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1. Introduction 

 Imagine yourself in a car rental office at the airport of your holiday 
destination. After going over all the formalities and rejecting a number of 
useless security options in case of an accident, the desk employee finally hands 
over the keys of the green Nissan Micra, which is parked in the red section of 
the airport’s parking lot. After showing an image of the car and explaining the 
parking lot’s color system, he then asks you whether he needs to accompany you 
to the car or whether you will be able to locate it on your own. 

 Most people will be able to locate the car on their own, without 
extra help. The underlying cognitive function that allows us to keep an 
internal representation of the relevant information (i.e. red section and 
the green car) online is referred to as visual working memory (VWM). 
VWM is conceptualized as the ability to hold visual information in mind 
and manipulate that information after it has been removed from view. A 
defining characteristic of VWM is that it is only able to represent a 
limited amount of visual information, typically about 3 to 4 different 
objects (Luck & Vogel, 1997). Another important, but often ignored, 
characteristic of VWM, as illustrated with the car rental example, is that 
information in VWM can become relevant during different moments in time. The 
representation of the green car only becomes relevant once you have 
found the red section of the parking lot. This temporal sequencing of 
relevant representations within VWM has been the topic of my research 
in the past four years and forms the core of this dissertation. 

 The experiments in this dissertation have been inspired by two 
relatively separate lines of research with their own experimental 
paradigms and procedures, both of which I will discuss here. However, 
as I will illustrate in the first section of this introduction they are both 
heavily inspired by the idea that information in memory can exist in 
several different states of activation depending on task relevance and 
experimental context. Before describing these different approaches in 
more detail, the next section will therefore first discuss the currently 
dominant conceptualization of VWM, which is based on the idea of 
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different states, and which has inspired the experiments in this 
dissertation.      

 

1.1 State-based models of visual working memory 

 For decades the dominant theoretical framework of working 
memory has been the multicomponent model introduced by Baddeley 
and Hitch (1974). Within this model, working memory is envisioned as 
two independent storage buffers, one for verbal and one for visual-
spatial content (dubbed the ‘phonological loop’ and the ‘visuospatial 
sketchpad’), controlled by a separate system referred to as the ‘Central 
Executive’. This multicomponent model is considered to be a systems-
based model, as independent storage buffers accommodate the storage 
of information. From a neuroscience perspective such an account is 
rather counterintuitive, as it appears unlikely that there are sufficient 
number of independent buffers to accommodate the storage of these 
numerous types of information (e.g. tactile sensations or odors). In 
recent years however, especially since the advent of applying multivariate 
pattern analysis (MVPA) to functional neuroimaging data, state-based 
models of working memory have become more and more prominent 
(Cowan, 1995; McElree, 1998; Oberauer, 2002). As a class, these models 
assume that the short-term maintenance of information – be it semantic 
or sensory - is established via the allocation of attention to internal 
representations. As the allocation of attention is flexibly distributed, 
memories can exist in several different states of activation.  In this view, 
the active maintenance does not rely on the concept of specialized 
dedicated storage buffers as storage of relevant information takes place 
within the same neural circuitry that is recruited by perceptual 
representations.  Although these models have been operationalized in 
experiments with semantic stimuli (e.g. words, digits), it is generally 
assumed that these models also account for experimental findings with 
visual stimuli. 

 Although they may differ in the terminology they use, these 
state-based models all dissociate between active representations that are 
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relevant to the task at hand and more passive representations that are 
merely stored for later use (Cowan, 1995; McElree, 1998; Oberauer, 
2002). The active representations are within the focus of attention and 
therefore directly available. The passive information on the other hand is 
temporarily kept outside the focus of attention but shifts of attention can 
transfer this information back into it. Although all these models describe 
these two distinct states within VWM, they make different predictions 
about the capacity of the focus of attention. While in Cowan’s model 
(1995) the focus of attention can hold approximately four chunks of 
information, McElree (1998) argues that the focus of attention has a 
strict capacity limit of one item. In the Oberauer (2002) model there is 
no capacity limit per se, but the amount of information that can be 
represented within the focus of attention is limited by interference from 
bindings between object features being retained in working memory 
(Oberauer, 2013). I will return to the capacity limitation of the focus of 
attention later in this introduction, when discussing the role of the focus 
of attention in the context of visual search. 

 In the visual literature the most prominent state-based model is 
the sensory recruitment model, in which the same machinery that encodes 
sensory input is also recruited to represent that information in memory. 
Early evidence for this model came from the demonstration that a spatial 
location can be held in memory via the covert allocation of attention to 
that location (Awh & Jonides, 2001). With the introduction of multivoxel 
pattern analysis (MVPA) more evidence supporting the neural 
plausibility of this model became available. Several studies have now 
demonstrated above chance classification of memoranda within 
specialized sensory regions. For example, Harrison and Tong (2009), 
demonstrated that the orientation of a remembered grating could be 
decoded from activity patterns in primary visual cortex. This finding has 
been replicated with other classes of stimuli, among which the decoding 
of color from primary visual cortex (Serences, Ester, Vogel, & Awh, 
2009), the decoding of remembered motion in area MT (Riggall & 
Postle, 2012) and complex-spatial patterns in occipital and parietal cortex 
(Christophel, Hebart, & Haynes, 2012). Moreover, two MVPA studies 
have linked the precision of the delay-period neural representation of 
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remembered stimuli with behavioral estimates of mnemonic precision 
(Emrich, Riggall, LaRocque, & Postle, 2013; Ester, Anderson, Serences, 
& Awh, 2013), providing compelling evidence for the idea that 
distributed patterns of neural activity in putatively sensory visual cortex 
support the representation of information in VWM.  

 Although there is now considerable support for VWM 
maintenance via persistent activity in sensory regions such activity might 
not always be necessary. Whereas multivariate decoding algorithms are 
sensitive to items within the focus of attention, they cannot dissociate 
between (temporarily) irrelevant memory items and items that are not in 
memory (LaRocque, Lewis-Peacock, Drysdale, Oberauer, & Postle, 
2013; LaRocque, Riggall, Emrich, & Postle, 2016; Lewis-Peacock, 
Drysdale, Oberauer, & Postle, 2012). This suggests that information in 
VWM can also be maintained in the absence of elevated neural activity, 
possibly via altered patterns of synaptic weights, in an “activity-silent 
format”, analogous to storage of information in long-term memory 
(LTM). Recent work theorizes that transient elevations of calcium 
concentrations in a specific subset of presynaptic neurons can also 
represent stimulus information (Mongillo, Barak, & Tsodyks, 2008). 
Other mechanisms supporting passive memory codes could be 
subthreshold membrane potential depolarization (Erickson, Maramara, 
& Lisman, 2010) or changes in correlated variability between pairs of 
neurons (Jeanne, Sharpee, & Gentner, 2013).  

 In sum, contemporary models conceptualize VWM as the 
allocation of attention within sensory regions towards internal 
representations. The underlying assumption here is that VWM reflects 
the same mechanisms and recruits the same brain areas as sensory 
attention, with the main difference that in the case of VWM this occurs 
in the absence of actual visual input. This perspective has two important 
implications. One is that the content of VWM is not static but can 
continue to be shaped by a redistribution of attentional resources to 
flexibly adjust to changing task demands. This will be the topic of 
interest in the second part of this dissertation. Another important 
implication is that information in VWM is likely to interact with new 
perceptual input, simply because internal and external representation 
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recruit the same neural resources. This interaction between VWM and 
perception will be discussed in the first part of this dissertation.   

 

1.2  Part 1: Attentional guidance on the basis of VWM 
maintenance 
 

1.2.1 Activation of VWM affects our perception.  

In our everyday life we are constantly bombarded with sensory 
information. When we scan our environment, the visual information that 
enters the eyes by far surpasses the processing capacity of our brains 
visual system. For example, imagine yourself looking for your friend in a 
crowd of supporters in the stadium of your favorite sports team. It is 
impossible to process all supporters at the same time, as there is simply 
not enough processing capacity. Yet, generally we are able to complete 
such a complicated visual search, without having to sequentially scan all 
present supporters until one of them happens to be our friend. The key 
to this is that we are very well equipped to selectively prioritize specific 
information, while at the same time filter out unwanted information in 
the visual scene. This mechanism, which is known as visual attention, 
helps us to cope with the capacity limitations of our brains visual system 
(Marois & Ivanoff, 2005).  

What is the mechanism by which attention is guided to only the 
relevant information in a visual scene? Here, top-down control, contrary 
to bottom-up, stimulus-driven control, is crucial as it allows for selection 
on the basis of the current goals and intentions of the observer (Awh, 
Belopolsky, & Theeuwes, 2012; Jonides, 1981). One way to implement 
top-down control is via the active maintenance of an object 
representation in VWM. Maintaining relevant information in VWM 
makes it possible to match an internal representation, referred to as 
attentional template or simply template, to the visual scene (Wolfe, 1994) and 
can thus help to guide attention in visual space. Indeed, most theories of 
attention claim that visual search requires an active VWM representation 
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that acts as an attentional template (Bundesen, Habekost, & Kyllingsbæk, 
2005; Desimone & Duncan, 1995; Wolfe, 1994).  

 In a typical visual search task, the target is presented among a 
number of irrelevant distractors (e.g. your friends face in the crowd of 
supporters). The objects in such a visual scene are not processed 
independently. Instead, these objects are interacting with one another in 
a mutual suppressive way in a competition for neural representation 
within sensory cortex, a competition that is greatest at the level of the 
receptive field (for a review see Beck & Kastner, 2009). The influential 
model of biased competition (Desimone & Duncan, 1995) argues that 
this ongoing competition can be resolved by top-down biasing signals. 
For example, single-cell recordings have shown that the instruction to 
selectively attend one of two stimuli presented within a receptive field 
heavily weights the responses in favor of the attended stimulus such that 
the response profile was similar to that evoked by the attended stimulus 
presented in isolation (Luck, Chelazzi, Hillyard, & Desimone, 1997). By 
contrast, without attention responses to the pair of stimuli were 
attenuated compared to a single stimulus, demonstrating that spatial 
attention can counteract the suppressive influences of other stimuli, and 
thereby enhances processing of the attended stimulus.          

 Within the biased competition model top-down attentional 
biases are not limited to the attended location, as it also posits that activity 
can be biased in favor of a relevant feature in parallel across the visual 
field. The underlying idea here is that VWM-based activation within 
visual sensory regions creates a competitive advantage for memory 
matching objects in the visual scene, as their features are preactivated 
within the same neuronal populations that are recruited during initial 
processing. In this view, activating a target representation in VWM 
eliminates the need to serially move spatial attention across the visual 
field as the memory content biases selection in favor of a particular 
relevant feature (i.e. the feature that is loaded into memory). Returning 
to our example, if we know which jersey our friend is wearing we could 
bias our search in favor of that jersey simply by activating a 
representation of that jersey in VWM. This will filter out all supporters 
with deviant jerseys and limits the search to the remaining supporters.    
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  Biased competition thus argues that attentional template 
representations in VWM guide attention in a top-down manner toward 
items that match the template. Consistent with this proposition, there is 
compelling evidence from single-unit recordings in monkeys and 
electrophysiological studies in humans that observers hold an active 
representation of the search target in memory in anticipation of the 
search display (Carlisle, Arita, Pardo, & Woodman, 2011; Chelazzi, 
Miller, Duncan, & Desimone, 1993; Woodman & Arita, 2011). 
Interestingly, there is evidence that the neural signature of the attentional 
template is qualitatively the same as an “ordinary” representation used 
for a standard VWM task, at least as indexed with an ERP index of 
VWM maintenance, the so-called contralateral delay activity (CDA; 
Gunseli, Meeter, & Olivers, 2014). This raises the question whether any 
VWM representation, regardless of whether it is actively being searched 
for or not, will guide attention towards matching objects in a visual 
scene. If holding information in memory creates a sensory bias, as 
proposed by biased competition, VWM-based activation should by itself 
be sufficient to create an attentional bias towards matching information, 
even if this information is irrelevant to the current search. The next 
section, however, illustrates that this proposition does not necessarily 
hold.  

 

1.2.2 Different states in visual working memory: when it 
guides attention and when it does not 

 According to the biased competition model attentional guidance 
is contingent on the mnemonic content. In the extreme case this should 
result in automatic attentional capture by outside world objects matching 
the memory content, even when these objects or memories are irrelevant 
to the observer’s current goals. Consistent with this prediction, a 
substantial number of studies support a content-based interaction 
between VWM and attention. Downing (2000) was one of the first to do 
so by demonstrating that probe stimuli were detected faster when 
presented on a background matching a picture that had to be 
remembered in an accompanying memory task, compared to an 
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unrelated control picture. However, this study does not provide 
unequivocal evidence for the automaticity of VWM-based attentional 
capture, as it was never really detrimental to attend to the memory-
matching picture. That is, observers may have strategically chosen to do 
so as they thought it would help them during the memory task. To be 
able to conclude that the memory content automatically drives 
attentional selection, one needs to demonstrate content-based effects in 
a paradigm where the memory task and visual attention task are not only 
separated, but where the memory content also interferes with attentional 
selection.  

 An example of such a paradigm is illustrated in Figure 1.1. In the 
typical experimental set-up participants are instructed to hold one 
stimulus feature in memory (e.g. color) for a later test, while searching 
for another stimulus feature (e.g. shape). The important manipulation 
here is that on a subset of trials one of the distractors matches the 
information in memory. As such the memory content is not only 
irrelevant to the visual search task, but even interferes with target 
selection. Yet, despite that in these paradigms there is little incentive to 
attend to the memory item, the typical finding is that target detection is 
slowed on trials with a memory-matching distractor compared to trials 
with non-matching distractors (e.g. Olivers, 2009; Olivers, Meijer, & 
Theeuwes, 2006; Soto, Heinke, Humpreys, & Blanco, 2005). Similar 
findings have been observed in versions of the paradigm where the 
search task was never followed by the memory task, but instead replaced 
the memory test on a small proportion of trials (Gunseli, Olivers, & 
Meeter, 2016; Kiyonaga, Egner, & Soto, 2012). Moreover, the 
observation of attentional capture by memory matching distractors is not 
limited to measurements of response times, as it has also been 
demonstrated to modulate spatiotemporal dynamics of oculomotor 
selection (Hollingworth & Luck, 2009; Olivers et al., 2006; Soto, 
Humphreys, & Heinke, 2006b). Together, these findings indicate that a 
representation held in VWM indeed affects the guidance of visual 
attention, suggesting that any active memory representation 
automatically adopts the role of attentional template.  
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Figure 1.1. Example of combined VWM and visual search paradigm and typical result. 
(A) Example trial in which observers are first asked to remember a color and then 
search for a diamond before their memory is tested. The remembered color can return 
as a distractor in the search display. (B) Typically, when the distractor matches the color 
in memory, response times are delayed relative to an equally unique but unrelated 
distractor. The difference between these conditions is seen as a measure of VWM-
based attentional capture.  

 While these and other studies provide evidence for the 
automaticity of memory-based attentional capture, other studies, despite 
using very similar paradigms, failed to find any (Downing & Dodds, 
2004; Houtkamp & Roelfsema, 2006a; Peters, Goebel, & Roelfsema, 
2009) or even showed contradictory evidence (Downing & Dodds, 2004; 
Woodman & Luck, 2007). Apparently, under certain conditions the 
memory content can be shielded from the perceptual input. What 
appears to be crucial is whether or not the distractor matches a memory 
that is within the current focus of attention. Note that studies that did 
observe VWM-based attentional capture did not require the active 
maintenance of a search target as this target was repeated on consecutive 
trials. Previous research has shown that repetition of the search target 
diminishes the contribution of VWM to visual search, presumably 
because the target representation is transferred to LTM (Carlisle et al., 
2011; Gunseli, Meeter, et al., 2014; Gunseli, Olivers, & Meeter, 2014). 
Consequently, in these designs the memory item is likely to be the only 
active representation in VWM and therefore, although at the moment of 
search it is still only prospectively relevant, maintained within the focus 
of attention. By contrast, most of the studies that did not find automatic 
memory biases used a design in which the target varied from trial to trial. 
To facilitate search the search target now gains priority in VWM, at the 
expense of the additional to-be-remembered object, which then fails to 
interact with the search display (Oh & Kim, 2003). Consistent with such 
a mechanism (Gunseli et al., 2016) showed that a memory matching 
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distractor interfered with target selection more than a non-matching 
distractor, but only on those trials where the search target was the same 
as on previous trials (see also Olivers, 2009; and see for similar 
conclusions Kim, Kim, & Chun, 2005; Woodman, Luck, & Schall, 2007).       

  Thus, not every VWM representation automatically biases 
attention evenly. Nor should they: as illustrated with my opening 
example, VWM not only serves our current goals, but also allows us to 
keep information online for future tasks. To prevent interference from 
such prospective memories, Olivers, Peters, Houtkamp, and Roelfsema 
(2011) proposed a functional division in VWM on the basis of moment-
by-moment task relevance:  One type of memory representation 
functions as an attentional template. The other representation, which 
throughout this dissertation will be referred to as accessory or prospective 
memory, is shielded from the perceptual input, and can thus not bias 
attention. Although VWM as a whole can maintain multiple items 
simultaneously, only a single memory representation at a time can 
function as a template. It is assumed that within VWM representations 
compete for this privileged state, such that when one representation 
gains access, this goes at the expense of other items in VWM, which will 
therefore adopt a more passive state. Consequently, these accessory 
items will not interact with perception, unless the target representation is 
weak or nonexistent and/or the accessory memory is particularly strong 
(Zhang et al., 2010).  

This functional division in VWM is still consistent with biased 
competition if the additional assumption is made that these top-down 
biases are limited to a single prioritized item and weak or nonexistent for 
all other representations in VWM. As argued in the first part of this 
introduction, there is evidence that information outside the focus of 
attention can be maintained without persistent activity in sensory 
regions. One idea is that the interaction between VWM and perception is 
limited to those representations that are maintained via sustained neural 
firing, whereas it is absent for representations that are stored in an 
activity silent format. Especially under conditions where information is 
known to be temporarily irrelevant it makes sense to retain that 
information via activity silent codes such that it is shielded from the 



	 	
	 	

17	
	

perceptual input and does not interfere with the other active information 
in memory. However, as yet this has not been tested directly and further 
research is necessary to establish the defining characteristic of the 
attentional template.   

 

1.2.3 Single-item template account vs. Multiple-item template 
account 

 The previous section indicates that even below the capacity limit 
of four items memory resources are not necessarily distributed evenly. 
Only the prioritized item receives a privileged status that allows it to 
interact with perception, whereas other information in memory is 
maintained in a more passive format that nevertheless supports accurate 
memory. Corroborating evidence for this functional division comes from 
studies that prioritized one of multiple color memory representations 
before search onset. These studies presented retrospective cues of 
attention indicating which of the colors would be tested after search 
(these cues are discussed in more detail in part 2 of this dissertation). It 
was found that the prioritized color reliably captured attention, whereas 
interference by the non-selected color was indistinguishable from an 
unrelated color singleton, not even when the analysis were limited to 
those trials where the deprioritized color was known to have been 
retained relatively accurately (Hollingworth & Hwang, 2013; see also 
Chapter 2, experiment 4).  

 In contrast to the general support for a distinction in the 
moment-by-moment task relevance of information in VWM (LaRocque, 
Lewis-Peacock, & Postle, 2014; Oberauer & Hein, 2012; Olivers et al., 
2011), there is less consensus on the tenet that only single representation 
at a time can function as an attentional template. Others have argued 
that multiple-items should in principle be able to simultaneously interact 
with perception (Beck, Hollingworth, & Luck, 2012; Hollingworth & 
Beck, 2016). This multiple-item-template hypothesis is based on evidence 
that VWM maintenance for single but also for multiple visual memories 
depends on distributed activity within sensory regions (Emrich et al., 



	 	
	 	

18	
	

2013; Ester et al., 2013). Thus, as long as memory load is within capacity 
and none of the memories is prioritized, multiple representations are 
active in visual cortex and in principle should therefore be able to 
simultaneously interact with perception. In the studies discussed thus far 
VWM never contained multiple items of equal relevance during visual 
search, either because one memory was the next target of selection or 
because it was prioritized via a retrospective cue. Therefore, these studies 
do not provide unequivocal evidence for a single-item-template account, as 
it remains speculative in what way, if at all, multiple items of equal 
relevance would bias perception.  

 Thus, a direct a comparison of the single and the multiple-item 
template account requires a paradigm where the items in memory are 
equally relevant to the task at hand. In cued search, where observers are 
cued with new search targets before every search, performance tends to 
be slower and less accurate when observers search for two targets 
simultaneously compared to single target search (Huang & Pashler, 2007; 
Menneer, Barrett, Phillips, Donnelly, & Cave, 2007). This performance 
cost was found to be reliably larger than predicted by two parallel active 
templates, but it was compatible with observers using only a single 
template at a time (Houtkamp & Roelfsema, 2009). On the other hand, 
Beck et al. (2012) demonstrated that the costs associated with a template 
shift, which were observed in a sequential search condition, disappeared 
under instructions of simultaneous search. Nonetheless, participants 
frequently shifted back and forth between colors, suggesting that 
multiple templates guided attention simultaneously (but see Ort, 
Fahrenfort, & Olivers, submitted). Also consistent with multiple 
templates, using an attentional capture paradigm, both Soto and 
Humphreys (2008) and Zhang, Zhang, Huang, Kong, and Wang (2011) 
found no reduction in VWM-based interference when load increased 
from one to two items. However, these studies used stimuli that are 
likely to involve other memory systems than just VWM - notably 
categorical or verbal memory, which have been reported to affect 
attention as well (Huettig, Olivers, & Hartsuiker, 2011; Soto & 
Humphreys, 2007).  It therefore remains speculative whether the absence 
of a load reduction in these studies is indeed driven by multiple template 
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representation within VWM as it could equally well reflect the 
concurrent guidance of attention by multiple memory systems. In sum, 
the evidence contrasting the single- and the multiple-item template 
account is mixed (cued search paradigms) or inconclusive (attentional 
capture paradigms) and requires further testing. 

 

1.2.4 Upcoming chapters 

 The previous chapters illustrate that information in VWM biases 
perceptual selection when it is in the current focus of attention, but is 
shielded from perception when it is only prospectively relevant and other 
information is actively attended. At the same time this functional 
division between active and more passive memory representations is not 
static as internal shifts of attention can turn more passive representations 
into active representations, and vice versa. The chapters in the first part 
of this dissertation address the characteristics of this functional division 
within VWM by examining 1) whether multiple items can simultaneously 
interact with perception (Chapter 2-4), 2) the time it takes to turn a 
passive representation into an attentional template (Chapter 3), 3) how 
stimulus competition in the visual field affects VWM-based perceptual 
biases (Chapter 4) and 4) whether observers can learn to shield the 
memory content from visual input (Chapter 5).  

 Abundant evidence demonstrates that a prospective memory can 
bias attention when it is the only relevant item in VWM. To examine 
whether this effect would be reduced when VWM is loaded with two 
items, as predicted by the single-item template account, across a range of 
experiments we varied memory load between one and two items. The 
logic here is that at load 2, when the items in memory are equally 
relevant, there will be competition between these memories to adopt the 
template status.  Assuming that on every trial this competition has a 
winner, one would expect a reliable reduction, which is about half of the 
VWM-based bias observed at load 1 (as matching objects are selected 
randomly). Alternatively, if none of the items is able to take on the status 
of attentional template, there should be no bias at all. Regardless, the 
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single-item-template account predicts a clear load constraint on VWM-
based perceptual biases. However, the absence of a reliable load 
constraint would argue in favor of a multiple-item template account, in 
which multiple items can simultaneously interact with perception.  

Using attentional capture paradigms, we consistently found that 
loading VWM with one colored item led to increased interference from 
memory-matching distractors, indicating that the memory match 
captured attention. However, loading VWM with two or more items 
significantly attenuated this VWM-based attentional capture, to the point 
that already at load 2 it was virtually abolished. This absence of memory 
related capture at load 2 was independent of individual capacity, nor was 
it attributable to the weaker representational quality associated with 
higher memory loads. Importantly, this did not imply that when VWM 
was filled with multiple items, attentional guidance by such items was 
from thereon impossible. When one of these items was prioritized by a 
retrospective cue, that item started to interact with perception (Chapter 
2). By varying the time between the cue and search onset, in Chapter 3 
we showed that this prioritization by the cue is a very rapid process that 
starts to affect perceptual selection within the first 100-200 ms following 
cue onset.  

Although the elimination of VWM-based interference at load 2 
appears to be more in line with a single-template than with a multiple-
template account, it remains speculative why the interference completely 
disappeared rather than being halved. One possible explanation is that 
the mutual competition between memory items prevents any one of 
them from gaining prioritized access to perceptual input. Alternatively, 
because prioritizing one item goes at the expense of the other item in 
memory (Pertzov, Bays, Joseph, & Husain, 2013), observers may actively 
refrain from prioritizing one over the other. Yet another explanation is 
that at higher memory loads VWM can still interact with perception, but 
this interaction is limited to conditions where VWM facilitates rather 
than interferes with target selection. As both the object in memory and 
the matching object in the visual search display are irrelevant to (and 
thus potentially interfering with) the search task, observers may do 
everything to prevent VWM-driven biases.  
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In Chapter 4 we used the method of breaking continuous flash 
suppression (b-CFS), where a target stimulus presented to one eye is 
suppressed by a high contrast dynamic pattern presented to the other eye 
such that it is temporarily rendered invisible. Previous studies found that 
targets matching the content of VWM break through interocular 
suppression more rapidly than non-matching targets. Analogous to the 
attentional bias towards memory matching information, this effect has 
been contributed to the idea that matching information taps into the 
same neural substrate that is already activated by a representation 
concurrently maintained in VWM (Gayet, van Maanen, Heilbron, Paffen, 
& Van der Stigchel, 2016). We used this method to establish whether the 
load constraint observed in previous chapters generalizes to a paradigm 
where the content of VWM by design facilitates rather than interferes 
with target selection. At the same time, using this method, we varied the 
level of competition in the visual input to establish whether VWM-
driven perceptual biases increase under higher levels of competition. It 
was found that that information matching the content of VWM broke 
through interocular suppression faster than non-matching information, 
an effect that increased with higher levels of competition. Also, 
consistent with the idea that the number of memory representations that 
can simultaneously interact with perception is limited, VWM-based 
facilitation was overall significantly reduced when memory load 
increased from one to two items. However, in contrast to our previous 
findings, VWM-based biases did not completely disappear, but were still 
reliable at load 2.  

Finally, in Chapter 5 we investigated whether learning can 
change the attentional status of prospective memories. Learning through 
repetition induces a rapid transition from VWM to LTM (Carlisle et al., 
2011; Shiffrin & Schneider, 1977). So far, studies of attentional learning 
have investigated conditions where the learned memory representation 
was directly relevant for the task at hand – that is, the target was learned. 
Here, we investigated whether during learning the cognitive system can 
distinguish currently relevant information from currently irrelevant 
information, or whether learned memory representations will 
automatically bias perception. For this purpose we used the same 
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attentional capture paradigm as before, with the only difference that the 
prospective memory was repeated for several trials. It was found that 
with repetition the memory-based interference as observed when the 
memory was new rapidly diminished with repetition. This suggests that 
observers learned to shield the prospective from the ongoing task, a 
finding that contrasts with automatic stronger attentional biases from 
learned memories that are immediately task relevant.     

 

1.3 Part 2: State changes within VWM based on internal shifts of 
attention 

 

1.3.1 retro-cues change the representational quality of VWM 
content   

 The preceding paragraphs in the first part of this dissertation 
have shown that VWM is a very versatile system in which memoranda 
can adopt different representational states depending on whether they 
are deemed relevant now or later. When information is known to be 
relevant for the task at hand it is represented within the brains focus of 
attention, whereas other information is stored in a more passive format 
from which it can be transferred to the focus of attention. Consistent 
with this view, a recent line of research indicates that the content of 
VWM is not static but continues to be shaped by selective attention. 
These studies made use of attentional cues that retroactively manipulate 
expectations about which of several memories will be relevant for 
subsequent behavior (Griffin & Nobre, 2003; Landman, Spekreijse, & 
Lamme, 2003). As these retrospective cues, or simply retro-cues, are 
presented after the information in memory is removed from view, they 
provide an empirical tool to study the functions and limits of shifting 
attention between internal representations. In the first part, I already 
shortly introduced these cues to change the attentional status of 
prospective memories. Here I will discuss them in greater detail to study 
how internal shifts of attention change the representational quality of the 
selected, but also of the non-selected objects in memory.  
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 In the typical retro-cue paradigm, a spatial cue is presented 
during the retention interval of a VWM task (Figure 1.2). These cues, 
which are presented after the iconic memory trace has decayed (>500 
ms; Sperling, 1960), correctly indicate with a certain probability the to-
be-tested item. The common feature across all retro-cue experiments is 
that observers are presented with an array of objects that need to be 
remembered for a subsequent test. In most of these tests observers are 
asked to indicate whether or not the test display, which may contain the 
same number of probes as the memory array or a single probe, changed 
in comparison to the memory array. The binary measure in these change 
detection tasks can be used to make an estimate of memory capacity. 
More recently, tasks have been developed in which observers are asked 
to reconstruct the feature of a memory probe using a continuous scale 
(e.g. a color wheel or a rotating bar). These tasks allow modeling the 
probability of having remembered the target object and the precision 
with which features are recalled from memory. Regardless of the type of 
measure, the typical finding is that performance improves on retro-cue 
trials compared to trials without such cues or with uninformative cues, 
an effect dubbed as the retro-cue benefit. 

 

 

Figure 1.2. Example of retro-cue paradigm and typical result. (A) Example trial in 
which observers are first asked to remember an array of orientations for a later change 
detection task. During test observers are instructed to indicate whether or not the test 
display changed in comparison to the memory display. On a subset of trials a spatial 
cue is presented indicating which item will be tested. (B) On trials with retro-cues 
performance typically increases compared to trials without such cues, an effect referred 
to as the retro-cue benefit.   

Although it is well established that retro-cues benefit recall of the 
cued item (e.g. Griffin & Nobre, 2003; Landman et al., 2003; Sligte, 
Scholte, & Lamme, 2008; Sligte, Vandenbroucke, Scholte, & Lamme, 
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2010), less is known about the fate of non-selected information in 
VWM. One way to explore this is by probing a non-cued item on a 
selection of trials and compare performance on such invalid cue trials to 
a neutral condition without informative cues. With this manipulation it 
has been shown that prioritizing one object in VWM goes at the expense 
of the other information in memory (Astle, Summerfield, Griffin, & 
Nobre, 2012; Griffin & Nobre, 2003; Pertzov et al., 2013). At the same 
time there is evidence suggesting that this retro-cue cost can (partly) be 
restored when attention is shifted back again to a previously 
deprioritized object by a second cue (Landman et al., 2003; Matsukura, 
Luck, & Vecera, 2007; Rerko & Oberauer, 2013). The next section will 
first discuss the most prominent hypothesis about the causes of the 
retro-cue effect that have featured in the literature, after which I will turn 
to potential neural mechanisms.   

 

1.3.2 Retro-cue accounts 

In the broad retro-cue literature various accounts have been 
proposed to underlie the retro-cue benefit. In this section I will limit 
myself to four accounts that have been most influential. While evaluating 
these different accounts it is important to keep in mind that they are not 
mutually exclusive. Therefore, experimental evidence in favor of one 
account does not necessarily rule out the contribution of another.      

 The prioritization during retrieval account finds its origin in the idea 
that the   comparison between memory and test display is a serial 
process, which is thought to be error-prone and time-consuming (Astle 
et al., 2012; Makovski, Sussman, & Jiang, 2008; Matsukura et al., 2007). It 
is assumed that shifts of attention serve to reset priority settings such 
that the cued item is the first to be compared to the memory probe, 
before this comparison moves on to the other memory representations. 
Although studies that observed equal performance on single and double-
cue trials are directly in line with this account (Landman et al., 2003; 
Rerko & Oberauer, 2013), prioritization during retrieval is unlikely to be 
the core mechanism underlying the retro-cue benefit. Retro-cue benefits 
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have also been observed in local–recognition tasks (Makovski et al., 
2008), where the probe is the only item in the test display and in delayed 
estimation tasks (Murray, Nobre, Clark, Cravo, & Stokes, 2013; Pertzov 
et al., 2013; Souza, Rerko, Lin, & Oberauer, 2014), where the tested 
items need to be reconstructed from memory. Clearly, in these tasks 
there is no need to sequentially search the memory content, yet retro-
cueing still benefits performance. Also, neural evidence indicates that the 
modulation of VWM content starts immediately after cue presentation, 
rather than waiting until the memory test is presented (Kuo, Stokes, & 
Nobre, 2012), rendering the prioritization during retrieval account 
unappealing.  

 The prioritization account was initially contrasted with a protection 
from interference account. According to this account a reallocation of 
attentional resources, at the expense of the non-cued items, protects the 
cued representation from degradation processes like inter-item 
interference or perceptual interference from new visual input (Makovski 
& Jiang, 2007; Matsukura et al., 2007). In this view, VWM 
representations are susceptible to visual interference by new visual input, 
and non-selected information will become even more so upon focusing 
attention on the cued item. Consistent with this view, it has been 
demonstrated that retro-cues not only protect against interference from 
the test display (Souza, Rerko, & Oberauer, 2016), but also against the 
deteriorating effect of irrelevant visual input presented before the 
memory test (Makovski & Jiang, 2007; Makovski & Pertzov, 2015). At 
the same time, non-cued items have been shown to deteriorate at a 
higher rate than information in a baseline condition without retro-cues 
does (Pertzov et al., 2013), suggesting that the redistribution of resources 
happens at the expense of already vulnerable representations.  

