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Abstract 

Cueing attention to a representation in visual working memory (VWM) has been found to 

improve recall and recognition performance. However, the fate of unattended VWM 

representations is currently less clear, as some studies have reported costs for non-cued 

representations, while others have not.  We recorded EEG while participants performed a 

VWM task. Retro-cues indicated which of several representations was most likely to be 

tested. We manipulated the retro-cue reliability between blocks (i.e. the ratio of valid to 

invalid cue trials). The allocation of attention to the cued representation was tracked 

through the N2pc after the retro-cue, and through decoding accuracy for the cued 

location in alpha band power (i.e. 10-14 Hz) during the maintenance interval. Both 

measures indicated that attention was directed to the cued item through the 

maintenance interval regardless of reliability, but more strongly so for highly reliable 

cues. The fate of the non-cued representations was tracked through the contralateral 

delay activity (CDA), an index of VWM maintenance. It revealed that non-cued 

representations were dropped only after a highly reliable cue. Reconciling previously 

conflicting results, the results show that the mechanisms of maintenance of VWM 

representations can be dissociated from attention within VWM.  
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Introduction 

The human ability to successfully attend to and remember relevant information is 

essential for performing a variety of cognitive tasks, and is correlated with intelligence 

(Carpenter, Just, & Shell, 1990; Fukuda et al., 2010; Kane & Engle, 2002; Luck & Vogel, 

2013; Newell, 1994). Although attention and working memory (WM) have been proposed 

as separate constructs, there is growing evidence that suggests they are intertwined 

(Engle, Kane, & Tuholski, 1999; Kane, Bleckley, Conway, & Engle, 2001), and might even 

reflect the same neural mechanisms (Kiyonaga & Egner, 2013; Postle, 2006; Theeuwes, 

Belopolsky, & Olivers, 2009). For example, spatial WM maintenance has been shown to 

involve attending to maintained locations (Awh et al., 1998). Similarly, focusing attention 

on a single representation within visual WM (VWM) has been found to improve 

maintenance of this representation, relative to conditions where none of the 

representations were selectively attended (for reviews, see Awh & Jonides, 2001; 

Gazzaley & Nobre, 2012). However, research has provided conflicting results whether 

attending to one item has consequences for the other, unattended items within VWM, 

leading to opposing views on the role of attention in VWM maintenance. The present 

study was performed to help resolving this controversy. We tested whether VWM is 

essentially internally oriented attention, or VWM and attention are distinct mechanisms.  

The role of attention in VWM has typically been studied using retrospective cues 

(“retro-cues”), although other manipulations such as recency have also been used (Zokaei 

et al., 2014b). A retro-cue is a signal that indicates which of the several memory 

representations is likely to be the relevant one for the task at hand. Importantly, a retro-

cue is shown after the presentation of the memory items; it therefore acts 

retrospectively. As can be seen in Figure 1, most commonly they are visual-spatial cues 

pointing the location of the memory item as it was presented in the memory display. 

Retro-cues have been suggested to result in the internal attentional selection of the cued 

representation within VWM in a similar way as attentional selection operates on objects 

in the external world,  and relying on similar brain regions (Nobre et al., 2004). The 

consequence is better memory performance for the attended representation compared 

to the unattended representations (Griffin & Nobre, 2003; Lepsien et al., 2005; Sligte et 

al., 2008).  
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Figure 6.1. The retro-cue experimental procedure. Participants were asked to remember the three 
orientations shown in the memory display. After a blank interval a retro-cue was presented pointing to 
the location of the item (in this example top-left) that was most likely to be tested. Retro-cues were not 
always valid. Following a second blank interval the test display was presented during which participants 
were asked to rotate a randomly-oriented bar to match the orientation of the probe item (which in this 
example is the one presented on top-left, hence making the retro-cue valid). 

 

Although converging evidence suggests that attending to a representation within 

VWM improves its recall performance, the fate of the unattended representations is less 

clear. In order to study memory performance for unattended representations, on some 

proportion of trials a non-cued representation is probed at test. A lower memory 

performance on these invalid cue trials compared to neutral or no-cue trials is referred to 

as an invalid cueing cost. An invalid cueing cost implies that VWM representations are 

impaired when attention is allocated away from them. However, results have been 

conflicting, Some studies have observed costs of invalid cueing whereas others have not, 

leading to opposite conclusions regarding the role of attention on VWM maintenance. On 

the one hand, studies that failed to observe invalid cueing costs have suggested that 

allocating attention away from VWM representations does not impair memory, hence 

attention is not necessary for successful VWM maintenance (Landman et al., 2003; Rerko 

