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Abstract
Visual working memory can be modulated according to changes in the cued task relevance

of maintained items. Here, we investigated the mechanisms underlying this modulation. In

particular, we studied the consequences of attentional selection for selected and unselected

items, and the role of individual differences in the efficiency with which attention is deployed.

To this end, performance in a visual working memory task as well as the CDA/SPCN and

the N2pc, ERP components associated with visual working memory and attentional pro-

cesses, were analysed. Selection during the maintenance stage was manipulated by

means of two successively presented retrocues providing spatial information as to which

items were most likely to be tested. Results show that attentional selection serves to

robustly protect relevant representations in the focus of attention while unselected repre-

sentations which may become relevant again still remain available. Individuals with larger

retrocueing benefits showed higher efficiency of attentional selection, as indicated by the

N2pc, and showed stronger maintenance-associated activity (CDA/SPCN). The findings

add to converging evidence that focused representations are protected, and highlight the

flexibility of visual working memory, in which information can be weighted according its

relevance.

Introduction
Attention and working memory have for a long time been studied as distinct domains. In
recent years, however, systematic investigations of their interrelations have revealed substantial
overlap [1–5] with bidirectional influences [3,6]. In the present experiment, the attentional
modulation of maintenance in visual working memory (VWM) is investigated. VWM is the
system that allows us to maintain and manipulate visual information, thereby enabling us to
interact with our immediate environment. Although, at each moment, we are flooded with
visual information, our ability to retain this information is highly limited (e.g., [7,8]). As our
environment and our goals are constantly changing, information permanently gains or loses
relevance. A mechanism for dynamically modulating the information that is maintained in
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VWM according to changes in relevance would thus be highly advantageous to make efficient
use of this limited system. Recent studies have demonstrated that attention can be oriented
towards memory representations, allowing for a flexible modulation of VWM content (e.g., [9–
13]). Attentional orienting in the mnemonic and the perceptual domain have been shown to be
highly similar with regard to behavioural benefits (and costs) and neural networks involved
[10,12,14–20]. In order to selectively manipulate attentional orienting during the maintenance
stage of VWM, these studies used retrocues, which were presented during a retention interval
to orient attention to items previously presented at specific locations.

The mechanism underlying the benefit observed for memory items cued in this way is not
yet entirely understood. What are the consequences of focusing a subset of items for this subset
and for those items that are no longer focused? Previous studies attempting to answer this
question can broadly be assigned to one of two theoretical accounts. They either concluded
that attention serves to reduce memory load, or that attention is employed to protect focused
items. Previous findings shall in the following be presented within this framework. Before that
we briefly introduce some key terms as we use them here.

Focused, defocused and refocused information in VWM
The present experiment is based on the idea that there is an internal focus of attention (FoA)
that implies different states of representations in VWM: within and outside this FoA (see [21–
23]). There is a growing body of evidence supporting this notion [24–28]. Focused items are
those items which are currently maintained and in the FoA within VWM. Defocused items
have recently been focused, but have, at least intermittently, left the FoA. These items can be
refocused, that is, brought back into the FoA. This terminology is based on the terminology
used by Rerko and Oberauer [29], but differs with respect to the meaning of “unfocused” infor-
mation. Rerko and Oberauer [29] defined “unfocused” information as “information that has
not been focused (attended) after initial encoding.”Our different understanding results from a
different concept of the FoA. There is an ongoing debate on whether the FoA is a single-item
focus (e.g., [22]) or whether it can hold more than one item. The present experiment is based
on the idea of a flexible FoA, as suggested by Cowan et al. [30], according to which attention
can “zoom in” on single items or “zoom out” to grasp multiple items. According to Cowan’s
and our understanding, several items may be initially focused, and the FoA would only then
zoom in on specific items when information with respect to differences in the relevance of the
maintained items becomes available, that is, after a retrocue has singled out one or several
items. Following this line of reasoning, all memorized items are in the FoA after encoding, and
accordingly there is no information in VWM that has never been focused after initial
encoding.

Protection of focused items
One scenario for the consequences of attentional selection within VWM is that attention is
employed to protect focused items, while defocused items are subject to faster decay. There are
two major predictions which may be derived from this “protection account”. First, memory for
continuously focused items should be better than for unfocused or intermittently defocused
items. Second, defocused items should remain available for recall and comparison with a
probe, that is, a test stimulus. Previous studies provide some support for both predictions.

Matsukura, Luck, and Vecera [31] provided early evidence that attention is used to protect
cued items from degradation, rather than prioritizing these items at recall. Murray, Nobre,
Clark, Cravo, and Stokes [32] were able to show that retrocues increased the likelihood of
recall, and that more items were available after retrocueing than in a no-cue condition. The
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authors propose that attention does not only protect items from decay, but that it can even
serve to restore items which would otherwise be unavailable to retrieval mechanisms. A num-
ber of studies have shown that retrocueing renders an item more robust against interference
from subsequent stimuli [33–36]. As pointed out by Pertzov, Bays, Joseph, and Husain [37],
protection from degradation and enhancing robustness against interference are by no means
mutually exclusive. Retrocueing may protect selected items from interference, which may
either arise from novel incoming stimuli or from other items residing in memory.

As to the second prediction derived from the protection account, there is evidence that
unfocused information remains available and that defocused items remain strengthened [29]
with recently focused items being more easily recollected when only little time has elapsed
from focusing them [38]. Poorer memory for defocused information might be due to forgetting
as a function of time [29] or due to enhanced forgetting as compared to when no subset of
items is focused [37], but for the purpose of the present experiment it suffices to assume that
defocused items remain available, yet memory for them is worse than for continuously focused
items.