 In contrast to such a protection account, the strengthening or 
prioritization during maintenance account assumes that focusing attention does 
not necessarily impair other information in memory. That is, 
strengthening (or refreshing) increases the accessibility of the cued 
representation via an increased binding to its context without affecting 
the strength of the other item-context bindings (Rerko & Oberauer, 
2013; Rerko, Souza, & Oberauer, 2014). Although such reasoning 
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appears to be at odds with the finding that retro-cueing happens at the 
expense of non-selected information, the strengthening account can also 
accommodate retro-cue costs. Compared to a neutral baseline non-cued 
items are now competing with a stronger competitor, which may impair 
memory performance. Another option is that in a neutral baseline 
condition each item in VWM is refreshed to a small extent, whereas 
upon retro-cueing attention is more exclusively focused. Alternatively, 
the invalid retro-cue costs may reflect the contribution of other 
processes that take place in addition to strengthening, one of which may 
be the active removal of irrelevant information.      

The removal account ascribes the retro-cue benefit to the extra 
processing capacity and reduced inter-item interference after the non-
selected information is removed from VWM (Kuo et al., 2012). 
Consistent with the idea that a retro-cue frees capacity, Souza, Rerko, 
and Oberauer (2014) demonstrated that memory performance for the 
second of two sequentially presented arrays improved when an item of 
the first array was retro-cued. This account is also directly in line with 
retro-cue costs, although it is noteworthy that despite clear costs, 
performance rarely drops to chance on invalid cue trials (Astle et al., 
2012; Griffin & Nobre, 2003; Pertzov et al., 2013). One explanation for 
this effect is that observers may be hesitant to drop all irrelevant 
information from VWM, especially because they know that there is a 
chance, albeit small, that they are not tested on the cued item. Consistent 
with this Williams, Hong, Kang, Carlisle, and Woodman (2013) found 
virtually no memory for a cued to-be forgotten item when it was probed 
with a surprise memory test. Alternatively, there is the possibility that 
initially removed information can be brought back to VWM when it is 
assigned priority again (LaRocque et al., 2013; Lewis-Peacock et al., 
2012). This possibility will be discussed further in the next section, while 
addressing neural mechanisms associated with retro-cues.  
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1.3.3 Neural mechanisms underlying retro-cue benefits and costs 

 A commonality between the discussed retro-cue accounts is that 
they all assume, albeit via different mechanisms, that shifting attention 
improves the fidelity of the cued neural representation. Converging 
evidence demonstrates that neural activity within the PFC and parietal 
nodes contributes to these shifts of attention (Lepsien & Nobre, 2007; 
Nobre et al., 2004). One idea is that these shifts of attention serve as 
spatial pointers that modulate maintenance related activity in posterior 
sensory regions. Consistent with this, Kuo et al. (2012) demonstrated 
that spatial retro-cues reduced the magnitude of persistent delay activity 
during a VWM task, as if the cued item was the only attended item in 
memory.  

 Although abundant evidence links retro-cue effects to a 
redistribution of attentional resources, less is known about the 
mechanisms via which such a redistribution changes the representational 
quality of the information in VWM.  As retro-cues are presented after 
encoding and in the absence of new visual information, it must be the 
case that the information used to improve the cued representation is, in 
some way, already represented in the visual system. In the first part of 
this thesis I have discussed the possibility that, in addition to active 
VWM representations that are maintained via sustained neural spiking, 
information can also be encoded via latent or activity-silent codes 
(Stokes, 2015; Stokes et al., 2013). Recently, Sprague, Ester, and Serences 
(2016) proposed that activating these latent codes, for example in 
response to a retro-cue, can augment the fidelity of an active (spiking) 
representation. Using an fMRI-based image reconstruction technique, 
they demonstrated that the degradation of a memory representation 
could be counteracted by a retro-cue such that the reconstruction was 
enhanced relative to the pre-cue reconstruction and no longer included 
information about the unattended memory.  

 It thus appears that upon retro-cueing attentional resources are 
redistributed such that sustained activity is exclusively representing the 
cued information. This redistribution is also evident in recent studies by 
Lewis-Peacock et al. (2012) and LaRocque et al. (2013) demonstrating 
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that sustained patterns of activation contained information on multiple 
memory representations before cue presentation, but only contained 
information on the relevant item after the cue was presented. At the 
same time these latter studies demonstrate that the “loss” of information 
in sustained patterns of activation is not necessarily the same as 
removing information from VWM. When the “lost” information was 
subsequently cued as being relevant again, its neural activity pattern 
reemerged.  

 

1.3.4 Upcoming chapters 

 The retro-cue benefits and costs discussed thus far illustrate that 
selection of relevant information is not limited to encoding. Instead 
attentional mechanisms continue to shape the memory content after the 
relevant information is removed from view. These retro-active shifts of 
attention will be addressed in the chapters of the second part of this 
dissertation by examining 1) the time course of shifting attention from a 
distributed mode to a focused mode (Chapter 6), 2) how focusing 
attention one item changes the representational status of the prioritized 
and deprioritized items in VWM (Chapter 7) and 3) how covert shifts of 
attention change the neural signature of temporarily irrelevant 
information in memory (Chapter 8).    

 Before studying the impact of attention shifts on the non-
selected information in VWM, in Chapter 6 we first study how much 
time is required to make effective use of a retro-cue. For this purpose we 
systematically varied the stimulus onset asynchrony (SOA) between cue 
onset and a subsequent mask in an orientation memory task. Thus far, 
only a few studies have investigated the effects of post-cue time on 
memory performance. By varying the cue-test delay it was estimated that 
retro-cue started to be effective between 300 – 400 ms following cue 
onset (Pertzov et al., 2013; Tanoue & Berryhill, 2012). Here, we were 
interested whether a similar-time course would be observed when the 
interference was not coming from the test-display, but instead was 
caused by irrelevant distractors. At the same time our paradigm allowed 
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us to study the source of the retro-cue benefit. New modeling techniques 
have made it possible to divide memory performance in independent 
measures of performance, that is the probability that an item is forgotten 
from memory and the resolution of that item in memory (Bays, Catalao, 
& Husain, 2009; Wilken & Ma, 2004; Zhang & Luck, 2008). These 
models, however, have provided conflicting results, with some only 
reporting retro-cue effects on probability estimates (Murray et al., 2013; 
Souza, Rerko, Lin, et al., 2014), whereas others observed effects on both 
parameters (Williams et al., 2013). We found cueing effects in both 
parameters and showed that protection against irrelevant distractors by 
the retro-cue became progressively more robust and took approximately 
half a second to be complete.    

 Next we sought to examine how these retro-active shifts of 
attention affect the non-selected information within VWM. Although 
there is evidence that retro-cueing goes at the expense of the non-
selected information in memory, it is ambiguous whether such costs can 
be counteracted by a second shift of attention. Two studies showed 
equal performance on single and double-cue trials suggesting that no 
information was lost after the first cue (Landman et al., 2003; Rerko & 
Oberauer, 2013). However, these studies provided no means to quantify 
the cost associated with the first cue. This is problematic as without 
information about the initial retro-cue cost, it remains unclear whether 
the second cue counteracted the retro-cue cost or there was no cost to 
begin with. An important difference between single and double-cue 
paradigms, is that in the latter non-selected information is only 
temporarily irrelevant as the cue can be followed by a second cue which 
might make participants more hesitant to drop information from 
memory. Moreover, there is evidence that retro-cue costs are modulated 
by cue reliability, such that the more reliable the cue, the larger the 
cueing costs and benefits (Gunseli, van Moorselaar, Meeter, & Olivers, 
2015). Therefore, in Chapter 7 we incorporated probabilistic single-cue 
(to establish a baseline) and double-cue trials to determine whether retro-
cue costs are present in a double-cue paradigm and if so, to what extent 
these costs could be counteracted by a second cue. We found that valid 
cues increased performance, whereas invalid cues decreased performance 
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for the tested item, relative to a no-cue baseline. Importantly, these costs 
could only partly be restored by a second shift of attention such that 
performance was back to baseline levels.   

 The results of Chapter 7 indicate that information that is 
demoted in priority is not necessarily lost as it can be recovered with a 
new shift of attention. In Chapter 8 we aimed to further investigate the 
neural dynamics underlying these changing priority settings. For this 
purpose, we applied an inverted encoding model (IEM) to 
electroencephalography (EEG) data measured during a spatial WM task, 
which required observers to temporarily shift attention away from the 
memorized location. Two recent studies demonstrated that the 
topographic distribution of alpha power carries location specific 
information regardless whether attention is directed to a covertly 
attended location (Samaha, Sprague, & Postle, 2016) or a memorized 
location (Foster, Sutterer, Serences, Vogel, & Awh, 2016). Here, we were 
interested to establish whether alpha-band topography continued to be 
sensitive to the memorized location when covert attention was needed at 
another location during the delay period. We found that population level 
neural activity in the alpha band contained robust spatial tuning for 
either a covertly attended or a memorized location, but not for both 
locations simultaneously. This finding suggests that focusing attention 
will automatically extract resources away from the non-attended 
information, which from thereon is temporarily stored in the absence of 
sustained neural firing. Importantly, this passive format can nevertheless 
support relative accurate recall as long its representation is reinvigorated 
again by another shift of attention. 
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Chapter	2	

	

	

In	 competition	 for	 the	 attentional	
template:	 Can	 multiple	 items	 within	
visual	working	memory	guide	attention?	
	
	
	
	
Adapted	from	
van	Moorselaar,	D.,	Theeuwes,	J.,	&	Olivers,	C.	N.	L.		 		
In	 competition	 for	 the	 attentional	 template:	 Can	 multiple	 items	
within	visual	working	memory	guide	attention?		
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Abstract 

Recent studies have revealed that the deployment of attention can be 
biased by the content of visual working memory (VWM), but that stored 
memories do not always interact with attention. This has led to a model, 
which proposes a division within VWM between a single active template 
that interacts with perception and multiple accessory representations that 
do not. The present study was designed to study whether multiple 
memory representations are able to bias attention. Participants 
performed a visual search task while maintaining a variable number of 
colors in VWM. Consistent with earlier findings, we observed increased 
attentional capture by memory-related distractors when VWM was filled 
with a single item. However, memory-related capture was no longer 
present for memory loads beyond a single item. The absence of memory-
related capture at higher VWM loads was independent of individual 
VWM capacity, nor was it attributable to weaker encoding, forgetting, or 
reduced precision of memory representations. When analyses were 
limited to those trials in which participants had a relatively precise 
memory, there was still no sign of attentional guidance at higher loads. 
However, when observers were cued towards a specific memory item 
after encoding, interference with search returned. These results are 
consistent with a distinction within VWM between representations that 
interact with perception and those that do not, and show that only a 
single VWM representation at a time can interact with visual attention.  
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2.1 Introduction 

For visual search to be efficient we need some form of internal 
representation of the object we are looking for. It has widely been 
assumed that this representation, referred to as the attentional template or 
simply template, is stored in visual working memory (VWM; Bundesen, 
1990; Bundesen, Habekost, & Kyllingsbaek, 2005; Desimone & Duncan, 
1995). Storing an item in VWM makes it possible to match the template 
to the visual scene  (Wolfe, 1994) and thus helps to guide attention in 
visual space. As a specific case it is proposed that VWM representations 
bias attention in a top down manner towards items that match memory 
representations (Desimone & Duncan, 1995; Pashler & Shiu, 1999; 
Pillsbury, 1908). This proposition is supported by single-unit recordings 
in monkeys and neuroimaging studies in humans showing that neuronal 
responses in visual cortex are modulated by feedback signals from VWM 
representations (Chelazzi, Duncan, Miller, & Desimone, 1998; Chelazzi 
et al., 1993; Harrison & Tong, 2009). According to the biased 
competition model (Desimone & Duncan, 1995), this memory related 
activation in early visual areas biases processing towards a memory-
matching item, as neuronal populations encoding its features are already 
preactivated.  

Consistent with VWM being a driving force behind visual 
attention, a recent line of behavioral research has shown interactions 
between selective attention and VWM even when the memory item is 
irrelevant for visual search. In the typical setup, these studies required 
participants to remember a certain item, while they searched for another 
object which was surrounded by distractors. The results show that search 
for the target object was slowed  when one of the distractors matched 
the memory item relative to when a neutral distractor was present in the 
search display (Dalvit & Eimer, 2011; Olivers, 2009; Olivers et al., 2006; 
Soto et al., 2005; Soto & Humphreys, 2007, 2008; Soto, Humphreys, & 
Rotshtein, 2007; Zhang et al., 2011). These results suggested that the 
matching distractor captured attention on the basis of its relation to the 
content of VWM. Consistent with this, additional studies revealed that 
memory matching objects can trigger relatively early lateralized 
electroencephalography signals associated with shifts of selective 
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attention (i.e. N2pc; Kumar, Soto, & Humphreys, 2009) and selectively 
engage frontothalamic circuits that are known to mediate attentional 
shifts (Soto et al., 2007). Together, these findings indicate that a 
representation held in VWM indeed affects the guidance of visual 
attention, suggesting that it plays the role of template. 

Other studies, however, have used very similar designs but failed 
to observe attentional capture by distractors that matched the contents 
of VWM (Downing & Dodds, 2004; Houtkamp & Roelfsema, 2006a; 
Peters et al., 2009; Woodman & Luck, 2007). This suggests that not all 
working memory representations automatically guide attention. 
Important for the present purpose, most of these studies used a design 
in which the search target varied from trial to trial. This stands in 
contrast with studies that did observe attentional capture by the memory 
item, as in those studies the target remained constant from trial to trial, 
and thus only a single new item had to be maintained in working 
memory (but see Woodman & Luck, 2007). Note that a new target on 
every trial required observers to remember two new items, one item for 
the memory test, and the search target itself. Olivers (2009), inspired by 
Oh and Kim (2003), argued that the new search target gains priority in 
VWM, at the expense of the additional to-be-remembered color (which 
then fails to interact with the search display). Supporting this idea, 
Olivers (2009) found that when observers were required to remember 
the search target and an additional color, the memorized color did not 
bias attention towards matching distractors, whereas it did when it was 
the only thing to be remembered.  

On the basis of these and other findings, Olivers, Peters, 
Houtkamp, and Roelfsema (see also Peters, Roelfsema, & Goebel, 2012) 
proposed a functional division within VWM: one type of memory 
representation functions as an attentional template. It has direct access to 
perception and biases selection towards matching items. The other type 
of representation, referred to as accessory, is shielded from perceptual 
input, and thus does not bias attention. Importantly, although VWM as a 
whole can maintain multiple items simultaneously, only a single memory 
representation at a time can function as a template. Items compete for 
this template status, such that when an item becomes a template, this will 
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result in denying other items access to visual input. Thus, in studies that 
included a new search target on every trial, this target has to become the 
template, leaving no room for the additional memory item to interfere 
with search. By contrast, a constant search target will be relatively rapidly 
offloaded from VWM to other memory systems (Carlisle et al., 2011; 
Woodman et al., 2007), and thus eliminate the competition between the 
template and the accessory item. This reduces the blockade of the 
accessory item in VWM enabling it to affect search. Thus, a division in 
VWM between active and accessory memory items can account for the 
observation that not all memory items interact with attention.   

The multiple state account of VWM finds its basis in the finding 
that memory-based interference with search depends on whether or not, 
on each trial, a new search target needs to be remembered. However, in 
the original (Olivers, 2009) experiment (Experiment 5) the two 
conditions differed not only on whether the search target remained 
constant or not, and thus on the role that  each of the items played 
within memory. They also differed in terms of overall memory load. The 
variable target condition required participants to remember two colors 
(one target, one accessory), while the consistent target condition required 
observers to remember only one color. The question then is whether 
increasing the memory load in itself leads to an abolishment of memory-
based attentional capture. This is important because such a load-related 
abolishment would further aid in distinguishing between theories. 

Under the multiple state account of VWM, increasing the VWM 
load beyond a single item should in itself be sufficient to reduce or 
abolish memory-based capture, as only a single item is allowed to interact 
with perception. When two or more items of equal relevance are 
maintained in VWM, these items are expected to compete for access to 
sensory representations. If on a particular trial this competition has a 
winner, we would on average expect some, albeit less memory based-
guidance. In a more extreme scenario, the mutual competition may even 
prevent any of the items to take on the status of a template. Either way, 
the multiple state account of VWM predicts a clear effect of VWM load 
on memory-based capture.  
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By contrast, the absence of a load effect on memory-based capture 
would clearly challenge the multiple state account and instead support a 
homogeneous VWM account, under which memory resources are 
distributed equally over multiple items. As long as the number of items 
falls within an individual’s memory capacity, they should affect visual 
attention. However, arguably even under a homogeneous account 
increasing memory load should come at a price: Previous research has 
shown that the more items need to be maintained, the less precise their 
representations will be, even for small increases (Bays et al., 2009; Zhang 
& Luck, 2008). In turn, this poorer representational quality associated 
with increasing memory loads may affect memory related capture, simply 
because a poorer representation will also mean a poorer match. If so, 
then we would expect memory-related capture to be dependent on the 
individual memory capacity, as well as on the precision of the memory. 

In the present study we investigated whether loading VWM with 
multiple items is in itself sufficient to either completely prevent or 
reduce memory related capture. Second, we investigated whether such 
reduction is due to items failing to take on the status of template, or 
whether it is due to the limited resolution that accompanies VWM 
maintenance of multiple items, because of general VWM interference or 
capacity limits. We adopted the paradigm of Olivers et al. (2006), but 
manipulated the number of memory items on each trial. The basic 
procedure is illustrated in Figure 2.1. Each trial started with the 
presentation of a variable number of colored items, which had to be 
remembered for a subsequent test. After a few seconds a visual search 
display was presented, consisting of a diamond shaped target surrounded 
by a number of disks. In addition, one of the distractors could carry a 
unique color. The important manipulation was that this “singleton 
distractor” could carry the same color as one of the colors in memory or 
be unrelated to the memory content.  The design allowed us to study 
whether multiple items within VWM can concurrently bias attention 
under conditions where all representations are equally relevant for the 
task at hand. The multiple state account predicts that this is not possible, 
and thus that attentional guidance on the basis of memory 
representations should break down considerably beyond load 1. The 
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homogeneous VWM account, in combination with a reduced resolution 
or precision explanation, predicts a reduction in memory-related capture, 
but this reduction might be expected to be more gradual in nature, as 
precision is reduced with each additional item.  Moreover, it is predicted 
that this reduction then correlates with individual VWM capacity, as well 
as with the precision with which items are remembered. 

Recently, two studies were published using a similar design (Soto 
& Humphreys, 2008; Zhang et al., 2011). Inconsistent with our 
prediction these studies observed little to no reduction in memory-
related capture when memory load was increased from one to two items. 
This finding clearly challenges the assumption of the multiple state 
account that loading VWM with more than a single item is sufficient to 
abolish memory related capture. However, as argued before (Dombrowe, 
Olivers, & Donk, 2010; Olivers, 2009; Olivers et al., 2006) the stimuli 
used in these studies, in combination with the type of memory test, are 
likely to involve the use of other memory systems than just VWM – 
notably categorical or verbal memory systems, which have been reported 
to affect attention as well (Huettig et al., 2011; Moores, Laiti, & Chelazzi, 
2003; Soto & Humphreys, 2007). Here, we investigated specifically visual 
working memory and hence we used a set up that required, or at least 
strongly encouraged, participants to adopt a visual memory (Olivers et 
al., 2006).   

Experiment 1 was designed to study the load modulation of 
memory-related capture, while controlling for individual VWM capacity. 
To foreshadow the results, memory related capture was only observed at 
load 1 and completely disappeared when load was increased to two 
items, regardless of individual’s VWM capacity.  Experiments 2 and 3 
were designed to assess whether this result could be attributed to poorer 
memory representations associated with higher memory loads. No such 
relationship was found. Finally, Experiment 4 shows that memory 
related capture is possible at higher loads, as long as one of the items in 
VWM is assigned a special status. Together, results are consistent with 
the idea that it is the status of the memory representation within VWM, 
and not the exact resolution that determines whether it guides attention 
or not.  
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2.2 Experiment 1: Attentional capture on the basis of a single 
but not on the basis of multiple memory items  

The present study was designed to establish whether memory-
related capture is restricted to one memory item, or is in principle 
possible for multiple items, but restricted by individual VWM capacity. 
For this purpose we established individual VWM performance on an 
independent color memory task. According to the multiple state account 
(Houtkamp & Roelfsema, 2006b; Olivers, 2009; Olivers et al., 2011), 
memory related capture should be insensitive to individual capacity. By 
contrast, the homogeneous VWM account does predict a relation 
between capacity and memory related capture. High capacity individuals 
have more resources to maintain precise representations, which should 
allow for memory related capture at higher loads. 

 In addition, we aimed at studying whether the load modulation is 
moderated by the location of the matching distractor in visual space. 
According to the biased competition model, attentional selection is 
biased in favor of stimuli whose sensory features are preactivated by top-
down signals. Recently, it was shown that when a single item is 
maintained in memory, sensory recruitment is not restricted to neurons 
that are retinotopically mapped to the positions occupied by the to be 
remembered items, but instead is spread globally through early visual 
cortex (Ester, Serences, & Awh, 2009). This spreading allows for 
maximum representation of the target feature. It remains speculative, 
however, whether this spreading is also useful when multiple items need 
to be maintained and kept separate. In fact, memory for multiple colors 
has been found to be location-specific even when location is irrelevant to 
the task (Theeuwes, Kramer, & Irwin, 2011). Thus, at load 1 we might 
expect attentional capture to be insensitive for the spatial position of the 
memory matching item. At higher loads, however, we might only 
observe enhanced capture when the matching distractor is presented at 
the exact same location in visual space as the memory item. To explore 
this hypothesis the design included a systematic manipulation of the 
spatial position of the colored singleton in the search display. 
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2.2.1 Methods 

 Participants. Seventeen volunteers (6 males), aged 18 to 28 (M = 
22 years), participated in exchange for course credit or a payment of €8 
per hour.  All had normal or corrected-to-normal acuity and color vision. 
One participant was excluded because performance was at chance level 
on the memory task regardless of load (0.55 correct). Another was 
excluded because the overall RTs (1367 ms) were more than 3 SD’s 
above the group average. 

 Apparatus, stimuli, procedure and design. A HP Compaq 8000 Elite 
computer running OpenSesame version 0.26 (Mathôt, Schreij, & 
Theeuwes, 2012) generated the stimuli on an Iiyama Vision Master Pro 
454 120 Hz screen and acquired the response data through the standard 
keyboard. All stimuli were presented on a grey background (17 cd/m²) at 
a viewing distance of 70 cm.  

Individual working memory capacity was assessed in a separate 
change detection task, before the main experiment started. This task was 
a modification of  a standard change detection task (Luck & Vogel, 
1997). Each trial started with the presentation of a 200 ms blank display, 
followed by a 500 ms fixation display. Next the memory display was 
shown for 200 ms. Each memory display consisted of 5 colored squares 
(2.9º x 2.9 º), all placed on an imaginary circle (radius 5.8º) around 
fixation. Each trial, 5 colors were randomly drawn from nine possible 
colors. After a 1000 ms retention interval the test display was presented. 
This display had the same lay-out as the memory display, except that one 
of the colored squares was replaced by a square with a different color. 
Participants were instructed to click on the changed square, using the 
mouse. A trial only ended if a mouse click was logged at one of the 
positions of the test display filled by a square. Participants first practiced 
the task on 30 trials, before they completed 120 trials. 

After VWM capacity was assessed, participants started the 
second part of the experiment. Each trial started with a 750 ms fixation 
display in which the grey fixation (21.3 cd/m²) cross that was present 
during the rest of the trial turned white (83.4 cd/m²), followed by a 1000 
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ms memory display. Each memory display consisted of 1, 2, 3 or 4 
colored squares (2.9º x 2.9º) that were randomly placed at four possible 
locations, which were centered at 5.8º eccentricity on the intercardinal 
axes. Each color was selected from a different color category: red, green, 
yellow, blue and purple. Within each category, the specific hue and 
chroma could vary randomly between any of nine different combinations 
chosen on basis of Munsell’s (1929) color system, such that the 
brightness of each color was kept constant at around (14 cd/m²), except 
for yellow, which was overall brighter (44 cd/m²) to make it appear less 
brown. The memory display was followed by a 2500 ms fixation display 
and then the search display, which remained visible until response. 

 

 

Figure 2.1. Sequence of events in a trial of Experiment 1(set size 4, no-change trial). All 
possible distractor-type conditions are displayed. Note that colors surrounding the 
displays of each distractor condition correspond to colors in the bar graphs of 
Experiment 1 and 2.  

The search task was a variant of the additional singleton 
paradigm of Theeuwes (1992). Each search display consisted of seven 
white (83.4 cd/m²) distractor disks (radius 1.5º) and one white diamond-
shaped target (2.6º x 2.6º), all placed on a imaginary circle (radius 5.8º) 
centered on fixation. The radius of the circle was chosen such that the 
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center of the four intercardinal search locations exactly matched the four 
possible memory locations. Except for the no distractor condition, on 
each trial one of the distractor disks was replaced by a colored disk. If 
present, this colored singleton distractor was always located at one of the 
memory locations of that trial. Target location was selected at random, 
with the restriction that a target was never displayed on one of the 
memory locations of that trial. Participants were instructed to localize 
the diamond and indicate whether it contained a horizontal or a vertical 
line as fast as possible, while trying not to make too many errors. In case 
of an incorrect response, the word incorrect was displayed in red at the 
centre of the screen (18.8 cd/m²) for 250 ms. 

There were four singleton distractor type conditions, which were 
randomly mixed within blocks. In the unrelated condition, one of the 
distractor disks was replaced by a color that was not present in the 
memory display. In the related + location match condition, one of the 
distractor disks was replaced by a colored disk that was identical to one 
of the memory items, and appeared in the same location as that memory 
item. In the related + location mismatch condition, one of the distractor 
disks was replaced by a colored disk that was identical to one of the 
memory items, but appeared at the position of one of the other colors in 
the memory display. Note that in case of load 1, this meant a memory 
location that was empty. Finally, in the no distractor condition no colored 
distractor disks were present. 

Each trial ended with a memory test, which was a change-
detection task.  The display consisted of the same number of colored 
squares as in the memory display of that trial. A one pixel thick line 
pointed to the test item. On valid trials, all colored squares were identical 
to the memory items. On invalid trials, the cued item was replaced by a 
different color drawn from the same color category as the memory item 
to preclude verbal or categorical coding. Participants were instructed to 
indicate by button press whether the cued item had changed or was the 
same as the memory item.  

All participants completed 48 practice trials and eight 
experimental blocks of 48 trials each. Each block consisted of three 
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related distractor trials with a location match, three related distractor 
trials with a location mismatch, three unrelated distractor trials, and three 
no distractor trials for each of the loads, randomly mixed. At the end of 
every block, feedback was given on response times and accuracy in the 
search task and on accuracy in the memory task. Participants were 
encouraged to take a break between blocks. Errors were analyzed 
separately.  

Data processing.  Only RT data of correct search trials were 
analyzed. A two-step trimming procedure was applied. First, trials with 
RTs shorter than 200 ms and longer than 5000 ms were excluded. Next, 
data was trimmed based on a cut off value of 2.5 SD from the mean per 
participant per condition. All results are based on the trimmed data. 

 

2.2.2 Results and discussion  

Search RTs. Correct search trials made up 97.9% of the data. 
Data trimming resulted in a loss of 2.4% of trials. Figure 2.2 shows the 
means of the RTs for each condition. These mean RTs were entered in a 
repeated-measures ANOVA, with within-subjects factors load (1, 2, 3, or 
4) and distractor type (related + location match, related + location 
mismatch, unrelated, no). A Greenhouse-Geisser correction was applied 
in case of sphericity violations. There was a main effect of load (F (2.01, 
28.16) = 5.397, p = 0.01), a main effect of distractor type (F (3,42) = 
18.749, p < 0.01), and an interaction (F (9,126) = 2.142, p < 0.05). The 
same analysis on search accuracy showed no effect of distractor type or 
load on accuracy scores (Table 2.1), nor was there an interaction. At 98% 
correct, search accuracy was generally very high.  
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Figure 2.2. Experiment 1:  Reaction times as a function of VWM load and distractor 
type.  Error bars represent within-subject 95% confidence intervals for the difference 
scores between the unrelated singleton and the other distractor types for each load 
separately. The same applies to the other figures, unless stated otherwise.   

For all load conditions, a colored singleton in the search display 
resulted in significant longer RTs, compared to when no singleton 
distractor was present (all t’s > 2.773, all p’s < 0.015), demonstrating the 
classic attentional capture effect of Theeuwes (1992). More important, 
only at load 1 did the presence of a memory matching singleton result in 
additional slowing of RTs relative to an unrelated singleton. This effect 
was observed in both the location match (t (14) = 2.862, p = 0.013) and 
location mismatch (t (14) = 3.367, p = 0.005) conditions. These slower 
RTs associated with a memory related singleton were absent at all higher 
WM loads, regardless of spatial position (all t’s < 1.302, all p’s > 0.21). 

Memory accuracy. The repeated-measures ANOVA on the 
memory scores, produced a significant main effect of load (F (3,42) = 
40.318, p < 0.001), no main effect for distractor type (p = 0.41) and no 
interaction (p = 0.09). An increase in load resulted in a decrease of 
memory performance (Table 2.1). This effect was observed regardless of 
distractor type, suggesting that the presence of a unrelated singleton did 
not interfere with maintaining one or multiple visual memory items, nor 
did a related singleton significantly improve the memory representation.  
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Capacity. Next, we assessed whether there was a relationship 
between VWM capacity and capture by a related singleton (i.e. the 
difference in RTs for related and unrelated distractors). Since there was 
no difference between related + location match and related + location mismatch, 
data for these two conditions were collapsed, to maximize power. 
Capacity estimates1 ranged from 1.6 to 3.7 items with an average of 2.8 
items. There was no significant correlation between VWM capacity and 
memory related capture for any of the loads, (r = .18 for load 1; r = -.06 
for load 2; r = -.29 for load 3; r = -.14 for load 4; all p’s > 0.30). 
Moreover, when analyses were limited to the 50% highest capacity 
individuals (M = 3.3, range = 3.0 – 3.7), there was still no sign of 
memory-specific attentional capture at any of the higher memory loads. 
Also, VWM capacity did not correlate with attentional capture by an 
unrelated singleton. If anything, higher capacity was mildly associated 
with additional interference from an unrelated color singleton (r = -.06 
for load 1; r = .41 for load 2; r = .20 for load 3; r = .12 for load 4; all p’s 
> 0.13). 

 

 

 

 

 

 

 

 

 

 
																																																													
1 To calculate VWM capacity we used the following formula: 𝐶 = (𝑠 ∗ 𝑃 − 1)/(1 − +

,
), where C 

is VWM capacity, s is set size, and P is the probability of a correct response on the modified 
change detection task.  
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Table 2.1.  
Data columns represent mean of average search RTs in ms on correct trials, mean 
accuracy on search task and mean accuracy on memory task for each condition. Data 
between brackets represents SDs.   
 
Load Distractor type Search RT 

(ms) 
Search 
accuracy (%) 

Memory 
accuracy (%) 

1 Related + location match 808 (120) 98.6 (2.1) 75.8 (11.3) 
 Related + location 

mismatch 
811 (123) 96.8 (3.8) 78.8 (10.3) 

 Unrelated 750 (108) 96.9 (3.5) 72.7 (8.3) 
 No 708 (97) 97.7 (3.2) 72.0 (10.3) 
2 Related + location match 767 (98) 97.8 (3.5) 65.7 (11.2) 
 Related + location 

mismatch 
765 (115) 97.5 (3.1) 62.8 (8.7) 

 Unrelated 746 (106) 98.6 (3.4) 63.4 (10.3) 
 No 695 (78) 98.6 (2.1) 69.0 (12.7) 
3 Related + location match 743 (107) 98.3 (2.2) 65.7 (8.7) 
 Related + location 

mismatch 
758 (98) 97.7 (4.0) 64.0 (9.3) 

 Unrelated 756 (99) 98.3 (2.2) 61.7 (10.4) 
 No 699 (82) 98.0 (4.2) 58.6 (14.1) 
4 Related + location match 761 (93) 98.0 (2.7) 55.4 (12.3) 
 Related + location 

mismatch 
757 (97) 99.7 (1.1) 57.7 (12.3) 

 Unrelated 758 (87) 98.6 (2.6) 58.4 (7.6) 
 No 698 (92) 97.2 (3.8) 63.3 (11.9) 
 

The results are clear: only when a single item was maintained in 
VWM, did a matching singleton reliably capture attention, whereas this 
effect was absent at all higher loads. Note that the complete 
disappearance of memory-based guidance already occurred for load 2, 
and despite the fact that most participants (N = 14) had a VWM capacity 
of at least two items. Moreover, the same pattern of results was observed 
for those with capacities of over three items. Thus, even when 
participants have sufficient resources to store at least two items 
successfully, they apparently do not store these items in a form that 
interacts with perception. In contrast, when storing a single item, this 
item does interact with search. These results are in support of the 
multiple state account of VWM. 

