-9] (Box 1). Recent studies have examined this
assumption by requiring participants to hold information
in memory while engaged in an unrelated visual search
task. Figure 1la shows an example trial (from [10]). Obser-
vers were asked to remember a color and then search for a
target shape among a number of distractor shapes. Cru-
cially, one of the distractors in the search display could
carry the remembered color. When it did, search was
slowed indicating that it indeed attracted attention. Addi-
tional studies revealed that the memory-matching object
attracts eye movements, can trigger relatively early later-
alized electroencephalography (EEG) signals that have
been associated with shifts of selective attention (i.e. the
N2pc, Figure 1c [11,12]), and selectively engage frontotha-
lamic circuits that can mediate attentional shifts [13] (see
[14] for an overview). Taken together, these findings sup-
port the view that WM representations bias attention.
However, other studies have failed to find memory-
driven interference in visual search even though they used
almost identical tasks [15-17]. In two of these studies
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[15,16], observers were asked to remember two objects
on each trial (Figure 1b). One object, the search target,
was immediately relevant for the subsequent visual search
task, and the other accessory item had to be remembered
for a later task. This time there was no additional inter-
ference from distractors that matched the AMI. Moreover,
a subsequent version of the task (in which targets and
distractors were dispersed in time rather than in space)
revealed that whereas the search target generated strong
EEG components indicative of attentional processing, a
distractor matching the AMI generated an EEG pattern
that was indistinguishable from nonmatching distractors
[18] (Figure 1d). These findings suggest that a WM repre-
sentation does not always induce an attentional bias.

Different states of items in visual working memory
Although this might seem trivial, it is worth noting that
even when AMIs induce attentional biases these biases are
not as strong as when observers are actually looking for the
item [17,19,20]. Furthermore, when performing both a
memory and a search task observers hardly ever confuse
the two. During search, they do not generate more false
alarms in response to a memory-matching search object
even when it is drawn from the same category as the target
[15,16,18]. This already indicates that looking for some-
thing involves more than memorizing it.

So why do some items in WM bias attention but others
only weakly or not at all? We believe that the findings, taken
together, reflect a fundamental division in WM between
different representational states. Figure 2 illustrates a
model in which WM representations adopt different states
(after [15-17,20,21]). When an item is necessary for an
imminent visual task, it receives the status of search tem-
plate. This means that it gains full access to the sensory
input, through feedback connections to lower visual areas,
and biases selection towards matching objects. Importantly,
although WM as a whole can represent multiple items, the
number of templates that can be active at a time is limited to
only one. Consequently, accessory memory items remain in
a dormant state that nevertheless supports accurate mem-
ory. We propose that memory items interact, such that the
stronger the template, the weaker the influence of the
accessory items on selection because the search template
pushes them into a state with little access to the visual
representations. This blocking of the accessory item might
not always be complete, for example when the target repre-
sentation is weak or the accessory item is particularly strong
[22]. Our proposal is compatible with previous theories of
the role of WM in visual search such as ‘biased competition
theory’ [8] and ‘guided search’ [5] (Box 1) if the additional
assumption is made that the top-down bias for search is
limited to the template but is weak or nonexistent for
accessory items. It is also consistent with reports that even
below the capacity limit of four items, memory resources are
not distributed evenly and that the next target of selection
receives a privileged status [23].