Memory load reduction
Kuo et al. [11] suggested that attention may be employed to reduce memory load. They asked
participants to perform a VWM task in which a retrocue was either informative or neutral. The
Contralateral Delay Activity (CDA, see [39], also called Sustained Posterior Contralateral Neg-
ativity (SPCN), see [40], or Contralateral Negative SlowWave (CNSW), see [41], and in the fol-
lowing referred to as CDA/SPCN), a lateralized event-related potential (ERP) component that
is sensitive to the number of maintained items [39,42], revealed a larger amplitude attenuation
after an informative retrocue than after a neutral one. Thus, retrocues that reduced the number
of relevant items also reduced delay activity associated with the maintenance of information.
The authors interpreted this finding as attentional selection in terms of a reduction of the num-
ber of items being maintained. But they did not test performance for those items rendered irrel-
evant by the retrocue to make sure that they were no longer being maintained.

That uncued items were never tested in the study of Kuo et al. might have been a crucial fac-
tor in determining the fate of these items. Indeed, it has been demonstrated that representa-
tions are excluded from VWM following so-called “directed-forgetting cues”, which are almost
always valid [43]. In this extreme situation, when information is either relevant or absolutely
irrelevant, is seems highly beneficial for an efficient use of the limited VWM system to discard
any uncued items. These findings do not, however, allow for a conclusion as to whether or not
the defocusing of representations necessarily leads to an exclusion of these representations.
Given that a selection of relevant information already occurs for encoding into VWM [3], the
situation created by valid retrocues that some of this information is absolutely irrelevant
shortly thereafter during maintenance is rather unlikely to be frequently encountered outside
the laboratory. A situation that might better reflect everyday life would be that some informa-
tion is currently more relevant, warranting attentional protection, while other information
might still be important in the future and thus worth holding on to.

Rationale of the experiment
In the present experiment, we addressed two issues. First we examined the fate of intermittently
defocused items. Do they remain available in a scenario in which they may become task-rele-
vant again? And if they do, is there a cost associated with defocusing, or does refocusing boost
these items to a level similar to that of continuously focused items? Second, we investigated
whether higher individual efficiency of attentional orienting within VWMwas associated with
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a greater retrocueing benefit. In a double-retrocue paradigm, a first retrocue directed attention
to two memory items. Thereafter, the FoA was either constant throughout the entire trial
(Hold condition), or it had to be expanded to again include either one (Add 1 condition) or
two (Add 2 condition) previously defocused items. A neutral retrocue condition provided the
baseline for when no subset of representations was focused. Participants were to judge whether
the probe item was one the items indicated by the second retrocue. Behavioural performance
and two ERP components associated with either the efficiency of attentional selection (N2pc)
or VWMmaintenance (CDA/SPCN) were analysed. Both the N2pc and the CDA/SPCN are
lateralized components which appear as enhanced negativity at posterior electrode sites contra-
lateral to a respective visual hemifield.

The N2pc is usually observed about 200–300 ms after stimulus onset (e.g., [44,45]) and has
been shown to be sensitive to the number of targets selected or individuated [46–50]. N2pc
amplitude increased with an increasing number of targets, reaching an asymptote at three to
four items. Importantly, N2pc asymptote has been shown to differ as a function of participants’
behavioural efficiency [50] or tracking capacity [46]. Low performers exhibited weaker ampli-
tude modulations with increasing target numbers, reaching an asymptote at a smaller number.

The CDA/SPCN appears approximately 275 ms after stimulus onset and typically persists
throughout the retention interval, although the amplitude tends to decline over time, presum-
ably due to an increase in ipsilateral activity [42]. The prevailing notion is that the CDA/SPCN
reflects the number of items being maintained in VWM, as its amplitude is sensitive to the
number of memory representations, reaches a limit when the mean capacity limit is exceeded,
and reflects individual differences in VWM capacity [39]. There is, however, still some debate
on what exactly it is the CDA/SPCN reflects. For example, CDA/SPCN amplitude appears to
be sensitive to stimulus characteristics other than number, such as stimulus identity [51] or
precision of representations [52]. It has also been used as an index of tracking load in multiple
object tracking tasks, in which the CDA/SPCN was interpreted as an index of the number of
attended items [46,53].

Behavioural performance and the CDA/SPCN were analysed to shed light on whether defo-
cused items are still available for refocusing and recall. In our task, there was a relatively high
likelihood (67%) that at least one initially uncued item would become relevant again, and dif-
ferent implications of this situation for intermittently defocused items were conceivable. First,
if attentional selection in VWMwas mainly employed to reduce memory load, these items
might be excluded. Even with the refocusing likelihood of the present experiment, uncued
items would remain irrelevant in a substantial number of trials, and excluding these items
would relieve VWM by reducing memory load from four to two items. Behavioural perfor-
mance for these items should then be close to chance level, and CDA/SPCN amplitudes in the
cued conditions should be reduced after the first retrocue, as compared to the neutral retrocue
condition. Second, in line with the protection account, intermittently defocused items might
still be available for refocusing and recall. Overall, this should show in performance well above
chance level, and a differential refocusing and weighting of items after the second retrocue is
likely to reflect in diverging CDA/SPCN amplitudes in the cued conditions compared to after
the first retrocue. A more detailed comparison of the continuously focused and intermittently
defocused items in the two Add conditions will further elucidate the consequences of this refo-
cusing: Upon refocusing, initially uncued items might either be “preserved”at their current
strength, or they might be “boosted“. Accordingly, performance for intermittently defocused
items might be either worse than or equivalent to performance for continuously focused items.
Moreover, the comparison of performance for the continuously focused items in the two Add
conditions with performance for the continuously focused items in the Hold condition will
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provide insight into whether the inclusion of additional items in the FoA affects the mainte-
nance of items already in the FoA.

To establish whether the individual efficiency of attentional deployment is related to the
magnitude of the retrocueing benefit, correlations between the N2pc modulations following
each retrocue and the behavioural retrocueing benefit were computed. Stronger N2pc modula-
tions compared to the neutral condition, indicating higher attentional efficiency, were expected
to be associated with larger retrocueing benefits.