As hypothesized, the attentional capture at load 1 was not 
modulated by the position of the colored singleton in the search display. 
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It did not differ whether the colored singleton was presented on the 
exact same spatial position as the matching memory item, or on a 
different location in the search display. This supports the global 
spreading of activation through neuronal populations when VWM is 
occupied by a single item. Interestingly, at all higher loads we failed to 
observe attentional capture, even if the colored singleton was presented 
on a matching location. At least, this spatial insensitivity suggests that the 
disappearance of memory related capture at higher loads cannot be 
attributed to the reduction from a global to a local representation. 

A striking aspect of the data is the fact that memory-related 
capture was not simply reduced, but virtually abolished from load 1 to 
load 2. If the two items in memory would simply share the available 
resources, one might expect a halving of the capture effect, rather than 
the complete disappearance of such effects. This suggests that whatever 
multiple items in VWM compete for – be it the status of template or 
resolution – none of them becomes sufficiently strong to interact with 
attention. In two follow-up experiments we assessed further whether the 
poorer representational quality associated with storing multiple items in 
VWM can account for the pattern of results of Experiment 1. 

 

2.3 Experiment 2: Quality of encoding does not explain 
reduced memory-related capture with higher loads. 

  Experiment 2 was designed to test whether the requirement to 
remember more than a single color results in a weaker form of encoding, 
such that the quality of the representations becomes insufficient to 
interact with visual search. In all conditions, we presented participants 
with two colors, both of which needed to be encoded. The crucial 
manipulation concerned what participants were asked to do after 
encoding. In one condition, one of the two memorized colors was cued 
and observers were instructed to hold on to that color, while they could 
drop the other from memory (as they would only be tested on the cued 
color). This was compared to a situation in which there was no cue and 
both memory items were equally likely to be probed. If the initial 
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strength of encoding can explain the lack of attentional capture at higher 
VWM loads, making one of the items more relevant retrospectively 
should have no effect on perceptual selection. Conversely, if the cued 
item starts to interact with visual search, it would demonstrate that initial 
encoding strength alone cannot explain the pattern of results in 
Experiment 1. 

 

2.3.1 Methods 

 Participants. Eighteen volunteers (9 males), aged 18 to 28 (M = 
23 years), participated in exchange for course credit or a payment of €8 
per hour.  All had normal or corrected-to-normal acuity and color vision. 
Two participants were excluded because accuracy on the search task was 
below 3 SDs from group average (44% and 73% correct). One 
participant was excluded because memory performance was at chance 
level (50% correct).  

 Apparatus, stimuli, procedure and design. The method was the 
same as in Experiment 1 (Fig. 2.1) except for the following changes. 
Each memory display consisted of two items, with the restriction that 
two items were never presented in the same hemifield. The retention 
interval between the memory display and the search display was 2250 
ms. On half of the trials (cue condition) after 1000 ms one of the 
memory items was cued for 500 ms by a white line (identical to line in 
test display) pointing towards the corresponding memory location. On 
the other half of the trials (no cue condition) only the fixation cross was 
presented during the retention interval.  Finally, there were only three 
singleton distractor type conditions: Unrelated condition, Related + location 
match condition and Related + location mismatch condition. 

 All participants first completed 72 practice trials. They then 
completed four experimental blocks of 72 trials each.  Each block 
consisted of 24 related distractor + location match trials, 24 related 
distractor + location mismatch trials, and 24 unrelated distractor trials, 
randomly mixed.  On half of the trials of each condition, the retro-cue 
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was presented, such that both hemifields were cued equally often. At the 
end of every block, feedback was given on response times and accuracy 
in the search task and on accuracy in the memory task. Participants were 
encouraged to take a break between blocks.  

 

2.3.2 Results and discussion  

Search RTs. Data were trimmed as in Experiment 1. Correct 
search trials made up 95.7% of the data. Data trimming resulted in a loss 
of 2.9% the trials. Figure 2.3 shows the means of the remaining RTs for 
each of the conditions. These mean RTs were entered in a repeated-
measures ANOVA with within-subjects factor cue type (cue, no cue) and 
distractor type (unrelated, related + location match, related + location 
mismatch). A Greenhouse-Geisser correction was applied in case of 
sphericity violations. There was no main effect for cue type (F (1, 14) = 
2.146, p = 0.165), nor for distractor type (F (2, 28) = 2.500, p = 0.114), 
but there was an interaction (F (1.43, 19.96) = 5.967, p = 0.016). The 
same analysis on search accuracy showed no significant main effects or 
interaction (all F’s < 2.41, all p’s > 0.14) (Table 2.2).  

When both items had to be retained in memory throughout the 
trial, there was little to no effect of memory-related distracters relative to 
unrelated distractors (all t’s < 1.321, all p’s > 0.21). In contrast, when one 
of the colors was cued as relevant (automatically designating the other as 
irrelevant), then distractors matching this color clearly interfered more.  
This effect was observed for both the location match (t (14) = 4.304, p = 
0.001) and the location mismatch condition (t (14) = 2.329, p = 0.035).  
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Figure 2.3. Experiment 2: Reaction times as a function of cue type and distractor type.  

Memory accuracy. The repeated-measures ANOVA on the 
memory scores produced no significant main effects, nor was there an 
interaction (all F’s < 0.895, all p’s > 0.42) (Table 2.2). Thus, somewhat 
surprisingly, performance on the memory test was not improved for 
cued items. Perhaps this was the case because two items was well within 
capacity for these observers.  

The pattern of results replicates that of Experiment 1, by 
showing that memory for one item leads to interference of that memory 
with search, whereas memory for two items does not. Moreover, the 
results refute the hypothesis that this is because presenting VWM with 
two items results in a weaker form of encoding, leading to a 
representational quality that is insufficient to interact with attention. 
When one of the items was prioritized – but, importantly, only after 
encoding - it reliably drove visual interference. Taken together, this 
suggests that multiple items are initially encoded and stored as accessory 
items. However, when one of the items is then cued (i.e. made more task 
relevant), it is assigned the special status of template within VWM, where 
it is allowed to interact with visual selection.   
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Table 2.2.  
Data columns represent mean of average search RTs on correct trials, mean accuracy 
on search task and mean accuracy on memory task for each condition. Data between 
brackets represents SDs.   
 
Cue type Distractor type Search RT 

(ms) 
Search 
accuracy 
(%) 

Memory 
accuracy 
(%) 

Cue Related + location match 721 (130) 95.6 (3.7) 66.2 (6.5) 
 Related + location mismatch 714 (146) 94.0 (8.2) 68.1 (8.9) 
 Unrelated 692 (129) 96.5 (4.6) 64.4 (9.2) 
No Related + location match 709 (131) 97.2 (3.3) 63.4 (7.8) 
 Related + location mismatch 723 (147) 96.1 (4.4) 65.4 (8.5) 
 Unrelated 712 (131) 95.1 (7.0) 65.4 (7.4) 
 
 

2.4 Experiment 3: Memory precision during maintenance 
does not explain reduced memory-related capture with higher 
loads 

 Experiment 2 ruled out the possibility that two items are 
encoded in a form that is too weak to interact with visual selection. This 
still leaves the possibility that during maintenance in working memory, 
inter-item interference between multiple items may result in insufficient 
representational quality for all of them. Experiment 3 was designed to 
analyze whether there was a relationship between the precision of a 
memory representation and memory related capture, under multiple load 
conditions. For this purpose, instead of the change detection task used in 
Experiments 1 and 2, we implemented the continuous color recall 
procedure introduced by Wilken and Ma (2004) and further developed 
by Bays and Husain (2008) and Zhang and Luck (2008). This allowed us 
to a) assess whether precision is indeed reduced under higher load 
conditions, and b) assess whether this reduced precision is then indeed 
responsible for the lack of interference of the memory with visual search, 
on a trial by trial basis. 

 The mediating role of the representational quality of the memory 
items in attentional guidance was recently challenged by Hollingworth 
and Hwang (2013). In their study participants were instructed to 
remember two colors for a subsequent memory test with a continuous 
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color recall procedure. Importantly, one of the memory colors was 
prioritized over the other by a probabilistic retro cue indicating which 
memory item was most likely to be probed (while the uncued items were 
less likely to be probed). As in our Experiment 2, results showed that 
only the prioritized item interacted with perceptual selection. 
Importantly, even if the analyses were limited to trials on which 
participants nevertheless had a relatively precise representation of the 
uncued (i.e. deprioritized) item, this item still failed to interact with 
perception. Thus, maintaining a relatively precise representation in VWM 
appears not to be sufficient for memory-related capture to occur.  
Although the Hollingworth and Hwang (2013) data suggest that 
precision of the memory representations cannot account for the absence 
of memory related capture at higher loads, it is premature to conclude 
that the representational quality did not mediate in the effects of 
Experiment 1. Whereas Hollingworth and Hwang compared prioritized 
to deprioritized items in VWM, the current study aimed to assess 
whether multiple items of equal relevance in VWM are able to 
concurrently bias attention.  The design of Experiment 3 was able to 
address this question. 

 

2.4.1 Methods 

 Participants. Twenty-two participants (7 males), aged 18 to 30 (M 
= 22 years), participated in exchange for course credit or a payment of 
€8 per hour. All had normal or corrected-to-normal acuity and color 
vision. One participant was excluded because performance at search was 
around chance (0.52%).       

Apparatus, stimuli, procedure and design. The method was the 
same as in Experiment 1 except for the following changes (Fig 2.4). 
Each memory display consisted of either one or two items. Memory 
squares (2.3º x 2.3º) were randomly placed at four locations, which were 
centered at 4.4º eccentricity on the intercardinal axes. Importantly, 
memory location did no longer match search locations, as was the case in 
Experiment 1. Memory colors were selected from a pool of colors that 
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together formed a color wheel. Memory colors were selected at random 
with the restriction, that two colors were separated by at least 75º on the 
color wheel. The memory display was followed by a 2000 ms delay. 
Target and distractor location on the search display were randomized 
across trials.  

 

 

Figure 2.4. Sequence of events in a trial of Experiment 3 (load 2). Note that colors 
surrounding search displays correspond to colors in the bar graphs of Experiment 3.  

There were three singleton distractor type conditions, which were 
randomly mixed within blocks. In the unrelated condition the color of the 
distractor was chosen such that is was separated by at least 75º at the 
color wheel from the memory color(s). In the related condition, the color 
of the distractor was identical to one of the memory colors. At load 2, on 
half of the related trials the visual representation of the memory color that 
reappeared in the search display was tested, while on the other half of 
the trials the visual representation of the other memory item was tested. 
In the no condition no colored singleton was present. 

A 200 ms cue display was shown before the presentation of the 
color wheel. The cue display was made up of a non-filled square(s) that 
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were positioned on the memory location(s) of that specific trial. At load 
2 the location of the test item was highlighted by thickening one of the 
squares. The cued color was then probed with a color wheel. The color 
wheel was an annulus with an outer diameter of 4.1º and an inner 
diameter of 2.6º. The offset of the color wheel was random across trials.  
A one pixel thick black line (0 cd/m²) indicated the current mouse 
position. The square on the cued location changed according to the 
mouse position on the color wheel, until the participant clicked. After a 
mouse response was made, the correct location on the color wheel for 
the probed color was indicated by a white (83.4 cd/m²) line for 300 ms.    

 

2.4.2 Results and discussion  

Search RTs. Data were trimmed as before. Correct search trials 
made up 94.5% of the data. Data trimming resulted in a loss of 2.5% of 
the trials. Figure 2.5 shows the mean RT data for each of the conditions. 
These mean RTs were entered in a repeated measure ANOVA with 
within-subjects factors memory load (1, 2) and distractor type (related, 
unrelated, no distractor). A Greenhouse-Geisser correction was applied 
in case of sphericity violations. Results showed a main effect for load (F 
(1, 20) = 7.115, p = 0.015), a main effect for condition (F (1.508, 30.155) 
= 41.385, p < 0.001), with no interaction (F (2,40) = 1.528). The same 
analysis on search accuracy showed no effect of distractor type or load 
on accuracy scores (all F’s < 1.78, all p’s >0.18) (Table 2.3). 

Table 2.3.  
Data columns represent mean of average search RTs on correct trials, mean accuracy 
on search task and mean accuracy on memory task for each condition. Data between 
brackets represents SDs.   
 
Load Distractor type Search RT (ms) Search accuracy 

(%) 
Color error 
(degrees) 

1 Related 808 (124) 94.4 (4.9) 10 (3) 
 Unrelated 778 (118) 94.0 (5.8) 12 (5) 
 No 720 (87) 94.8 (4.0) 11 (3) 
2 Related 815 (128) 93.4 (5.3) 16 (6) 
 Unrelated 808 (117) 96.1 (4.8) 16 (7) 
 No 741 (90) 94.3 (4.4) 15 (6) 
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Although the interaction failed to reach significance, the results 
clearly replicate the findings from Experiments 1 and 2. A colored 
singleton resulted in significantly slower RTs relative to the no singleton 
condition (t (20) = 4.986, p < 0.001 for load 1; t (20) = 6.443, p < 0.001 
for load 2). However, only at load 1 did a related singleton result in 
further slowing of RTs relative to an unrelated singleton (t (20) = 3.279, 
p = 0.004). This effect was completely absent at load 2 (t (20) = 0.667).  

 

 

Figure 2.5. Experiment 3: Reaction time as a function of load and distractor type and 
corresponding errors in degrees on the color wheel. Error bars on the two most right 
bars represent condition-specific, within-subject 95% confidence intervals (Morey, 
2008). 

 

Memory accuracy. Data was fitted with a probabilistic model to 
estimate the average probability that an item was retained in memory, as 
well as the average precision of the memory representation (Bays et al., 
2009). The precision and probability of report parameters were entered 
separately in a repeated measures ANOVA with within-subjects factors 
memory load and distractor type (Fig. 2.6). For the precision parameter 
this revealed a main effect for load (F (1, 20) = 23.416, p < 0.001), no 
effect for distractor type, (F (1.4, 27.5) = 2.019) and no interaction (F 
(1.3, 25.9) = 0.901). For the probability parameters no significant effects 
were observed (all F’s < 1.16, all p’s > 0.29). 
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Figure 2.6. Histograms of color recall error for both loads. Mixture modeling parameter 
estimates for the probability of probed object report (Pt), probability of unprobed 
object report (Pn), probability of random guess (Pu), and standard deviation of the 
target-report distribution (σ). Error bars represent condition-specific, within-subject 
95% confidence intervals (Morey, 2008). 

 

Memory items were stored with less precision at load 2 
compared to load 1 (t (20) = -5.089, p < 0.001). However, we did not 
observe a difference in the probability of color retention for load 1 and 2 
(t (20) = 0.000), indicating that the probability that an item remained in 
memory was the same for load 1 and load 2. These results imply that 
with the current design, participants were able to store two items with 
equal probability as a single item, but indeed at the expense of precision. 
Whereas in the Hollingworth and Hwang (2013) study precision did not 
differ between the prioritized and the deprioritized color, we observed 
poorer representational quality at load 2 relative to load 1, which 
suggests that in the current set of experiments representational quality 
may have had a mediating role.  

To assess whether the reduction in quality of the memory 
representation could explain the lack of an effect on visual selection at 
load 2, we performed a crossed median split of the data based on the 
performance on the memory test. Of the Load 1 condition, we took the 
50% trials on which participants scored the worst in terms of memory 
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precision.  We then compared these to the 50% trials of the Load 2 
condition on which observers scored the best in terms of precision. 
Despite the fact that there was now a low-resolution memory for load 1, 
and a high-resolution memory for load 2, the results replicate the main 
analysis (Fig. 2.7). At load 1, the related singleton again resulted in slower 
RTs relative to an unrelated singleton (t (20) = 2.459, p = 0.023), whereas 
the effect was again not observed at load 2 (t (20) = -0.318). 

 

 

Figure 2.7. Experiment 3: Reaction time as a function of load and distractor type of for 
the crossed median split data (see main text) and corresponding errors in degrees on 
the color wheel. Error bars on the two most right bars represent condition-specific, 
within-subject 95% confidence intervals (Morey, 2008). 

 As a converging analysis, we calculated, for each participant, the 
correlation between the error on the color wheel and the search RT, for 
the trials in which the distractor was related to a memorized color, and 
that color was tested. The analysis was limited to those trials on which 
color error was less than 75º to make sure that no trials were included in 
which participants accidently reported the wrong color category (i.e. the 
second color in memory). Mean r of all individual correlation coefficients 
was -0.01 for load 1(based on an average of 36 trials per participant) and 
-0.0032 for load 2 (based on an average of 19 trials per participant). 
Fisher’s Z transformation of individual correlation coefficients showed 
that regression coefficients did not differ from zero for both load 1 (t 
(20) =. 383) and load 2 (t (20) = .037). 
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 Finally, we calculated the correlation between memory precision 
(i.e. the average error in degrees on color wheel) and total memory-
driven attentional capture (i.e. the difference in RT between related and 
unrelated distractors), now across participants. The only correlation that 
reached significance was at load 2, and occurred for those trials on which 
the distractor carried the memorized color other than the one that was 
being tested at the end of the trial, r = 0.50, p = 0.02 (r = 0.2 for load 1; r 
= 0.1 for load 2; r = 0.32 for load 2 tested, all p’s > 0.15). This 
correlation most likely indicated that the appearance of a memory 
matching distractor interferes with the representation of the other item 
in memory. For example, when asked to remember red and yellow, the 
presentation (and capture) of a red distractor in the search display will go 
at the expense of the subsequent memory for yellow. Those participants 
who suffer from stronger capture by a distractor will also suffer from 
stronger interference of that distractor with memory.  

To summarize, on both individual and group level, there was no 
indication whatsoever that it is the exact quality or precision of a 
memory representation which determines whether or not a memory 
representation interacts with perceptual selection. The distinction 
between active items and accessory items is apparently not based on the 
relative quality of stored representations. When a single representation 
was stored in VWM, a memory matching distractor captured attention 
regardless of the precision of that representation.  Moreover, even if the 
analyses were limited to those trials on which participants had a relatively 
precise representation, we still failed to observe attentional capture at 
load 2. Together these data suggest that whenever VWM is filled with a 
single item this item is automatically stored in a form that interacts with 
perception, whereas multiple items are automatically stored as accessory 
items and thus shielded from visual input, regardless of their 
representational quality. 
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2.5 Experiment 4: Raising the memory status 

The results of the first three experiments are in support of the 
proposed division within VWM between the template and accessory 
items, in that they show that only a single item can interact with visual 
selection, and that this limitation is not due to limitations in precision or 
overall VWM capacity. Experiment 4 was designed to provide more 
direct evidence that it is a special status that allows a VWM 
representation to interact with perception.  

Figure 2.8 illustrates the basic procedure underlying this 
experiment. Each trial two colored circles were presented which had to 
be remembered for a subsequent memory test. Importantly, both 
memory colors were probed in succession. The crucial manipulation 
concerned whether or not the order of memory tests was clear to the 
participant. In one condition, one of the colors was pointed out as 
subject to the first memory test, whereas the other color would be 
subject to the second memory test. This was compared to a condition in 
which it was unclear to the participant in which order the memory colors 
would be tested. We assumed that participants would assign priority to 
one of the colors on the basis of the cue, but without losing the other 
item from VWM, since both items would always be tested. Note the 
difference with Experiment 2 where the cue served to effectively reduce 
VWM load to a single item. It was expected that when the cue 
highlighted one of the colors within VWM, this color would interfere 
with perceptional selection, whereas this effect was expected to be 
absent for the deprioritized color or when none of the colors was 
prioritized. So although both memory colors were equally important, test 
order dictated which of the two had priority. We claim that it is this 
priority which determines whether a VWM becomes a template or not.  
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Figure 2.8. Sequence of events in a trial of Experiment 4 (order cued).  

 

2.5.1 Methods 

 Participants. Twenty volunteers (7 males), aged 21 to 28 (M = 25) 
participated in exchange for a payment of €8 per hour. All had normal or 
corrected-to-normal acuity and color vision. One participant was 
excluded because performance on the search task was more than 2.5 SDs 
below group average (63% correct). Another was excluded because the 
overall RTs (1614 ms) were more than 2.5 SD’s above the group average. 

 Apparatus, stimuli, procedure and design. The method was similar 
to Experiment 2 except for the following changes. Stimuli were 
presented on a Samsung SyncMaster 2233 120 Hz screen. Each memory 
display consisted of two colored circles (3.76º x 3.76º) that were 
positioned at 4.69º left and right from the fixation cross. Colors were 
selected from the same color pool used in Experiment 1. The retention 
interval between the memory display and the search display was 2500 
ms. On half of the blocks (order cued) after 1000 ms one of the memory 
colors was cued by a 500 ms black arrow indicating which memory color 
was going to be probed first. On the other blocks (order uncued) only 
the fixation cross was presented during the retention interval. On both 
memory tests, which were separated by a 500 ms interval, the memory 
colors and 2 colors drawn from the same color category as the memory 
item were presented. There were three singleton distractor type conditions: 
Unrelated condition, Related to first memory test condition and Related to second 
memory test condition. After a search response was made memory was 
probed for both memory colors in succession using the procedure of 
Olivers et al. (2006; the more visual condition).    
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 All participants completed 24 practice trials and four 
experimental blocks of 48 trials each. Each block consisted of 16 
unrelated distractor trials, 16 related to first memory test trials and 16 
related to second memory test trials. Block order was counterbalanced 
across participants such that half of the participants started with two 
arrow condition blocks, whereas the other half ended with two arrow 
condition blocks.   

 

2.5.2 Results and discussion   

 Search RTs. Data were trimmed as before. Correct search trials 
made up 94.2% of the data. Data trimming resulted in a loss of 2.8% of 
trials. Figure 2.9 shows the means of the remaining RTs for each of the 
conditions. A repeated-measures ANOVA with within-subjects factors 
distractor type (related to first memory test, related to second memory 
test, unrelated) on the order cued condition revealed a main effect for 
distractor type (F (1, 17) = 7.182, p < 0.01). The most important result 
here, as can be seen from Figure 2.9, is that a singleton related to the 
first memory test resulted in a slowing of RTs relative to an unrelated 
singleton (t (1,17) = 3.537, p < 0.01) and a singleton related to the 
second test (t (1,17) = 2.877, p = 0.01). In contrast, a singleton related to 
the second memory test was indistinguishable in terms of RTs relative to 
an unrelated singleton (t (1,17) = .306). The pattern of results in the 
order uncued condition showed no effects of distractor type, (F (1, 17) = 
0.689, ns; all pairwise ts < .968). This difference in the overall pattern 
between the cue and the no cue condition was reflected in a distractor 
type by block type interaction (order cued, order uncued) that 
approached significance (F (1.4, 24.6) = 2.766, p = 0.077). The same 
analyses on search accuracy showed no main effects, nor interactions (all 
Fs < 2.2). 
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Figure 2.9. Experiment 4: Reaction times as a function of block type and distractor 
type.  We note that the increased error bar on the Related to second test item in the 
order uncued condition is mainly caused by one participant with excessive RTs in this 
condition. Removal of this participant did not change the overall pattern of findings. 

The results show that prioritizing one of the memory items, by 
making the order of testing evident to the participant, clearly affected the 
results. As in the previous experiments, a related singleton did not result 
in additional slowing of RTs relative to an unrelated singleton when both 
items in VWM were equally relevant. In contrast, when the order of 
memory tests was indicated, then interference was found for the first-
tested memory item, but not the second. Together, these data indicate 
that when VWM is loaded with two items, memory-related capture can 
only be observed when one of this items is assigned with a special status 
within VWM.  

Memory accuracy. The same repeated-measures ANOVA’s on both 
the first (all F’s < 0.572, all p’s > 0.75) and the second (all F’s < 1.034, all 
p’s > 0.37) memory test produced no significant main effects. Overall 
memory performance was better on the first memory test than on the 
second memory test (t (1,17) = 3.443, p < 0.01). This effect was present 
in the order cued blocks (t (1,17) = 3.192, p < 0.01) and there was a 
trend in the order uncued blocks (t (1,17) = 1.913, p = 0.073). However, 
memory performance did not differ as a result of block type on both the 
first (t = 1.144) as the second memory (t = 0.22) test. 
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Table 2.4.  
Data columns represent mean of average search RTs on correct trials, mean accuracy 
on search task and mean accuracy for both memory tasks for each condition. Data 
between brackets represents SDs.   
 
Test 
order 

Distractor type Search RT 
(ms) 

Search 
Accuracy 
(%) 

Memory 
accuracy 1 
(%) 

Memory 
accuracy 2 
(%) 

Cued Related first test 990 (365) 93.7 (9.7) 52.1 (13.8) 51.5 (9.0) 
 Related second test 986 (371) 93.7 (11.8) 53.1 (13.1) 45.9 (12.1) 
 Unrelated 959 (341) 94.5 (5.7) 53.2 (8.9) 48.7 (9.9) 
Uncued Related first test 952 (299) 93.4 (7.1) 52.9 (8.6) 52.0 (7.3) 
 Related second test 959 (329) 93.2 (11.0) 50.1 (10.3) 48.2 (8.0) 
 Unrelated 936 (303) 96.1 (8.3) 54.4 (10.9) 44.7 (9.6) 

 

Confirming findings from the previous experiments, the results 
show that at loads above one, memory-driven attentional capture is not 
observed when all items in memory are equally relevant. However, when 
one of the items is prioritized over the other – here in the sense that it 
will be tested first – then this item starts to interact with perception. We 
argue that by cueing one of the items it is assigned a special status within 
VWM. This status, however, does not seem to improve the quality of the 
memory representation, nor does it go at the expense of the second 
representation in memory, as performance for the second item was 
equally good regardless of whether order was known or not. Instead, 
these experiments support the proposed distinction within VWM 
between items that interact with perception and items that do not. This 
distinction is not based on the relative quality of the stored 
representations, but instead depends on the status of each representation 
within VWM.  

 

2.6 General Discussion 

A recent line of research has shown a strong interaction between 
selective attention and VWM, such that attention is biased by the 
content of memory. Not all memory items, however, interact with 
attention, which has led to a model that proposes a distinction within 
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VWM between items (i.e. templates) that interact with attention and 
items (i.e. accessory items) that do not (Olivers et al., 2011). Moreover, 
this model assumes that the number of templates is limited to one at a 
time, which precludes multiple visual working memories from affecting 
attention. The present study was designed to study whether multiple 
VWM representations can concurrently bias attention. Results support 
the distinction between two different states of memory representations 
within VWM. When a single item is maintained in VWM, this item will 
automatically function as a template and therefore interact with visual 
search. By contrast, when multiple, equally relevant items are maintained, 
none of them interacts with search. Apparently their representations do 
not make it to the status of template. Instead they are stored as accessory 
items and therefore shielded from visual search, unless one of these 
items is retrospectively assigned priority. 

The load constraint on memory related capture was observed 
regardless of individual VWM capacity and the relative precision of the 
memory representation. When multiple items were maintained in 
memory, neither high nor low capacity individuals showed memory 
related capture. Not even when VWM was filled with only two items, a 
load that was demonstrably well within capacity for high capacity (and in 
fact almost all) individuals (Experiment 1). Moreover, a relatively precise 
memory representation, as demonstrated by the color wheel test, was in 
itself insufficient to bias attention towards matching stimuli when VWM 
was filled with more than a single item (Experiment 3). Of further 
importance, the results do not imply that when VWM is filled with more 
than one item, attentional guidance by such items is from thereon 
impossible. When one of these memory items is prioritized (i.e. made 
more task-relevant) post hoc, that item can from thereon drive attentional 
capture (Experiments 2 and 4). Thus, our results indicate that when 
multiple, equally, relevant VWM items are maintained simultaneously, 
neither of these items will make it to the status of attentional template. 
However, by making one of these items more relevant, it can be assigned 
the same status as a single item within VWM and thus interact with 
visual search. Taken together, these results show that it is the status of 
the memory representation, and not the exact resolution that determines 
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whether it guides attention or not. Of course, in the end, the quality of 
the memory must have an impact too. Under more extreme scenarios, a 
memory could get so feeble and imprecise that it would no longer drive 
anything. The important point here is that precision does not explain the 
effect that load consistently had on memory-based attention in our 
experiments. 

The above implies that the capacity for VWM to guide visual 
attention is limited to a single item. This is consistent with a number of 
findings from a variety of paradigms indicating that only a single 
attentional template can be applied at the same time (Eimer & Kiss, 
2010; Folk & Anderson, 2010; Houtkamp & Roelfsema, 2009; Huang & 
Pashler, 2007). This conclusion, however, has recently been challenged 
by Beck, Hollingworth, and Luck (2012). They asked participants to 
search arrays consisting of Landolt Cs in four different colors for a target 
with a gap at the top or bottom, while their eye movements were 
measured. In the crucial condition, participants were instructed to limit 
their search two of the four colors and search for these colors 
simultaneously. A single template account would predict an increase in 
fixation time just prior to a switch between colors, because a new 
template has to be loaded. No such increase was found, suggesting that 
multiple search templates can guide attention at the same time. In our 
view this study provides the strongest evidence against a single template 
account so far, but this evidence is not unequivocal. An alternative 
explanation of the data may lie on post-selection stages of processing, 
rather than in the mechanisms leading up to selection (as would be 
influenced by the template selection (Adamo, Pun, & Ferber, 2010). It is 
possible that when participants were instructed to search for two colors 
simultaneously, they use the time fixating at each item to covertly scan 
nearby objects for a potential match and only launch a saccade when the 
attended color fitted the instructions. Under this account, the selection is 
driven by proximity, rather than by a color template, and the decision to 
move the eyes is driven by post-selection recognition rather than by pre-
selection guidance. With an average fixation duration of 210 ms there 
may be sufficient time for such a strategy. Indeed, a study by Moore and 
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Weissman (2010) suggests that such a match may be detected within as 
brief as 116 ms.  

Although the present data are in support of the proposed 
division within VWM, it remains unclear how this division is established. 
Frontal lobe structures more than likely play a pivotal role in partitioning 
task-relevant information from information that is relevant only later, 
such that the template has a special neural signature that is not shared by 
accessory items (Peters et al., 2009; Soto, Humphreys, & Heinke, 2006a). 
The distinctive feature of the template’s neural signature, however, 
remains speculative. Both VWM maintenance of, and an attentional set 
for a feature have been associated with activity in the same sensory 
regions in visual cortex, suggesting a common type of representation 
(Harrison & Tong, 2009; Kamitani & Tong, 2006; Serences et al., 2009). 
However, the similarity between VWM and attention in these studies 
may be due to the fact that typically only a single item needed to be 
remembered – which, within the current framework, automatically raises 
the memory to the template status. This raises the question whether 
sustained patterns of activation in early visual areas represent all 
information in VWM, or whether this activation solely reflects the most 
relevant information (i.e. the template). A study by Soto, Greene, 
Chaudhary, and Rotshtein (2012) provides a first answer to this question. 
Their findings suggest that the absence of memory related capture at 
higher loads cannot be attributed to weak neural traces in early visual 
areas. In their study, regardless of memory load (1 vs. 3 items), holding 
an item in memory enhanced responses in posterior sensory cortices 
when this item reappeared in the search display. However, the functional 
coupling between these sensory regions and frontal regions was 
disrupted by an increase in memory load. It appears as if all information 
in VWM is represented in early visual areas, but memory related capture 
will only occur when the information in memory is maintained via an 
intact feedback-loop between frontal and visual areas. This loop, 
however, is limited to a single item. When multiple, equally relevant 
items are maintained this loop is disrupted and maintenance has to rely 
on local feedback-loops alone, which is insufficient for memory related 
capture. In contrast, when a single item is maintained in VWM or when 
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one of the memory items is prioritized, the loop will remain intact and 
thus the (prioritized) item can interact with attention. 

Alternatively, it could be the case that only the template is 
maintained via sustained neuronal firing in feature-specific sensory 
populations. Accessory items, on the other hand,  might be maintained 
via altered patterns of synaptic weights (Mongillo et al., 2008) or by 
sustained firing in other, non-sensory regions (Goldman-Rakic, 1995). In 
this way, accessory are stored in a passive state that does not interfere 
with the template, analogous to storage of information in long term-
memory. Recently, it has been shown that the active maintenance of a 
stimulus representation may not be necessary for VWM maintenance. 
Lewis-Peacock, Drysdale, Oberauer, and Postle (2012) showed that 
when multiple items were maintained in memory, only the item that was 
within the focus of attention (i.e. prioritized item) could be successfully 
decoded through patterns of voxel activity. By contrast, decoding 
performance for the (temporarily) irrelevant item quickly dropped to 
baseline, until it was cued to become relevant to the task again. 