The model explains why studies requiring participants
to remember two new objects on each trial — one search
target and one accessory item — found effects of AMIs to be
weak or absent. The fact that the target is new on every
trial means that observers have to keep a strongly active
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Figure 1. Combined visual WM and visual search paradigms and the typical results. (a) Example trial from Olivers and colleagues [10,21] in which observers were first asked
to remember a color and then search for a diamond. This was followed by a memory test. The remembered color could return as a distractor in the search display. When it
did, response times were delayed relative to an equally unique but unrelated distractor. Reproduced, with permission, from [10] (data from their Experiment 1). Similar
procedures were used by Soto and colleagues with the same results [14]. (b) An example trial from Downing and Dodds [15]. Here too a memory task was combined with a
search task but now the search target changed from trial to trial. This meant that two objects had to be remembered on each trial: the search target and the item for the later
memory test. Now the memory item did not slow search. Reproduced, with permission, from [15] (data averaged across their Experiments 1 and 2). Houtkamp and
Roelfsema [16] used similar procedures with the same result. (¢) EEG findings for the type of task illustrated in (a) with display items that matched the AMI and were either
presented in the left or right visual field. There is a significant N2pc component contralateral to the memory-matching distractor (grey region) that is indicative of attentional
capture. Reproduced, with permission, from [12]. (d) EEG findings for the type of task illustrated in (b) with search objects presented serially at fixation. Note that only the
search target evoked EEG markers of attentional selection (occipital selection negativity) and memory template matching (P3b, not shown) whereas the EEG response

evoked by distractors matching the AMI was indistinguishable from unrelated distractors. Reproduced, with permission, from [18].

template for it in WM that results in the suppression of the
accessory items. By contrast, studies that observed stron-
ger effects of the memory items on search consistently used
the same search target from trial to trial. Under these
conditions, search is likely to become automated. Automa-
tion involves the transition from explicit, effortful WM
activity to more implicit and cognitively less demanding
memory representations [24,25], such that with practice
the search template can be at least partially offloaded to
other systems [26]. This reduces the blockade of the other
items in WM enabling them to affect search. Consistent
with this hypothesis, it has recently been found that a
memory-matching distractor interferes with search when
the target remains unchanged from trial to trial but the
same distractor fails to affect search when the target varies
from trial to trial (and thus has to be remembered in
addition to the accessory item [21]). Merely increasing

the memory load from one to two items per se has no such
effects [27]. Apparently, only when one of the items is
given the clear status of template is the other item put
at a low ebb.

One search template at a time
The fact that AMIs have at most a minor influence
on visual selection does not necessarily entail that obser-
vers can only maintain one template. After all, the
accessory item is typically irrelevant to the immediate
task and hence there is no reason to maintain a template
for it. The limit in the number of templates therefore
needs to be tested in conditions where it would be
beneficial to maintain more than one. Several studies
have done this.

In visual search, performance is slower and less accu-
rate when observers are asked to simultaneously look for
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T = Target (template)
A = Accessory memory item
D = Visual distractor
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Figure 2. Different states in visual WM. A visual WM model in which memory items can adopt different states [15,16,20]. When assuming the unique state of search
template (T), of which there can be only one, memory items have direct influence on the representation of the visual input through feedback connections to visual cortex.
The active template is thought to block other memory items from affecting selection by either suppressing them or causing them to be recoded. These accessory items (A)
adopt a dormant state with little to no influence on sensory areas (here shown by only a weak interaction with a distractor (D) in the retinotopic representation of the visual

search display.

two targets than when people look for either target alone
unless both targets share a distinctive property [28,29].
One study has directly estimated the number of templates
that can be maintained if subjects store new templates on
every trial [30] (if the same template is used over and over
it can be delegated to systems other than WM). Partici-
pants searched a rapid stream of objects at central fixation
for the potential presence of for example a red or a green
object, or a shoe or a basket (with either none or one of
these objects present in the stream). Performance was
systematically worse than in a condition in which they
only had to look for one specific object. The data were fitted
to various models assuming zero, one or two target tem-
plates using signal detection theory to estimate the
expected number of correct trials and false alarms given
different template numbers. Across a number of experi-
ments, the estimated number of templates ranged between
0.9 and 1.1 regardless of whether the subjects were looking
for objects defined within the same dimension (e.g. a red or
a green object) or with completely different defining prop-
erties (e.g. a red object or a shoe).