& Oberauer, 2013). This explanation is consistent with the recent neuro-evidence that 

shows one representation in VWM can be prioritized without any costs for non-prioritized 

representations (LaRocque et al., 2014; Lewis-Peacock et al., 2012; Lewis-Peacock & 

Postle, 2012; Zokaei et al., 2014a). On the other hand, the studies that observed invalid 

cueing costs claimed that attention is necessary for successful VWM maintenance 

(Matsukura et al., 2007; Pertzov et al., 2013), which is in line with studies that suggested 

focusing attention on a representation within VWM protects it from interference by other 

representations and new visual input (Makovski et al., 2008; Pertzov et al., 2013; van 

Moorselaar et al., 2015). Therefore, reaching a consensus regarding the costs of invalid 

retro-cueing has important implications for understanding the role of attention in VWM 

maintenance. 
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Recently, we (Gunseli et al., 2015) proposed that these inconsistent findings 

might be due to the differences across studies in the retro-cue reliability (i.e. the 

proportion of valid to invalid retro-cue trials). Typically, the studies that failed to observe 

invalid cueing costs used lower retro-cue reliabilities (Landman et al., 2003; Lepsien & 

Nobre, 2007; Rerko & Oberauer, 2013) than studies that observed invalid cueing costs 

(Astle et al., 2012; Matsukura et al., 2007; Pertzov et al., 2013).
5
 Reconciling these 

contradictory findings, Gunseli et al. (2015) found invalid cueing costs only when the 

retro-cue had a high reliability (i.e., 80% valid), but not when it had a lower reliability (i.e., 

50% valid). On the other hand, benefits of valid retro-cues were observed in both 

conditions, though they were larger for 80% valid cues. These results suggest that when 

the retro-cue has a high reliability, attention is strongly allocated to the cued 

representation - making the non-cued representations more likely to be forgotten - 

whereas when the retro-cue has a low reliability participants attend to the cued 

representation while also maintaining the non-cued representations in VWM. The latter 

implies that attending to one VWM representation does not necessarily entail forgetting 

others. In other words, although attention improves memory performance, it might not 

be necessary for maintenance per se.  

However, although Gunseli et al. (2015) showed that the inconsistent results in 

the literature regarding the invalid cueing costs can be explained by the differences in the 

reliability of retro-cues, there are two questions that cannot be answered using 

behavioral data. The first question is whether, for highly reliable retro-cues, invalid cueing 

costs are due to non-cued representations being dropped during the maintenance 

interval, or them being unattended and therefore becoming more vulnerable to 

interference from the test display. Under the first view, costs arise early, after the cue, 

whereas under the second view, they arise at test. There is electroencephalogram (EEG) 

evidence that supports the claim that non-cued representations are dropped from VWM 

following a 100% valid retro-cue (Eimer & Kiss, 2010; Kuo et al., 2012; for a similar effect 

using forgetting cues, see Williams & Woodman, 2012). The second view, which suggests 

unattended VWM representations become more vulnerable to interference at test, is 

consistent with the claims that attention protects VWM representations from 

interference by new visual input (Makovski & Pertzov, 2015; Makovski et al., 2008; van 

Moorselaar et al., 2015). Hence, the question remains unanswered with evidence 

supporting both views. 

                                                                 

5
 Although the studies that failed to find an invalid cueing cost also typically had a second retro-cue 

counteracting the first one, we believe this factor itself cannot account for the absence of invalid 
cueing costs since Matsukura et al. (2007) observed an invalid cueing costs in a double-cueing 
paradigm when the reliability of the first retro-cue was high. 
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The second question is whether, when the retro-cue has a low reliability, the 

cued representation is prioritized during maintenance (as proposed by the two views 

presented above), or merely at retrieval, without any attentional reallocation during 

maintenance. The claim that the cued representation is prioritized at retrieval was made 

by studies that failed to observe invalid cueing cost on recognition accuracy but found 

costs on RT (Astle et al., 2012; also see Nobre et al., 2007, for electrophysiological 

evidence of prioritization during retrieval). This claim is in line with resource models of 

memory and attention (Alvarez & Franconeri, 2007; Bays et al., 2009; Bays & Husain, 

2008; for a review, see Franconeri, Alvarez, & Cavanagh, 2013), which would predict that 

the benefits for cued representations should inevitably be accompanied by costs for non-

cued representations, since the benefits would be due to the reallocation of attentional 

resources from the non-cued to the cued representation. The results from the low 

reliable cue condition of Gunseli et al. (2015) showed retro-cue benefits in the absence of 

costs. Therefore, it might be that the cued representation is only prioritized at retrieval 

when the retro-cue has a low reliability, without any attentional reallocation during 

maintenance.   