 A striking aspect of the data is the observation that memory-
related capture completely disappeared at higher VWM loads. 
Apparently, when multiple items were maintained in memory, none of 
these items was ever assigned the status of template. Although this 
finding is more consistent with a single template than with a graded 
representation account, one still needs to explain why, in the case of 
multiple items, not even one item occasionally made it to become 
template. Any explanation in this respect would have to take the storage 
mechanisms of the two different states into account. If we assume that 
both templates and accessory items are maintained via sustained neural 
firing, the absence of memory-related capture could be attributed to the 
mutual inhibition between memory items, such that none of the items 
reach the threshold of activity necessary for the interaction with 
perception. When one of the items in memory is prioritized, however, a 
shift in the distribution of resources would result in a competitive 
advantage for this item, such that it gains a special position in VWM 
where it can interact with perception (Bays & Husain, 2008). On the 
other hand, if we would assume qualitatively different types of 
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representation in VWM, the absence of memory-related capture at 
higher loads is less obvious. If there is indeed a special position in VWM, 
which can only be fulfilled by a single item at a time, then why would 
this position be kept vacant when multiple, equally relevant items are 
maintained in VWM? It could be argued that under certain conditions 
there is a strategic advantage to not storing any of the items in VWM as 
a template, exactly because prioritizing an item in often goes at the 
expense of non-privileged items (Pertzov et al., 2013). To prevent this 
interference, it would be beneficial to store all items with equal status, 
which under our current model, would be the accessory state. This state 
would be maintained until it becomes clear which item is most relevant 
for the task at hand, for example through cueing. By contrast, when only 
a single item is maintained, this item is automatically the most important 
item within VWM and thus it would be harmless, and probably 
advantageous, to store this item as a template.  

Although the present data cannot explain how the division 
within VWM is established, they do indicate that this division is not 
static, but instead can be adjusted on-line, based on changing task 
demands. Experiments 2 and 4 showed that when one of the accessory 
items was prioritized, it was transferred into a template. This flexibility 
arguably finds its origin in the prefrontal cortex. Activity patterns in this 
area during VWM maintenance are not static, but instead reflect a rapid-
series of state transitions before settling into a stable low-activity state 
(Stokes et al., 2013). We propose that these state-transitions among other 
things reflect the re-organization of VWM (Warden & Miller, 2007, 
2010). Such a mechanism is capable of rapidly switching between 
templates under changing task conditions, while keeping the distraction 
by temporarily irrelevant information to a minimum. Indeed, the system 
appears well equipped to reactivate passive memory representations 
based on changing task demands (Lepsien & Nobre, 2006; Peters et al., 
2012). In this respect our data may also be of relevance to the retro-cue 
literature. There is now growing evidence that VWM representations 
continue to be shaped during maintenance (Griffin & Nobre, 2003; 
Landman et al., 2003; Makovski et al., 2008). When a retro-cue is 
presented during the retention interval of a working memory task, recall 
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is significantly increased relative to a situation in which no cue is 
presented. Recently, it has even been suggested that attention can restore 
already decayed items back to VWM (Murray et al., 2013). The present 
data indicate that this behavioral advantage may be attributed to a change 
in status from passive accessory item to template, accompanied by a 
reactivation of early visual areas. 

The present results also fit well with working memory theories 
that have been grounded in non-visual literature (involving mainly verbal 
and arithmetic stimulus material; Cowan, 1995, 1999; Oberauer, 2002)  . 
These theories distinguish between information that is accessible at any 
moment for further processing on the one hand, and information that is 
held available in the background for later use on the other hand. For 
example, when adding two three digit numbers, one must focus on a 
subset in the first step, while holding the other digits in memory at the 
same time. The information that is within the focus of attention is 
directly accessible by a central executive for cognitive processing. This 
focus of attention is assumed to have a limited capacity.  A debate has 
arisen, however, whether this focus can hold several items (Cowan, 1995, 
1999) or whether it is restricted to a single item (Oberauer, 2002). Our 
findings coincide with a narrow focus of attention as proposed by 
(Oberauer, 2002). In his concentric model of working memory, a limited 
number of long-term representations can be activated to make them 
available for ongoing cognitive processing. However, of this subset, only 
a single representation is directly accessible for the current task. Similarly, 
our data indicates that although multiple items can be maintained over 
short periods of time, only a single item at a time can interact with visual 
perception. 

As mentioned in the introduction, earlier work has reported 
attentional biases on the basis of multiple memory items. Both Soto and 
Humpreys (2008) and Zhang et al. (2011) observed no decrease of 
memory-related capture when memory load was increased from one to 
two items. In a follow-up study, however, Soto et al. (2012) observed no 
evidence for memory guidance with load 3. This suggests that the 
capacity for attentional guidance may be stretched to two instead of one. 
As argued in the introduction, however, this estimate may be 
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confounded by the type of memory (e.g. categorical or verbal in nature) 
that the type of stimuli and memory tests allowed for in these studies. 
These studies used simple canonical objects (e.g. squares, circles), which 
were arguably easy to verbalize and therefore do not solely rely on visual 
working memory.  Consistent with this, the memory-related capture by 
more than one item was considerably weakened when participants 
performed a concurrent articulatory suppression task, while it remained 
intact for one item (Soto & Humphreys, 2008). Also consistent with this,  
Zhang et al. (2010) found that the type of stimulus determines whether 
or not memory-related capture will be observed.  They based their study 
on the one by Peters et al. (2009), who used complex, meaningless 
shapes, and failed to find attentional capture for two items in memory. 
Zhang et al. (2010) used the same design but now used simple and easy 
to verbalize canonical shapes (as in Soto & Humpreys, 2008 and Zhang 
et al. 2011). Now a clear guidance effect was observed, pointing towards 
a role for verbal memory. Although our current study used canonical 
shapes and colors, the memory test always required a subtle distinction 
between colors. We argue, also on the basis of previous results (Olivers 
et al., 2006; Olivers, 2009; Dombrowe et al., 2010) that this requires a 
more visual form of memory. Our findings suggest that within this visual 
memory, the number of items that can affect selection is limited to one.   
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Chapter	3	

	

	

Rapid	 influences	 of	 cued	 of	 cued	 visual	
memories	on	attentional	guidance	
	
	
	
	
Adapted	from	
van	Moorselaar,	D.,	Battistoni,	E.,	Theeuwes,	J.,	&	Olivers,	C.	N.	L.	 		
Rapid	influences	of	cued	visual	memories	on	attentional	guidance		
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Abstract 

There is evidence that the deployment of attention can be biased by the 
content of visual working memory (VWM). Recently, it has been shown 
that focusing internal attention to a specific item in memory not only 
increases the accessibility of that specific item for retrieval, but also 
results in increased attentional guidance towards matching external 
stimuli by that item. Here we investigated the time course of attentional 
guidance by cued memories. Following a retro-cue that prioritized one of 
two memory items, participants performed a visual search task. The 
interval between the cue and the search display was varied. Consistent 
with earlier findings, we observed memory related capture when then the 
search display contained a distractor that was related to the cued item in 
memory. No such effects were found for the uncued items or when 
none of the memory items was prioritized by a retro-cue. Results suggest 
that the prioritization by a retro-cue is a very rapid process that starts to 
affect perceptual selection within the first 100 to 200 ms following the 
cue.   
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3.1 Introduction 

The cognitive functions of visual working memory (VWM) and visual 
attention are closely related (Awh & Jonides, 2001; Awh, Vogel, & Oh, 
2006; Chun, 2011; Olivers, 2008; Stokes, 2011). One way in which this 
has become clear is by evidence that items stored in memory can bias the 
deployment of attention (Dalvit & Eimer, 2011; Olivers, 2009; Olivers et 
al., 2006; Soto et al., 2005). In the typical paradigm, participants have to 
remember a specific item, and then search a display for another object 
that is accompanied by distractors. Results show that search times are 
slowed when one of the distractors matches the memorized item 
compared to when the distractor is unrelated to the memory content, 
suggesting that the memory matching item captures attention (but see 
Woodman & Luck, 2007).  

 There is now ample evidence that once in VWM, representations 
can be flexibly prioritized depending on the task. Much of this evidence 
comes from the so-called retro-cue technique, in which a spatial cue is 
presented during the interval between the memory and test display to 
point out the most relevant item on that trial. Performance typically 
improves for cued over uncued items, consistent with attention being 
directed within memory in order to protect or prioritize an item for 
retrieval (Griffin & Nobre, 2003; Landman et al., 2003; Makovski & 
Jiang, 2007; Matsukura et al., 2007; Pertzov et al., 2013; Sligte et al., 
2008).  

 More recently, it has been shown that focusing internal attention 
to a specific item in memory not only increases the accessibility of that 
item for retrieval, but also results in increased attentional guidance 
towards matching external stimuli by that item. It has been found that 
when a single item in memory is prioritized by a retro-cue this item will 
drive attentional capture in a subsequent search task, whereas this effect 
is absent for the deprioritized colors in memory (Hollingworth & 
Hwang, 2013, Olivers et al., 2006, Chapter 2). From these results it can 
be concluded that once an item is prioritized for retention it then also 
automatically interacts with perceptual selection.  
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In the present study we investigated the time that is required for 
a cued memory item to start guiding visual attention. Previous studies 
have investigated the time course of retro-cueing benefits in terms of 
accessibility for retrieval of items. For example, Pertzov et al. (2013) 
varied the time between the retro-cue and the test display and showed 
that memory performance on trials without a cue and a cue started to 
differentiate after about 300 ms (see Tanoue & Berryhill, 2012 for a 
similar result). In the present study , however, we did not investigate 
when a cued memory item became available for report, but when it 
started to affect selection in a subsequent search task. There are 
indications that guidance by visual mnemonic representations might be 
available relatively soon. For example, Soto and colleagues (Soto et al., 
2005; Soto & Humphreys, 2008) have typically used brief SOAs of 300 
ms or less between presentation of the to-be-remembered item and 
presentation of the search display, yet found strong memory-based 
capture effects (see also Dombrowe et al., 2010). However, these studies 
may have suffered from the fact that the actual visual presentation of the 
memory item also occurred closely in time, which offers the possibility 
that perceptual priming or encoding mechanisms drove the preference 
for matching distractors2. Here we therefore explored the time course of 
memory-driven attentional capture after all stimuli – both cued and 
uncued – were attended and encoded, thus maximally controlling for 
priming and encoding processes.      

 

3.2 Experiment 1 

 For this purpose we adopted the basic procedure of Olivers et al. 
(2006), as illustrated in Figure 3.1. Each trial started with the 
presentation of two colored items, which had to be remembered for a 
subsequent test. After the colors were removed from view, one of them 
was prioritized by a retro-cue. Following the retro-cue, and a variable 
																																																													
2 Soto et al., 2005 controlled for priming by comparing the memory task to a passive viewing task 
in which the initial item was presented but did not need to be remembered. There was now no 
additional interference from matching distractors. However, one could argue that items that can 
be completely ignored will be less subject to attention and encoding, and thus lead to weaker 
priming or encoding-related effects. 
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delay, a search display was presented. The search display contained a 
random configuration of a diamond shaped target and multiple distractor 
disks, one of which carried a unique color. The important manipulation 
was that this singleton distractor could either have the same color as the 
cued item, the same color as the uncued item or a color unrelated to any 
of the memory content. By varying the time between the cue and the 
search display we aimed to investigate how early this effect of mnemonic 
priority on visual selection arises. In Experiment 1, we varied the SOA 
between 200, 500 and 1000 ms.  

 

3.2.1 Methods 

Participants.  Fifteen volunteers (3 males), aged 18 – 29 (M = 
22 years), participated in exchange for course credit or a payment of 8€ 
per hour. All participants had normal or corrected-to-normal acuity and 
color vision. 

 Apparatus, stimuli, procedure, and design. A HP Compaq 8000 
Elite computer running OpenSesame version 0.26 (Mathôt et al., 2012) 
generated the stimuli on a Samsung SyncMaster 2233 120 Hz screen. 
Participants were seated in a dimly lit room at a viewing distance of 70 
cm. All stimuli were presented on a gray background (17 cd/m²). 

 Trials started with a 1000 ms display in which a white (83.4 
cd/m²) cross was presented at fixation, followed by a 2000 ms memory 
display. Each memory display contained two colored circles (radius 
0.92°) positioned left and right from fixation at 1.5° eccentricity. 
Memory colors were selected from a color pool with five different 
categories (red, green, yellow, blue, purple). Within each category, the 
specific hue and chroma could vary randomly between any of nine 
different combinations chosen on basis of Munsell (1929), such that the 
brightness of each color was kept constant at around (14 cd/m²), except 
for yellow, which was overall brighter (44 cd/m²) to make it appear less 
brown. The memory display was followed by a 500 ms fixation display 
and then a cue display. In the cue display a white dot (0.23°) was flashed 
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for 50 ms on a memory location, indicating which color would be 
probed at the end of the trial. Each memory location was cued equally 
often. 

 The cue display was followed by a variable delay (SOA: 200, 500, 
1000 ms) before presentation of the search display, which remained 
visible until response. The search task was a variant of the additional 
singleton paradigm of Theeuwes (1992). Each search display was a 
random configuration of seven distractor disks (radius 1.16°) and one 
white diamond-shaped target (2.91° X 2.91°), all placed on an imaginary 
circle (radius 4.63) centered on fixation. Participants were instructed to 
localize the diamond and indicate whether it contained the letter M or N 
as fast as possible, while trying not to make too many errors. In case of 
an incorrect response, the word incorrect was displayed in red (18.8 
cd/m²) at fixation for 250 ms. 

Importantly, one distractor disk was replaced by a colored disk. 
This resulted in three singleton distractor type conditions. In the related to cue 
condition, one distractor disk was replaced by the cued color. In the 
related to uncued condition, one distractor disk was replaced by the uncued 
color. Finally, in the unrelated condition, one distractor disk was replaced 
by a color that was not present in the memory display.  

Each trial ended with a forced choice recognition task using the 
procedure of Olivers et al. (2006). To control that participants 
successfully incorporated the cue, exemplars (radius 1.16°) from both 
memory categories were present in the test display. Participants had to 
indicate which memory color exactly matched the cued color in the 
memory display.   

All participants completed 54 practice trials and five 
experimental blocks of 54 trials each. Each block consisted of six related 
to cue, six related to uncued and six unrelated distractor trials for each of the 
SOAs, randomly mixed. This resulted in 30 trials per condition. Per 
block feedback was given on RTs and accuracy in the search task and on 
accuracy in the memory task. Participants were encouraged to take a 
break between blocks. 
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Figure 3.1. Sequence of events in a trial of Experiment 1 and 2. All possible distractor-
type conditions are displayed. The SOA between the cue display and the search display 
was varied (200, 500 and 1000 ms in Experiment 1; 100, 150, 200 ms in Experiment 2). 
Note that the colors surrounding the displays of each distractor type condition 
correspond to specific bars in the bar graphs of Experiment 1, 2 and 3.   

 

Data processing.  Only reaction time (RT) data of correct search 
trials were analyzed. A two-step trimming procedure was applied. First, 
trials with RTs shorter than 200 ms and longer than 5000 ms were 
excluded. Next, data was trimmed based on a cut-off value of 2.5 SD 
from the mean per participant per condition. All results are based on the 
trimmed data. All statistical analysis were performed with repeated 
measures analysis of variance (ANOVA) and paired t-tests, with α = 
0.05. A Greenhouse-Geisser correction was applied in case of sphericity 
violations.   
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3.2.2 Results and discussion 

 Search RTs. Correct search trials made up 96.6% of the data. Data 
trimming resulted in a loss of 2.9% of trials. As we were interested in the 
dynamics of memory-based attentional guidance, we only included those 
trials on which participants successfully incorporated the cue (i.e. 
selected the correct row in the memory test; 95.3% of remaining data 
after trimming). Figure 3.2 shows the means of the RTs for each 
condition. Mean RTs were entered in a repeated-measures ANOVA, 
with factors SOA (200, 500, 1000) and distractor-type (related to cue, 
related to uncued, unrelated). There was a main effect for SOA, F (2,28) 
= 14.51, p< 0.001, which reflected the fact that RTs decreased with 
SOA. There was also a main effect for distractor type, F (2,28) = 12.51, 
p< 0.001, while there was no interaction, F (4,56) = 0.31, p = 0.87. The 
same analysis on search accuracy showed no effect of SOA or distractor 
type on accuracy scores (see Table 3.1), nor was there an interaction, all 
F’s < 1.05, all p’s > 0.39. 

 

 

Figure 3.2. Experiment 1: Reaction times as a function of SOA and distractor type. 
Error bars in all graphs represent condition-specific, within-subject 95% confidence 
intervals (Morey, 2008).  
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For all SOAs, RTs for displays containing distractors related to 
the uncued color were no slower than for unrelated colors, all t’s < 0.94, 
all p’s > 0.36. In contrast, RTs for cued color distractors were longer 
than for unrelated colors for all SOAs, all t’s > 2.15, all p’s < 0.05. They 
were also longer than for the uncued color distractors (t’s > 2.92,  p’s < 
0.011 for SOAs 500 and 1000 ms, although we only observed a trend in 
this direction at the shortest SOA, t (14) = 1.95, p = 0.072). 

 Memory accuracy. The repeated-measures ANOVA on the 
memory scores produced a main effect for SOA, F (2,28) = 6.36, p = 
0.005, no main effect for distractor type and no significant interaction 
(all F’s < 1.71, all p’s > 0.19). Overall memory performance was worse at 
the shortest SOA (see Table 3.1), regardless of distractor type. 

The results are clear: Only the cued color reliably captured 
attention, whereas this effect was absent for the non-selected color in 
memory. Important for the present purpose, this effect already occurred 
at the 200 ms SOA, suggesting that the shifting of priorities within 
VSTM had a relatively rapid effect on visual guidance. To see how rapid, 
in Experiment 2 we decreased the SOA further, to 100 ms. Furthermore, 
we also included a no-cue baseline condition. In this condition, both 
colors encoded in memory stayed relevant throughout the trial. This 
condition was included to provide corroborating evidence for the finding 
that when multiple equally relevant items are maintained in memory, 
none of them will have a measurable impact on perceptual selection 
(Chapter 2). 
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Table 3.1. 
Data columns represent mean of average search RTs in ms on correct trials, mean 
accuracy on search task and mean accuracy on memory task for each condition in 
Experiment 1-3. Data between brackets represents SDs. * SOAs are conditions without 
a retro-cue. 
 
Experiment SOA 

(ms) 
Distractor type Search RT 

(ms) 
Search  
accuracy 
(%) 

Memory  
accuracy 
(%) 

1 
 
 

200 Related to uncued 
Related to cued 
Unrelated 

941 (167) 
978 (172) 
925 (151) 

98.2 (2.6) 
97.7 (5.3) 
96.4 (4.7) 

49.8 (11.2) 
50.8 (13.4) 
54.9 (10.9) 

 
 
 

500 Related to uncued 
Related to cued 
Unrelated 

866 (141) 
911 (162) 
865 (144) 

97.6 (3.5) 
96.2 (5.2) 
97.1 (3.7) 

57.3 (10.4) 
58.3 (14.7) 
60.6 (9.2) 

 
 
 

1000 Related to uncued 
Related to cued 
Unrelated 

901 (173) 
945 (196) 
883 (153) 

96.5 (4.6) 
95.3 (8.0) 
96.1 (6.3) 

54.8 (10.8) 
58.1 (13.3) 
60.4 (15.6) 
 

2 100 Related to uncued 
Related to cued 
Unrelated 

901 (173) 
945 (196) 
883 (153) 

96.5 (4.6) 
95.3 (8.0) 
96.1 (6.3) 

54.8 (10.8) 
58.1 (13.3) 
60.4 (15.6) 

 150 Related to uncued 
Related to cued 
Unrelated 

888 (146) 
916 (167) 
889 (173) 

96.8 (5.9) 
97.3 (5.2) 
97.6 (4.4) 

55.2 (12.0) 
55.9 (11.6) 
54.0 (10.6) 

 200 Related to uncued 
Related to cued 
Unrelated 

864 (149) 
901 (154) 
842 (135) 

94.3 (7.8) 
95.4 (5.9) 
96.0 (4.5) 

58.0 (13.6) 
56.6 (19.3) 
51.1 (12.2) 

 100* Related to memory 
Unrelated 

849 (135) 
830 (139) 

97.9 (2.8) 
97.9 (3.7) 

55.8 (12.8) 
50.8 (13.4) 

 150* Related to memory 
Unrelated 

833 (120) 
824 (118) 

96.1 (3.8) 
95.4 (5.6) 

56.5 (11.0) 
53.1 (7.1) 

 200* Related to memory 
Unrelated 
 

842 (114) 
811 (114) 

94.5 (4.5) 
96.6 (4.2) 

55.2 (8.2) 
52.5 (9.1) 

3 100 Related to uncued 
Related to cued 
Unrelated 

994 (234) 
1035 (263) 
996 (210) 

81.7 (8.1) 
79.0 (7.8) 
81.5 (4.9) 

57.6 (11.4) 
57.6 (11.8) 
57.6 (12.0) 

 200 Related to uncued 
Related to cued 
Unrelated 

970 (221) 
1021 (208) 
967 (212) 

82.0 (7.6) 
78.1 (8.0) 
84.9 (7.0) 

61.2 (10.4) 
61.9 (13.0) 
60.9 (10.0) 

 500 Related to uncued 
Related to cued 
Unrelated 

928 (202) 
969 (202) 
951 (206) 

84.0 (6.3) 
80.5 (5.4) 
85.5 (6.6) 

63.3 (7.0) 
63.3 (10.9) 
61.5 (9.3) 
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3.3 Experiment 2 

 

3.3.1 Methods 

 Participants. Fifteen volunteers (3 males), aged 18 to 26 (M = 21), 
participated in exchange for course credit or a payment of 8€ per hour. 
All participants had normal or corrected-to-normal acuity and color 
vision. One participant was excluded because performance was at chance 
level on the memory task regardless of condition (0.35 correct). 

 Apparatus, stimuli, procedure, and design. The method was the 
same as in Experiment 1 (see Figure 3.1) except for the following 
changes. First, the SOAs of Experiment 1 were replaced by three new 
SOAs (100, 150, 200 ms). Second, we included extra trials without a 
retro-cue. Timings of these trials were matched to retro-cue trials such 
that there were also three delays in the no-cue trials. In these trials the 
test display contained three examples of one memory color.  

All participants completed 60 practice trials and six experimental 
blocks of 60 trials each. Each block contained four related to cue, four 
related to uncued and four unrelated distractor trials for each SOA, 
randomly mixed. This resulted in 24 trials per condition. Additionally, 
each block contained 24 no-cue trials. In these trials, the distractor was 
related to a memory color on two third of the trials and unrelated in the 
other third of the trials. 

 

3.3.2 Results and discussion 

 Search RTs. Correct search trials made up 96.1% of the data. 
Data trimming resulted in a loss of 2.7% of trials. As in Experiment 1, 
we only included those trials on which participants successfully 
incorporated the cue (94.9% of data after trimming). Data for retro-cue 
trials and trials without a cue were analyzed separately. Figure 3.3 shows 
the means of the RTs for each of the cueing conditions and SOAs. The 
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mean RTs for the no-cue trials are shown in Table 3.1.  Mean RTs for 
the cue trials were entered in a repeated-measures ANOVA, with factors 
SOA (100, 150, 200) and distractor-type (related to cue, related to 
uncued, unrelated). As in Experiment 1, RTs decreased with SOA, F 
(2,26) = 8.32, p = 0.002. There was again a main effect for distractor 
type, F (2,18.3) = 8.63, p = 0.005, and no significant two-way interaction, 
F (4,52) = 0.50, p = 0.73. The same analysis on search accuracy showed 
no effect of SOA or distractor type on accuracy scores (see Table 3.1), 
nor was there an interaction, all F’s < 2.30, all p’s > 0.12. 

 

 

Figure 3.3. Experiment 2: Reaction times as a function of SOA and distractor type for 
the retro-cue trials. 

For each of the SOAs, RTs were no different for the uncued 
color distractors than for unrelated color distractors, all t’s < 1.05, all p’s 
> 0.32. In contrast, a distractor related to the cued color resulted in 
longer RTs relative to an unrelated distractor, for both the 100 ms and 
the 200 ms SOA, t (13) = 2.94, p = 0.012 and t (13) = 2.99, p = 0.010 
respectively, though somewhat surprisingly, it did not for the 150 ms 
SOA, t (13) = 0.96, p = 0.35. Furthermore, there was a trend for cued 
colors to result in slower RTs than uncued colors, t (13) = 2.51, p = 
0.026 for 100 ms, t (13) = 1.47, p = 0.17 for 150 ms, and t (13) = 1.84, p 
= 0.088 for 200 ms.  
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 The no-cue trials were analyzed in the same way, except that 
distractor type was reduced to two levels: Related to memory vs. 
unrelated. There was no main effect for SOA, no main effect for 
distractor type and no significant interaction, all F’s < 2.85, all p’s > 0.12. 
In line with Chapter 2, when no cue was presented and both colors in 
memory were therefore equally relevant, none of them affected search 
RTs. The same analysis on search accuracy showed a main effect for 
SOA, F (2,26) = 4.02, p = 0.03, no effect for distractor type and no 
interaction, all F’s < 1.06, all p’s > 0.36 (see Table 3.1).  Somewhat 
surprising the effect of SOA reflected better search performance at the 
shortest SOA.   

 Memory accuracy. The repeated-measures ANOVA on the 
memory scores for the retro-cue trials produced no effect for SOA, no 
main effect for distractor type and no significant interaction, all F’s < 
1.24, all p’s > 0.31 (Table 3.1). However, the same analysis on the no-cue 
trials produced no effect for SOA, F (2, 26) = 0.19, p = 0.83, an effect 
for distractor type F (1, 13) = 6.12, p = 0.028 and no interaction, F (2, 
26) = 0.11, p = 0.90. The effect for distractor type reflected better 
memory performance in the trials with a distractor that was related to the 
memory content relative to unrelated distractor trials. This better 
memory performance following a matching distractor may be important 
in several ways. First, there is the possibility that that when a memory 
representation is strong enough to guide visual search, it will also result 
in better memory performance than is the case for weaker memory 
representations. In other words, capture is simply a correlate of better 
memory. Alternatively, it has been argued that memory related capture is 
not automatic, but may at least partly reflect the strategy of deliberately 
looking at the distractor to improve memory (Woodman & Luck, 2007). 
Although we cannot exclude these possibilities, we do not wish to 
advance either of them too strongly as this is the first time we observed 
this effect. No such effects were observed in the other experiments of 
the current study, nor were they found in any of our previous 
experiments with the same paradigm (Chapter 2).      

 The results from Experiment 2 seem to suggest that already 100 
ms after cue onset, a cued memory representation starts to interact with 
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perceptual selection. Furthermore, the fact that if none of the two items 
in memory is cued neither of them affects perceptual selection is also 
informative. It shows that the cueing effect is the result of the cued 
memory item being prioritized to levels at which it can interact with 
memory, rather than the uncued item being dropped from such levels.  

A somewhat puzzling aspect of the data is that this effect is not 
significant at the 150 ms SOA. However, we contribute this lack of an 
effect to noise in the data as the observed pattern was apparent across 
the whole set of SOAs and there was no interaction. Taken together, the 
data from Experiment 1 and 2 suggest a rapid influence of cued 
memories on attentional guidance, and moreover, that this influence 
stays rather invariable over time.  

One possibility is that participants choose to postpone their 
search until the cue is processed and the correct item is selected from 
memory. This would effectively increase the available time beyond the 
current SOA (Wilschut, Theeuwes, & Olivers, 2013).  In Experiment 1 
and 2 this would have been a viable strategy as the search display was 
visible until response. Indeed, RTs were longer for the shorter SOAs in 
the retro-cue conditions but not in the no-cue conditions. This could 
mean that observers were indeed taking more time before they started 
search. It also meant that the displays were on for longer, which would 
increase the opportunity for a match to be detected and to interfere with 
search.  Experiment 3 was meant to minimize such effects.  

 

3.4 Experiment 3 

 Experiment 3 used the same procedure as before, but now 
viewing time was the same for all conditions, hence equalizing the 
visibility of the matching distractors across SOAs. Moreover, to 
discourage postponement of search, search display presentation was 
considerably shortened, to levels yielding around 80% accuracy, and 
followed by a mask. SOAs were 100, 200 and 500 ms.   
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3.4.1 Methods  

 Participants. Twenty-five volunteers (4 males), aged 19 to 29 (M 
= 22), participated in exchange for course credit or a payment of 8€ per 
hour. The initial sample contained 15 participants. In this sample two 
participants showed a large effect at the 500 ms SOA in the opposite 
direction relative to the other participants (11 participants showed cue 
related capture) and the previous two experiments. To counteract the 
effect of the two outliers we tested 10 extra participants. All participants 
had normal or corrected-to-normal acuity and color vision. 

 Apparatus, stimuli, procedure, and design. The method was the 
same as in Experiment 1 except for the following changes. The range of 
selected SOAs was a combination of those used in Experiment 1 & 2 
(100, 200, 500 ms). Also, the RT measure was changed to an accuracy 
measure. For this purpose the search display was no longer visible until 
response, but masked after a variable delay. Search display duration was 
controlled online with a 3-up-1-down staircase procedure (start value of 
500 ms; step size 50 for inputs larger than 500 ms and 25 for inputs 
smaller or equal to 500 ms) to keep overall accuracy across conditions 
around 80%.  

All participants completed 18 practice trials and 10 experimental 
blocks of 36 trials each. Each block consisted of four related to cue, four 
related to uncued and four unrelated distractor trials for all SOA’s, 
randomly mixed. This resulted in 40 trials per condition.  

 

3.4.2 Results and discussion 

 Search RTs. Correct search trials made up 80.6% of the data. 
Data trimming resulted in a loss of 2.8% of trials. Again, we only 
included those trials in which participants successfully incorporated the 
cue (94.6% of remaining data after trimming). Figure 3.4 shows the 
mean RTs for each condition. There was a main effect for SOA, F (2,48) 
= 12.66, p < 0.001, a main effect for distractor type, F (2,48) = 11.38, p 
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< 0.001, and no significant two-way interaction, F (4,96) = 1.09, p = 
0.38.  

 

 

Figure 3.4. Experiment 3: Reaction times as a function of SOA and distractor type. 

As before, RTs decreased with SOAs. Furthermore, there was no 
difference between the related to uncued and the unrelated distractors, 
all t’s < 1.94, all p’s > 0.06 (with the close to significant effect at 500 ms 
going in the direction of faster responses in the uncued color condition). 
In contrast, a distractor related to the cued color resulted in longer RTs 
relative to an unrelated distractor at the 100 and 200 ms SOA, all t’s > 
2.16, all p’s < 0.041, although this was not significant at the 500 ms SOA, 
t (24) = 1.56, p = 0.13.  Furthermore, a distractor related to the cued 
color resulted in slower RTs relative to a distractor related to the uncued 
color, all t’s > 2.38, all p’s < 0.025. 

Search accuracy. The pattern was largely mirrored by the accuracy 
data. Note that since overall accuracy here was kept at 80%, there was 
room for stronger effects than in the previous experiments. Figure 3.5 
shows the mean accuracy scores for each condition. There was a close to 
significant effect for SOA, F (2,48) = 3.04, p = 0.057, a main effect for 
distractor type, F (2,48) = 7.39, p = 0.002, and no significant two-way 
interaction, F (4,96) = 0.91, p = 0.46. 
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Figure 3.5. Experiment 3: Accuracy scores as a function of SOA and distractor type. 

 A closer look revealed that at the 100 ms SOA, search accuracy 
in the related to cued condition was not significantly different from the 
unrelated condition, t (24) = 1.14, p = 0.27, and the uncued condition, t 
(24) = 1.12, p = 0.28. At the 200 and 500 ms SOA search accuracy was 
significantly impaired in the related to cued condition relative to the 
unrelated condition (all t’s > 2.76, all p’s < 0.011), and at 500 ms it was 
also impaired relative to the uncued condition, t (24) = 2.22, p = 0.036, t 
(24) = 2.41, p = 0.024, while the difference between the related to 
uncued and the unrelated distractors was never significant, all t’s < 1.65, 
all p’s > 0.11).  

Memory accuracy. The repeated-measures ANOVA on the 
memory scores produced a main effect for SOA, F (2,48) = 8.34, p < 
0.001, no effect for distractor type, and no significant two-way 
interaction, all F’s < 0.23, all p’s > 0.80). The main effect for SOA was 
driven by overall worse performance at the shortest SOA relative to the 
other SOAs (all t’s > 2.81, all p’s < 0.01; see table 3.1). 

 In sum, this experiment also suggests that early influences of a 
cued memory on attentional guidance can be found, again already at 100 
ms SOA. This despite the fact that search presentation times were now 
equalized across SOAs, and postponement of search should be 
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discouraged by the brief displays in combination with masking. 
Nevertheless, although the data show that early effects on guidance can 
be found, there were also signs that such guidance was not yet optimal 
by then. In terms of reliability, the memory-based interference appeared 
weaker for the earliest SOA, for RT as well as accuracy scores. Note that 
memory performance also suffered for that SOA, consistent with (but 
not exclusive evidence for) the idea that the memory was not fully 
prioritized yet. We emphasize however that the omnibus interaction was 
not significant, so we cannot draw firm conclusions on what is the 
optimal SOA for cued memory guidance.   

 

3.5 General discussion 

 The present study investigated the time course of attentional 
guidance by cued memories. For this purpose we retrospectively cued 
one of two memory items, which could then reappear as a distractor in a 
visual search task. Varying the time between the retro-cue and the search 
display allowed us to measure at what point in time the cued 
representation started to interact with search. Results are consistent with 
the finding that a retro-cue will result in memory related capture by the 
cued item, whereas this effect is absent for the uncued items in memory 
(Hollingworth & Hwang, 2013; Olivers et al., 2006). Results are also 
consistent with the finding that when multiple items are stored in 
memory none of them will have a measurable impact on perceptual 
selection, unless one of them is retrospectively assigned priority 
(Chapter 2). The results provide further support for the idea of a 
division within VWM between a single active representation that 
interacts with perception, and multiple accessory items that do not, as 
proposed by Olivers et al. (2011). The present set of results shows that a 
retro-cue can change the status of an otherwise accessory memory item 
into an attention-guiding representation rather rapidly (i.e. within 100 to 
200 ms following the cue). 