The limit of one template also emerges from attentional
capture studies. When observers are asked to look for a red
target their attention is captured by red distractors but not
by green or blue distractors [31,32]. Thus, observers em-
ploy a specific attentional set for red. However, when asked
to look for a red ‘or’ green target, then not only the red and
green but also the blue distractors capture attention.
Apparently, instead of maintaining two templates — one
for each of the relevant colors — a single template for any
color has to be employed.
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Neuronal mechanisms for the maintenance of the
search template and the accessory items
The results presented in previous sections converge to a
straightforward conclusion: only one memory representa-
tion can serve as a search template, and this representa-
tion blocks attentional guidance by other memory
representations. Which neuronal mechanisms are respon-
sible for the storage of the search template and AMIs, and
why does the accessory item not guide attention?
Prefrontal areas probably play a pivotal role in main-
taining and partitioning the task-relevant information in
WM from information that is stored for later use [33].
Lesions in the prefrontal cortex impair performance if
the target of a visual search varies from trial to trial but
the search for a constant target is relatively spared [26].
One way to segregate items in memory would be to main-
tain them in separate divisions of frontal cortex but there
are also different possibilities that rely on storage by
changed synapses or in different phases of oscillation
(Box 2). Most of the neurophysiological evidence pertains
to the storage of information by mnemonic responses of
neurons that maintain a trace of the previous stimuli in
their sustained firing rate. Task-relevant and task-irrele-
vant items might for example be represented in different
prefrontal areas or by different neuronal populations with-
in the same area [34]. The neuronal population that repre-
sents the search template should be in a special position to
provide feedback to lower visual areas, biasing the atten-
tional selection to relevant information and providing a
template to be matched to the incoming information [35]
(Box 1). This feedback excites feature selective neurons in
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Figure 3. Orthogonal coding of working memories in prefrontal cortex. (a) The search template is represented by a set of active neurons (blue circles) that provides
feedback to visual cortex (arrows). When the same item is stored as an AMI it is represented by an ‘orthogonal’ set of neurons. Thus, the activity of a neuron in the search
template representation of a particular object does not predict the activity of the same cell during the representation of the same object as accessory item (note that 50% of
the active cells become silent and 50% of the silent cells become active during the switch between representations). (b) Behavioral task of Warden and Miller [39]. The
monkey saw a sequence of two cues and had to report this sequence by making eye movements to the first and second cue in a search array. The panels illustrate the
sequence of events observed in the frontal cortex. The encoding of the second cue pushed the first cue in an orthogonal accessory state (the purple cell illustrates that the
representations of the two cues are overlapping). In the two object delay, both representations are simultaneously active. At the end of the delay the monkey prepares to
search for the first cue and the original template for cue 1 is restored, whereas the second cue is now represented in an orthogonal accessory state. Now only the first cue
representation provides feedback to the visual cortex, without interference of the second cue (reproduced, with permission, from [38]). (¢) Example of single unit activity in
the prefrontal cortex of a monkey (cell with orange box in B). The different traces show trials where the first item to be memorized was A, B, C or D. During the one-object
delay the cell prefers cue D but the preferred first cue changes in the second delay period when an additional cue is stored in memory. (d) For all cells the cues were sorted
according to the strength of the response evoked by first cue and then activity was averaged. Thus, by definition, cue activity (black) decreases with stimulus rank (x-axis).
Note that activity in the first delay (cyan) also decreases with rank implying that neuronal activity during the first delay is predicted by cue-evoked activity. (e) The activity is
again sorted according to the responses during the presentation of the first cue. Activity in the two-object delay is not predicted well by the activity evoked by cue 1 (purple
line) but the original mnemonic code reappears when the monkey has to report cue 1 (cyan) by making an eye movement to this cue. Panels B, D and E were reproduced,
with permission, from [39] and panel C from [38].

visual cortex causing these cells to also exhibit mnemonic
activity and thereby enriching the representation of the
template [36,37]. The prefrontal neurons that represent
the accessory items might not provide feedback to visual
cortex, so that these representations have comparatively

little influence on visual representations and on selective
attention (Figures 2 and 3a).