In order to test these possibilities, the present study used EEG recordings that 

enabled investigating the allocation of attention and maintenance in VWM via their 

electrophysiological indices. We used both event-related potentials (ERPs) and pattern 

classification in the time-frequency domain to track a) the attentional selection of the 

cued representation, b) the maintenance of representations within VWM, and c) the 

allocation of attention during VWM maintenance. Within the ERP signal, we looked at the 

posterior contralateral N2 (N2pc), and the Contralateral Delay Activity (CDA). The N2pc is 

a negativity over the parietal electrodes on the hemisphere contralateral to attended 

stimuli, and has been suggested to reflect the attentional selection of an item over others, 

both for internal representations and objects in the external world (Dell’Acqua et al., 

2010; Eimer, 1996; Hickey et al., 2009; for a review, see Luck, 2012; Luck & Hillyard, 

1994b). Thus, we used the N2pc to measure the strength of the attentional selection of 

the cued representation within VWM. The CDA is a sustained negativity over the parietal-

occipital electrodes on the hemisphere contralateral to remembered stimuli. It has been 

observed to be sensitive to the VWM load, and been claimed to be an index of VWM 

maintenance (Ikkai et al., 2010; Klaver et al., 1999; Vogel & Machizawa, 2004). 

Accordingly, we used the CDA to track the maintenance of representations in VWM. In 

particular, we reasoned that if non-cued representations are forgotten following a retro-

cue, then a CDA should emerge after the retro-cue, since now there would be an 

imbalance in the number of items maintained in each hemisphere (as an item would be 

maintained on the cued side, but not on the non-cued one). On the other hand, if non-

cued representations are kept in VWM, there would be no imbalance occur and no CDA 

would emerge after the retro-cue.  
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Within the frequency domain, we looked at  alpha band activity (8-14Hz) 

recorded over parietal and occipital electrodes, which has been associated with the active 

inhibition that is used for attending to relevant over irrelevant information in a sustained 

fashion. Again, this has been suggested to be true whether attention is allocated 

externally in the world or internally in memory (for a review, see Klimesch, 2012; Van Der 

Werf et al., 2008; van Dijk et al., 2010; Worden et al., 2000). In line with this, successful 

classification on the alpha band for a cued location has been suggested to track the 

allocation of visual-spatial attention to that location (Myers et al., 2014; Treder et al., 

2011). Hence, we used the accuracy of decoding the location of the retro-cued 

representation on the alpha-band as an index of sustained allocation of attention during 

VWM maintenance.  

The experimental procedure is shown in Figure 1. We used a continuous report 

memory recall task to obtain a sensitive measure of memory performance (Bays & 

Husain, 2008; Zhang & Luck, 2008). The memory display contained three lines of 

orientations, one on the vertical midline and two bilaterally at an equal distance to the 

center. The two lateral locations allowed us to measure an N2pc and CDA to a retro-cued 

item, since both components require a lateral asymmetry in the location of the attended 

and maintained item respectively. After a blank interval, a retro-cue indicated which of 

the memory representations was most likely to be tested by retrospectively pointing its 

location in the memory display. The retro-cue was not always valid, as on so-called invalid 

trials the cued representation was not going to be tested. Critically, following Gunseli et 

al. (2015), the retro-cue reliability (i.e. the proportion of valid to invalid trials) was 

manipulated across blocks being either 50% valid or 80% valid.  

Based on the results of Gunseli et al. (2015), we expected larger behavioral 

effects (i.e. difference between invalid and valid trials) in 80% valid condition compared to 

the 50% valid condition. Moreover, we hypothesized that, if valid cueing benefits reflect 

stronger attentional selection of the cued item, we would observe an N2pc to the retro-

cue, and above chance decoding accuracy on the alpha band for the location of the retro-

cued representation in both reliability conditions, though larger in 80% valid condition. 

Whereas if cueing benefit is merely due to prioritization during retrieval, which can be 

expected for the 50% valid condition, then there would be no N2pc nor above chance 

decoding accuracy in this condition. Crucially, if invalid cueing costs indeed reflect non-

cued representation being dropped from VWM, we would observe a CDA only in the 80% 

valid blocks in which there were invalid cueing costs. This dissociation between effects of 

retro-cue reliability on the N2pc and decoding accuracy on the one hand, and on the CDA 

on the other, would suggest that attending to a VWM representation does not necessarily 

entail forgetting others. 
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Method 

Thirty-two healthy volunteers participated in the experiment for course credit or 

monetary compensation. Two participants were excluded; one due to excessive noise in 

their EEG recordings and one due to poor behavioral performance (see Data Analyses), 

leaving 30 participants of whom the data was analyzed. The study was conducted in 

accordance with the Declaration of Helsinki and was approved by the faculty’s Ethical 

Committee. Written informed consent was obtained. 