Additionally, on the group level, analysis of the N2pc served to ensure that both retrocues
induced differential attentional processing. As N2pc amplitude has been shown to scale with
target number, N2pc amplitudes after the first retrocue were expected to be larger in the cued
conditions than in the neutral condition, in which no attentional selection should take place. A
further divergence of N2pc amplitudes in the cued conditions after the second compared to
after the first retrocue was expected, with larger amplitudes in the Add conditions than in the
Hold condition.

Methods

Ethics statement
The experiment was approved by the Ethics Committee of the Faculty of Psychology at Phi-
lipps-University Marburg, and conducted according to the principles of the Declaration of Hel-
sinki. All participants provided informed written consent prior to the experiment.

Participants
Twenty-six students of Philipps-University Marburg participated in the experiment. Nine par-
ticipants showed too many trials (> 40%) containing EEG artifacts. Analyses were performed
on the remaining participants (11 female, 6 male, mean age = 22 years). All participants were
naive to the purpose of the experiment, and had normal or corrected-to-normal visual acuity
and normal colour vision. Visual acuity was tested with a Landolt C eye chart and colour vision
with Ishihara’s tests for colour deficiency [54].

Apparatus and stimuli
Participants were seated in a comfortable chair in a dimly lit and electrically shielded room, fac-
ing a monitor placed at a distance of approximately 104 cm from their eyes. They were
instructed to maintain fixation during the experimental trials.

Stimuli were presented on a 22” screen (1680 x 1050 px) using E-Prime 2.0 software (Psy-
chology Software Tools, Inc.). All stimuli were presented against a grey background. The colour
of each memory item was randomly selected from a set of nine colours (blue, green, orange,
pink, purple, red, turquoise, white and yellow). A given colour could appear no more than
twice in an array, and only once in each hemifield. The colour of the test probe item was either
randomly selected from the set of colours of the squares which were marked as relevant by the
second retrocue (match trials) or from the set of colours not present in the attended hemifield
on the respective trial (nonmatch trials). Each coloured square subtended 1.32° of visual angle
in size. There were eight fixed positions for the eight squares of the memory array (four in each
hemifield, two in each quadrant), which were arranged on an imaginary circle with a radius of
approximately 4.95° of visual angle. Memory items within each hemifield were positioned at
distances of 3.58° of visual angle from centre to centre. The memory items to the left and right
of the vertical midline were positioned at a distance of 4.95° of visual angle from the centre of a
square in one hemifield to the centre of the square on the other side of the vertical midline. The
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probe item was presented centrally to prevent any anticipatory external attentional orienting to
other locations on the display. The precue subtended 1.10° of visual angle and the fixation dot
0.17° of visual angle. Retrocues were octagrams composed of two overlapping squares (1.10° of
visual angle), with each corner pointing towards one of the locations of the memory items. For
cueing specific items, the respective corners were blackened.

Procedure
The task is illustrated in Fig 1. A trial started with the presentation of an arrow presented just
above the fixation dot for 200 ms, which pointed to one hemifield of the display. After an inter-
stimulus interval of 800 ms, a memory array was presented for 200 ms, which consisted of four
coloured squares in each hemifield. Participants had to memorize the squares in the previously
indicated hemifield. After an interval of 800 ms, the first retrocue appeared for 200 ms. In the
cued conditions, the first retrocue always marked either the upper or lower quadrant of the rel-
evant hemifield. In the neutral condition the retrocue did not provide any spatial information
as to the task-relevance of specific items. After another interval of 800 ms, the second retrocue
was presented for 200 ms. In the cued conditions, the second retrocue was either identical to
the first retrocue (Hold condition), additionally pointed to the adjacent square (Add1 condi-
tion), or marked the whole hemifield (Add2 condition). In the neutral condition, the second
retrocue was identical to the first. Following the second retrocue and after an inter-stimulus
interval of 800 ms, a test probe item was presented at the centre of the display until participants

Fig 1. Trial procedure, experimental conditions and retrocues. A trial started with an arrow presented for
200 ms above fixation, indicating the relevant hemifield for that trial. After an inter-stimulus-interval of 800 ms,
the memory array consisting of eight coloured squares was presented for 200 ms. Participants were
instructed to memorize the squares in the respective hemifield. After a retention interval of 800 ms, a first
retrocue was presented for 200 ms. In the cued conditions, this retrocue indicated two positions of previously
presented memory items, i.e. the upper or lower quadrant of the respective hemifield. In the neutral condition,
the retrocue provided no spatial information. After another interval of 800 ms, a second retrocue was
presented for 200 ms. In the cued conditions, this retrocue was either identical to the first one (Hold),
additionally pointed to the adjacent square (Add1), or marked the whole hemifield (Add2). In the neutral
condition, the second retrocue was identical to the first one. After 800 ms, a central probe item was
presented. Participants had to decide whether the probe was one of the items indicated by the second
retrocue. Grey dotted squares show examples of the retrocues in the different experimental conditions.

doi:10.1371/journal.pone.0154228.g001
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responded. Participants were to decide whether the probe item was the same as one of the
items indicated by the second retrocue, responding match or nonmatch with a button press
using their left or right index finger. The buttons were on the backside of a gamepad (Microsoft
SideWinder USB) and the response assignment was balanced across participants. Accuracy
was stressed, but in case of uncertainty participants were asked to decide spontaneously. The
interval between trials varied randomly between 500 and 1000 ms.

There were 896 trials in total, randomized across 28 blocks of 32 trials each, with 224 trials
per condition. This design introduced the following probability structure in the cued condi-
tions. When the first retrocue was not neutral but marked two memory items, the likelihood
that the second retrocue would additionally indicate at least one initially uncued item was 67%.
Seeing as only the adjacent item was cued in the Add1 condition, the likelihood for that item to
become relevant again was 67%, and the likelihood for the remaining fourth item only cued in
the Add2 condition to become relevant again was 33%.