 Previous work has shown memory-based attentional guidance 
with short SOAs between the presentation of the to-be-memorized item 
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and the search display (Dombrowe et al., 2010; Soto et al., 2005). Those 
studies may potentially suffer from confounding factors that go together 
with the visual processing of the memory item, such as encoding and 
priming. The retro-cueing procedure has the advantage that all items 
have been seen and encoded into memory before task relevance is 
determined. Nevertheless, at least equally rapid effects on search were 
found, making it more unlikely that earlier findings were solely due to 
sensory processes. 

 Our results are partly consistent with the study of Wilschut et al. 
(2013). They asked participants to encode a red and a green patch into 
memory before a spatial cue indicated which of the two defined the 
relevant target for a subsequent search task. The target was either a red 
vertical or a green horizontal bar. Search guidance was measured through 
the slope values of the search functions across independent sets of red 
and green items. Note further that guidance measures were now target-
related rather than distractor-related. Based on RT measures it appeared 
that the memory based retro-cue successfully guided search to the cued 
subset. This effect was already present as early as 50 ms after cue onset, 
and remained constant over time. However, when the same experiment 
was repeated but with limited viewing times during search and accuracy 
as a dependent variable, significant guidance was observed only after 200 
ms, and rose further to optimal levels at 400 ms. (As there was no 100 
ms SOA, we cannot exactly determine whether guidance was present as 
early as in the current experiments). This is not quite consistent with the 
more constant pattern we observed here in our limited viewing time 
conditions. One reason may be that in Wilschut et al. (2013), the cued 
item only partly matched the target item, in this case its color. The target 
was however also defined by its orientation. The target orientation had 
to be derived from the indicated color: When red was cued the observer 
knew s/he had to look for vertical, while green meant horizontal. It is 
likely that this conversion may have taken some additional time, and may 
have affected optimal guidance by color in the beginning. 

 The relative rapidity of the current effects appear inconsistent 
with findings from the standard retro-cueing paradigm, where the 
memory status is tested through a straightforward memory probe, rather 
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than through inadvertent guidance in a visual search task. Using standard 
memory testing, Pertzov et al. (2013), as well as Tanoue and Berryhill 
(2012) reported cueing benefits for cue-test SOAs of 300 ms upwards. 
There may be several reasons for the inconsistency. First, as we have 
argued, even though we measured effects at SOAs of 100 ms, the 
effective time available to observers may have been longer if they 
postponed the search until they had fully prioritized the cued item. 
Despite the fact that we tried to discourage this strategy in Experiment 3, 
we cannot fully exclude this possibility. However, we believe the impact 
of postponement is minimal. The overall difference in RTs between the 
cue and no-cue conditions in Experiment 2 was about 60 milliseconds, 
suggesting that observers would take at most that amount of extra time 
to process the cued item before they start search. Note also that RTs 
were typically slowed by a fraction of the difference in SOA, which also 
suggests that observers were at most trying to regain a few tens of 
milliseconds by postponing (if at all). Nevertheless, future studies will 
need to disentangle whether observers treat these tasks of prioritizing a 
memory versus searching a display completely serially, or allow for 
considerable overlap.  

 A second possibility is that the availability of a representation for 
guidance is dissociated from the availability for conscious report. The 
first process may already benefit from the mere re-activation of 
perceptual representations, which may initially be relatively fragile but 
sufficient to bias incoming information. In contrast, conscious report of 
an item may depend on slower processes involving consolidation and 
comparison to the test item. Recent evidence points towards different 
layers of robustness of visual memory (Chapter 7). In our paradigm, the 
cued item does not yet need to be reported at the time we measure its 
influences. Note that in the comparable conditions of the Pertzov et al. 
(2013) and also Tanoue & BerryHill (2012) paradigms, the test item 
appeared at the same location as the cued item. Any initial re-activation 
of the memory representation may thus be immediately overwritten by 
the test item at short SOAs, before it is consolidated into a more durable 
representation. 
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 Finally, although the results are consistent with a variety of 
mechanisms that have been proposed to account for the retro-cue 
benefit, they cannot be used to dissociate between these mechanisms. 
Whereas a distractor matching the memory content resulted in less 
efficient search compared to an unrelated distractor, no differences in 
search efficiency were found between distractors matching the uncued 
items in memory and unrelated distractors. Importantly, however when 
participants are holding more than one item in memory (Experiment 2) 
search efficiency is also not significantly impaired by a memory matching 
distractor (Chapter 2). Therefore, based on the current finding one 
cannot conclude whether the cue resulted in a shift of memory resources 
to the cued item or whether the uncued item was removed from memory 
to reduce memory load (Matsukura et al., 2007; Williams & Woodman, 
2012).          

 In sum, we confirm earlier findings that memory-driven 
attentional guidance depends on the priority given to the memory, and 
we extend these findings by showing that such shift in mnemonic 
priority affect attentional guidance rather rapidly, within the first 100 to 
200 ms following the cue. 
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Abstract 

Models of biased competition assume that pre-activating a visual 
representation in visual working memory (VWM) biases perception 
towards memory-matching objects. Consistent with this, it has been 
shown that targets suppressed by interocular competition gain prioritized 
access to awareness when they match VWM content. Thus far, these 
VWM biases during interocular suppression have been investigated with 
minimal levels of competition, as there was always only one target 
stimulus and observers only held a single item in VWM. In the current 
study we investigated how VWM-based modulation of access to 
awareness is influenced by competition within the stimulus display and 
competition within VWM. Using the method of breaking continuous 
flash suppression (b-CFS), we replicated the finding that information 
matching the content of VWM is released from interocular suppression 
faster than non-matching information. This VWM-based facilitation was 
significantly reduced, though still present, when VWM load increased 
from one to two items, demonstrating a clear competitive constraint on 
the top-down modulation by VWM. Simultaneously, we manipulated 
inter-stimulus competition by varying the presence of distractors. When 
distractors were present, VWM-based facilitation was no longer specific 
to interocular suppression, but also occurred for monocular displays. We 
demonstrate that VWM-based visual biases occur in response to 
competition, whether between or within the eyes.  
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4.1 Introduction 

The visual information available in a typical scene by far surpasses the 
processing capacity of the visual system. Consequently, many different 
objects compete for neural representation, leading to mutual suppression 
of visually evoked neural responses (Beck & Kastner, 2009). According 
to models of biased competition, this ongoing battle can be resolved by 
giving a particular stimulus a competitive advantage over others, through 
pre-activation of its representation in visual working memory (VWM; 
Desimone & Duncan, 1995). Consistent with this viewpoint, it has been 
shown that information matching the content of VWM has a 
competitive advantage in access to awareness (Gayet, Paffen, & Van der 
Stigchel, 2013; Pan, Lin, Zhao, & Soto, 2014). These studies used the 
method of breaking continuous flash suppression (b-CFS; Jiang, Costello, & 
He, 2007; Stein, Hebart, & Sterzer, 2011; Gayet, Van der Stigchel, & 
Paffen, 2014), in which a target stimulus is presented to one eye, but is 
suppressed from awareness by a high contrast dynamic pattern presented 
to the other eye. The time it takes for the target to overcome this 
interocular suppression is taken as a measure to what degree a stimulus is 
prioritized for access to awareness. Gayet et al. (2013) and Pan et al. 
(2014) found that targets matching the content of VWM broke through 
interocular suppression more rapidly than items that were not in 
memory.  

Interestingly, no such VWM-based facilitation was observed 
when the target was presented to the same eye as the dynamic pattern, 
suggesting that the competitive advantage was specific to interocular 
suppression. However, given the assumed functional role of VWM-
based biases of competition, it is surprising that such biases are confined 
to cases of interocular suppression. Indeed, VWM-based biases have also 
been observed in visual search tasks, in which selection is biased towards 
memory-matching distractors, and in which there is no interocular 
suppression (e.g. Olivers, Meijer, & Theeuwes, 2006; Soto, Heinke, 
Humphreys, & Blanco, 2005). One difference is that unlike in visual 
search, VWM-based facilitation in b-CFS paradigms has only been 
investigated with minimal levels of competition, as studies have only 
used single-item target displays. In single-target b-CFS conditions, 
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competition occurs between a single target stimulus presented to one 
eye, and a suppressing pattern presented to the other. While this creates 
strong competition between the eyes, one of the reasons that there is 
little effect in monocular conditions may be exactly the lack of 
competition within the eye. If there is no strongly competing stimulus 
presented along with the target stimulus, there is in principle little to bias, 
as the target is the sole contestant for awareness anyway. Indeed, 
previous studies have argued for stronger biases the more competition 
there is from distractors (Hickey, Olivers, Meeter, & Theeuwes, 2011; 
Lamy, Zivony, & Yashar, 2011; Meeter & Olivers, 2006). Therefore, in 
the present set of experiments we varied the level of competition in the 
stimulus displays to assess the role of competition in access to 
awareness. Specifically, we varied the presence of distractors, to assess to 
what extent the VWM-based advantage in the b-CFS paradigm is specific 
to interocular competition. If VWM-based facilitation is indeed specific 
to interocular competition, we should never observe VWM-based 
facilitation in the monocular condition, not even with added competition 
to the stimulus display. By contrast, if VWM-based facilitation serves the 
general purpose of biasing selection under conditions of competition, 
then we should also observe monocular facilitation induced by inter-item 
competition. 

Competition is not limited to processing of new sensory input, 
but also occurs within VWM (Franconeri, Alvarez, & Cavanagh, 2013; 
Wei, Wang, & Wang, 2012). It is currently debated how this competition 
affects perceptual biases, a debate that has mainly focused on the 
number of items that can simultaneously interact with perceptual 
selection (Beck et al., 2012; Olivers et al., 2011). Using an attentional 
capture paradigm, we found that loading VWM with one colored item 
led to increased interference from memory-matching distractors, 
indicating that the memory match captured attention. However, loading 
VWM with two or more items significantly attenuated this VWM-based 
attentional capture, to the point that it was virtually abolished (Chapter 
2; Chapter 3). Although increasing memory load reduces the 
representational quality for individual items, holding two items is still 
well within traditional capacity limits of VWM (Bays et al., 2009; Zhang 
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& Luck, 2008), and it also fell within our participants’ independent 
capacity estimates (Chapter 2). Such load constraints therefore suggest 
that at higher memory loads, VWM representations not necessarily bias 
perception. Instead it appears that although VWM can maintain multiple 
items, only a single item at a time can be kept in a state that has access 
to, and can thus bias, perception (single-item template account; Olivers 
et al., 2011).  

 Although a single-item template account predicts a clear load 
constraint on the number of items that can simultaneously bias 
perception, it is still somewhat surprising that VWM-based capture 
completely disappears when VWM is loaded with two items. Following 
the single-item template account, one would expect that at least one of 
the VWM representations would be able to adopt the template status, 
resulting in at least half the normal interference effect obtained with just 
one memory item. One possible explanation for why  this does not occur 
is that the mutual competition between memory items prevents any one 
of them from gaining prioritized access to perceptual input, or observers 
strategically refrain from prioritizing one item in memory because that 
may go at the expense of the other item in memory (Pertzov et al., 2013). 
Yet another explanation is that at higher memory loads VWM still 
interacts with perception, but this interaction is (sometimes) missed by 
attentional-capture paradigms. As both the object in memory and the 
matching object in the visual search display are irrelevant to (and thus 
potentially interfering with) the search task, observers may do everything 
to prevent VWM-driven biases. Contrary to the attentional capture 
paradigm, in which VWM-based biases inherently interfere with the 
participant’s current task, in the b-CFS paradigm, the memory content, 
although in principle still irrelevant to the intermediate task, facilitates 
target detection. Consequently, participants may be less inclined to 
prevent VWM-based biases. Also, target detection tends to be slower 
during CFS compared to attentional capture paradigms, which may 
create a greater time window and therefore more opportunity for 
memory representations to bias selection. Consistent with this 
possibility, Hollingworth and Beck (2016) recently replicated our 
findings, but at the same time demonstrated reliable VWM-based 
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interference at load 2 when search was made more difficult and 
observers therefore needed longer to respond. Together with the fact 
that the memory no longer interferes with target selection, these 
prolonged search times possibly make the b-CFS paradigm more 
sensitive to VWM-based biases at higher loads than our capture 
paradigm. 

To investigate the influence of the two forms of competition 
(inter-item stimulus competition and VWM load) on VWM-based 
facilitation, we adopted the procedure illustrated in Figure 4.1. Each trial 
started with the presentation of either one or two colors, which had to 
be remembered for a subsequent test at the end of the trial. In between, 
participants switched to a b-CFS task, which required them to report the 
location of a target shape whose opacity gradually increased from 0 to 
100%. Importantly, the target shape could carry a color that matched 
one of the colors in VWM, or an unrelated color. The target was 
interocularly suppressed by a dynamic pattern presented to the other eye. 
To assess to what extent VWM biases were specific to interocular 
competition, we also included a monocular condition, in which the target 
was superimposed on the dynamic pattern presented to the dominant 
eye, such that the target was not subject to interocular competition. 
Finally, the target was either the only item in the display or it was 
embedded in a display with three more objects of various colors and 
shapes. We can make a number of predictions. First, replicating Gayet et 
al (2013) and Pan et al. (2014), in single-item target displays with a 
memory load of one, memory-matching targets should break through 
interocular suppression more rapidly than non-matching items, but we 
should observe no such facilitation in the monocular condition. Second, 
if VWM specifically biases interocular competition within this paradigm 
we should observe the same pattern of results in multiple-item target 
displays. Alternatively, if VWM-based biases emerge under conditions of 
competition in the display in general, then introducing additional 
stimulus competition should result in VWM-based facilitation also in 
monocular conditions. Third, if VWM-based perceptual biases are 
limited by competition within VWM, then we should see reduced b-CFS 
facilitation with increasing load. Specifically, if only one memory item 
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can bias perception at a time, we should see the b-CFS advantage at least 
being halved from load 1 to 2.  

 

4.2 Experiment 1A and 1B 

Experiment 1 tested to what extent the faster detection of VWM 
matching visual input depends on VWM load and stimulus competition. 
One characteristic of binocular rivalry is that the perceptual transition 
from one percept to the other typically occurs in a spatially gradual 
manner, in which the suppressed stimuli first regain perceptual 
dominance in isolated spots, before it spreads throughout the entire 
image, through what has been labeled a traveling wave (Paffen, Naber, & 
Verstraten, 2008; Wilson, Blake, & Lee, 2001). When using multi-item 
displays, such traveling waves may cause one item to be revealed by the 
breakthrough of another item. To control for any potential confounds 
that these traveling waves might cause, we ran two versions of the 
experiments, each with a different type of mask. In Experiment 1A the 
whole stimulus area was filled with a single high-contrast dynamic 
pattern mask, as in Gayet et al. (2013). In Experiment 1B, the items were 
suppressed through four separate masks, one for each item (Figure 
4.1B). Such separate masks should prevent spreading of dominance from 
one stimulus location to another (for a similar approach, see Gayet, van 
Maanen, Heilbron, Paffen, & Van der Stigchel, 2016).         

 

4.2.1 Methods 

Participants.  A planned number of twenty participants (six 
males, age 19-33, M = 25 years) took part in Experiment 1A and another 
twenty participants (six males; age 18-34; M = 24 years) took part in 
Experiment 1B, in exchange for course credit or 8€ per hour. 
Participants reported normal or corrected-to-normal acuity. Additionally, 
each participant’s eye dominance was determined off-line (Gayet et al., 
2013). Procedures were approved by the Scientific and Ethical 
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Review Committee (Faculty of Behavioral and Movement Sciences, VU 
University). 

Apparatus, stimuli, procedure, and design. The experiment was 
modeled after experiments reported in Gayet et al. (2013). A Windows 7 
PC running OpenSesame v0.28 (Mathôt et al., 2012) generated the 
stimuli on a Samsung SyncMaster 2233 120Hz screen, at 60 cm viewing 
distance. Participants sat in a dimly lit cubicle. Two half-images were 
presented dichoptically on a uniform gray background (29 cd/m²) 
through a mirror stereoscope. The area presented to each eye was 
surrounded by a black frame (6.5°x6.5°) to facilitate binocular fusion of 
the complementary images.  

Each trial started with a white fixation dot for 500 ms followed 
by a 1000 ms memory display. After a 1250 ms delay the visual detection 
task was initiated. This task lasted until a response was given or until 20 s 
elapsed. It ended with a 500 ms fixation display. Finally, a memory test 
was shown until response. 

 

 

Figure 4.1 | (A) Stimulus sequence of an incongruent trial with circular pattern masks. 
In all experiments, participants were instructed to report whether a colored stimulus 
appeared left, right, below or above fixation, during the presentation of the dynamic 
mask. Depending on the trial, in Experiment 1 this stimulus could be congruent or 
incongruent with a stimulus that was presented before the visual detection task and 
which needed to be remembered for a later test. (B) Examples of stimulus displays with 
congruent targets, and different mask types (Experiment 1A top right; Experiment 1B 
top left) in Experiment 1 (top) and a congruent distractor in Experiment 2 (bottom). In 
Experiment 2 the memory content never matched the target, but could only match the 
diamond distractor.   
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Memory displays contained one or two colored disks (radius 
0.65°), randomly placed at two possible locations at 2.8° eccentricity on 
the northwest intercardinal axis. Each color was selected at random from 
the same color pool used in our previous work (Chapter 2; Chapter 3). 
There were five different color categories (red, green, blue, yellow, 
purple). Within each color category, nine different exemplars were 
selected on basis of the Munsell color system (Munsell, 1929), such that 
the brightness of each color was kept constant around (26 cd/m²), 
except for yellow which was overall brighter (66 cd/m²) to prevent it 
from appearing as brown.  

In the visual detection task, participants were instructed to report 
the location of the target (which was always a circle), by using the arrow 
keys. The target appeared randomly on one of four locations at 2.0° 
eccentricity on the cardinal axes. On half of the trials the color of the 
target was identical to one of the memorized colors (congruent condition). 
In the other half of the trials the target color was unrelated to the 
memory content (incongruent condition). Note that the color of the target 
was irrelevant for the suppression task.       

During the b-CFS task a high-contrast dynamic pattern mask 
(10Hz), specifically designed to evoke CFS (see Gayet et al., 2013 for 
details), was presented to the dominant eye. At the onset of the 
suppression task, the shape stimuli started to gradually increase in 
contrast. In the CFS condition stimuli were presented to the non-
dominant eye and reached their maximum contrast after 1000 ms. In the 
monocular condition the stimuli were superimposed on the dominant 
pattern mask, and the ramp-up of the stimuli was lengthened such that 
they reached full contrast after 3000 ms to mimic the longer suppression 
durations of trials with dichoptic presentation (Gayet et al., 2014). This 
way we achieved similar RTs in the two conditions (see Results section). 
In single-item displays the target was the only item in the display. In the 
multiple-item displays the target was surrounded by three colored objects 
(two stars and one diamond), randomly placed on the remaining three 
target locations. The colors of the stars and the diamond never matched 
the memory content and were selected randomly from the remaining 
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color categories. To further increase the saliency of (and therefore 
competition with) the distractors, both stars carried the same color.  

Finally, the memory test was a forced choice recognition task in 
which participants had to select the exact color that was memorized at 
trial onset from three colored circles, all from the same color category. 
At load 2, one of the two possible color categories was selected 
randomly. Participants could select the memory matching circle by 
moving a white outline with the left and right arrow buttons and submit 
their response with the up arrow button.  

In both versions of the experiment, participants completed 14 
experimental blocks of 32 trials each. Each participant completed seven 
single-item blocks and then seven multiple-item blocks, each preceded 
by 18 practice trials, in counterbalanced order. Each block contained 
four congruent and four incongruent trials per load (1, 2) and viewing 
condition (CFS, monocular), which were randomly mixed. This resulted 
in 28 observations per cell in an ANOVA with factors congruency, load, 
display type and viewing condition per experiment. After each block, 
feedback was given on RTs (suppression) and accuracy (suppression and 
memory). Participants were encouraged to take a break in between 
blocks.   

Data processing. Reaction time data were analyzed as in our 
previous work (Olivers et al., 2006; Chapter 2).  Only trials with a 
correct response during the suppression task were included in the 
analysis. Then a two-step trimming procedure was applied. First, trials 
with RTs faster than 200 ms or slower than 5000 ms were excluded. 
Next, the RTs were trimmed on the basis of a cutoff value of 2.5 
standard deviations from the mean per participant per condition. We 
also analyzed median RTs (as in Gayet et al., 2013), and this showed the 
same pattern of results.         
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4.2.2 Results and discussion      

RT analysis. Correct trials made up 98.3% of the data (Exp. 1A = 
98.4%, Exp. 1B = 98.2%). Trimming resulted in an extra loss of 3.3% of 
the data (Exp. 1A = 3.0%, Exp. 1B = 3.5%). Remaining RTs were 
entered in a repeated-measures ANOVA with within-subjects factors 
display type (single-item, multiple-item), viewing condition (CFS, monocular), 
load (1, 2) and congruency (congruent, incongruent). Experiment (1A, 1B) 
was added as a between subjects factor to assess the effect of mask type. 
As can been seen in Figure 4.2, although overall response times were 
slower in Experiment 1B than in Experiment 1A (F (1, 38) = 9.38, p < 
0.01), the pattern of results did not differ across experiments. There was 
a main effect of target display (F (1, 38) = 239.43, p < 0.001), with 
overall slower RTs in multiple-item than in single-item displays and a 
main effect of memory load (F (1, 38) = 24.04, p < 0.001), driven by 
slower RTs at load 2 relative to load 1. Furthermore, across experiments 
and all other factors, the memory content facilitated target detection, 
with congruent targets being detected faster than incongruent targets (F 
(1, 38) = 139.93, p < 0.001).  

Importantly, there was a significant load by congruency 
interaction, (F (1, 38) = 9.89, p < 0.01): VWM-based facilitation was 
more pronounced at load 1 (F (1, 38) = 110.15, p < 0.001) than at load 2, 
where it was nevertheless still highly reliable (F (1, 38) = 60.64, p < 
0.001). Load interacted with none of the other factors, although the load 
by target display by viewing condition interaction was close to significant 
(F = 3.73, p = 0.06). However, the load by congruency interaction was 
stable whether the analysis was split by target display (F (1, 38) = 4.69, p 
= 0.04 for single-item; F (1, 38) = 6.59, p = 0.01 for multiple-item) or by 
viewing condition (F (1, 38) = 4.50, p = 0.04 for CFS; F (1, 38) = 7.43, p 
= 0.01 for monocular). Thus, across conditions, the benefits of having a 
representation active in VWM were reduced when the number of items 
in VWM was increased from one to two. At the same time, VWM-based 
facilitation was not completely eliminated. Interestingly, numerically this 
reduction differed between single-item and multiple-item displays (see 
Table 4.1). In single-item displays the congruency effect was reduced by 
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about half from load 1 to load 2, whereas this reduction was smaller, 
about one-third, in multiple-item displays. 

 

 

 

 

Figure 4.2 | Experiment 1: Reaction times as a function of display type, viewing 
condition, memory load and congruency for Experiment 1A (A) and 1B (B). Note that 
the y-axis is shifted for the multiple-item /monocular display condition in Experiment 
1B. Error bars in all figures represent condition-specific, within-subject 95% 
confidence intervals (Morey, 2008).  
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Another important finding was that the target congruency effect 
was also modulated by display type, with larger effects in the multiple-
item than in the single-item displays (F (1, 38) = 10.04, p < 0.01). 
Moreover, a significant three-way interaction showed that this interaction 
differed across viewing conditions (CFS vs. monocular; F (1, 38) = 
25.75, p < 0.001). In single–item displays, VWM-based facilitation 
reliably differed between CFS and monocular displays, but this was not 
the case in multiple item displays. In single-item displays, congruent 
targets broke through suppression faster than incongruent targets (F 
(1,38) = 33.85, p < 0.001), whereas this congruency effect was 
attenuated, although still significant, in the monocular displays (F (1,38) 
= 10.19, p < 0.01). By contrast, in multiple-item displays, the size of the 
congruency effects did not differ between CFS (F (1,38) = 46.11, p < 
0.001) and monocular displays (F (1,38) = 95.30, p < 0.001). This pattern 
was observed in both experiments, although it was more pronounced in 
Experiment 1B resulting in a significant interaction with experiment (F 
(1, 38) = 12.98, p < 0.001).  Finally, the same pattern also held when 
these analyses were split up by load (all F’s > 6.93, all p’s < 0.01), again 
demonstrating that the effects were less pronounced at load 2 than at 
load 1, but still reliable. 

 

Table 4.1. 
Data columns represent the congruency effect and the reduction in the congruency 
effect from load 1 to load 2 for each condition. 
 
 Single-item Multiple-item 
 CFS Monocular CFS Monocular 
 1 2 % 1 2 % 1 2 % 1 2 % 
 1A 131 79 40   37ns   17ns 54 108 84 23 149 112 25 
 1B 194 94 52 42   26ns 38 141 94 34 216 132 39 
Total 163 87 47 40 22 45 125 89 29 183 122 34 

 

Together these results are in line with the idea that the content of 
VWM affects perceptual selection, but especially so during competition 
for visual representation. In single-item displays, this competition was 
significantly reduced in the monocular displays, as there was only a single 
stimulus, and no interocular competition. Consistent with this, in these 
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displays VWM-based facilitation was more pronounced in CFS than 
monocular displays3. By contrast, in multiple-item displays competition 
was no longer specific to CFS, as there was also competition between 
objects, and VWM-based facilitation now no longer differed between 
suppression and monocular displays. Thus, VWM-based biases emerge 
under conditions of competition, but the specific type of competition 
may vary, and can be either inter- or intra-ocular. 

The other important aspect of the data is that VWM-based 
facilitation was reduced by about half in single-item displays and about 
one-third in multiple-item displays, when memory was loaded with two 
instead of one color. Yet, at load 2 VWM-based facilitation was still 
reliable. This VWM-based facilitation at load 2 stands in contrast to our 
previous findings, where in visual search, loading VWM with two items 
was by itself sufficient to abolish the perceptual bias towards memory 
matching distractors (Chapter 2; Chapter 3). One potential explanation 
for this discrepancy is that here the memory matched the target rather 
than one of the distractors. It has been shown that the benefits of a 
matching target are larger than the costs associated with distractor 
interference (Carlisle & Woodman, 2011). Moreover, there is evidence 
that the attentional capture by memory-matching distractors is partly, but 
not fully, malleable by cognitive control (Kiyonaga et al., 2012). 
Together, this suggests that the memory content can be suppressed 
when it is known to be irrelevant for the current task. One possibility 
therefore is that the elimination of a VWM-based perceptual bias is 
specific to conditions where a memory match interferes with target 
selection, as these paradigms are not only less sensitive, but there is also 
more incentive to shield the content of VWM from the intermediate 
task. To test whether tasks in which the matching object is always a 
distractor are indeed less sensitive to VWM biases, we conducted a 
second experiment. This experiment was similar to Experiment 1, but 

																																																													
3 In contrast to Gayet et al. (2013), here the congruency effect, although strongly attenuated, was 
overall still reliable in the monocular condition. We believe this difference should be attributed to 
the circular pattern mask in Experiment 1B, which may have introduced, albeit small, extra 
competition. In Experiment 1A, with identical masks as in Gayet et al. (2013), we replicated the 
finding that memory-based facilitation is not reliable in monocular displays.   
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instead of a memory-matching target, now the memory could only match 
a distractor.  

4.3 Experiment 2 

 

4.3.1 Methods 

The methods were largely the same as in Experiment 1B, now 
using only multiple-object displays. Twenty new volunteers (five males, 
age 18-37; M = 22 years) participated. Furthermore, the target color 
never matched the memory color. Instead, on half of the trials the color 
of the diamond distractor was identical to one of the memory colors 
(congruent condition). In the other half of the trials none of the colors in 
the display were related to the memory content (incongruent condition). 
The single-item display was omitted, as it did not contain distractors. 
Participants completed 7 experimental blocks of 32 trials each after the 
task was practiced on 18 trials.  

 

4.3.2 Results and discussion 

 Exclusion of incorrect search trials (3.4%) and data trimming 
(2.8%) resulted in an overall loss of 6.1% of the data. The main results 
are shown in Figure 4.3. As the graph already indicates, there was only a 
main effect of display type (F (1, 19) = 20.36, p < 0.001), which was 
driven by slower responses in the monocular display. There were no 
other reliable differences (all F’s < 1.2, all p’s > 0.28). Regardless of 
memory load and viewing condition, a memory matching distractor did 
not slow target detection.  
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Experiment 2: Reaction times as a function of viewing condition, memory load and 
congruency. 

 Experiment 2 was designed to establish whether memory-
matching distractors interfere with target selection in a b-CFS paradigm 
when memory is loaded with more than a single item. Surprisingly, there 
was no evidence whatsoever that the memory content interfered with 
target selection, not even at load 1. This null effect has two important 
implications. First, it suggests that the VWM-based facilitation observed 
in Experiment 1 was largely strategic, as facilitation was only found when 
memory matches did not interfere with the task. Second, it implies that, 
also in this paradigm the dependent measure becomes less sensitive to 
VWM-driven perceptual biases when the memory only matches a 
distractor and never the target.  

 

4.4 General discussion 

Previous studies demonstrated that information matching the 
content of VWM is prioritized by the visual system, so that it is released 
from suppression faster than non-matching information (Gayet et al., 
2013; Pan et al., 2014). These studies made use of the b-CFS paradigm, 
in which a target stimulus presented to one eye is temporarily rendered 
invisible by presenting dynamic input to the other eye. Here, we used 
this method to investigate how memory load (i.e., competition within 
VWM) and competition within the visual input influence VWM 
modulation of perceptual selection. Replicating previous findings, it was 
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found that information matching the content of VWM broke through 
interocular suppression faster than non-matching information. 
Consistent with the idea that the number of memory representations that 
can simultaneously interact with perception is limited, this VWM-based 
facilitation was significantly reduced when memory load increased from 
one to two items. Also, it was found that the level of competition 
modulates the interaction between VWM and perceptual selection. In 
single-item displays the VWM-based facilitation was largely specific to 
interocular competition. By contrast, for multiple-item displays, where 
there was also inter-stimulus competition within one eye, the level of 
facilitation no longer differed between CFS and monocular displays.    

Across conditions there was a clear load constraint on the VWM-
based facilitation. In single-item target displays loading VWM with two 
items reduced VWM-based facilitation by about half. Such a reduction is 
directly in line with a single-item template account, in which only a single 
memory representation at a time has direct access to perception (Olivers 
et al., 2011). If only a single memory representation at a time functions 
as attentional template, facilitation will only occur on those trials where 
the target color happens to match the active color in VWM, which by 
random selection should be about half of the trials. 

However, other aspects of the data do not support a hard 
architectural constraint on the number of template representations. In 
multiple-item displays the load reduction was only about one-third, a 
reduction that appears to be more in line with a multiple-item template 
account in which more than one target representation can be activated to 
at least some extent (Beck et al., 2012; Hollingworth & Beck, 2016). 
Related to this, the VWM-based bias did not completely disappear for 
load 2, in contrast to our previous findings that loading VWM with more 
than one item is by itself sufficient to eliminate the attentional bias 
towards memory-matching distractors (Chapter 2; Chapter 3). It is not 
clear what is driving the difference in load reduction between single-item 
and multiple-item displays, and between the b-CFS and attentional 
capture tasks. One notable difference is that attentional capture 
paradigms have been designed such that VWM interferes with target 
detection, whereas in the typical b-CFS task it facilitates target detection. 
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Indeed, Experiment 2 indicates that VWM-based biases are reduced 
when the matching object is a distractor. Another important aspect could 
be that overall longer response times provide more opportunity for the 
memory representations to each bias selection, potentially in turn, 
leading to preserved biases. Consistent with this, a recent study found 
that VWM-based attentional capture could also be observed at load 2, 
but only when the efficient singleton-shape search was replaced by a 
more inefficient search task (Hollingworth & Beck, 2016). Note, 
however, that Hollingworth and Beck did not observer a reliable 
reduction with increasing memory load, although numerically the pattern 
went in the same direction. Thus, although the sensitivity of the 
paradigm seems to be an important factor, future studies are necessary to 
further investigate how competition within VWM affects attentional 
biasing. 

The other central aspect of our data is that VWM-based 
facilitation no longer differed between monocular and CFS displays 
when the target was embedded in a multi-item display. In previous 
studies, using single-item target displays, the prioritization of memory 
matching information was specific to CFS (Gayet et al., 2013; Pan et al., 
2014). Here, we largely confirm these findings, as facilitation was reliably 
more pronounced in CFS than monocular displays. By contrast, in 
multiple-item displays VWM facilitated target selection to the same 
extent in CFS as in monocular displays. We believe that this dissociation 
should be attributed to the level of competition within the visual system 
(Hickey et al., 2011; Luck, Girelli, McDermott, & Ford, 1997; Meeter & 
Olivers, 2006). In single-item displays, any sense of a stimulus breaking 
through suffices for a correct response and a response can thus be 
selected based solely on the first feedforward sweep of information that 
enters the visual system (Lamme & Roelfsema, 2000). The competition 
within this feedforward sweep is largely driven by the different input 
from both eyes during CFS. Such crude processing, however, is 
insufficient in multiple-item displays as target localization now also 
requires recurrent processing to identify the shape of the perceived 
colors (Treisman & Gelade, 1980). Consequently, competition is no 
longer limited to interocular competition, which gives VWM the 
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opportunity to exert its effect in both CFS and monocular displays.  The 
results of Experiment 2 then suggest that this bias induced by VWM can 
be strategically suppressed when the memory content never matches the 
target. 