The procedure is shown in Figure 1. Each trial started with the presentation of 

the fixation circle of radius .33º, for a duration jittered between 1200-1600 ms. Then, the 

memory display was presented for 350 ms. It consisted of three black oriented bars (2.08º 

x 0.25º visual angle) located at 60 (right), 180 (bottom) and 300 (left) degrees relative to 

the top of an imaginary circle of radius 3.50º. The orientation of each bar was chosen at 

random with the restriction that bars within the same trial differed by at least 10º. The 

retro-cue was presented for 100ms following a blank interval of 650 ms during which the 

fixation circle was presented.. The retro-cue was the same as the fixation circle except 

that a quarter (90º) of it was filled with either red, 27.08 Cd/m
2
, or green, 24.10 Cd/m

2
, 

depending on the reliability condition (order counterbalanced). For the initial practice 

phase where the cue was 100% valid, the retro-cue fill color was orange (53.46 Cd/m
2
). 

Following the retro-cue, there was a blank interval of 900 ms in which the fixation circle 

was presented. Then the test display was presented till response. It contained a probe cue 

pointing to the location of the probed representation and a randomly oriented probe bar 

that were both presented at the center of the screen. This probe cue was the same as the 

retro-cue except that the fill of the quarter was white. Participants were asked to indicate 

the precise orientation of the bar at the probed location by rotating the probe bar using 

the mouse, and pressing the left mouse button. After a mouse response was made, the 

correct orientation was indicated by a central white bar for 100 ms. The screen was 

empty during the inter-trial interval which was jittered between 1200-1600 ms. 

The retro-cue was either 80% or 50% valid within a 250-trial block (500 

experimental trials in total). Each validity condition (i.e. valid and invalid) was randomly 

intermixed within the block. Before each reliability condition, participants were informed 

about the validity ratio of the cues (as was also indicated by the color of the cue), and 

they performed a practice session of 25 trials to get used to this particular validity ratio. 

Moreover, at the beginning of the experiment, there was an initial practice session of 25 

trials with a 100% valid cue to make participants familiar with the cue. At the end of each 

block, participants received feedback on block average and grand average memory 

deviation values. 
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Data Analysis 

Behavior 

Deviation scores on the memory test were calculated as the average difference (i.e. error) 

between the original orientation of the probed memory bar and the orientation of the 

response. One participant with an average deviation lower than 2.5 standard deviation 

below the grand average of the group was excluded from analysis. The precision was 

calculated, per condition, as the inverse of the standard deviation of the error in subjects’ 

responses (Bays et al., 2009). The deviation scores were entered into a model to calculate 

the probability of recall for the target and non-target VWM representations (Bays et al., 

2009). For each condition, raw deviation, and probability of recall and precision estimates 

for the target were entered into a repeated-measures  

EEG Recording 

The electroencephalogram (EEG) and electro-oculogram (EOG) were recorded from 70 

sintered –AG/AgCl electrodes positioned at 64 standard International 10/20 System sites 

and 6 external locations mentioned below, using the Biosemi ActiveTwo system (Biosemi, 

Amsterdam, the Netherlands). No impedance measurements or gain adjustments are 

needed with the ActiveTwo system (www.biosemi.com). The vertical EOG (VEOG) was 

recorded from electrodes located 2 cm above and below the right eye, and the horizontal 

EOG (HEOG) was recorded from electrodes 1 cm lateral to the external canthi. The VEOG 

was used in the detection of blink artifacts, and the HEOG was used in the detection of 

horizontal eye movement artifacts. Electrophysiological signals were digitized at 512 Hz. 

ERP analysis: N2pc and CDA 

All ERP analyses were carried out using the EEGLAB toolbox (Delorme & Makeig, 2004), 

the ERPLAB toolbox (Lopez-Calderon & Luck, 2014), and custom scripts implemented in 

MATLAB (The MathWorks, Inc., Natick, MA). All ERPs were computed with respect to a 

200 ms pre-stimulus baseline period, between -200 to 2000 ms around the memory 

display,  and were re-referenced offline to the average of left and right mastoids. The data 

was filtered with an IIR Butterworth filter with a bandpass of .01 – 40 Hz. Trials with 

ocular artifacts or large voltage shifts were excluded. The artifact rejection was performed 

using our standard methods (see Gunseli et al., 2014b), using the artifact detection 

functions of the ERPLAB toolbox. The rejection of horizontal eye movements was 

performed in two steps. First, the single-trial waveforms were inspected to determine an 

optimum threshold for each participant that rejected a high proportion of the trials with 

artifacts, while keeping a relatively low proportion of artifact-free trials (Woodman & 

Luck, 2003). The second step involves the rejection of the individuals with a residual 

HEOG activity greater than 3.2 μV (i.e. residual eye movements greater than .2º, 

http://www.biosemi.com/
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propagated voltage greater than .3 μV at posterior sites, see Lins et al., 1993a, 1993b). No 

dataset was rejected at the second step. Individuals were excluded from analyses if, after 

all the artifact rejections, the remaining number of trials per bin was lower than 80 trials. 