Testing took place on two consecutive days. The data of the first day’s session were consid-
ered practice and not entered into the analyses. The EEG was recorded on the second day.
Between blocks as well as in the middle of each block, participants were given the opportunity
of a short rest. After the experiment, participants filled in a questionnaire to assess strategies
and other factors that might affect performance.

Behavioural analyses
Trials with excessively long reaction times (> 2.5 SD from mean RT calculated separately for
each participant) were excluded from further analysis (Hold: 2.8%, Add1: 2.7%, Add2: 2.3%,
Neutral: 3.6%; on average, 2.9% of all trials). Accuracy in percent and mean reaction time (only
correct responses) were analysed.

EEG recording and analysis
The EEG was recorded continuously using BrainAmp amplifiers (Brain Products, Munich,
Germany) from 64 Ag/AgCl electrodes (actiCAP) positioned according to the international
modified 10–20 system. Vertical (vEOG) and horizontal electrooculogram (hEOG) were
recorded as the voltage difference between electrodes positioned above and below, and to the
left and right of the eyes, respectively. All channels were referenced to FCz and re-referenced
offline to the average of all electrodes. Electrode impedances were kept below 5 kO. The sam-
pling rate was 1000 Hz with a high cutoff filter of 250 Hz (half-amplitude cutoff, 30dB/oct) and
a low cutoff filter of 0.016 Hz (half-amplitude cutoff, 6dB/oct).

The EEG was segmented into epochs of 3200 ms, starting 200 ms prior to the onset of the
memory array and ending at the onset of the test probe display. The time period from -200 ms
to 0 was used for baseline correction. Trials with response errors were excluded from analysis.
Trials with blinks (vEOG> 80 μv; on average, 6% of all trials) and eye movements
(hEOG> 50 μv; on average, 10% of all trials) were excluded from all channels. Additionally,
trials in channels with other artefacts were excluded if the amplitude exceeded ± 80 μv. To
assess residual eye movements towards the cued hemifield, the hEOG was quantified for each
cued hemifield, condition and time window of analysis. The maximum deflection was 4.02 μv,
which can be considered equivalent to an eye movement of about 0.25° [55]. In order to isolate
the N2pc and the CDA/SPCN components, left (PO3, PO7) and right (PO4, PO8) parieto-
occipital electrodes were averaged for each visual hemifield and experimental condition. Differ-
ence waves were then calculated by subtracting activity ipsilateral from activity contralateral to
the respective hemifield.
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Results

Behavioural results
Behavioural results are plotted in Fig 2. Separate one-way ANOVAs were computed for accu-
racy and reaction time. Performance differed across conditions, with respect to both accuracy
[F(3,48) = 14.95, p < .001, partial ƞ2 = .48] and reaction time [F(3,48) = 19.07, p< .001, partial
ƞ2 = .54]: Participants performed best in the Hold condition [accuracy 80.38 ± 1.6; RT
639.01 ± 42.74], followed by Add1 [accuracy 78.31 ± 1.4; RT 664.86 ± 41.17], Add2 [accur-
acy 74.29 ± 1.3; RT 689.74 ± 48.25], and the neutral condition [accuracy 74.28 ± 1.5; RT
706.98 ± 48.02] (see Fig 2A). ANOVA contrasts revealed significant differences between
Hold and Neutral [accuracy F(1,16) = 23.59, p< .001, partial ƞ2 = .60; RT F(1,16) = 65.55,
p< .001, partial ƞ2 = .80] and Add1 and Neutral [accuracy F(1,16) = 14.28, p = .002, partial
ƞ2 = .47; RT F(1,16) = 18.01, p = .001, partial ƞ2 = .53], and for reaction time also between
Add2 and Neutral [F(1,16) = 5.08, p = .039, partial ƞ2 = .24].

To rule out that the effects were driven by an external shift of attention induced by the retro-
cues, a behavioural control experiment was conducted. In this control experiment, the retro-
cues had no lateralized components. The results replicated the benefits observed in the present
experiment: Performance was best in the Hold condition (81.18 ± 1.9), followed by Add1
(78.97 ± 1.6), the Add2 (75.13 ± 1.2) and the neutral condition (74.61 ± 1.8) (see S4 Fig for the
experimental conditions, retrocues and results of this control experiment). These findings indi-
cate that the retrocueing benefits observed in the present experiment were not driven by the
lateralized aspects of the retrocues, but were the result of the voluntary focusing of attention
onto representations maintained in VWM.

In a second step, results in the Add1 and Add2 condition were further analysed in order to
separate accuracy performance for continuously focused and intermittently defocused match
probe items (see Fig 2B). First, a two-way ANOVA with the factors condition (Add1 vs. Add2)
and probe item type (continuously focused vs. intermittently defocused) was computed. Sec-
ond, t-tests served to compare the intermittently defocused match probe items in each Add
condition against the chance level of 50%. Third, t-tests comparing the continuously focused
match probes in each Add condition against the match probes in the Hold condition were
computed. This was done to test whether performance for continuously focused items in the
Add conditions was equivalent to performance for the continuously focused items in the Hold
condition, even though the Add condition required the additional focusing of one or two more

Fig 2. Behavioural results. A The left panel shows accuracy in percent and the right panel mean reaction
time in ms for each experimental condition (Hold in red, Add1 in blue, Add2 in green and Neutral in grey). B
Accuracy in percent for the different types of match probes in the Add conditions and in the Hold condition
(continuously focused match probes in violet, intermittently defocused match probes in turquoise). Error bars
show the standard errors of the means.

doi:10.1371/journal.pone.0154228.g002
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items. The ANOVA revealed a main effect of probe item type [F(1,16) = 5.96, p = .027, partial
ƞ2 = .27] with lower accuracy for intermittently defocused items, and an interaction between
the factors of condition and probe type [F(1,16) = 4.93, p = .048, partial ƞ2 = .22], attributable to
a larger difference between accuracy for continuously focused and intermittently defocused
items in the Add2 condition compared to the Add1 condition. Even though accuracy for inter-
mittently defocused items was lower than accuracy for continuously focused items, it was well
above chance level in both the Add1 [t(16) = 6.85, p< .001] and the Add2 condition [t(16) =
3.04, p = .008]. Performance for the continuously focused items in the Add1 [t(16) = 0.54, p =
.595] and in the Add2 condition [t(16) = 0.32, p = .76] was equivalent to performance for the
match probes in the Hold condition.