To conclude, we show that both stimulus competition and 
competition within VWM affect memory-driven biases of visual 
awareness. While competition within VWM reduces such biases, 
competition within the stimulus strengthens them.    
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Abstract 

Objects in visual working memory (VWM) that are only prospectively 
relevant, can nevertheless affect the guidance of attention in an ongoing 
visual search task. Here we investigated whether learning changes the 
attentional status of such prospective memories. Observers performed a 
visual search while holding an item in memory for a later memory test. 
This prospective memory was then repeated for several trials. When the 
memory was new, it interfered with the ongoing search task. However, 
with repetition, memory performance increased, but memory-based 
interference rapidly diminished, suggesting that observers learn to shield 
the prospective memory from the ongoing task. This contrasts with 
earlier findings showing stronger attentional biases from learned 
memories when these are immediately task-relevant.  Interestingly, 
interference resurfaced again in anticipation of a new memory, 
suggesting a reactivation of VWM. These effects were sensitive to task 
context, indicating that the attentional status of prospective memories is 
flexible. 
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5.1 Introduction 

Visual working memory (VWM) is assumed to play an important role in 
guiding selective attention towards task-relevant visual objects, for 
example in visual search (Bundesen et al., 2005; Desimone & Duncan, 
1995; Wolfe, 1994; Woodman & Chun, 2006). However, VWM is not 
the only memory system guiding attention, as long-term memory (LTM) 
can also bias selection during visual search (Hutchinson & Turk-Browne, 
2012; Olivers, 2011).  

Learning through repetition induces a transition from VWM to 
LTM (Shiffrin & Schneider, 1977). Recent EEG studies indicate that this 
transition is remarkably rapid, as the contralateral delay activity (CDA, a 
marker of VWM) drops to asymptote within a handful of trials (Carlisle 
et al., 2011; Gunseli, Meeter, et al., 2014; Gunseli, Olivers, et al., 2014; 
Reinhart & Woodman, 2013). Moreover, this reduction in VWM-related 
activity appears to be accompanied by a reduction in the P170, which has 
been interpreted as a marker of a more implicit longer term memory 
(Woodman, Carlisle, & Reinhart, 2013; though see Gunseli, Olivers, et 
al., 2014). In line with this, target repetitions have led to robust, 
automatic, and largely implicit selection benefits in visual search (Kruijne 
& Meeter, 2015; Maljkovic & Nakayama, 1994; Müller, Krummenacher, 
& Heller, 2004; Theeuwes, 2013). 

So far, studies of attentional learning have investigated 
conditions in which the memory representation is directly relevant for 
the search – that is it is the target that is learned. However, for the 
cognitive system to be adaptive, it must be able to distinguish currently 
relevant learned information from currently irrelevant learned 
information. Here we investigate the influence on attention from 
memories that are being learned for a prospective task, but that are not 
relevant for the current task. Specifically, how does learning an item for 
such a prospective task affect attentional priorities?  

To answer this question, we made use of an established paradigm 
in which observers search for a specific target, while holding an accessory 
item in memory for a later test. Thus the accessory memory item is only 
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relevant in a prospective sense. Nevertheless, attention during search has 
been shown to be inadvertently biased towards distractors that match the 
accessory memory item, resulting in interference (Olivers et al., 2006; 
Soto et al., 2005; but see Downing & Dodds, 2004; Woodman & Luck, 
2007). The evidence suggests that the prospective relevance of the 
accessory memory causes it to be kept active in VWM, from where it 
guides attention. However, it is unknown how learning changes the 
attentional status of such prospective memories. There seem to be two 
possibilities: 1) Learning strengthens the prospective memory but is 
blind to task-relevance, and thus results in increased interference 
stemming from prospective memories. 2) Learning strengthens the 
prospective memory, but at the same time observers also learn to shield 
it from currently ongoing tasks. In this case, as the prospective memory 
is deactivated within VWM, it no longer drives visual attention, and 
interference should decrease.  

Figure 5.1 illustrates the basic procedure. Each trial began by 
presenting a colored item (the accessory memory), which had to be 
recalled at the end of the trial. In between, participants switched tasks 
and searched for a diamond-shaped target among disk-shaped 
distractors. One distractor carried a color that could match the accessory 
memory. Crucially, the accessory memory item was then repeated for 
eight trials. This led to learning, resulting in better memory performance. 
Experiment 1 tested whether learning the accessory item led to more 
interference (consistent with a relevance-blind learning mechanism) or 
less interference with the current task (consistent with a learned shielding 
mechanism). Experiment 2 and 3 then tested to what extent the 
attentional guidance from learned accessory items is under cognitive 
control. 

 



	 	
	 	

118	
	

 

Figure 5.1. Sequence of events in a trial of Experiment 1. Both distractor-type 
conditions are displayed.  

 

5.2 Experiment 1 A & B: Reduced interference from learned 
memories 

 

5.2.1 Methods 

Participants.  A planned number of fifteen volunteers (one 
male, age 18-26, M = 21 years) participated in Experiment 1A and 
another fifteen volunteers (two males; age 18-24; M = 21 years) 
participated in Experiment 1B, in exchange for course credit or 8€ per 
hour. Participants reported normal or corrected-to-normal acuity. 
Procedures were approved by the Scientific and Ethical 
Review Committee (Faculty of Behavioral and Movement Sciences, VU 
University). 

Apparatus, stimuli, procedure, and design. A Windows 7 PC 
running OpenSesame v0.28 (Mathôt et al., 2012) generated the stimuli 
on a Samsung SyncMaster 2233 120Hz screen, at 70 cm viewing 
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distance. Participants sat in a dimly lit cubicle. The background was gray 
(29 cd/m²). 

A trial started with a 500 ms black fixation dot with a white (99 
cd/m²) rim (0.11° X 0.11°). Then a memory item was presented for 1000 
ms at the center. After a 1000 ms delay, a search display was shown, until 
response. The fixation dot then reappeared for 250 ms, or, in case of an 
error, the word “incorrect” (in red). Finally, a memory test was shown 
until response. 

The memory item was a colored disk (radius 1.16°), and 
remained identical for nine trials (factor repetition). At the start of a 
sequence, a color was selected at random from five color categories (red, 
green, yellow, blue, purple), with the restriction that the selected category 
differed from the preceding category. Within each category, the specific 
hue and chroma varied randomly between any of nine different 
combinations chosen on basis of the Munsell color system (Munsell, 
1929), such that the brightness of each color was kept constant at around 
(26 cd/m²), except for yellow (66 cd/m²). 

The search display consisted of seven distractor disks (radius 
1.16°) and one diamond-shaped target (2.91° X 2.91°), all white-rimmed 
and all placed on an imaginary circle (radius 4.65°) centered on fixation 
(Theeuwes, 1992). The target was placed on one of four possible 
locations (i.e. top left, bottom left, top right and bottom right). 
Participants were instructed to localize the diamond as fast and accurate 
as possible. Target locations were coupled to keys on the QWERTY 
keyboard, (Q for top left, A for bottom left, P for bottom right, L for 
bottom left). One distractor disk was colored. The position of the 
colored distractor was random, but at least two positions away from the 
target. Crucially, there were two distractor type conditions. In the related 
condition, the distractor color was the to-be-memorized one. In the 
unrelated condition, the color was chosen from a different category.  

To limit the number of cells, only the first, third, fifth, seventh 
and ninth trial in the repetition sequence could contain a memory-
matching distractor. In Experiment 1A the unrelated color was selected 
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randomly on each trial. In Experiment 1B the unrelated  color was fixed 
for the odd numbered trials to make sure that both distractor colors (i.e. 
related and unrelated) were presented equally often, and thus the relevant 
effects in our paradigm were not due to the fact that one type of 
distractor simply occurred more often (Vatterott & Vecera, 2012).  

Each trial ended with a forced choice recognition task in which 
participants had to select the memory matching color from three colored 
disks. Participants could select the memory matching exemplar by 
moving an outline by pressing ‘A’ (to the left) and ‘L’ (to the right; 
random starting point) and submit their response with either ‘Q’ or ‘P’. 
Participants could thus keep their fingers on the relevant buttons 
throughout the trial. 

In both experiments, participants completed 18 practice trials 
and 10 experimental blocks of 54 trials each. Each experimental block 
contained six memory sequences and each block contained three related 
and three unrelated distractor trials per repetition (randomly mixed). This 
resulted in 30 trials per repetition for each distractor condition. After 
each block, feedback was given on RTs (search) and accuracy (search 
and memory). Participants were encouraged to take a break between 
blocks. 

 

5.2.2 Results and discussion 

Figure 5.2a shows how memory performance improved with 
repetition. Analyses of memory and search accuracy are reported in 
supplementary material. Here we focused on mean RTs in the search 
task.  

Search RTs. Only odd numbered trials in the sequence of nine 
trials were analyzed, as only those could contain related distractors. 
Incorrect trials were removed (Experiment 1A = 1.5%; Experiment 1B 
= 1.3%), and then a two-step trimming procedure was applied. First, 
trials with RTs shorter than 200 ms and longer than 5000 ms were 
excluded. Next, data were trimmed based on a cut-off value of 2.5 
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standard deviation (SD) from the mean RT per participant per condition 
(Experiment 1A = 1.3%; Experiment 1B = 2.9%), resulting in an overall 
loss of 3.5% of trials. 

Remaining RTs were entered in a repeated measures ANOVA 
with factors distractor type (related, unrelated) and repetition (1, 3, 5, 7, 9), 
and with α = 0.05. A Greenhouse-Geisser correction was applied in case 
of sphericity violations. Experiment (1A, 1B) was added as a between-
subjects factor to assess whether any effects are due to repetition of the 
distractor in the search display, rather than in memory. There was no 
main effect of experiment (F = 1.44, p = 0.24), nor did it interact with 
any of the other factors (all F’s < 1.67, all p’s > 0.16), indicating that 
there was no effect of distractor repetition per se. 

 

 

Figure 5.2 | Experiment 1A and 1B: (a) Memory accuracy and (b) reaction times as a 
function of repetition and distractor type in Experiment 1A (left) and Experiment 1B 
(right). Bars show the amount of capture as indexed by the difference between related 
and unrelated RTs. Error bars in all figures represent condition specific, within-subject 
95% confidence intervals (Morey, 2008). *p < 0.05, ** p < 0.01, *** p < 0.001. The 
same applies to the figures of Experiment 2 and 3.  
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 There was a main effect of distractor type (F (1, 28) = 69.39, p < 
0.001, ηp² = 0.71), reflecting overall slower RTs in the related relative to 
the unrelated distractor condition. The main effect of repetition was also 
significant (F (4, 112) = 27.95, p < 0.001, ηp² = 0.50), as RTs were 
modulated by repetition of the accessory memory item. Importantly, the 
distractor type by repetition interaction was highly significant (F (4, 112) 
= 12.30, p < 0.001, ηp² = 0.31). This pattern also held when the 
experiments were analyzed separately (all p’s < 0.01; see supplementary 
material).  

As can be seen from Figure 5.2b memory-based interference 
with search decreased with repetition. It thus appears that transferring an 
accessory memory from VWM to LTM makes it easier to ignore 
memory-matching distractors. Also, consistent with previous studies (e.g. 
Carlisle et al., 2011), this transition was rather rapid, occurring within one 
or two trials.  

However, Figure 5.2b also suggests that as learning progressed, 
interference did not continue to decrease, but re-emerged somewhat 
towards the end of the sequence. An ANOVA in which we only entered 
repetitions 5, 7 and 9, indeed suggested an interaction (F (2, 56) = 6.10, p 
< 0.01), but we emphasize that this analysis was post hoc. This 
resurgence was unexpected and we will return to it after Experiment 2. 
However, here it could have driven the distractor type by repetition 
interaction, so to make sure that the initial repetition-driven decline in 
interference was reliable, we repeated the ANOVA, but only for 
repetitions 1 to 5. This again revealed a significant distractor type by 
repetition interaction (F (2, 56) = 18.06, p < 0.001).  

 

5.3 Experiment 2: Interference from learned prospective 
memories is under cognitive control 

Experiment 1 showed that, with repetition, a prospective 
memory ceases to interfere with the current task. Experiment 2 tested to 
what extent learning-based decrement in interference is under cognitive 
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control. With a relatively long series of repetitions, as in Experiment 1, 
offloading the accessory memory to LTM as soon as possible may be a 
viable strategy. However, we hypothesized that when memory content is 
more changeable, observers may choose to keep VWM on-line, to 
anticipate updating with the new content and prevent spurious learning 
of soon-to-be-irrelevant representations (Braver & Cohen, 2000; O'Reilly 
& Frank, 2006). An adaptive system should thus be able to choose 
between VWM and LTM based processing depending on the task 
context. To test this, Experiment 2 compared a blocked condition in 
which the accessory memory item was repeated for nine trials (as in 
Experiment 1) to a blocked condition in which the memory changed 
every three trials. On the basis of Experiment 1, we predicted a 
repetition-related decrease in interference in the nine repetition block. 
We were also curious if we could replicate the resurgence of interference 
near the end of the sequence. However, for the three repetitions 
condition, when items change frequently, we hypothesized that 
observers are inclined to keep VWM involved, and thus memory-based 
interference was predicted to be sustained across repetitions.  

 

5.3.1 Methods 

 The methods were the same as in Experiment 1A except for the 
following: Eighteen new volunteers (three males, age 18-26; M = 21 
years) participated. Participants completed separate blocks, in which the 
memory color was repeated either three or nine times. Note that a three 
and a nine repetitions block only differed in the number of repetitions. 
All participants completed 16 experimental blocks (eight blocks for each 
condition), in counterbalanced order. Each block contained six memory 
sequences, such that a 3 repetitions block contained 18 trials and a 9 
repetitions block contained 54 trials. This resulted in 24 trials per 
repetition for each distractor condition. 
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5.3.2 Results and discussion 

Figure 5.3 shows the RT results. Exclusion of incorrect search 
trials (2.0%) and data trimming (2.6%) resulted in an overall loss of 3.8% 
of the data. In the first step of the analysis we focused on only the first 
three repetitions in both blocks. The ANOVA with within-subject 
factors block type (nine repetitions, three repetitions), distractor type 
(related, unrelated) and repetition (1, 3) showed a main effect of 
distractor type (F (1,17) = 20.54, p < 0.001, ηp² = 0.55), a main effect of 
repetition (F (1,17) = 22.05, p < 0.001, ηp² = 0.57), but no effect of block 
type (F = 1.20, p > 0.25). There was a significant three-way interaction 
(F (1,17) = 5.78, p = 0.028, ηp² = 0.25). Splitting up the analyses revealed 
a distractor type by repetition interaction in the nine repetitions block (F 
(1, 17) = 10.23, p = 0.005, ηp² = 0.38), but not in the three repetitions 
block (F = 0.04, p > 0.25; where there were only main effects of 
distractor type (F (1, 17) = 15.86, p = 0.001, ηp² = 0.48) and repetition (F 
(1,17) = 14.37, p = 0.001, ηp² = 0.46).  When the memory item was 
repeated three times, a related distractor slowed RTs to the same extent 
on the first and third trial of the sequence (t = 0.19, p > 0.25). In 
contrast, when the memory item was repeated nine times, memory-based 
interference was significantly reduced on the third relative to the first 
repetition (t (17) = 3.20, p < 0.01). Analyzing the nine repetition blocks 
separately revealed a main effect of distractor type (F (1, 17) = 11.85, p = 
0.003, ηp² = 0.41) and repetition (F (4, 68) = 5.06, p = 0.001, ηp² = 0.30), 
and also a significant interaction (F (3, 44) = 3.64, p = 0.025, ηp² = 0.18).  

These results show that the repetition-based decrement in 
interference from prospective memories depends on the anticipated 
length of the repetition sequence. Consistent with our hypothesis, when 
the memory task changed frequently, memory-based interference did not 
diminish, while it did for more stable sequences of nine representations. 
This suggests that, with learning, a prospective memory is not 
automatically shielded from the current task, but that this transfer is 
under cognitive control. When a new color memory is expected soon, 
VWM for color is kept active, leading to interference from the current 
color memory.   
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Figure 5.3 | Experiment 2: (a) Memory accuracy and (b) reaction times as a function 
of repetition and distractor type. Results from the 9 repetitions block (left) are shown 
separately from results in the 3 repetitions block (right). 

Surprisingly, as In Experiment 1, in the nine repetitions block 
memory-based interference re-emerged again at the final repetitions, 
with the ANOVA on repetitions 5, 7 and 9 suggesting the same 
interaction as in Experiment 1 (F (2, 34) = 3.074, p = 0.059). To further 
explore this pattern we collapsed the data from Experiment 1 and 2 and 
fitted both monotonic (linear, exponential) and non-monotonic 
(quadratic and cubic) regression models. Table 5.1 and Figure 5.5 show 
that the cubic model provided the best fit to the data, confirming what 
the data patterns already suggested, namely that memory-based 
interference across repetitions was characterized by multiple 
components: An initial decrease followed by an increase towards the 
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end. Although the focus of our study was on any repetition-related 
decline in interference, we decided to investigate this rebound effect 
further in Experiment 3. 

Table 5.1. 
 Different model fits per experiment as expressed by Akaike Information Criterion 
(Akaike, 1998). 
 
 Linear Exponential Quadratic Cubic 
Experiment 1 + 2 2493 2477 2477 2471 
Experiment 3 710 704 710 713 
 

5.4 Experiment 3: Reactivating VWM is under cognitive 
control 

The finding that the initial offloading from VWM to LTM is 
under cognitive control may also provide an explanation for the 
resurgence of memory-based interference. Just like observers decide to 
keep VWM online when they anticipate an imminent change in color (as 
in the 3 repetition block of Experiment 2), they may decide to bring 
VWM back online at the end of a nine repetition sequence, to facilitate 
encoding of a new, upcoming memory. A study Reinhart and Woodman 
(2013) provides evidence that VWM can be strategically reinstated, even 
though the object in memory no longer requires VWM. They used the 
CDA to track VWM involvement during repeated search and found that 
with repetition of the search target the CDA amplitude decreased, 
consistent with an offloading of the target representation to LTM. 
Importantly, when a large reward was then promised, the CDA 
amplitude returned to starting levels, suggesting that VWM was 
strategically recruited again in anticipation of the rewarding trial. 
Interestingly, other experiments using the CDA method have also 
provided hints of reinstatement of VWM towards the end of repetition 
sequences without any promise of reward (Experiment 3 in Carlisle et al., 
2011; Experiment 2 in Gunseli, Meeter et al., 2014). 

Although our observers had no obvious incentive to reinstate 
VWM, in all experiments the length of the sequence was kept constant 
and at least a subset of observers might have developed an estimate of 
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when a new color would appear, and resumed VWM-based control in its 
anticipation. Here we tested whether strategic reinstatement of VWM 
indeed accounts for the observed re-emergence of memory-based 
interference. We used the same procedure as Experiment 1, except at the 
end of the sequence, participants first had to perform a different task that 
did not require them to remember a new color. Only after completing 
this intermediate task did they return to the color memory task. We 
reasoned that there should now be no reason to reinstate VWM for color 
towards the end of the repetition sequence, and thus we should not 
observe a return of memory-based interference. Alternatively, it is 
possible that there is no active anticipation involved and the increased 
interference results from for example automatic long-term priming 
mechanisms taking over the guidance of attention as learning 
accumulates (Kruijne & Meeter, 2015). In that case we should still 
observe increased interference at the end of the repetition sequence. 

 

5.4.1 Methods 

 The method was the same as in Experiment 1A except for the 
following changes. Fifteen new volunteers, (eight males; age 19-30; M = 
24 years) participated. Here, after every nine trials, following a 2000 ms 
interval, participants switched to an intermediate task. To minimize 
memory requirements this task was very similar to the search task, 
however, there was no color involved (i.e. none of the distractor disks 
was colored). To further ensure that this task was easily dissociated from 
the regular search task, the stimuli were not presented simultaneously, 
but appeared sequentially. Every 750 ms to 1250 ms a randomly selected 
item was added to the display until all items were visible. Participants had 
to respond immediately when the diamond appeared by pressing the 
button that corresponded to the matching search location. 
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5.4.2 Results and Discussion 

Data were analyzed as in Experiment 1. Performance on the 
intermediate task is reported in the supplementary material. 

Search RTs.  Figure 5.4 shows the RT results. Exclusion of 
incorrect search trials (0.5%) and data trimming (2.3%) resulted in an 
overall loss of 2.8% of the data. There was a main effect of distractor 
type (F (1, 14) = 29.06, p < 0.001, ηp² = 0.68) and a main effect of 
repetition (F (4, 25) = 15.06, p < 0.001, ηp² = 0.52). The interaction 
approached significance (F = 3.00, p = 0.074). The first part of the 
sequence replicated that of Experiment 1 and the 9-repetition block of 
Experiment 2, as interference was reduced from repetition 1 to 
repetitions 3 (t (14) = 1.76, p = 0.10) and 5 (t (14) = 2.51, p = 0.03). 
However, in contrast to the earlier experiments, there was now no 
evidence for an increase in interference towards the end of the sequence 
(t’s < 0.31, p’s > 0.25). AIC estimates (see Table 5.1) now also clearly 
favored a monotonic exponential decrease over a higher order model.  

 

 

Figure 5.4 | Experiment 3: (a) Memory accuracy and (b) reaction times as a function 
of repetition and distractor type. 

The lack of any resurgence of memory-based interference 
suggests that it can be suppressed, and is thus under cognitive control. 
Whereas the previous experiments showed resurgence of memory-based 
interference prior to the storage of a new color in VWM, the current 
experiment shows no such increased interference prior to a task for 
which little working memory is required, and certainly no working 
memory for color. Taken together, the re-emergence of memory-based 
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interference appears to be driven by the anticipated role that VWM will 
play in the updating of task-relevant memories. 

 

 

Figure 5.5 | Experiment 1-3: Exponential (solid) and cubic (dashed) regression lines as 
fitted to the data (circles) in (a) Experiment 1, (b) Experiment 2 and (c) Experiment 3. 
Corresponding AIC estimates are shown in Table 5.1.  

 

5.5 General discussion 

We investigated how learning representations that are only 
prospectively relevant (i.e. for a later task) affect visual attention on the 
current task. Earlier evidence indicates that such accessory memory 
items, when represented in VWM, interfere with current selective 
attention tasks (Olivers et al., 2006; Soto et al., 2005). Here, we assessed 
whether repeated accessory memories continue to guide attention when 
being transferred from VWM to LTM. All experiments demonstrated 
that the first occasion an accessory item was encountered, and thus 
presumably held in VWM, memory-based interference occurred during 
search. However, within three repetitions of the accessory memory, 
interference reached a minimum, indicating that with learning, its effect 
on attentional selection rapidly diminishes.  

Previous research has indicated that memory-related capture 
should be attributed to active maintenance of the memory representation 
and not to passive priming effects (Olivers et al., 2006; Soto et al., 2005). 
The present results support this by demonstrating that priming 
contributes little, even when the accessory memory is presented 
repeatedly. Whereas memory improved across repetitions, memory-
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related attentional capture actually decreased. Furthermore, the speed 
with which active maintenance of the color appears to be reduced 
matches similar reductions found in studies using the CDA as a measure 
of activity (Carlisle et al., 2011; Gunseli, Meeter, et al., 2014; Gunseli, 
Olivers, et al., 2014).  

The finding that memory improves yet attentional guidance 
diminishes is in line with the idea that not the quality, but the status of a 
memory representation determines whether or not it will guide attention 
(Hollingworth & Hwang, 2013; Olivers et al., 2011; Chapter 2) and 
extends this idea to LTM. While others assumed increased attentional 
guidance from LTM, as search performance improved with target 
repetition (Carlisle et al., 2011; Gunseli, Meeter, et al., 2014; Gunseli, 
Olivers, et al., 2014; Reinhart & Woodman, 2013), here we found 
decreased attentional guidance from repeated accessory memories. Taken 
together, this points to an important functional dissociation within LTM: 
Observers can learn to either use a currently relevant memory for 
attention, or to shield a prospectively relevant memory from attention. 

 Also, the results demonstrate that the learning-based attentional 
status of the memory content is context dependent, as both the initial 
reduction and subsequent reappearance were sensitive to overall task 
expectations. We believe that these effects should be attributed to the 
level of VWM involvement during maintenance. As shown in 
Experiment 2, even though three repetitions were in itself sufficient to 
reduce memory-based interference, this reduction was only observed 
when the memory was known to be repeated on subsequent trials. In 
contrast, when a memory update was expected soon, interference did not 
diminish, suggesting that the memory was kept active in VWM and thus 
guiding attention. Similarly, Experiment 3 showed that the increased 
interference towards the end of the repetition sequence was no longer 
present when observers switched to an intermediate task that required 
no color memory whatsoever before starting a new memory sequence. 
This argues against long-term priming mechanisms driving the increase 
in memory-based interference as observed in Experiment 1 and 2. 
Instead, we propose that VWM was reinstated in expectation of a new 
color memory, even though the present memory no longer required 
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VWM. A similar mechanism of reinstating VWM was shown by Reinhart 
and Woodman (2013). In that study observers had a clear incentive to 
reinstate VWM, as it served to supplement cognitive control already 
afforded by LTM. In our study VWM reinstatement if anything 
interfered with search, yet it was not suppressed. This raises the question 
whether VWM was strategically reinstated to regain task control or 
whether VWM is automatically recruited when anticipating a changing 
task environment. Future research is necessary to dissociate these 
options.  

Finally, it is worth pointing out that, even though there was a 
rapid reduction with repetition, interference from the accessory memory 
item never completely disappeared (except in Experiment 1A), a finding 
consistent with earlier studies showing some remaining markers of 
VWM involvement after search target repetition (Carlisle et al., 2011; 
Gunseli, Meeter, et al., 2014; Gunseli, Olivers, et al., 2014; Reinhart & 
Woodman, 2013). One could argue that VWM needs to stay involved in 
order to maintain at least some level of control and flexibility, given the 
complexity of task, as well as the fact that the specific memory 
representations are only relevant within the context of the experiment. 
Alternatively, it is possible that the handoff from VWM to LTM is 
actually complete and that attentional guidance by accessory memories 
from LTM is simply less strong. Future research will need to dissociate 
these options. 

We conclude that learning prospective memories affects their 
attentional status, but at the same time increases cognitive flexibility, as 
the different memory systems can be recruited depending on task 
context. 
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Supplemental Material 

 

5.A Supplemental analysis for Experiment 1A and 1B 
separately 

Search RTs. Separate ANOVA’s on Experiment 1A and 1B yielded main 
effects of distractor type (F (1,14) = 57.18, p < 0.001, ηp² = 0.80 in 
Experiment 1A; F (1,14) = 25.93, p < 0.001, ηp² = 0.65 in Experiment 
1B) and repetition (F (4,56) = 20.57, p < 0.001, ηp² = 0.60 in Experiment 
1A; F (1,20) = 10.49, p = 0.002, ηp² = 0.43 in Experiment 1B). In both 
experiments there were significant distractor type by repetition 
interactions (F (3, 36) = 8.75, p < 0.001, ηp² = 0.38 in Experiment 1A; F 
(4, 56) = 4.25, p = 0.004, ηp² = 0.23 in Experiment 1B). Both interactions 
were expressed in a substantial quadratic trend (F (1, 14) = 15.99, p = 
0.001, ηp² = 0.53 in Experiment 1A; F (1, 14) = 9.43, p = 0.008, ηp² = 
0.40 in Experiment 1B), indicating that the difference in RTs between 
distractor conditions reduced after the first repetition, and then increased 
again towards the final repetition. 

Search accuracy. Search accuracy was high at 98.5% on average in 
Experiment 1A and 98.7% on average in Experiment 1B.  The analysis 
on search accuracy yielded a main effect of distractor type F (1, 28) = 
12.96, p = 0.001, ηp² = 0.32), a significant experiment by distractor type 
interaction F (1, 28) = 10.20, p = 0.003, ηp² = 0.27) and a significant 
three-way interaction F (4, 112) = 3.28, p = 0.014, ηp² = 0.11). All other 
tests were non-significant (all F’s < 1.43, all p’s > 0.230). Separate 
ANOVA’s showed a main effect of distractor type in Experiment 1B (F 
(1,14) = 30.77, p < 0.001, ηp² = 0.69), which was driven by better 
performance in the unrelated condition. All other tests were non-
significant (all F’s < 1.83, all p’s > 0.136), although the distractor type by 
repetition interaction was close to significance in Experiment 1A (F = 
2.76, p = 0.077). This pattern followed that of the RTs. 
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Memory accuracy. The repeated-measures ANOVA of the 
memory scores produced a main effect of repetition (F (4, 112) = 56.34, 
p < 0.001, ηp² = 0.67) and a significant experiment by repetition 
interaction (F (4, 112) = 3.38, p = 0.012, ηp² = 0.11). All other tests were 
non-significant (F’s < 2.80, p’s > 0.11). Separate ANOVA’s yielded main 
effects of repetition in both Experiment 1A (F (4,56) = 42.65, p< 0.001, 
ηp² = 0.75) and 1B (F (4,56) = 20.44, p< 0.001, ηp² = 0.59), reflecting 
increasing accuracy on the memory test with repetition of the memory 
item. There were no other effects (all F’s < 2.90, all p’s > 0.111). 

 

5.B Supplemental analyses for Experiment 2 

Search accuracy.  Search accuracy was high at 99.5% on average. 
The analysis on search accuracy showed no effects (all F’s < 0.60, all p’s 
> 0.250). 

Memory accuracy. The repeated-measures ANOVA on the 
memory scores, produced a main effect of repetition (F (4,56) = 15.88, p 
< 0.001, ηp² = 0.53) reflecting better memory performance with 
repetition. No other effects were significant (Fs < 1.23, p > 0.250). 

Intermediate task. Intermediate task performance was high with a 
mean accuracy of 96.6% correct and a mean RT of 508 ms. 

 

5.C Supplemental analyses for Experiment 3 

Search accuracy. Search accuracy was high at 97.5% on average in 
the nine repetitions block and 98.0% on average in the three repetitions 
block. In the nine repetitions block, analysis on search accuracy showed 
no effects (all F’s < 1.81, all p’s > 0.136; although the main effect of 
distractor type, reflecting better performance in the unrelated condition, 
was on the border of significance (F = 4.21, p = 0.056). In the three 
repetitions block there were no effects (all F’s < 1.15, all p’s > 0.250). 
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Memory accuracy. The repeated-measures ANOVA on the 
memory scores produced a main effect of repetition in the nine 
repetitions (F (4, 68) = 25.87, p < 0.001, ηp² = 0.60) and the three 
repetitions block (F (1, 17) = 38.64, p < 0.001, ηp² = 0.69), both 
reflecting better memory performance with repetition. In the three 
repetitions block there was a main effect of distractor type (F (1,17) = 
7.06, p = 0.017, ηp² = 0.29) showing better memory performance in the 
related than in the unrelated condition. No other effects were significant 
(all F’s < 3.21, all p’s > 0.091). 
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Abstract 

Cueing a remembered item during the delay of a visual memory task 
leads to enhanced recall of the cued item compared to when an item is 
not cued. This cueing benefit has been proposed to reflect attention 
within visual memory being shifted from a distributed mode to a focused 
mode, thus protecting the cued item against perceptual interference. 
Here we investigated the dynamics of building up this mnemonic 
protection against visual interference by systematically varying the SOA 
between cue onset and a subsequent visual mask in an orientation 
memory task. Experiment 1 showed that a cue counteracted the 
deteriorating effect of pattern masks. Experiment 2 demonstrated that 
building up this protection is a continuous process that is completed in 
approximately half a second after cue onset. The similarities between 
shifting attention in perceptual and remembered space are discussed. 
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6.1 Introduction 

Visual working memory and visual attention are separate constructs, but 
there is a functional overlap in their mechanisms (Awh & Jonides, 2001; 
Awh et al., 2006). A recent line of research involving spatial cues during 
the delay of visual memory tasks has demonstrated that focused 
attention can operate on mnemonic representations during maintenance, 
such that memory performance improves for cued items (Berryhill, 
Richmond, Shay, & Olson, 2012; Delvenne, Cleeremans, & Laloyaux, 
2010; Griffin & Nobre, 2003; Landman et al., 2003; Makovski & Jiang, 
2007; Makovski et al., 2008; Sligte et al., 2008). The sensitivity of visual 
memory to attentional cues indicates that the mnemonic representations 
are not static, but that they can be modulated by top-down selective 
mechanisms.   