This led to the rejection of one participant. For the remaining participants, on average 

9.8% of all trials were rejected by artifact detection functions mentioned above. 

The N2pc and the CDA was calculated as the difference waves between electrode 

sites contralateral versus ipsilateral to the location of the retro-cued item. Based on 

previous studies, the N2pc to the retro-cue display was measured at P7/8, PO7/8, and 

O1/2 between 200 to 300 ms after the onset of the retro-cue, which corresponded to 

1200 to 1300 ms after the onset of the memory display (for a review, see Luck, 2012). 

Based on previous studies, the CDA to the memory display was measured at P5/6, P7/8, 

PO7/8, and O1/2 between 300 to 900 ms after the onset of the memory display 

(McCollough et al., 2007), relative to the retro-cud location, as a neutral baseline since 

the location of the items were symmetrical around the midline. Similarly, for calculating 

the CDA resulting from the retro-cue, we took the interval 300 to 900 ms after the onset 

of the retro-cue (i.e. 1300 to 1900 ms after the onset of the memory display). The N2pc 

and CDA were entered into two ANOVAs with the within-subjects factors of electrode pair 

(mentioned above) and retro-cue reliability condition (50% valid; 80% valid). The CDAs 

following the memory display were compared against zero for both conditions using one-

sample t-tests. 

Time-frequency based decoding of the location of the retro-cued item 

All decoding analyses were carried out using the Fieldtrip toolbox (Oostenveld, Fries, 

Maris, & Schoffelen, 2010) and custom scripts implemented in MATLAB (The MathWorks, 

Inc., Natick, MA). Prior to the calculation of time-frequency representations (TFRs), the 

signal was epoched between -1000 to 2500 ms around the onset of the memory display. 

In addition to the same artifact detection methods used for ERP analyses, two new 

artifact detection functions were used to detect slow drifts and high-frequency noise in 

the data (which were already removed during the ERP analysis via filtering; pop_artstep 

and pop_artderiv, ERPLAB toolbox). The data was high-pass filtered at .1 Hz using an IIR 

Butterworth filter and then re-sampled to 64 Hz. Lastly, TFRs of total power, from 2 to 30 

Hz in steps of 2, were calculated for each trial using a sliding time window of ΔT = 0.5 s 

and multiplying the data in each time window with a Hanning taper.  

Prior to decoding, in order to increase the signal-to-noise-ratio, TFR power values 

resulting from the time frequency analysis were binned using randomly selected triplets 

of trials from the same condition, without replacement, and each bin was averaged. To 

clarify, this was only done to increase the signal to noise ratio of the total power (evoked 

+ induced), evoked power values or separate induced power values were not computed. 
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Subsequently, the data was split up into two parts, one for training and one for testing, 

using a 4-fold cross-validation scheme. Training and testing of the location of the retro-

cued item was performed using a linear discriminant on the total power values, averaged 

per bin, from pre-defined parietal-occipital electrodes (P7, P8, PO7, PO8, P5, P6, O1, O2, 

Pz, POz, Oz, P1, P2, P3, P4, PO3, PO4) using the classify.m function of MATLAB. The 

training data was labeled by retro-cue location (left; right; bottom). The unlabeled test 

data were classified using the resulting classifier. The classification (i.e. decoding) 

accuracy was the ability of the classifier to successfully predict the retro-cue location. 

Above-chance (>33.3% accuracy) ability indicated that the multi-sensor patterns of 

activity contained information that discriminated between the location of the retro-cued 

items. Importantly, applying the classifier on TFRs instead of raw signal enabled testing 

which particular frequency band activity contributed to the discrimination ability. 