Electrophysiological results
ERP results are plotted in Fig 3. For N2pc analyses, mean amplitudes were computed for time
intervals from 200 to 300 ms after the onset of each retrocue. For CDA/SPCN analyses, mean
amplitudes were computed for three time intervals, namely from 450 to 650 ms after the onset
of the memory array and after each retrocue. This time window was chosen based on the inter-
val following the memory array, for which a CDA/SPCN but no differential effects between
conditions were expected. To determine the presence of the lateralized components N2pc and
CDA/SPCN, two-way ANOVAs were run on the mean amplitudes for these time windows,
with the factors condition (Hold, Add1, Add2, and Neutral) and laterality (ipsilateral and con-
tralateral). For the interval following the first retrocue, an additional t-test was computed to
compare the cued conditions (Hold, Add1, and Add2) directly against the neutral condition.
For the cued conditions, additional three-way repeated measures ANOVAs with the factors of
retrocue (first and second), condition (Hold, Add1, and Add2) and laterality (ipsilateral and
contralateral) were run for both N2pc and CDA/SPCN time windows of analysis.

An N2pc was present both after the first [F(1,16) = 20.75, p< .001, partial ƞ2 = .57,] and sec-
ond retrocue [F(1,16) = 24.10, p< .001, partial ƞ2 = .60]. Interactions between condition and
laterality after both the first [F(3,48) = 7.41, p = .002, partial ƞ2 = .23, ε = .62] and the second

Fig 3. Grand-averaged ERP difference waves (contralateral activity minus ipsilateral activity).
Difference waves are shown for the experimental conditions (Hold in red, Add1 in blue, Add2 in green and
Neutral in grey) time-locked to the onset of the memory array averaged across parieto-occipital electrodes
(PO3/PO4, PO7/PO8). Time windows of stimulus presentations are shaded in grey, the time windows for
N2pc and CDA/SPCN analyses are indicated by grey dotted squares. For illustration purposes the
waveforms were lowpass filtered (half-amplitude cutoff at 35 Hz, 24 dB/oct).

doi:10.1371/journal.pone.0154228.g003
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retrocue [F(3,48) = 11.15, p< .001, partial ƞ2 = .41, ε = .78] revealed differences in lateralized
activity and the following more specific analyses provided more insight into these differences
between conditions: After the first retrocue, the N2pc observed in the cued conditions was
larger than the N2pc in the neutral condition [t(16) = 3.29, p = .005]. Following the second ret-
rocue, mean N2pc amplitudes in the cued conditions diverged compared to the time window
following the first retrocue. This was revealed by a three-way interaction of the factors retrocue,
condition and laterality [F(2,32) = 4.32, p = .022, partial ƞ2 = .21]. N2pc amplitudes after the sec-
ond retrocue were larger in the Add1 than in the Hold condition [t(16) = 3.77, p = .001]. N2pc
amplitudes in the Add2 and the Hold conditions [t(16) = 1.58, p = .067], and in the Add1 and
Add2 conditions [t(16) = 1.51, p = .075] did not differ significantly.

After presentation of the memory array, a CDA/SPCN was observed [F(1,16) = 87.98, p<
.001, partial ƞ2 = .85], which was equivalent in size for all conditions [F(3,48) = 0.64, p = .590,
partial ƞ2 = .04]. There was a significant overall CDA/SPCN [F(1,16) = 7.46, p = .015, partial
ƞ2 = .32] and an interaction between condition and laterality [F(3,48) = 4.12, p = .011, partial ƞ2

= .21] only after the first retrocue. Similar to the N2pc results, the CDA/SPCN after the first
retrocue was larger in the cued conditions than in the neutral condition [t(16) = 3.12, p = .007].
There was no divergence of CDA/SPCN amplitudes in the cued conditions after the second ret-
rocue compared to the time window following the first retrocue.

To ensure that the observed patterns in N2pc and CDA/SPCN modulations were not driven
by effects in early sensory potentials attributable to different processing of the cues, all analyses
for the time windows after each retrocue were rerun with the retrocue presentation time as
baseline (i.e., 1000 ms to 1200 ms for the first retrocue, and 2000 ms to 2200 ms for the second
retrocue). The observed patterns and all reported effects remained.

Scalp distributions of N2pc and CDA/SPCN were compared for the time window following
the first retrocue. This interval was chosen because ERPs could be collapsed across the cued
conditions, leading to more reliable measures. Difference waves for parietal, parieto-occipital
and occipital electrode pairs were calculated, and the respective activity was normalized follow-
ing the procedure described by [56]. A two-way ANOVA with the factors of time window
(1200–1300, 1450–1650) and electrode position (seven posterior electrode pairs) revealed an
interaction [F(6,96) = 6.16, p< .001, partial ƞ2 = .28, ε = .56], demonstrating distinct scalp dis-
tributions. The N2pc showed a more ventral, and the CDA/SPCN a more dorsal distribution
(see S3 Fig), which is in line with previous findings [42,46].