To investigate the representation of multiple items in
memory, Warden and Miller [38,39] required monkeys to
remember two object cues (cue 1 and cue 2) that were
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Box 2. Alternative neuronal mechanisms for the
segregation of multiple items in memory

In addition to representation by different neuronal populations, two
other neural mechanisms have been suggested for the independent
storage of multiple items in WM. These mechanisms are not
mutually exclusive, and it is possible that the brain uses more than
one mechanism for the important task of maintaining information
that will become relevant at a later point in time while avoiding
interference with currently relevant items in memory.

Synaptic trace hypothesis: it is generally accepted that long-term
memories are stored as altered patterns of synaptic weights. Recent
work [51] indicates that items can also be maintained in synaptic
traces for a short period of time (one or a few seconds) by increased
intracellular calcium levels at a specific subset of synapses. Because
there is no need for persistent spiking activity, these short-term
synaptic memories do not interfere with other information that is
stored by continuous firing or by reverberations in a neural circuit.
In this way, accessory items could be maintained in a passive state
that does not interfere with the search template that would then be
represented by persistent firing. And yet, the representation of the
accessory items differs from other items in long-term memory
because these short-term synaptic traces can be converted back into
an appropriate pattern of persistently firing neurons if the memory
becomes relevant at a later point in time [52,53].

Oscillation hypothesis: it has been suggested that neurons can
also encode multiple representations in different phases of a cortical
oscillation [54,55]. Multiple memories might be stored in separate
gamma-oscillation subcycles (40 Hz) that take place at different
phases of a lower-frequency (5-12 Hz) theta oscillation [56]. That is,
memory item A is represented by neurons firing in gamma cycle 1,
memory item B by neurons firing in gamma cycle 2 and so on, and
this sequential memory reactivation would repeat with every theta
cycle. At present, it is not clear if memories are indeed coded at
different phases of a theta oscillation. Remarkably, a recent study
[57] reported that different memories occurred at slightly different
phases of the high-frequency gamma oscillation. It is presently
unknown if there are neuronal mechanisms that could use this
phase shift to prevent interference between different items in WM.

presented sequentially and separated by a delay. This was
followed by a response of the animal as to which two items
it had seen (for example a sequence of two eye movements
to these items) (Figure 3b). Figure 3c shows an example

Box 3. Neural dynamics of changing states in WM

How do memorized items switch from passive to active states and
back? Neuroimaging studies suggest that attentional mechanisms
reactivate items in WM [3,58]. Bringing a memory item into the ‘focus
of attention’ elicits activity in the intraparietal sulcus [59]: an area
known to play an important role in visual WM [60] as well as spatial
and object-based attention [61]. Moreover, reactivating memory
items that were recently relevant elicits more activity in IT (compared
to items in a deeper state of dormancy) that in turn shows stronger
connectivity with prefrontal and parietal areas [62]. Activity of fronto-
parietal networks has also been observed when items in WM are
replaced or refreshed [63] or when attention is switched between
items [64]. We recently observed changes in neuronal activity that
occur when an AMI receives the status of attentional template during
search (Peters, Roelfsema and Goebel, unpublished). Observers had
to remember two objects (a house and a face) one for each of two
consecutive search tasks. During the first search, the second object
maintained in WM was accessory but it subsequently was turned into
a template for the second search. This switch engaged frontal and
parietal areas together with an activity change in corresponding face-
specific and house-specific visual areas. The overlap in neuronal
activity, observed when states in WM change in different tasks,
indicates the control by a rather general and highly adaptive executive
mechanism that adjusts representations of goal-related information
upon changing task demands [65,66].
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Box 4. Questions for future research

e How do accessory items switch into an active search template and
back? Which neuronal mechanisms control these transitions and
how do they work?