The classification accuracy for each reliability condition (i.e. 50% valid and 80% 

valid) were tested against chance and also against each other at a group level using 

cluster-based permutation testing across both frequency and time dimensions (Maris & 

Oostenveld, 2007). A one-tailed t-test (80% valid > 50% valid) was performed on each 

decoding accuracy value per time-frequency. The samples (i.e. t-values for each time-

frequency point) whose p-value was below .05 were selected. The selected samples were 

clustered based on spectral and temporal adjacency. Cluster level statistics were then 

calculated by taking the sum of the absolute t-values in each cluster separately for 

positive and negative t-values. These cluster level statistics were used in the 

nonparametric statistical test. For this test, 1500 permutations were performed at which 

the test statistics (i.e. sum of t-values per cluster) were calculated on randomly 

partitioned data (i.e. data whose condition labels 80% valid and 50% valid were randomly 

assigned to trials). The largest of the test statistics were selected for each random 

partition. Lastly, p-values for each cluster was calculated as the proportion of random 

partitions that resulted in a larger test statistic than the observed one. Additionally, the 

classification was performed for the lateral cues only to match the analyzed trials with the 

ERP analysis and the main statistical findings were similar to the classification analysis 

performed using all three retro-cue locations. 

Results 

Behavior 

Raw Deviation 

We looked at the effect of cue validity and reliability on raw deviations from the target 

orientation. Figure 2A shows the distribution of errors for each condition using bins of 15 

degrees of deviations. The deviation was larger on invalid compared to valid cue trials, 
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F(1, 29) = 27.75, p <.001, ηp
2
= .49. Importantly, the difference between invalid and valid 

cue trials was larger when the cue was 80% valid compared to when it was 50% valid, as 

indicated by a validity x reliability interaction, F(1, 29) = 6.49, p =.016, ηp
2
= .18. There was 

no main effect of reliability on deviation, F(1, 29) = 2.41, p =.131, ηp
2
= .07.  

Precision 

The average precision in each condition is shown in Figure 2B. Again The precision was 

larger on valid compared to invalid cue trials, F(1, 19) = 76.30, p<.001, ηp
2
= .72, , and the 

difference between invalid and valid cue trials was larger when the cue was 80% valid 

compared to when it was 50% valid, as indicated by a validity x reliability interaction,  F(1, 

29) = .02, p =.89, ηp
2
< .01. Again there was no main effect of reliability, F(1, 29) = 13.77, 

p=.001, ηp
2
= .32. 

Recall probability for the target 

The average recall probability in each condition is shown in Figure 2C., Recall probability 

was larger on valid compared to invalid cue trials, F(1, 29) = 18.98, p <.001, ηp
2
= .39, and 

the difference between invalid and valid cue trials was marginally larger when the cue 

was 80% valid compared to when it was 50% valid, , as indicated by a validity x reliability 

interaction, F(1, 29) = 3.41, p =.075, ηp
2
= .10. There was again no main effect of reliability, 

F(1, 29) = 2.71, p =.110, ηp
2
= .09. 
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Figure 6.2. (A) Distribution of errors relative to the target (i.e. probed) orientation for the 50% valid (left 
panel) and 80% valid (right panel) conditions. (B) Precision and (C) recall probability estimates for the 
target in each condition. The invalid and valid trials are shown in different colors. The error bars 
represent standard errors of the mean for normalized data, i.e. corrected for between-subjects variance 
(Cousineau, 2005). 

 

Electrophysiology 

N2pc and the CDA 

Figure 3A shows the contralateral and ipsilateral waveforms in respect to the location of 

the retro-cued item, averaged across the electrode pairs used in the analyses of the CDA 

(P5/6, P7/8, PO7/8 and O1/2).
6
 We first analyzed the N2pc following the retro-cue. It was 

present for both the high reliable, t(29) = 6.96, p <.001, and low reliable cue conditions, 

                                                                 

6
 The analysis of the N2pc excluded the P5/6 because the scalp topography of the N2pc has been 

suggested to be more ventral and lateral than the CDA (McCollough et al., 2007), though the 
statistical results were the same with or without the P5/6. 
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t(29) = 5.34, p <.001, though it was larger in the high reliable cue condition, F(1, 29) = 

12.02, p =.002, ηp
2
= .27. There was no main effect of electrode pair, F(2, 58) = 2.33, p 

=.106, ηp
2
= .07, nor a cue reliability x electrode pair interaction, F(2, 58) = .17, p =.839, 

ηp
2
= .01. 

The CDA was analyzed 300 ms to 900 ms after the memory display as a neutral 

baseline since the location of the items were symmetrical around the midline. As 

expected, there was no CDA following the memory display for neither of the conditions 

(ts < .71, ps >.560). Following the retro-cue, between 1300 to 1900 ms, the CDA emerged 

only in the high reliable cue condition, t(29) = 2.21, p =.035, but not in low reliable cue 

condition, t(29) = .46, p =.645. In line with this, the CDA was larger in the high reliable cue 

condition, F(1, 29) = 7.39, p =.048, ηp
2
= .13. There was no main effect of electrode pair, 

F(2, 58) = .35, p =.787, ηp
2
= .01, nor a cue reliability x electrode pair interaction, F(2, 58) = 

.85, p =.472, ηp
2
= .03. 