Correlations between behavioural and electrophysiological measures
Scatter plots are shown in Fig 4. One-tailed correlations (Pearson’s correlation coefficient, r)
were computed between individual N2pc amplitudes and accuracy, and between CDA/SPCN
amplitudes and accuracy. This was done for the Add1 condition relative to baseline by sub-
tracting each participant’s value in the neutral condition from the respective value in the Add1
condition. The Add1 condition was chosen, because it required attentional selection after each
retrocue (unlike the Hold condition) and included a number of items that is well within mean
VWM capacity (unlike the Add2 condition). Split-half reliabilities (Pearson’s correlation coef-
ficient, r; one-tailed) were computed from even-numbered and odd-numbered trials and cor-
rected for the full number of trials using the Spearman-Brown formula [57,58] (reported are
corrected correlation coefficients and the uncorrected p-values). These were significant for
accuracy (r = .73, p = .007), for the N2pc after both the first (r = .67, p = .020) and the second
retrocue (r = .71, p = .010), and for the CDA/SPCN after the second (r = .74, p = .006), but not
after the first retrocue (r = .32, p = .232).
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Significant correlations were found between the retrocueing benefit and N2pc amplitude
after both the first (r = -.576, p = .008) and the second retrocue (r = -.477, p = .027) (Fig 4, first
column). The correlation between CDA/SPCN amplitude and retrocueing benefit was signifi-
cant for the time window following the second retrocue (r = -.483, p = .025), but not for the
time window following the first retrocue (r = -.307, p = .115) (Fig 4, second column). Accord-
ing to these correlations, the larger the individual efficiency of attentional selection (as indi-
cated by N2pc differences) and the stronger the maintenance-associated activity, the larger the
individual retrocueing benefit.

Discussion
With the present experiment, we addressed two questions. First, we asked whether defocused
items remain available in a scenario in which these items may become task-relevant again. The
results showed that this was the case: defocused items could later be refocused and successfully
recalled. Thus, the defocusing of items does not necessarily lead to their loss. Performance for
these intermittently defocused items was, however, worse than for continuously focused items,
indicating that a cost is associated with defocusing, and that refocusing an item cannot boost it
back to the initial level. This cost appeared to be higher when the likelihood to become task-rel-
evant was lower: Performance for intermittently defocused items was worse in the Add2 condi-
tion than in the Add1 condition (t(16) = 2.85, p = .006; see Fig 2B). Whereas the likelihood to

Fig 4. Correlations between behavioural and ERP results. The first column shows correlations between
N2pc amplitude and accuracy results, and the second column correlations between CDA/SPCN amplitudes
and accuracy results. For correlations in the top row, ERPmeasures were calculated from the time windows
following the first retrocue, for correlations in the bottom row, ERPmeasures were calculated from the time
windows following the second retrocue. All measures were computed for the Add1 condition and relative to
baseline, i.e. the value of each measure in the neutral condition was subtracted from the value of the
respective measure in the Add1 condition.

doi:10.1371/journal.pone.0154228.g004
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become task-relevant again was 67% for the intermittently defocused item in the Add1 condi-
tion (this item was always adjacent to the items cued by the first retrocue, and would be
required to be refocused in both the Add1 and Add2 conditions), it was only 50%, on average,
for the intermittently defocused items in the Add2 condition (67% for the item adjacent to the
items cued by the first retrocue, and 33% for the nonadjacent item).

Similar conclusions as to the importance of task context and retrocue reliability in deter-
mining the fate of defocused items have been reached by recent studies. Zokaei et al. [59] found
that an item that remains behaviourally relevant can be maintained outside the FoA and refo-
cused, but that an item rendered very unlikely to be probed is lost from VWM. Similarly, Gun-
seli et al. [60] observed costs of invalid retrocueing only when the retrocue had a high
reliability (80%), but not when it had a low reliability (50%). Thus, irrelevant items can be
removed, or maintained items can be strategically weighted with respect to their relevance and
according to a given probability structure. In the same vein, van Moorselaar et al. [61] sug-
gested that representations in VWM can adopt different states depending on their deemed rele-
vance, and that these states can be flexibly adjusted to changing task demands. Accordingly,
items can be maintained inside as well as outside the FoA, with different degrees of robustness
or vulnerability, respectively. Taken together with findings demonstrating that it is principally
possible to exclude representations from memory following an almost always valid cue pre-
sented during the maintenance interval [43], the present results add support to the notion of a
high flexibility of visual working memory when it comes to making the most out of its limited
resources given a specific situation.

Importantly, the inclusion of intermittently defocused items in the FoA in the two Add con-
ditions did not affect maintenance of the continuously focused items. Focused representations
seem to be protected from degradation, and this protection appears to be unaffected by an
expansion of the FoA and the inclusion of additional representations. Thus, the particularly
robust maintenance inside the FoA provides a reliable means to ensure that the most relevant
information is prioritized and kept available.

Given the likelihood that initially uncued items would become relevant again upon presen-
tation of the second retrocue, one may question whether participants did, in fact, defocus these
items. Based on overall performance (Fig 2A), one may argue that participants held on to all
items after the first retrocue, and only dropped the items not cued by the second retrocue.
Overall performance would then reflect memory load at the time of retrieval. However, this
hypothesis cannot account for the differences in performance for continuously cued
(“focused”) and intermittently uncued (“defocused”) items in the Add conditions: Performance
for these items should be equal if the first retrocue was ignored, and they should be equally
affected by differences in memory load. Instead, performance for continuously cued items was
at the same level in all cued conditions, and performance for intermittently uncued items
reflected the likelihood with which these items might become relevant again. These findings
clearly demonstrate that the information maintained in VWM was weighted according to the
probability structure introduced by the cues. How exactly this behaviourally evident sensitivity
to a given probability structure is implemented at the representational level in VWM cannot be
conclusively determined based on our own findings. In light of evidence for different represen-
tational states in VWM that are linked to the attentional status of representations [24–28], we
argue that this weighting is implemented by maintenance within and outside the FoA, and
that, consequently, initially uncued items were indeed defocused. (Another explanation for the
sensitivity to the probability structure could be based on a different interpretation of mean per-
formance. According to this interpretation, mean performance would not be representative of
what happened in each trial (i.e., defocusing), but would be a mixture of different processes in
different trials (i.e., continued maintenance vs. removal).)
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No converging conclusions with regard to this first question we addressed could be drawn
from the CDA/SPCN results. Implications of the present findings for the interpretation of the
CDA/SPCN shall be discussed in more detail below.