e How is interference from AMIs prevented? We discussed the role
of different types of persistent activity, synaptic memory and
oscillations but what is their relative importance?
Changing the target from trial to trial is probably not the only way
of pushing the accessory items into a dormant state. Can
observers strategically decide to keep the target template active
in WM to suppress other memory representations when search is
expected to be difficult, for example because of complex displays
[17,67] or brief presentation durations [11]? Some studies
reported that under some conditions AMIs can even be rejected
more efficiently during visual search [15,17]. Can these items be
stored as a template for rejection?
What is the time course of switching an accessory item into a
search template and back? Some studies have shown that more
time between the encoding of an AMI and the search task
weakens its effect on attentional deployment [67,68]. Does this
mean that more time to switch template allows for a more
efficient block of the accessory item?

e The original distinction between central (active) and peripheral

(passive) WM representations stems from experiments on mental

arithmetic and counting tasks [2,4] in which people switch from

one calculation to another without the need to look for specific

information in the environment. Is the distinction between a

search template and an AMI equivalent?

Cowan [69] has recently argued that there is a focus of attention in

WM that can contain more than a single item. Does this

‘attentional focus’ map onto the sum of the search template and

the accessory items?

What is the contribution of visual cortical areas to the search

template and the accessory items? Are the accessory items

confined to frontal cortex and does persistent activity in visual
cortex enrich the representation of only the search template?

e Does the present framework apply to tasks other than the visual
search tasks that are the focus here? Does selection of a visual
search template have consequences for memory representations
outside the visual modality?

neuron that was recorded in the prefrontal cortex during
this task. The neuron was activated strongly by cue ‘D’ and
it maintained a trace of this cue in its persistent firing
during the first delay. Remarkably, the mnemonic tuning
of the cell changed after the appearance of the second cue
because it now was more active in trials where ‘A’ or ‘B’ had
been presented as cue 1. This dramatic change in mne-
monic activity was typical across the population of prefron-
tal cells. The neuronal activity evoked by cue 1 was a
good predictor of activity in the first memory interval
(Figure 3d, black and cyan lines) but a poor predictor
when cue 2 was also stored in memory (Figure 3e, purple
line) as if the second cue ‘pushed’ the representation of cue
1 into a different orthogonal form that coexisted with the
memory representation of the second cue (see schematics
in Figure 3a,b). Importantly, the information about the
cues was not lost because it was still possible to decode both
stimuli from the population of neuronal responses.

These results demonstrate that the same memory item
can be stored in prefrontal cortex in at least two orthogonal
states (see also [40]). Albeit speculative, we propose that
one of these states (the search template) exerts control over
visual cortical representations (arrows in Figure 3a),
whereas the other state (the accessory item) is without
such an influence. One prediction of such an orthogonal
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coding scheme would be that the transformation from the
active into the passive state is reversed when the accessory
item becomes relevant again, so that it can interact with
the visual representations. This is precisely what was
observed by Warden and Miller [39]; the original memory
code for cue 1 re-emerged when this cue had to be selected
in the search display as a target of an eye movement
(Figure 3e, cyan line).

Concluding remarks

We conclude that WM items can be in different states. The
techniques available to monitor brain activity (such as
single cell recording, functional magnetic resonance imag-
ing and EEG), in combination with available paradigms
that can distinguish between WM states, might prove to be
a stepping stone for a deeper understanding of this crucial
cognitive ability. There are many remaining questions
(Box 4). One obvious challenge for the future is to unravel
the mechanisms that determine what is relevant and what
is not, and that allow items to change between active and
passive states. Traditionally, such operations have been
attributed to central executive processes [41], and most
probably the prefrontal cortex is again involved probably in
combination with posterior networks as is discussed in
Box 3. What we have argued here is that such processes
make use of different representational states of WM. The
proposed distinction between a search template and acces-
sory items might prove to be only one of a rich variety of
divisions yet to be made with respect to WM representa-
tions.
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