Time-frequency based decoding accuracy 

Figure 3B shows the accuracy of decoding the location of the retro-cued item across the 

time-frequency spectra separately for high reliable and low reliable cue conditions. Note 

that the chance level was 33.3% since there were three possible locations of retro-cued 

items. The decoding accuracy was above chance level for the clusters marked with a thin 

outline. The p-values of each cluster are shown next to it. Moreover, the decoding 

accuracy was larger in the 80% valid condition than in the 50% valid condition for three 

clusters marked with thick outlines as shown in the 80% valid panel, and numbered as (1) 

for the  2-4 Hz cluster between 1422 to 1562 ms., p<.001, (2) for the  10-14 Hz cluster 

between 1203 to 1375 ms, p=.005, and (3) for the 12-14 Hz cluster between 1484 to 1688 

ms, p<.001. 
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Figure 6.3. (A) The grand average waveforms at the average of PO7/8, P7/8, P5/6, and O1/2 electrode 
pairs, contralateral and ipsilateral to the location of the cue (in different colors) plotted separately for the 
50% valid (left panel) and 80% valid (right panel) conditions. (B) The time-frequency-based decoding 
accuracy for the location of the retro-cued item, given separately for the 50% valid (left panel) and 80% 
valid (right panel) conditions. Thin outlines show the clusters at which the decoding accuracy was larger 
than chance level (i.e. 33.3%) and their p-values are provided next to each cluster. Thick outlines show 
three numbered clusters at which the decoding accuracy in the 80% valid condition was larger than in 
in 50% valid condition, (1) p<.001, (2) p=.005, (3) p<.001, calculated using non-parametric testing 
(Maris & Oostenveld, 2007). 

Discussion 

By using EEG indices of attentional selection (N2pc), attentional allocation during VWM 

maintenance (classification of attended location in the alpha band during maintenance), 

and VWM maintenance (CDA) the present study tested how retro-cues of different 

reliabilities change the way participants attend to and maintain cued and non-cued 

representations within VWM. The behavioral results showed that the recall performance 

was worse in invalid compared to valid retro-cue trials, and that this difference was larger 

for 80% valid compared to 50% valid retro-cues. The EEG results were in line with 

behavioral results. The N2pc to the retro-cue was observed in both reliability conditions, 

though it was larger following the 80% valid compared to 50% valid retro-cues. Moreover, 
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the decoding accuracy for the location of the retro-cued item in the alpha band (8-14 Hz) 

was above chance level in both reliability condition, though it too was larger for 80% valid 

cues, during the retention interval following the retro-cue. Most importantly, a CDA was 

observed only following 80% valid retro-cues but not 50% valid retro-cues. These results 

are in line with our previous findings (Gunseli et al., 2015) and provide additional support 

for the claim that the degree to which participants use a retro-cue depends on its 

reliability. The present study extends this conclusion in several important ways: 

1) The retro-cued representation is attended during maintenance, instead of being 

merely prioritized at retrieval, even when the retro-cue reliability is low. This 

argues against the idea that retro-cueing only affects retrieval. 

2) Allocation of attention to the cued representation is stronger when the retro-

cue reliability is higher, as indicated by higher N2pc amplitude and stronger 

classification of the cued position.  

3) Non-cued representations are lost from VWM after retro-cues, at least on a 

subset of trials, but only if the cue has a high reliability. At low reliability, the 

absence of a CDA component suggested that all items were being maintained, 

despite attention being directed to the cued one.  

Together, these results suggest that allocating attention to one VWM 

representation does not necessarily entail the loss of others. In other words, the process 

of attending to one item and the process of maintaining the others appear to be at least 

partially independent.  

We found that when the retro-cue reliability is low, participants attend to the 

retro-cued representation while also keeping non-cued representations within VWM. 

Whereas when the retro-cue reliability is high, they attend more strongly to the cued 

representation and also drop non-cued representations from VWM. Thus, these results 

clarify why studies that typically used highly reliable cues observed invalid cueing costs 

while those that had lower retro-cue reliabilities did not. Our results also explain why a 

valid retro-cue is associated with stronger benefits when it is highly reliable. Unattended 

VWM representations have been claimed to be more vulnerable to interference from new 

visual input, such as the onset of the test display (Makovski & Pertzov, 2015; Makovski et 

al., 2008; van Moorselaar et al., 2015). Consequently, when cued representations are 

attended more strongly, such as when retro-cue reliability is high, they benefit from a 

stronger reduction in perceptual interference from the test display. Such interference 

may also explain why unattended representations in 50% valid condition had a lower 

recall probability estimate than attended ones even though the CDA suggested that they 

had been maintained in VWM during the retention interval. We suggest that, in the 50% 

valid condition, unattended representations were maintained through the blank interval 
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but then suffered from interference by the test display to a greater extent than attended 

representations. 