Second, we asked whether the individual efficiency of attentional orienting within VWM
was related to the magnitude of the retrocueing benefit. Indeed, stronger N2pc modulations
indicating a higher attentional efficiency were associated with larger retrocueing benefits. The
finding that individual differences in attentional selection, as indicated by the N2pc, were
related to the updating of VWM following retrocues adds to a growing body of literature inves-
tigating individual differences in attentional control related to working memory functions. For
example, Vogel et al. [62] found differences in the individual efficiency with which only rele-
vant items were selected for encoding, and Fukuda and Vogel [63,64] found that individuals
with a high working memory capacity were better at resisting attentional capture by irrelevant
distractors. However, as discussed below, the cognitive processes reflected by the N2pc in the
present experiment are disputable. Consequently, the relationship between individual N2pc
modulations and retrocueing benefits might not be as straightforward as suggested by these
findings.

The CDA/SPCN and the internal focus of attention
The prevailing view of the CDA/SPCN is that it reflects the number of items maintained in
VWM. This notion, however, cannot account for the present findings: CDA/SPCN amplitudes
did not mirror memory load in the experimental conditions. This was most obvious after the
first retrocue, when memory load in the neutral condition was at least as high as in the cued
conditions, but CDA/SPCN amplitude was smaller. After the second retrocue, no differences
between experimental conditions and, in fact, no overall CDA/SPCN was observed. This may
be related to the long trial duration, as the CDA/SPCN has been shown to “naturally” decline
over time [42].

The finding of larger amplitudes in the cued conditions than in the neutral condition after
the first retrocue could be seen as at variance with those of Kuo et al. [11]. In particular, they
observed a stronger CDA/SPCN attenuation after informative retrocues than after neutral ret-
rocues. There is one important difference between our task and the one used by Kuo et al. [11],
which could account for the divergent findings. Whereas in their experiments, uncued items
were never tested, in our experiment, there was a relatively high likelihood that the initially
uncued items would become relevant again. As discussed above, this likelihood might be a cru-
cial factor in determining what happens with uncued information. Thus, the retrocue might
have resulted in the removal of uncued information in the experiments by Kuo et al. [11],
whereas in our experiment, it might have induced an updating process to differentially weigh
and maintain all items. It seems reasonable to assume that such different implications of the
cues would yield different patterns of CDA/SPCN amplitudes.

Our findings suggest that the CDA/SPCN is, at least to some degree, associated with the
internal FoA. Note that we do not suggest a reinterpretation of the CDA/SPCN as an index
of the amount of items in the FoA, but only that there is a link to attentional processes
involved in updating VWM according to changes in the task-relevance of specific items, that
is, in adjusting the FoA. This idea would account for the pattern of CDA/SPCN amplitudes
observed after the memory array and after the first retrocue. After the memory array, the ini-
tial FoA was identical in all conditions, which was reflected in equivalent CDA/SPCN ampli-
tudes. After the first retrocue, differential weighting of maintained items was induced in the
cued conditions, yielding larger CDA/SPCN amplitudes in the cued compared to the neutral
condition.
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The conclusions suggested by our present findings are consistent with some previous studies
linking the CDA/SPCN to attentional processes. Evidence is provided by neuroimaging studies.
The most discussed candidate for the neural source of the CDA/SPCN is the intra-parietal sul-
cus (IPS). Several studies have observed load-dependent (BOLD) activations reaching a plateau
at the mean VWM capacity limit on the group level, which was correlated with VWM capacity
on the individual level [65–68]. Load-dependent activations in the IPS have also been observed
in tracking tasks varying the attentional load [69,70]. This matches findings on the CDA/
SPCN that typically exhibits tracking load-dependent amplitudes [46,53]. Further evidence
comes from studies not directly investigating the CDA/SPCN, but the nature of delay activity
per se. Two studies using MVPA recorded in event-related fMRI [26] and of electrophysiologi-
cal activity [24] found evidence for delay activity only for items maintained in the FoA. The
authors call into question the long-standing idea that active maintenance is necessary for
short-term retention. One does, however, not need to go this far to presume that the CDA/
SPCN is related to the internal FoA, given that in most studies establishing the link between
CDA/SPCN amplitude and maintained items, the attending and memorizing of items was con-
founded (e.g., [42,62,71]).