Different mechanisms have been proposed to account for the 
cueing benefit. As the cue is presented after stimulus offset and there is 
thus no perceptual representation to enhance, Matsukura et al. (2007) 
proposed that cue effects are generated by a selective attention 
mechanism that protects the cued representation from degradation 
processes such as passive decay and inter-item interference.  Consistent 
with such a protective mechanism, a cue has been found to enhance 
robustness to subsequent visual input from the test display (Landman et 
al., 2003; Makovski et al., 2008; Pertzov et al., 2013), or passively viewed 
images (Makovski & Jiang, 2007). It has also been argued that focused 
attention strengthens the binding between the content and the context of 
the cued representation (Kuo, Yeh, Chen, & D’Esposito, 2011; Rerko & 
Oberauer, 2013). This increased binding then in turn facilitates retrieval 
of the content during memory test (which acts as the appropriate 
context).  

Strengthening and protectionist mechanisms do not need to be 
mutually exclusive, and both types of account predict that cued items are 
less vulnerable to perceptual interference. The literature, however, has 
provided conflicting results on the effects of perceptual interference on 
memory performance, and how focused attention can counteract these 
effects. Whereas some have shown that distractions presented during 
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maintenance impair memory performance, especially when they are of 
the same category as the memoranda (Clapp, Rubens, & Gazzaley, 2010; 
Dolcos, Miller, Kragel, Jha, & McCarthy, 2007), others have found that 
memory representations are insensitive to the effects of intervening 
masks (Irwin & Thomas, 2008; Pinto, Sligte, Shapiro, & Lamme, 2013; 
Zhang & Luck, 2008). Moreover, tests on the ability of a cue to 
counteract the effects of interference during maintenance have provided 
mixed results. Makovski and Jiang (2007) showed equal performance on 
cue trials with and without interference from passively viewed irrelevant 
stimuli presented between cue and test display. Pinto et al. (2013), 
however, found equal performance on cue trials with and without 
interference only when the interference was either presented in a 
different location (i.e. different hemifield), or contained different objects 
than the memoranda. In contrast, when the interference was displayed at 
the same location and consisted of the same objects of the to-be 
remembered information, performance on trials with and without 
interference started to diverge. Similarly mixed results have been 
observed with designs that incorporated interference manipulations in 
the interval between cue and test presentation. Whereas neither 
Hollingworth and Maxcey-Richard (2013) nor Rerko et al. (2014) 
observed a significant modulation of the cue benefit by an intervening 
task, Janczyk and Berryhill (2014) found a significant reduction of the 
cue effect when attention was shifted to another task before memory 
test. 

The present study served two purposes. The first was to assess 
whether perceptual interference causes a visual memory to become less 
precise and/or causes it to be lost, and whether a cue can counteract 
such effects (Experiment 1). So far, studies that have demonstrated 
interference effects have shown that interference leads to an overall 
decline in memory performance, without specifying the nature of that 
decline. Second, we sought to investigate the temporal dynamics of 
building the cue-based protection of visual memories against perceptual 
interference (Experiment 2). There have been only a few studies looking 
at the effects of post-cue timing on memory performance, but they did 
not manipulate the amount of interference. Notably, Tanoue and 
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Berryhill (2012) found that recall accuracy for cued items improved with 
time relative to non-cued items, with reliable benefits emerging 300 ms 
after the cue. Also, in a study by Pertzov et al. (2013) the cueing effect 
started to differentiate performance after about 300 ms. These studies 
show increased protection over time against interference caused by the 
test display. Such interference might be expected to occur because the 
test display is by definition relevant to the task, and thus the test items 
are processed to similar levels as the memoranda. In the present study, 
we are specifically interested whether cueing a memory shields it from 
irrelevant perceptual interference, and what the time course of this process 
is – something that cannot be assessed from these previous studies 
looking at the dynamics of cueing, as their designs did not include 
conditions of irrelevant intervening interference. The time course of 
protection against perceptual interference from a mask has been 
investigated before (Gegenfurtner & Sperling, 1993). In that study, 
performance on masked trials increased until it reached an asymptote at 
around 300 ms, suggesting that some time was required to protect the 
cued item against perceptual interference. However, their design did not 
include baseline conditions without a cue or a mask, making it difficult to 
assess the direct effect of the interfering mask. Moreover, as the stimuli 
were letters, verbal rehearsal might have aided memory performance. 
Finally, the experiments employed a discrete report memory test, which 
does not allow for a distinction between precision reduction versus loss 
of memory. In the present study, we used a continuous report procedure 
which is a more sensitive memory measure and also allows performing a 
model fit to differentiate between two different aspect of maintenance, 
recall probability and precision of representations.  

The basic procedure is illustrated in Figure 6.1. In all conditions 
participants were instructed to remember the orientations of three 
objects for a subsequent memory test. One of the memory items could 
then be highlighted by an endogenous cue. Furthermore, between the 
memory and the probe display (and after the cue, if present) a pattern 
mask could appear. We argued that the cue would shield the memory 
from the mask, given sufficient time to consolidate the memory. 
Systematic manipulation of both cue (cue vs. no-cue) and mask (mask vs. 
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no-mask) with variable delays then allowed us to assess at what moment 
in time the cue starts to have an effect and the time required for visual 
memory performance to stabilize upon cueing. Covertly directing 
attention to a location in the visual space in response to a central cue 
typically steadily increases between 100 and 400 ms after cue 
presentation (see Egeth & Yantis, 1997 for a review). A similar time-
course may be observed in remembered space. Therefore, we expected 
performance to slowly diverge over time on masked trials with and 
without a cue, until performance on cued trials was indistinguishable for 
masked and unmasked trials. 

 

6.2 Experiment 1: A cue protects a memory representation 
against pattern masking 

The present study was designed to assess the time-course of protecting 
the cued representation within visual memory against perceptual 
interference. Therefore, it was essential that the chosen measure of 
memory performance would be sensitive to the effects of cues over time. 
Recently, new methods have been developed to assess the quality of a 
memory representation, which are based on a continuous feature and 
response space instead of a binary measure (Bays & Husain, 2008; 
Wilken & Ma, 2004; Zhang & Luck, 2008). This method results in an 
estimate of the quality of recall and it has been proposed that this 
measure can be used to track the deployment of resources over time 
(Bays, Gorgoraptis, Wee, Marshall, & Husain, 2011). There is some 
inconsistency in the literature, however, whether cues enhance only the 
probability of successfully recalling an item, or also its representational 
quality. Pertzov et al. (2013) used a continuous report task in a paradigm 
that required participants to recall the orientation of previously presented 
bars. On some trials, a probabilistic cue pointed to one of the bars. The 
results showed that the average angular deviation of the reported 
orientation from the true orientation of the target increased over time on 
trials without a cue, whereas performance stabilized following a valid 
cue. However, since they did not provide a model fit (due to an 
insufficient number of trials) it is unclear whether this decreased memory 



	 	
	 	

142	
	

performance can be attributed to a decline in precision, an increase in 
random responses, or both. Williams et al. (2013) demonstrated that a 
cue leads to more precise representations as well as a lower probability of 
dropping the relevant information from memory (Note that these results 
were obtained with directed forgetting cues rather than cues to maintain 
an item). In contrast, Murray et al. (2013) observed enhanced probability 
that the target was maintained in memory following a cue, but no effect 
on recall precision. However, the precision calculation of Murray et al. 
(2013) was based on accuracy measures obtained across change detection 
performances in varying degrees of change. In other words, rather than 
reporting the feature value of the representation from a continuous scale, 
participants responded to a discrete set of values. Therefore, we argue 
that the precision estimation in Murray et al. (2013) may not have been 
as sensitive as continuous recall report in the studies that observed an 
effect of cues on precision, and this might account for the lack of such 
an effect (but see Souza, Rerko, Lin, & Oberauer, 2014). Consequently, 
in Experiment 1, we used a continuous report procedure to assess 
whether this method would be sensitive enough to pick up differences in 
representational quality in the present paradigm. 

In the visual domain the time course of encoding is usually 
studied with a masking procedure, which halts the encoding into visual 
memory by overwriting preceding input. It is unclear, however, whether 
the same procedure would be effective for studying the time course of 
protecting a visual memory representation, as the literature is 
inconclusive on the effects of masking visual memory representations. 
As noted before, there is evidence both in favor and against the notion 
that (cued) memory representations are sensitive to the effects of 
masking. Most of these studies, however, did not incorporate a 
continuous recall measure and it is thus possible that the conflicting 
results are due to a binary measure being only partially sensitive to the 
quality of representations (Awh, Barton, & Vogel, 2007). Indeed, Zhang 
& Luck (2008) used a continuous recall measure in a masking design and 
found detrimental effects of the mask. Importantly, these effects were 
only apparent in the probability of recall, but not in precision. Thus, 
Experiment 1 served to establish whether the chosen method would be 
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sensitive enough to pick up detrimental effects of the mask, and 
importantly, whether such effects could be counteracted by a cue. 
Experiment 2 was then specifically designed to study the time-course of 
building this cue based protection. 

 Recent work has shown that increasing the proportion of invalid 
cue trials reduces the retro-cue benefit Gunseli et al. (2015). Similarly, 
using forgetting cues rather than remembering cues, Williams and 
Woodman (2012) found that when a cue is not 100% valid, participants 
may not fully focus on the cued representation. Therefore, we used 
100% valid cues to ensure that participants had every reason to focus 
attention on the cued representation. 

 

6.2.1 Methods 

Participants. Twenty-four (13 females), aged 19 – 30 (M = 24), 
participated in exchange for course credit or a payment of €8 per hour. 
Our initial sample size contained twelve participants. However, one of 
the twelve participants showed a large effect completely opposite to that 
of the other participants. As the pattern of results was consistent across 
the remaining participants, and since there was no objective reason to 
remove this outlier, we decided to test twelve more participants. All 
participants had normal or corrected-to-normal acuity and gave 
informed consent according to procedures approved by theScientific and 
Ethical Review Committee of the faculty of psychology and education of 
the VU University.  

Apparatus, stimuli, procedure and design. A HP Compaq 8000 Elite 
computer running OpenSesame version 27.3 generated the stimuli on a 
Liyama Vision Master Pro 454 120 Hz screen and acquired the response 
data through the standard mouse. Participants were placed in a dimly lit 
room at a viewing distance of 70 cm. All stimuli were presented on a 
grey background (17 cd/m²) and a small black fixation dot (0.19º) 
surrounded by a white circle marked central fixation throughout each 
trial.  
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The task incorporated a cueing paradigm developed by Griffin 
and Nobre (2003) with a continuous response measure. Each trial started 
with a 500 ms fixation display. A memory display and a test display were 
presented sequentially, discontinued by a 1400 ms retention interval. The 
memory display was presented for 350 ms and contained three black 
bars (1.62º * 0.19º) located on the corners of a triangle that subtended 
either 4.4º or 4.6º from fixation (memory locations switched trial by 
trial). The orientation of each rectangle was chosen at random with the 
restriction that bars within the same trial differed by at least 15º. The test 
display contained a randomly oriented bar at the center of fixation and a 
cue indicating which location was being probed. Subjects were to 
indicate the precise orientation of the bar at the probed location by 
adjusting the mouse position. After a mouse response was made, the 
correct orientation was indicated by a white bar for 100 ms. 

 In addition, we presented 100 ms cue displays, 400 ms after 
offset of the memory displays. If a cue was present (50% of trials), one 
third of the fixation dot was filled with white lines such that the base of a 
white triangle within fixation marked one of the memory locations (cue 
trials). In the other half of the trials no cue was presented such that the 
cue display was identical to the fixation display (no-cue trials). The cue 
displays were followed by 100-ms interfering displays presented 400 ms 
after offset of the cue-display (masked trials; 50 % of trials). These 
interfering displays contained three pattern masks, each comprised of 6 
black bars (0º - 180º in steps of 30º), identical to the memory objects, 
centered on the memory locations of that specific trial. Thus, in total 4 
different conditions were presented (cue/no-cue [2] x mask/no-mask [2]). 
Trials in the no-cue/no-mask condition were split in half, such that the 
retention interval was either 900 or 1400 ms. This timing manipulation 
allowed us to estimate the content of visual memory both at the time the 
mask was presented and after the full delay.  
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Figure 6.1. Experiment 1: Sequence of events in a trial of Experiment 1. If a cue was 
present the base of a triangle inside fixation pointed towards one of the memory 
locations. The response display was present until response.  In Experiment 2 the no 
cue/no mask condition was omitted and the SOA between cue display and mask 
display was varied (100, 200, 350, 600 ms). Note that in cue/no-mask condition the 
SOA is actually a dummy SOA as only the fixation circle was presented at the same 
time as the pattern masks were presented in the mask conditions. The same logic 
applies to the no- cue/mask condition, as in this condition the SOA starts at the 
moment of offset of the retro-cue in the cue conditions.  

All participants completed 48 practice trials and 8 experimental 
blocks of 48 trials each. Each block consisted of 12 no-cue/no-mask, 12 no-
cue/mask, 12 cue/mask and 12 cue/no-mask trials, randomly mixed, such 
that participants completed 96 trials in each condition. At the end of 
each block, feedback was given on average response error in the last 
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block and overall in the whole experiment. Participants were encouraged 
to take a break between blocks.   

Analysis. For completeness, we report a number of often-used 
dependent measures for each combination of participant and condition. 
First, for each trial, a raw measure of error was obtained by simply 
calculating the absolute angular deviation between the true orientation of 
the target and the orientation reported by the participant. The circular 
standard deviation (sd) of this error distribution was then calculated, 
which was taken as an overall measure of the quality of the memory 
representation (smaller values represent a better representational quality). 
Next, the data was fitted with a mixture model (Bays et al., 2009). This 
model decomposes a response distribution into three components: 1) a 
distribution of responses around the target, also referred to as the 
probability of recall, 2) distribution of responses around the non-target 
and 3) a random response. The model also returns the concentration 
parameter K of the Von Mises distribution describing the response 
variability around the target and the non-target representation, which is 
interpreted to reflect the precision of the memory item. Raw error, sd, 
probability and precision estimates were each entered in repeated-
measures ANOVAs and follow-up analyses were done with paired two-
tailed t tests. 

 

6.2.2 Results and Discussion 

Results from Experiment 1 are displayed in Table 6.1 and Figure 6.2. 
Raw error scores were entered in a repeated-measures ANOVA, with 
within-subjects factors cue (no-cue, cue) and mask (no-mask, mask). 
Note, however, that the no-cue/no-mask condition consisted of a short 
and a long interval condition, which made a fully crossed analysis 
impossible, so we present the analyses for these intervals separately. In 
addition, as performance did not significantly differ for these two 
intervals, (t (23) = 1.672, p = 0.11), we also present all analyses collapsed 
across interval. 
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 As seen in Figure 6.2a, recall performance was better after a cue 
(F (1, 23) = 39.027, p< 0.001 for the short interval; F (1, 23) = 49.406, 
p< 0.001 for the long interval; and F (1,23) = 46.081, p< 0.001 for the 
collapsed data), while recall performance was impaired after presentation 
of the mask (F (1, 23) = 51.283, p< 0.001 for the short interval; F (1, 23) 
= 39.487, p< 0.001 for the long interval; F (1,23) = 53.563, p< 0.001 for 
the collapsed data). Important for the present purposes, the deteriorating 
effect of the mask was modulated by the cue, as illustrated by a 
significant cue x mask interaction at the short interval (F (1, 23) = 
10.037, p = 0.004) and a close to significant interaction at the long 
interval (F (1, 23) = 4.015, p = 0.057). When the data were collapsed this 
interaction was significant (F (1,23) = 7.136, p< 0.02). 

 

 

Figure 6.2. Experiment 1: (a) Mean average deviation (b) standard deviation of error 
distributions and (c) probability of recall estimates as a function of cue and distractor-
type. Data for no-cue/no-mask condition is shown separately for the short (black 
square) and the long interval (black circle). Error bars in all figures are condition 
specific, within subject 95% CI’s (Morey, 2008). 

Without interference, recall performance improved following a 
cue relative to trials without a cue, at both long (t (23) = 5.327, p< 0.001) 
and short intervals (t (23) = 4.220, p< 0.001). The finding that mean 
deviation was larger in the short no-cue/no mask condition than in the 
cue/no-mask condition indicates that the effect of the cue cannot solely 
be attributed to a reduction in the duration of the retention interval. The 
mask also significantly affected recall performance. Without a cue, 
performance was worse following the mask, both at the short (t (23) = 
5.856, p< 0.001) and the long intervals (t (23) = 4.337, p< 0.001). 
Importantly, as illustrated by the interaction, this deteriorating effect of 
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the mask was modulated by the cue. Following the cue, recall 
performance was still impaired by the mask (t (23) = 2.469, p = 0.021), 
but the deteriorating effect of the mask (i.e. difference in mean deviation 
between mask and no-mask conditions) was significantly smaller on cue 
than on no-cue trials. Finally, mean deviation in the cue/mask condition 
was smaller than in the no-cue/no-mask condition (t (23) = 1.868, p = 
0.075 for short interval; t (23) = 3.136, p = 0.005 for long interval). 

 To further investigate the source of these effects, first we 
analyzed the overall representational quality (i.e. sd of the error 
distribution) across conditions.  As seen in Figure 6.2b, recall was better 
following a cue (F (1,23) = 48.440, p< 0.001 for the short interval; F 
(1,23) = 5.437, p = 0.029 for the long interval; F (1,23) = 58.394, p< 
0.001 for the collapsed data) and it decreased after a mask (F (1,23) = 
49.970, p< 0.001 for the short interval; F (1,23) = 6.911, p = 0.015 for 
the long interval; F (1,23) = 47.147, p< 0.001 for the collapsed data). As 
was also apparent from the mean deviations, masking impaired recall 
performance also after a cue (t (23) = 2.327, p = 0.029), but this effect of 
the mask was significantly smaller on cue than on no-cue trials (F (1, 23) 
= 12.339, p = 0.002 for the short interval; (F (1, 23) = 5.926, p = 0.023 
for the long interval; F (1,23) = 9.610, p = 0.005 for the collapsed data). 

Next we fitted the mixture model. Figure 6.2c shows the 
probability of recall for the probed item (i.e. the target). Consistent with 
the raw error and the sd analysis, in masked trials participants showed a 
decreased probability of reporting the target orientation (F (1, 23) = 
5.720, p = 0.025 for the short interval; F (1, 23) = 8.109, p = 0.009 for 
the long interval; F (1,23) = 7.901, p = 0.01 for the collapsed data)  and 
an increased probability of reporting the target orientation when it was 
cued (F (1, 23) = 17.626, p< 0.001 for the short interval; F (1, 23) = 
19.674, p< 0.001 for the long interval; F (1,23) = 20.229, p< 0.001 for 
the collapsed data). Importantly, these main effects  were accompanied 
by a trend towards an interaction  (F (1, 23) = 3.284, p = 0.083 for the 
short interval; F (1, 23) = 3.495, p = 0.074 for the long interval; F (1,23) 
= 3.914, p = 0.06 for the collapsed data), reflecting a significant effect of 
the mask without a cue  (t (23) = 2.233, p = 0.036 for the short interval; t 
(23) = 2.533, p = 0.019 for the long interval; t (23) = 2.591, p = 0.016 for 
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the collapsed data), but no such effect when the mask was preceded by a 
cue  (t  = 0.776, p = 0.45).  

The cue and mask effects on the probability of recall estimates 
were accompanied by a modulation of random responses. Random 
responses decreased following a cue (F (1, 23) = 11.414, p = 0.003 for 
the short interval; F (1, 23) = 11.379, p = 0.003 for the long interval; F 
(1,23) = 12.244, p = 0.002 for the collapsed data), and they increased 
following a mask (F (1, 23) = 5.398, p = 0.029 for the short interval; F 
(1, 23) = 8.549, p = 0.008 for the long interval; F (1,23) = 8.286, p = 
0.008 for the collapsed data). However, the interaction failed to reach 
significance at the short interval (F = 1.350, p = 0.26) and was close to 
significance at the long interval (F (1,23) = 3.553, p = 0.072). Also, for 
the collapsed data there was no significant interaction (F (1,23) = 2.516, 
p = 0.126). In contrast, no such effects were observed in the probability 
of reporting an uncued item. Although it deserves noting that at the long 
retention interval there was a smaller probability of misreporting the 
wrong item in memory following a cue, a difference close to significance 
(F = 3.973, p = 0.058; all other F’s < 1.384, all other p’s > 0.251). 

Finally, the overall cueing benefit and the overall deteriorating 
effect of the mask were also apparent in the precision estimates of the 
model output. Cueing resulted in more precise representations (F (1,23) 
= 7.610, p = 0.011 for the short interval; F (1,23) = 5.437, p = 0.029 for 
the long interval; F (1,23) = 7.261, p = 0.013 for the collapsed data) and 
masking resulted in less precise representations (F (1,23) = 7.617, p = 
0.011 for the short interval; F (1,23) = 6.911, p = 0.015 for the long 
interval; F (1,23) = 8.798, p< 0.01 for the collapsed data). Interestingly, 
the cue x mask interaction that was present in all previous analyses was 
completely absent for precision (all F’s < 0.026, all p’s > 0.87), indicating 
that a mask impaired the precision of a memory representation to the 
same extent with and without a cue. 
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Table 6.1. 
Data columns represent mean of average deviation, mean precision (standard deviation 
of the error in participants’ responses), mean probability of reporting the cued item, 
mean probability of reporting an uncued item, the mean probability of random 
responses, and the response variability as described by the concentration parameter K 
of the Von Mises distribution. Data between brackets represents sd’s.  
 
 
Condition Error 

(deg) 
SD Pt Pn Pu Recall 

var (K) 
Cue/no-mask 12 (5) 32 (11) 0.96 (0.05) 0.02 (0.04) 0.02 (0.04) 6.1 (3.6) 
Cue/mask 13 (4) 34 (11) 0.95 (0.06) 0.02 (0.02) 0.03 (0.05) 5.2 (2.6) 
No-cue/no-mask (s) 15 (5) 40 (13) 0.91 (0.12) 0.02 (0.03) 0.08 (0.11) 4.7 (3.0) 
No-cue/no-mask (l) 16 (5) 42 (12) 0.90 (0.08) 0.04 (0.05) 0.06 (0.08) 4.8 (4.0) 
No-cue/mask 19 (7) 50 (14) 0.84 (0.12) 0.03 (0.04) 0.12 (0.12) 4.0 (2.5) 
 

Experiment 1 was conducted to assess whether or not memory 
representations are sensitive to the effects of visual masking and if so 
whether this deterioration can be counteracted by a cue. While some 
have found that memory representations are insensitive to the effects of 
intervening masks (e.g. Pinto et al., 2013), others have found that masks 
do impair memory performance (e.g. Gegenfurtner & Sperling, 1993). 
Most work on the effects of masking, however, used binary response 
measures, which precludes the possibility to specify the nature of the 
decline. Here we observed that the deteriorating effect of the mask can 
be attributed to a decline in the representational quality and an increase 
in random responses (but see Zhang & Luck, 2008, who only found an 
effect on probability of recall).  

 Also, it was found that cues improved the representational 
quality of the cued item and as in Williams et al. (2013) this effect was 
present in both model parameters. Important for the present purpose, 
the deteriorating effect of the mask was also modulated by the cue. 
Makovski and Jiang (2007) found no difference between cue trials with 
and without interference. Here however, consistent with Pinto et al. 
(2013), a mask that is related to the memory content and presented on 
the memory locations impaired memory performance, but to a lesser 
extent than without a cue. Interestingly, this modulation by the cue was 
completely absent in the estimates of precision and any effect was visible 
only in the probability of recall. 
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 In Experiment 2 we set out to investigate the temporal dynamics of 
building up this cue-based protection against perceptual interference. 
Therefore, in Experiment 2 we used a similar set-up as in Experiment 1 
and systematically varied the stimulus onset asynchrony (SOA) between 
the cue and the pattern mask, to evaluate the temporal dynamics of 
building up this protection.  

 

6.3 Experiment 2: The time-course of protection 

 Experiment 1 showed that attentional shifts induced by cues 
protect visual memory representations from perceptual interference. 
Experiment 2 was designed to investigate the time course of building up 
this protection. We included three different cueing conditions, and 
combined them with SOA: no-cue/mask, cue/mask and cue/no- mask trials. 
The comparison between no-cue/mask and cue/mask trials allowed us to 
assess the point in time the cue started to have an effect, whereas the 
comparison between cue/mask and cue/no-mask trials allowed us to assess 
the time required for the cue to reach full protection of the 
representation. In Experiment 1, the cue-based protection was apparent 
in the raw data (i.e. average deviation and sd) as well as the probability of 
recall. In Experiment 2, however,  we had to reduce the number of trials 
per condition as a result of including multiple SOAs. Therefore, in 
Experiment 2 we only analyzed the sd of the response distribution as the 
model output for probability was already less strong for Experiment 1, 
and becomes even less reliable with the smaller number of trials used 
here.  

 

6.3.1 Methods 

Participants. Seventeen young adults, aged 22 – 28 (M = 25), 
participated in exchange for course credit or a payment of €8 per hour. 
All had normal or corrected-to-normal acuity and gave informed consent 
according to procedures approved by the ethic commission of the VU 
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University. One participant was excluded because she did not follow task 
instructions (i.e. used pen and paper during the experiment). 

Apparatus, stimuli, procedure and design. The method was similar 
to Experiment 1 except for the following changes. Stimuli were 
presented on a Samsung SyncMaster 2233 120 Hz screen. The no-cue/no-
mask condition was omitted, as it was redundant for the purpose of 
Experiment 2. Moreover, to make the mask more effective, the 100 ms 
static mask was changed to a flickering mask:  each mask display was 
presented three times for 100 ms discontinued by 50 ms fixation 
displays. Also, in all trials, the delay between the cue (cue/no-cue) and the 
interference displays (mask/no-mask) was varied systematically (Fig 6.1 b-
d). We chose four different SOAs ranging between 100 and 600 ms (100, 
200, 350, 600). The SOA always referred to the interval between the 
onset of the cue display and the onset of the mask displays, even in 
conditions in which no cue or no mask was presented. This meant that 
the retention interval between memory offset and probe onset in all 
conditions varied between 1400 and 1900 ms depending on the selected 
SOA. Note that at the shortest SOA the mask was presented 
immediately after cue offset.  

 All participants completed 24 practice trials and 10 experimental 
blocks of 60 trials each. Each block consisted of 20 cue/mask, 20 cue/ no-
mask and 20 no-cue/mask randomly mixed trials, with equal number of 
trials for each delay duration (five for each SOA following the cue 
presentation).  

 

6.3.2 Results and Discussion 

Fig 6.3 shows the recall performance as a function of SOA and 
condition. For completeness, corresponding deviations are shown in 
Table 6.2. SDs and mean deviations were entered in a repeated measures 
ANOVA with within subjects factor SOA (100, 200, 350, 600) and 
condition (cue/no-mask, cue/mask, no-cue/mask). A Greenhouse-
Geisser correction was applied in case of sphericity violations. There was 
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no significant main effect for SOA (F = 0.68, p = .57 for sd; F = 1.012, p 
= .40 for mean deviation). There was a main effect for condition (F 
(1.4,20.17) = 38.635, p< 0.001 for sd; F (1.3,20.0) = 36.395, p< 0.001 for 
mean deviation), and a significant interaction (F (6,90) = 3.287, p = 0.006 
for sd; F (6,90) = 3.776, p = 0.006 for mean deviation). 

 

 

Figure 6.3. Experiment 2: Standard deviation of error distributions for all 
three conditions as a function of SOA.  

 

 Recall performance was lower than that observed in Experiment 
1, arguably due to the more disruptive nature of the mask in Experiment 
2. Across all SOA’s, recall performance was worst in the condition 
without a cue and with a mask (all t’s > 2.802, all p’s < 0.013 for sd; all t’s 
> 2.836, all p’s < 0.013 for mean deviation). Replicating findings from 
Experiment 1, the disruptive nature of the mask was counteracted by the 
cue.  Results show that the cue based protection was completed within 
350 – 600 ms following the cue, as the difference between cue/mask and 
cue/no-mask disappeared only at the longest SOA (t = 1.019, p = 0.32 
for sd; t = 0.380, p = 0.71 for mean deviation). In contrast, at all shorter 
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SOAs performance was significantly worse in the cue/mask condition 
than in the cue/no-mask condition (all t‘s > 2.462, all p’s < 0.026 for sd; 
all t‘s > 2.303, all p’s < 0.036 for mean deviation). Note that although 
cue based protection was not yet completed within the first 350 ms 
following the cue, the cue had a very rapid effect. Already at the 100 ms 
SOA performance in the cue/mask condition was better than in the no-
cue/mask condition (t = 2.802, p = 0.013 for sd; t = 2.836, p = 0.013 for 
sd) and this effect increased over time (all t’s >3.038, all p’s <0.008 for 
sd; all t’s > 2.913, all p’s < 0.011 for mean deviation). Figure 6.3 also 
suggests that incorporation of the cue slowly evolves over time. Indeed, 
when we analyzed the data for each condition separately, we observed a 
substantial linear trend (F (1,15) = 11.544, p = 0.004 for sd; F (1,15) = 
12.165, p = 0.003 for mean deviation) for the cue/mask condition, but 
no such trend for the cue/no-mask baseline condition (F = 0.764, p = 
0.52 for sd; F = 0.041, p = 0.84 for mean deviation) and if anything a 
weak trend in the opposite direction for the no-cue/mask condition (F = 
3.45, p = 0.08 for sd; F = 3.464, p = 0.08 mean deviation). The observed 
linear trend in the cue/mask condition and no hint of such a trend in the 
cue/no-mask condition illustrates that the convergence of the two 
conditions at the longest SOA can be attributed to an increasing 
effectiveness of the cue over time. Thus, even though the cue had an 
immediate effect, optimal protection was only reached between 350 and 
600 ms after cue offset.  

Table 6.2.  
Data represents mean of average deviation per condition across SOA’s. Data between 
brackets represents sd’s.  
 
 SOA 
 100 250 350 600 
Cue/no-mask 14.0 (3.8) 14.0 (4.8) 13.4 (3.9) 14.2 (3.5) 
Cue/mask 17.1 (4.4) 16.2 (3.6) 15.9 (4.6) 14.5 (3.7) 
No-cue/mask 19.6 (5.3) 18.3 (4.1) 19.8 (5.2) 21.2 (5.1) 
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6.4 General discussion 

 Previously, it has been proposed that cueing an item in retrospect 
shifts attention or memory resources from a distributed mode to a 
focused mode and thus protects the cued item against perceptual 
interference (Lepsien & Nobre, 2007; Makovski & Jiang, 2007; 
Matsukura et al., 2007). The present study was conducted to investigate 
the time course of implementing this protection. For this purpose a cue 
design was combined with a masking procedure at various SOAs. This 
allowed us to measure both the time required to activate the cue and the 
necessary time to incorporate the cue. It was found that a cue stabilizes 
the representational quality of the cued item such that after sufficient 
time it is no longer sensitive to the effects of perceptual interference. In 
Experiment 1 it was found that 500 ms upon cue onset the cued 
representation was still sensitive to the deteriorating effect of the mask, 
although to a lesser extent than without a cue. In Experiment 2 600 ms 
following cue onset there was no longer an observable effect of the cue 
indicating that under the present conditions it took around 500-600 ms 
for the cue to be fully incorporated.  

The observed cue benefits add to a conflicting literature on the 
effects of cues on the status of memory content.  Although there is 
ample evidence that cues improve memory performance, the source of 
this performance benefit remains unclear. New modeling techniques 
have made it possible to divide memory performance into independent 
measures of capacity and resolution. These models, however, have 
provided conflicting results. On the one hand, there is evidence that cues 
improve the probability of recalling the cued object, but not its precision, 
suggesting independence between these two measures (Murray et al., 
2013; Souza, Rerko, Lin, et al., 2014). On the other hand Williams et al. 
(2013), observed cue benefits on both the probability of recall as well as 
on precision. Here, consistent with Williams et al. (2013), the cue benefit 
was apparent in both parameters.  

Retro-cue benefits have been attributed to different mechanisms, 
one of which is protection against perceptual interference (Makovski & 
Jiang, 2007; Matsukura et al., 2007). The cue benefit as observed here is 
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in line with such an account. Recall performance improved on cue trials 
with and without a mask, suggesting that protection also operates during 
maintenance (e.g. protection against decay, inter-item interference). At 
the same time it was found that a cue improved recall performance in the 
face of interference above and beyond levels if there had been no 
interference (cue/mask vs. no-cue/no-mask). Although this result does 
certainly does not rule out a protection account, it is also consistent with 
an active ramping up of the cued representation either because the cued 
item is strengthened or because the non-cued items are removed from 
memory (e.g. Kuo et al., 2011; Souza, Rerko, & Oberauer, 2014). Here, 
however, we cannot dissociate between these mechanisms, which do not 
need to be exclusive, as with the present paradigm the effects on the 
uncued items in memory remain unknown. 

Another important aspect of the data is the observation that 
without a cue the visual memory representations were sensitive to the 
effects of perceptual interference by a pattern mask. As noted, there is 
some inconsistency in the literature on the effects of masking visual 
memory; whereas some studies observed an effect, other studies 
observed equal performance in conditions with and without a mask 
(Clapp et al., 2010; Dolcos et al., 2007; Irwin & Thomas, 2008; Pinto et 
al., 2013; Zhang & Luck, 2008). In the present study the deteriorating 
effect of the mask was evident in a measure of precision as well as in 
probability of recalling the cued item. Important for the present 
purposes, we showed that the deteriorating effect of the mask could be 
counteracted by a cue. Interestingly, when applying the mixture model in 
Experiment 1, the only factor that appeared to contribute to this 
beneficial effect of the cue was an improved probability of recall, while 
there were no effects whatsoever on precision. This suggests that the cue 
protects from the mask in an all or nothing fashion: Either the item is 
masked and therefore lost, or it survives the mask, and then does so 
intact – that is, as intact as if there was no mask. 