We observed that the loss of representations from VWM depends on the retro-

cue reliability. This in turn suggests that whether to remove a representation from VWM 

might be a strategic decision that is based on the predicted future relevance of that 

particular representation. Such flexible control over VWM representations is consistent 

with the claims that attentional/memory resources can be flexibly distributed over 

representations (Bays & Husain, 2008; Franconeri et al., 2013; Zokaei et al., 2014b). 

However, we cannot exclude the possibility that the loss of VWM representations 

exclusively for highly reliable cues was due to an implicit priming effect instead being 

strategically driven. More specifically, participants might have implicitly learned to use 

the retro-cue to a greater extent when it is highly reliable as they experienced this to lead 

to success more often than in the case of low reliable retro-cues. Whether strategically 

driven or implicitly learned, our results show that the loss of representations from VWM 

depends on the task demands that indicate the future relevance of the particular 

representation 

Our results are also in line with the studies that claim there are different states 

within VWM. Maximally one VWM representation has been argued to be in the focus of 

attention, with others outside this focus but nevertheless successfully maintained within 

VWM (LaRocque et al., 2014; Lewis-Peacock et al., 2012; Lewis-Peacock & Postle, 2012; 

McElree, 1998; Oberauer, 2002; Zokaei et al., 2014a). Evidence for this model comes from 

studies that observed elevated activation patterns for the retro-cued representation, and 

also showed that a previously non-cued representation can be carried back to the focus of 

attention and can be recalled successfully. Our results provides direct support for the 

claim that a representation can be at the focus of attention within VWM without losing 

non-focused representations by showing, within the same dataset, the concurrence of the 

electrophysiological indices of allocation of attention to the cued representation and 

maintenance of non-cued representation within VWM. This result argues against the 

claim that VWM merely reflects a distribution of internally oriented attention (cf. 

Kiyonaga & Egner, 2013; Postle, 2006; Theeuwes et al., 2009) and suggests that the 

mechanisms of maintenance of VWM representations can be partly dissociated from 

attention within VWM.  

To our knowledge, our study is one of the first to show that a CDA can be used to 

track a change online in maintenance in VWM (causing an asymmetry in the spatial 

distribution of the remaining VWM representations). Previously, Kuo et al. (2012) 

observed a reduction in the amplitude of the CDA towards a lateralized set of items 

following a retro-cue (Duarte et al., 2013). But they observed a similar reduction in the 

neutral cue condition, which makes it difficult to conclude that the modulation was due to 
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dropping representations from VWM. More in line with our present findings, Williams and 

Woodman (2012) observed a CDA emerging after retrospective cues asking people to 

forget the items on one side of the display. However, cues were presented only 350 ms 

after the onset of the memory display, and thus it is unclear whether it caused the 

dropping of already maintained items, or it prevented final encoding processes (e.g. from 

iconic memory, Di Lollo, 1977; Sperling, 1960). Lastly, Eimer and Kiss (2010) asked 

observers to remember a bilateral display. They were then asked to mentally search for a 

target in one side of the display, as indicated by a retro-cue. Eimer and Kiss (2010) found a 

negative contralateral deflection at posterior sites in response to the cue, which they 

linked to the CDA. However, this component did not last very long, and did not show the 

sustained hallmark of a typical CDA. Instead it might reflect the averaged and thus 

smeared out attentional orienting component towards the target in the search display, 

rather than maintenance (Dell’Acqua et al., 2010). Our results show more clearly that the 

CDA can be used to track the dropping of items from VWM. 

In short, the present study shows that the loss of information from VWM 

depends on the retro-cue reliability. When the retro-cue reliability is low, the cued 

representation is attended while non-cued representations remain maintained within 

VWM. When the retro-cue reliability is high, the cued representation is attended to a 

greater extent than in low retro-cue reliability conditions. Moreover, non-cued 

representations are dropped from VWM on at least a portion of trials. Together, these 

results suggest that allocating attention to a representation within VWM has benefits for 

the attended representation, but that it does not necessarily entail the loss of unattended 

representations. In other words, the mechanisms of VWM maintenance are distinct from 

those of attending within VWM. 