The N2pc—an electrophysiological marker of selection in VWM?
An N2pc was observed following each retrocue, exhibiting an amplitude modulation that
reflected the attentional demands posed by the respective retrocue and that, on the individual
level, was related to the magnitude of the benefit for focused items. After the first retrocue,
N2pc amplitude was larger in the cued conditions as compared to the neutral condition, in
which no attentional updating of VWM was required. After the second retrocue, N2pc
amplitudes diverged in the cued conditions compared to after the first retrocue, with larger
amplitudes in the Add conditions, in which further updating was necessary. While the N2pc
as an index of attention deployment towards targets in extrapersonal space has been exten-
sively studied, only few studies employed this ERP to shed light on mnemonic processes. An
N2pc response has been found in studies comparing visual search to search in VWM, with
the target being presented before or after a search array [15,72]. While the N2pc for VWM
search was temporally and largely topographically equivalent to the N2pc for visual search, it
was insensitive to search load. In these tasks, however, only one target had to be selected and
the number of distractors, that is, of memory load in VWM search, was varied. In the present
study, in contrast, initial memory load was constant and the number of selected memory
items was varied. Similar in this respect are multiple object tracking studies asking partici-
pants to memorize and track different numbers of objects. Drew and Vogel [46] recorded
ERPs during a tracking task, and observed an N2pc that was strongly modulated by the num-
ber of target items. This fits nicely to the observation made in the present study, that the
larger the number of items to be selected, the larger N2pc amplitude. Importantly, moreover,
Drew and Vogel [46] demonstrated that N2pc amplitude reached an asymptote when the
mean capacity limit of three to four items [7,8] was exceeded. They also observed that for
low-capacity performers, amplitude dropped below the three-item level for set sizes beyond
the capacity limit. A similar pattern emerged in the present experiment: N2pc amplitude was
larger the more items were to be selected, with the exception of the Add2 condition, which
required participants to attend to four items. Here, N2pc amplitude slightly dropped below
the level of the Add1 condition (Fig 3). It appears that asking participants to attend to a num-
ber of items exceeding their VWM capacity has a disruptive effect on the mechanisms select-
ing targets in memory, and thus on updating items in VWM according to changed task
relevance.
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Even though the N2pc responses are consistent with what one would expect for the selection
of VWM representations in the present paradigm and fit with previous findings discussed
above, it is possible that the N2pc observed in the present study reflected the focusing of atten-
tion onto the cue itself. This would have resulted in the same pattern of results. Van Velzen
and Eimer [73] showed that centrally presented cues with lateralized components can elicit lat-
eralized ERPs, and concluded that under such conditions, the N2pc reflects the selection of rel-
evant aspects of the cue. Although it should be noted that the cues employed by Van Velzen
and Eimer [73] were larger (3.5° vs. 1.1° in the present experiment) and thus extended farther
into the visual hemifields, it is possible that this is what was being observed in the present
study. According to this alternative scenario, the N2pc responses following the retrocues
reflected the selection of the individual corners of the cues, yielding larger N2pc amplitudes in
the cued conditions than in the neutral condition after the first retrocue, and even larger ampli-
tudes in the Add conditions than in the Hold condition after the second retrocue. The correla-
tions would correspondingly indicate that individuals who were better at selecting and
individuating the corners of the cue were the ones with larger retrocueing benefits. This corre-
lation would presumably still be mediated by better attentional selection in VWM that relies
on better attentional processing of the cue. Thus, the N2pc observed here might, in fact, not be
a direct electrophysiological correlate of the internal selection of information maintained in
VWM, but a correlate of the external selection of the cue, which is a prerequisite for this inter-
nal selection. Given that we cannot entirely rule out this alternative scenario, any conclusions
drawn on the present N2pc results should be taken with caution.

Conclusions
The present experiment provides support for the assumption that within VWM, attentional
selection is employed to protect those representations which hold particular relevance for our
current goals. Defocused representations that may become relevant again are not lost, but can
be refocused and recalled. However, defocusing comes at a cost, and memory for the corre-
sponding items is worse than for items that are continuously focused and protected. These
findings indicate that maintained information in VWM can be flexibly weighted according to
its relevance. The results also provide new insight into the cognitive processes reflected by the
CDA/SPCN: Taken together with other findings discussed above, they suggest a linkage
between the CDA/SPCN and attentional processes.

Supporting Information
S1 Data. Accuracy.
(XLS)

S2 Data. Reaction Time.
(XLS)

S3 Data. Control Experiment (Accuracy).
(XLS)

S4 Data. Electrophysiological data.Mean amplitudes of ipsilateral and contralateral activity
(Sheet 1) and of the difference waves (Sheet 2) for all CDA/SPCN and N2pc time windows of
analysis.
(XLS)

S5 Data. Correlation data. Accuracy and N2pc and CDA/SPCN amplitudes for the windows
of analysis after the retrocues in the Add1 condition relative to baseline (i.e., minus the values
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in the neutral condition), as well as all of these measures computed separately from even-num-
bered and odd-numbered trials.
(XLS)

S6 Data. Scalp distribution data (normalized).
(XLS)

S1 Fig. Grand-averaged ERPs. ERPs are shown for the experimental conditions (Hold in red,
Add1 in blue, Add2 in green and Neutral in grey) time-locked to the onset of the memory
array averaged across parieto-occipital electrodes (PO3/PO4, PO7/PO8). Time windows of
stimulus presentations are shaded in grey. For illustration purposes, the waveforms were low-
pass filtered (half- amplitude cutoff at 35 Hz, 24 dB/oct).
(TIF)

S2 Fig. Grand-averaged contralateral and ipsilateral activity. Contralateral (dashed lines)
and ipsilateral (solid lines) activity is shown separately for the four conditions, time-locked to
the onset of the memory array and averaged across parieto-occipital electrodes (PO3/PO4,
PO7/PO8). Time windows of stimulus presentations are shaded in grey. For illustration pur-
poses, the waveforms were lowpass filtered (half-amplitude cutoff at 35 Hz, 24 dB/oct).
(TIF)

S3 Fig. Scalp distribution maps. Scalp distributions of the N2pc and the CDA/SPCN for the
time windows of analysis following the first retrocue: 1200–1300 ms for the N2pc and 1450–
1650 ms for the CDA/SPCN, time-locked to the onset of the memory array. The left panel
shows the scalp distribution of the N2pc on a scale from -2.0 μv to 0 μv, the right panel shows
the scalp distribution of the CDA/SPCN on a scale from -0.5 μv to 0 μv. Each panel shows the
difference between contralateral and ipsilateral activity averaged across the cued conditions
(Hold, Add1 and Add2) and across hemispheres.
(TIF)

S4 Fig. Experimental conditions, retrocues and results of the control experiment. A In the
cued conditions, the first retrocue indicated two positions of previously presented memory
items, i.e. the upper or lower quadrant of the respective hemifield. In the neutral condition, the
retrocue provided no spatial information. The second retrocue was in the cued conditions
either identical to the first one (Hold), additionally marked the adjacent position (Add1) or the
whole hemifield (Add2). In the neutral condition, the second retrocue was identical to the first
one. B Accuracy in percent for each experimental condition (Hold in red, Add1 in blue, Add2
in green, Switch in orange and Neutral in grey). Error bars show the standard errors of the
means.
(TIF)
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