In Experiment 2 it was found that around 600 ms following a 
cue, a mask no longer interfered with visual memory. The time-course of 
this attentional shift by the endogenous cue is remarkably similar to 
those observed in visual working memory and in the visual attention 
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literature. As noted in the introduction both Tanoue and Berryhill (2012) 
and Pertzov et al. (2013) manipulated the post-cueing time and found 
that it took at least about 300 ms to find a significant effect for the cue 
on memory performance. Similar results have also been obtained when 
the cue is presented concurrently with the memoranda. Bays et al. (2011) 
instructed participants to remember the orientation of two bars. Before 
the items were masked, a white disk was briefly flashed at the location of 
one of the memory items, either simultaneously with memory onset or 
1000 ms after stimulus onset. In both situations, when the cue was valid, 
a significant recall advantage for the cued item developed in the first 400 
ms between cue-onset and mask presentation. Moreover, it has been 
found that transforming a visual memory into an attentional set also 
takes about 400 ms to be completed (Wilschut et al., 2013). Finally, in 
studies that systematically varied the SOA between a predictive cue and 
stimulus onset, performance has been found to increased steadily until it 
reaches a plateau at about 400 ms (see Egeth & Yantis, 1997 for a 
review). Here we find a similar, though somewhat longer time course to 
protect a visual memory representation against perceptual interference 
by a pattern mask. Together these data indicate that shifting attention in 
both perceptual and internal space is a relatively rapid process that is 
characterized by a monotonic rise until an asymptote is reached and that 
takes at least 300 ms to be completed. 

In Experiment 2, we observed significant advantages for a 
memory item prioritized by an endogenous retro-cue across the range of 
selected SOAs. That is, a recall advantage was already apparent when 
pattern mask was presented immediately following the offset of the cue, 
at 100 ms SOA. Apparently, 100 ms is already sufficient to retrieve some 
undamaged information from the to be tested location. Importantly, this 
building up of a protection at the cued location against perceptual 
interference continued until a maximum protection was accomplished. 
Experiment 2 showed that between 350 and 600 ms performance 
became indistinguishable from unmasked conditions. In Experiment 1, 
however, 500 ms following cue onset, a mask still impaired memory 
performance. Thus, together the data from both Experiment 1 and 2 
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indicate that it took around 500 to 600 ms for the cue to be optimally 
implemented.  

In conclusion, the present results indicate that retro-cueing a 
visual memory item counteracts the effects of perceptual interference on 
memory, and in particular leads to a better representational quality. 
Moreover, although initial beneficial effects of the retro-cue emerge 
quite rapidly, protection against perceptual interference steadily evolves 
over time and takes between 500 and 600 ms to be completed. This 
time-course is similar to what has been found before for predictive cues 
in both mnemonic and visual selection tasks.   
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Abstract 

Visual short-term memory (VSTM) performance is enhanced when the 
to-be-tested item is cued after encoding. This so-called retro-cue benefit 
is typically accompanied by a cost for the non-cued items, suggesting 
that information is lost from VSTM upon presentation of a retrospective 
cue. Here we assessed whether non-cued items can be restored to VSTM 
when made relevant again by a subsequent second cue. We presented 
either one or two consecutive retro-cues (80% valid) during the retention 
interval of a change-detection task. Relative to no cue, a valid cue 
increased VSTM capacity by two items, while an invalid cue decreased 
capacity by two. Importantly, when a second, valid cue followed an 
invalid cue, capacity regained two items, so that performance was back 
on par. In addition, when the second cue was also invalid, there was no 
extra loss of information from VSTM, suggesting that those items that 
survived a first invalid cue, automatically also survived a second. We 
conclude that these results are in support of a very versatile VSTM 
system, in which memoranda adopt different representational states 
depending on whether they are deemed relevant now, in the future, or 
not at all. We discuss a neural model that is consistent with this 
conclusion. 
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7.1 Introduction 

Visual short-term memory (VSTM) allows us to act on information that 
is no longer in view and is essential for flexible and efficient human 
behavior in an ever-changing visual environment. A defining 
characteristic of VSTM is that it can only represent a limited proportion 
of the total sensory input (Phillips, 1974). Generally, VSTM capacity is 
assessed with a change detection task in which a memory display 
containing multiple objects is followed by a blank retention interval, after 
which a test display is presented. People can report up to four items in 
these types of tasks, although the exact capacity limitation seems to 
depend on the feature values selected for the memory test (Alvarez & 
Cavanagh, 2004; Luck & Vogel, 1997; Vogel, Woodman, & Luck, 2001). 
In contrast with iconic memory, which rapidly decays and is easily 
overwritten by new visual input, the content of VSTM is considered as 
stable and robust to visual interference (Irwin, 1992; Phillips, 1974; Pinto 
et al., 2013; Sperling, 1960). Recent studies incorporating spatial cues 
during the retention interval of a change detection task, however, have 
begun to challenge this traditional and rigid view on VSTM. 

 Growing evidence indicates that VSTM representations are not 
static but continue to be shaped during maintenance. The flexible nature 
of VSTM representations is supported by several studies demonstrating 
that spatial cues presented after encoding improve VSTM performance 
even though no new information is provided to the participant (Berryhill 
et al., 2012; Delvenne et al., 2010; Griffin & Nobre, 2003; Landman et 
al., 2003; Makovski & Jiang, 2007; Makovski et al., 2008; Chapter 6). 
These cues retroactively manipulate expectations about which VSTM 
representation will be relevant for subsequent behavior. Importantly, 
retro-cues are typically presented long after iconic memory has decayed 
and benefits are therefore not due to iconic memory (Lepsien & Nobre, 
2007; Sligte et al., 2008; Sperling, 1960). Instead, it appears that the 
content of VSTM is modulated by retroactive shifts of attention.  

 It is well established that these retroactive shifts of attention 
benefit recall of the cued item. The fate of the non-selected items in 
VSTM, however, is less clear. It has been found that a retro-cue goes at 
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the expense of the non-selected information in memory. When a non-
cued item in memory is tested, performance is impaired compared to a 
condition without retro-cues, at least under conditions when load 
exceeds memory capacity (Astle et al., 2012; Griffin & Nobre, 2003; 
Pertzov et al., 2013). Such retro-cue costs suggest that some of the non-
cued information is lost from VSTM. However, it remains ambiguous 
what “lost” means in this context. One possibility is that, by the time of 
testing, the information is really gone from memory, through decay or 
active suppression. Alternatively, it could be argued that the non-cued 
information is still represented in some form, but that retroactive shifts 
of attention made the non-cued items more fragile to interference (i.e. 
full or partial overwriting). Such an account would predict that cueing 
costs can be counteracted when attention is shifted back to the item 
again by a second cue. 

 There are a handful of studies that used an additional second 
retro-cue to direct participants back to previously irrelevant memories. 
However, so far the results are inconclusive. In a recent study by Rerko 
and Oberauer (2013) performance on single and double retro-cue trials 
did not differ, which might suggest that no information was lost after the 
first cue. Earlier, Landman et al. (2003) reported a similar result. Both 
these studies, however, provided no means to quantify the cost 
associated with the first cue. An important difference between single and 
double-cueing paradigms is that in the latter the cue can be followed by a 
second cue, which might make participants more hesitant to drop 
information from memory. Consequently, retro-cue costs may be 
significantly smaller in a double-cue compared to a single-cue paradigm. 
Thus, without information about the initial retro-cue cost, it remains 
speculative whether the second cue was able to counteract the retro-cue 
cost or whether there was no cost to begin with. One study, by 
Matsukura et al. (2007), did provide such information and showed that 
when there was a cost, it could only partly be restored by a second cue. 
In that study, however, participants were cued to attend to all items on 
one side of the display, instead of cueing a specific memory item. Cueing 
multiple items may have rendered the cue less effective, as previous 
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studies have shown that cueing two items within the same hemifield 
does not result in a performance benefit (Delvenne & Holt, 2012).  

In the present study, we cued a single item in both probabilistic 
single-cue (to establish a baseline) and double-cue trials to determine 
whether retro-cue costs are present in a double-cue paradigm, and if so, 
to what extent these costs could be counteracted by a second cue. 
Participants were instructed to memorize orientations for a subsequent 
change detection task. During the retention interval, on a selection of 
trials, either a single or two consecutive probabilistic cues (80% valid; 
20% invalid) were presented. Comparison between performance on 
invalid single retro-cue trials and double cue trials allowed us to establish 
whether invalid cues initially result in the loss of information in a double-
cue paradigm and to what extent this information can be brought back 
when made relevant again. Moreover, not only the first retro-cue was 
probabilistic, but the second cue could also be invalid. Although studies 
have reported clear costs of invalid cues, in none of these studies 
performance dropped to chance on invalidly cued trials (Astle et al., 
2012; Griffin & Nobre, 2003; Pertzov et al., 2013). Apparently, VSTM 
contains information that is robust enough to survive a single invalid 
cue. Here, we were interested in assessing whether information in VSTM 
can survive two consecutive invalid cues. This would be a particularly 
strong demonstration that some items in VSTM are robust against decay 
or interference even when deemed irrelevant repeatedly. 

 Our main purpose was to study the fate of non-selected 
information in VSTM. In doing so, the present paradigm may also 
provide further insight into the mechanisms underlying the retro-cue 
benefit. Various accounts have been proposed, which are not necessarily 
mutually exclusive. To complicate matters further, depending on factors 
as cue reliability and memory load (Astle et al., 2012; Gunseli et al., 
2015), different mechanisms appear to contribute to the retro-cue 
benefit. The retro-cue benefit has been attributed to (1) a reallocation of 
attentional resources, at the expense of the non-cued items, to protect 
the cued representation from degradation processes like decay and 
interference (protection account; Makovski & Jiang, 2007; Matsukura et al., 
2007; Pertzov et al., 2013), (2) the removal of non-cued items from 
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memory to reduce inter-item interference and competition for resources 
(removal account; Kuo et al., 2012; Souza, Rerko et al., 2014), (3) a 
strengthening of the cued representation only during maintenance, which 
makes it less vulnerable to competition from other items in memory 
(strengthening or prioritization during maintenance account; Kuo et al., 2011; 
Rerko & Oberauer, 2013; Rerko et al., 2014) and (4) a prioritization of 
the cued item during retrieval (prioritization during retrieval account; Astle et 
al., 2012; Makovski et al., 2008). All of these accounts can explain cueing 
costs, albeit on the basis of different assumptions. Nevertheless, 
performance on double-cue trials might allow for a better understanding 
of the mechanisms underlying the retro-cue benefit. A pure prioritization 
mechanism operating during retrieval would predict equal performance 
on single- and double-cue trials, as the second cue serves to reset priority 
settings. On the other hand, reduced performance on double-cue trials 
compared to single-cue trials would be in support of mechanisms 
operating during maintenance.  

To preview our results, we found that there were costs associated 
with the presentation of a first retro-cue in a double-cue paradigm. 
Importantly, these costs could, but only partly, be restored by the second 
cue. Performance on double-cue trials did not reach the same level as 
single-cue trials, indicating that information was lost from VSTM 
following the first cue. But neither did VSTM performance drop to 
chance following two invalid cues, consistent with a model in which 
information that survives the first cue, automatically also survives a 
second cue. Experiment 3 showed that these results could not be 
attributed to the probabilistic nature of the first cue.  

 

7.2 Experiment 1 

 

7.2.1 Methods 

Participants. Seventeen young adults (12 females) participated in 
Experiment 1. All participants had normal or corrected-to-normal vision, 
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gave informed written consent, and were remunerated  €14 or they 
received course credit for their time. The experiment was approved by 
the local ethics committee of the University of Amsterdam. 

Task, stimuli, procedure and data analysis. The task incorporated 
the retro-cueing paradigm developed by Griffin and Nobre (2003; see 
also Landman et al., 2003) with a probabilistic retro-cue (Astle et al., 
2012). The task was programmed using Presentation software (version 
16.1; Neurobehavioral Systems, Inc) and was displayed on a 120-Hz 
LCD monitor at a distance of 100 cm. All stimuli were presented on a 
black background, and a small red circle, which only turned green at the 
start of a trial, marked central fixation throughout each trial (Fig 7.1a). 

 Each memory array consisted of a set of two, five or eight 
randomly oriented, white rectangles, all placed on an imaginary circle 
around fixation. Rectangles subtended (1.46º x 0.36º) of visual angle and 
were presented for 250 ms. Memory items could have 4 different 
orientations (horizontal, vertical, 45º to the vertical or 135º to the 
vertical) and were selected such that each orientation was present three 
times at most. In both the valid and the invalid cue conditions, a cue 
stimulus was presented for 500 ms. The cue was a 3-pixel-thick white 
line (1.53º x 0.04º) at one end (0.1º) close to fixation and at the other end 
(0.52º) close to the center of a single rectangle (Fig 7.1c). The cue had a 
validity of 80%, implying that on 80% of the cued trials (valid cue condition) 
the white line pointed towards the location of the to-be-probed item and 
on 20% of these trials (invalid cue condition) it pointed towards a location 
that contained a memory item that would not be probed. The cue was 
presented 500 ms after the offset of the memory array and was followed 
by a 500 ms blank display to allow the retro-cue to take effect. In the no-
cue condition, a blank display was shown during the 1500 ms retention 
interval (Fig 7.1b). All conditions were mixed within blocks.  

Recall was tested with presentation of a single memory probe at 
the end of each trial, which was presented for 4000 ms or until response. 
The memory probe could either be identical to the memory item (50% 
of the trials) or be rotated by 90º (50% of the trials). Participants 
indicated by button press whether the probe had changed or not.  It was 
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stressed to participants to press the no change button in case they did 
not know the answer to make sure that participants adopted the same 
response strategy on trials where they did not know the correct response. 
Auditory feedback was given to indicate whether the response was 
correct or incorrect. 

 Before the start of the experiment participants were trained for 
about 30 min in a variant of the change-detection task with 100% valid 
cues, including iconic-cue, retro-cue and post-cue conditions (Sligte et 
al., 2008). The training served two purposes: first, to exclude 
unmotivated or unable participants, and second, to train participants in 
the use of the cues in general. After successful completion of training, 
participants performed 10 blocks of 72 trials each. In total there were 
160 valid-cue, 40 invalid-cue and 40 no-cue trials for each of the load 
conditions, all conditions randomly intermixed.  

 Accuracy scores were converted into capacity estimate K. This 
linear conversion corrects for guessing and is a conservative measure of 
memory capacity. The following formula was used: K = 2 * (% correct – 
50% chance) * set size, where K equals set size at 100% correct and K 
equals zero at/or below 50% correct. All statistical analysis were 
performed with repeated measures analyses of variance (ANOVAs) and 
paired t-tests, with α = 0.05. Effect sizes for the tests were computed 
with Partial Eta Squared (ηp²).  

 

7.2.2 Results and Discussion 

Participants needed to score at least 75% correct in a training 
session, averaged over all conditions, to be allowed to continue with the 
experiment. This criterion was not strict, since 75% correct corresponds 
to four objects in visual memory (averaged over iconic, fragile and 
working memory). Five out of 44 participants (three in Experiment 1; 
two in Experiment 2) did not reach this performance threshold. Results 
reported here are based on the remaining 39 participants (14 in 
Experiment 1; 13 in Experiment 2; 12 in Experiment 3).  
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Accuracy scores were converted into K estimates of capacity. 
Figure 7.1d shows the K estimates for all of the conditions. These K 
estimates were entered in a repeated-measures ANOVA, with within-
subjects factors load (2, 5, 8) and cue-type (valid, no, invalid). There was 
a main effect of load (F (2,26) = 76.622, p< 0.001, ηp² = 0.855), a main 
effect of cue-type (F (2,26) = 113.151, p< 0.001, ηp² = 0.897) and an 
interaction (F (4,52) = 34.417, p< 0.001, ηp² = 0.726). Planned pairwise 
comparisons confirmed that accuracy was better in the valid-cue 
conditions relative to the no-cue condition as illustrated by a significant 
difference in K estimates for load 5 and 8 (t (13) = 7.456, p< 0.001 for 
load 5; t (13) = 6.377, p< 0.001 for load 8). This difference failed to 
reach significance at load 2 (t = 1.962, p = 0.07), arguably because 
performance was close to ceiling. The retro-cue benefit, however, did 
not arise without a cost. Presentation of an invalid cue resulted in 
significant lower K estimates relative to the no-cue condition (t (13) = 
2.201, p = 0.046 for load 2; t (13) = 5.012, p < 0.001 for load 5; t (13) = 
3.764, p = 0.002 for load 8). 

 

 

Figure 7.1. Experiment 1: Study design (a-c) and main results (d). Participants were 
instructed to remember an array of items (load 2, 5 or 8), such as shown in (a). The 
memory array was presented for 250 ms followed by a 1500 ms retention interval (b). 
On a selection of trials a 500 ms probabilistic retro-cue with a validity of 80% was 
presented during the retention interval (c). At test a single memory probe was shown, 
either identical or rotated 90° degrees relative to the probed item. The bar graph (d) 
shows the capacity estimate Cowan’s K as a function of cue condition and memory 
load. Error bars in all figures are condition specific, within subject 95% CI (Morey, 
2008). 
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 The retro-cue benefit as observed at loads 5 and 8 indicates that 
participants were able to use the cue to increase their performance 
relative to the no-cue condition. This benefit, however, was 
accompanied by a cost for the non-cued items as illustrated by the 
decrease in performance in the invalid conditions. Note that this 
degradation of irrelevant information was observed even when memory 
was loaded with only 2 items, a load that was well within capacity (but 
see Astle et al., 2012, for a contrasting finding).  

 The observed retro-cue costs indicate that information that 
would have been available without a cue could no longer be retrieved 
when a cue to another object was presented. It remains speculative, 
however, whether this information is discarded from VSTM or whether 
it merely became more fragile and thus required a second cue for report. 
Therefore, in Experiment 2 we included double-cue trials to assess what 
happens to information in VSTM that is designated as being irrelevant 
by a retro-cue. 

 

7.3 Experiment 2 

 Experiment 2 was designed to test whether the retro-cue costs as 
observed in Experiment 1 could be restored by a second cue. For this 
purpose, we added probabilistic double-cue trials to the design of 
Experiment 1. In case a second cue followed the first cue, this second 
cue automatically designated the first cue as being invalid. The 
probabilistic nature of the second cue allowed us to not only to establish 
whether a second cue could restore the retro-cue cost associated with a 
single cue (valid-single cue vs. valid-double cue), but also to establish 
what would happen to information that survived the first invalid cue 
(invalid-single cue vs. invalid-double cue).  Although there was a clear 
cost in Experiment 1 upon presentation of an invalid retro-cue, K 
estimates were around 2 items, indicating that some information on the 
non-cued items was still available. Experiment 2 was designed to 
determine what would happen to information that was robust enough to 
survive the first cue. Also, we included different timing manipulations. 
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These timing manipulations allowed us to estimate the content of VSTM 
both at the time the second cue was presented in the double-cue trials 
(short early-cue and short no-cue conditions) and after the full delay as a 
function of cueing (long early-cue, long no-cue, double-cue, and late-cue 
conditions). 

 

7.3.1 Methods 

Participants. Fifteen young adults (9 females) participated in 
Experiment 2, none of which had participated in Experiment 1. Two 
participants were excluded from further participation. All participants 
had normal or corrected-to-normal vision, gave informed written 
consent, and were remunerated  €14 or they received course credit for 
their time. The experiment was approved by the local ethics committee 
of the University of Amsterdam. 

Task, stimuli, procedure and data analysis. The task was identical to 
the one used in Experiment 1, except for the following changes. Set size 
2 and 5 were omitted and the 500 ms spatial endogenous cue was 
changed to a 100 ms exogenous cue (Murray et al., 2013). The cue was 
comprised of four white triangles (each 0.15º x 0.15º in size) placed at 
the edges of the grid location.  

All experimental conditions are shown in Fig 7.2 c-h. In the early 
cue condition, a 100 ms retro-cue was presented 500 ms after offset of 
the memory display. On half of these trials, the test probe was presented 
500 ms after offset of the cue (short early-cue condition) and on the other 
half it was presented 1100 ms after cue offset (long early-cue condition). In 
the no-cue condition the memory display was followed by either a 1100 
ms (50% of the trials; short no-cue condition) or a 1700 ms  (50% of the 
trials; long no-cue condition) blank display, and then the test display. In the 
double-cue condition, a 100 ms second cue, automatically designating the 
first cue as invalid, was presented 500 ms after offset of the first cue. 
The location of the second cue was selected at random, with the only 
restriction that it did not match the location of the first cue. This second 
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cue was followed by a 500 ms blank display before memory was tested. 
Finally, in the late-cue condition, the retro-cue was presented 1100 ms 
after offset of the memory display and then a 500 ms blank display 
followed by the test display. All cues were again probabilistic (80% valid/ 
20% invalid), except for the first cue in the double-cue condition, which 
was always invalid. 

Participants were trained as in Experiment 1. Subsequently, they 
performed 10 blocks of 88 trials each. Each block consisted of 20 short 
early-cue (16 valid; 4 invalid), 20 long early-cue (16 valid; 4 invalid), four short 
no-cue, four long no-cue, 20 double-cue (16 valid; 4 invalid), and 20 late-cue (16 
valid; 4 invalid) trials, randomly mixed. Note that the inclusion of 
double-cue trials, in which the first cue was always invalid, altered the 
cue reliability from 80% in Experiment 1 to 64% in Experiment 2. 

 

7.3.2 Results and discussion 

 Accuracy scores were again converted into K estimates (Fig 7.2a). 
As a first step, we analyzed whether there was an effect of the duration 
of the interval before and after the cue in the single cue trials. For this 
purpose, we conducted a repeated-measures ANOVA with within-
subjects factor single cue type (short early-cue, long early-cue and late-
cue) for both valid and invalid cues. There was no significant main effect 
for either valid or invalid cues (all F’s < 2.203, all p’s > .132). Therefore 
in the rest of the analysis data for valid single cue trials and data for 
single invalid cue trials were collapsed. The same rational applied to the 
no-cue trials  (F  = 0.058, p = 0.81). 

Figure 7.2b shows the collapsed results for the single and the no-
cue trials and results for double-cue trials. These K estimates were 
entered in a repeated-measures ANOVA with within-subjects factor cue-
type (single valid, no, single invalid, double valid and double invalid), 
which showed a main effect (F (4,48) = 50.300, p< 0.001, ηp² = 0.807). 
Scores on the single-cue trials replicate the pattern of Experiment 1. A 
valid cue increased capacity (t (12) = 7.756, p < 0.001), whereas an 
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invalid cue decreased capacity relative to the no-cue condition (t (12) = 
4.994, p < 0.001). Just as in Experiment 1 at load 8, the size of the retro-
cue benefit and the retro-cue cost was about the same size, namely 2 
items. We interpret this result as a swapping of status in VSTM; items 
can enter a more durable form of VSTM, and effectively replace items 
that were already stored in this more robust format.  

 

 

Figure 7.2. Experiment 2: Main results (a,b) and study design (c-h). The bar graph (a) 
shows the capacity estimate Cowan’s K for all cue timings as a function of cue 
condition for the single cue trials (c-e) and no- cue trials (e-f). The bar graph (b) shows 
the collapsed data for the single cue trials and data for double cue condition (h). As in 
Experiment 1 we used a probabilistic retro-cue with a validity of 80%. When two 
consecutive cues were presented, the first cue was always invalid. 

Although there was a clear cost to the presentation of an invalid 
cue, the present data indicate that this information is not discarded from 
VSTM, but still resides in VSTM. A valid cue following an invalid cue 
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was able to boost performance above that of invalid cues (t (12) = 7.975, 
p < 0.001). This increased performance on double-cue trials relative to a 
single cue, however, does not imply that no information at all was lost 
from VSTM, since performance on double-cue trials was lower relative 
to single-cue trials (t (12) = 8.736, p < 0.001; but see Landman et al., 
2003 and Rerko and Oberauer, 2013). Together, these data indicate that 
the mechanisms that were initiated upon cue presentation could partly be 
reversed by a second cue. Somewhat surprising, presentation of the 
second cue did not come with additional costs relative to the single cue 
task, as performance on single- and double-invalid trials did not differ (t 
(12) = 0.232, p = 0.82). Apparently, information in the visual system that 
was strong enough to survive the first cue, automatically also survived a 
second.  

Finally, we tested whether the overall effect of the cue was 
altered by the introduction of the double-cue trials. In comparison to 
Experiment 1, cue reliability was lower in Experiment 2 (80% vs. 64%). 
Recent work from our lab shows that retro-cue costs can be modulated 
by cue validity (Gunseli et al., 2015), such that the more reliable the cue 
the larger the cueing costs and benefits (see also Gözenman, Tanoue, 
Metoyer, & Berryhill, 2014 for the effect of including invalid cues on the 
retro-cue benefit) . Here, however, we observed no significant difference 
in cueing costs between Experiment 1 and 2 (1.6 items vs. 2.0 items; t = 
0.58, p = 0.57) as well as no differences in cueing benefits (2.7 items vs. 
2.3 items; t = 0.72, p = 0.48), suggesting that the use of the cue did not 
differ across Experiments. 

A trivial explanation of the finding that a second cue could only 
partly counteract the retro-cue benefit and at the same time did not 
result in an additional loss of information is that participants only 
attended to the second cue on a portion of trials. However, we think this 
is unlikely as reaction times on double cue trials were significantly slowed 
on invalid trials compared to valid trials (1204 ms on invalid trials; 732 
ms on valid trials; t (12) = 14.336, p < 0.001). This same pattern was 
observed on single cue trials (1196 ms on invalid trials; 660 ms on valid 
trials; t (12) = 18.177, p < 0.001). Such slow RTs are consistent with the 
idea that participants need to retrieve information that by then was 
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deemed irrelevant: The information may have been demoted in priority, 
but is not necessarily lost and, with sufficient time, can be recovered. 

One aspect of our data that deserves further elaboration is our 
observation that presentation of a retro-cue reduces the availability of 
other items in VSTM. Landman et al. (2003) used a similar design, but 
reported equal performance on single and double cue trials. One notable 
difference between the present set of experiments and the Landman et 
al. study is the probabilistic nature of the cue in our experiments. In 
Landman et al. the cue was always valid, unless it was followed by a 
second cue. There is the possibility that the probabilistic nature of our 
cue, made the second cue less effective here (Williams & Woodman, 
2012). To account for this option, in Experiment 3 we replicated 
Experiment 2, but changed the probabilistic cue to a 100% valid cue.  

 

7.4 Experiment 3 

 

7.4.1 Methods 

Participants. Twelve young adults (9 females) participated in 
Experiment 2, one of which also participated in Experiment 2. All 
participants had normal or corrected-to-normal vision, gave informed 
written consent, and were remunerated €20 or they received course 
credit for their time. The experiment was approved by the local ethics 
committee of the University of Amsterdam. 

Task and stimuli. The task was identical to the one use in 
Experiment 2, except for the following changes.  Instead of using a 
probabilistic retro-cue, we used a cue that was 100% valid. The only time 
this cue was invalid was when it was followed by a second cue in the 
double-cue condition, as in Landman et al. (2003). 

Participants were trained as in Experiment 1. Subsequently, they 
performed 10 blocks of 60 trials each. Each block consisted of 10 short 
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early-cue, 10 long early-cue, 10 short no-cue, 10 long no-cue, 10 double-cue, and 10 
late-cue trials, randomly intermixed.  

 

7.4.2 Results and discussion 

Accuracy scores were again converted into K estimates and, as in 
Experiment 2, data for the single valid-cue trials (F = 0.169) and no-cue 
trials (F = 0.537) were collapsed.  Figure 7.3 shows the K estimates for 
each condition. These K estimates were entered in a repeated-measures 
ANOVA with within-subjects factor cue-type (single valid, no, double 
valid and double invalid), which showed a main effect (F  (4,48) = 
50.300, p < 0.001, ηp² = 0.807). Results replicate those of Experiment 2. 
A single valid cue again increased capacity estimates relative to the no-
cue condition (t  (11) = 5.950, p < 0.001). The important finding, 
however, is that when the first cue was followed by a second cue, 
capacity estimates were significantly lower than in the single cue 
condition (t  (11) = 4.473, p = 0.001). As in Experiment 2, the second 
cue did not significantly boost performance above no-cue conditions (t 
= 1.286, p = 0.225). 

Thus, as in Experiments 1 and 2, retro-cueing a single item 
resulted in increased memory performance relative to trials without a 
cue, and this retro-cue benefit was accompanied by a cost for the non-
selected items in memory. We again observed a double-cue cost (i.e. 
worse performance on double-cue trials relative to single-cue trials), 
indicating that the double-cue cost in Experiment 2 cannot be attributed 
to the probabilistic nature of the cue in that experiment. We argue that 
focusing on an item goes at the expense of the non-selected 
representations by making them more fragile. A second cue can still 
retrieve and consolidate some of this information, but the fact that 
performance after two consecutive cues is impaired relative to a single 
cue, indicates that upon retro-cueing, a proportion of the non-cued 
information is no longer accessible.     
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Figure 7.3. Experiment 3: Main results (a,b). The bar graph (a) shows the capacity 
estimate Cowan’s K for all cue timings as a function of cue condition for the single cue 
trials  and no-cue trials. The bar graph (b) shows the collapsed data for the single cue 
trials and data for double cue condition. In contrast to Experiment 2 the retro-cue was 
100% valid, unless it was followed by a second cue. In this case the first cue was 
designated as being invalid. 

   

7.5 General discussion 

 Retro-cue costs and benefits as typically observed in VSTM tasks 
are not in line with a static, capacity-limited, VSTM store. Instead, it 
appears that the level of VSTM retention can be adjusted based on 
changing task demands. The present study was designed to gain a better 
understanding of what happens to information in VSTM that is 
designated as being irrelevant for subsequent behavior. To investigate 
this, we presented either single or two consecutive probabilistic retro-
cues during the retention interval of a change detection task. VSTM 
performance differed on retro-cue and no-cue trials. Valid cues increased 
performance, whereas invalid cues decreased performance for the tested 
item, relative to trials without a cue. Importantly, these retro-cue costs 
could partly be restored by a second cue, such that performance was 
back to the same level as on no-cue trials.  

The present results resolve an inconsistency in the literature 
regarding the fate of non-attended items in VSTM. In paradigms with 
single cues, it has been found that cueing an item in memory goes at the 
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expense of the non-selected information in memory, at least when the 
memory load is around or above capacity (Astle et al., 2012; Griffin & 
Nobre, 2003; Pertzov et al., 2013).  However, investigations using 
double-cue paradigms have generated inconclusive results on the fate of 
this non-selected information. Whereas in the present study performance 
on double-cue trials was impaired relative to single-cue trials (see also 
Matsukura et al., 2007 for a double-cue cost), other studies have found 
that cueing two different items in succession does not lead to decreased 
performance relative to a single cue (Landman et al, 2003; Rerko & 
Oberauer, 2013) or relative to cueing the same item twice (Lepsien, & 
Nobre, 2007). However, the latter studies provided no means to quantify 
the cost associated with the first cue in the first place. As stated in the 
introduction the mechanisms underlying the retro-cue benefits and costs 
appear to depend on different factors such as cue reliability and memory 
load (Astle et al., 2012; Gunseli et al., 2015). Although all proposed 
retro-cue accounts can handle cueing costs, the size of such costs is 
arguably modulated by other mechanisms or strategies. For example, 
participants might be more hesitant to drop information from memory 
when a second retro-cue can follow the first one. Thus, showing intact 
performance after two cues does not necessarily mean that information 
has, or has not, been dropped in the meantime. Here we did establish a 
cost associated with the first cue (of about two items), and we found that 
a second cue can completely counteract that cost. At the same time it 
fails to boost performance further, to single-cue levels. 

 

Implications for retro-cue accounts 

The main purpose of our study was not to determine the source 
of invalid cueing costs in VWM, but to investigate whether invalidly cued 
items can be restored. Nevertheless, our findings have some implications 
for accounts of retro-cueing. The finding that a second cue failed to 
restore performance to single cue levels is hard to reconcile with a 
prioritization mechanism operating only during retrieval, as such a 
mechanism assumes that the non-cued items remain in an unaltered 
state. Therefore the second cue should have been able to facilitate the 
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comparison process during memory test in a similar way as the first cue. 
On the other hand, our findings are in line with a 
prioritization/strengthening mechanism that actively ramps up the 
attended representation (Kuo et al., 2011; Rerko & Oberauer, 2013). 
Although such accounts do not necessarily predict that strengthening of 
the cued item goes at the expense of the non-cued items, they can easily 
accommodate retro-cue costs as observed here. Compared to a no-cue 
condition the non-cued items now have to compete with a stronger 
competitor, which arguably impairs memory performance. The same 
rationale can also be applied to account for the double-cue cost, as the 
item prioritized by the second cue now has to compete with a previously 
strengthened item. In contrast, in single-cue trials only a single item is 
prioritized and the cued item thus has no strong competitor. 
Alternatively, assuming that all VSTM representations tap into the same 
limited attentional resource (Norman & Bobrow, 1975), it could be 
argued that prioritizing one item takes resources away from the non-cued 
items. This redistribution of resources then comes with a cost for the 
non-cued items as they become increasingly fragile.  

The results are also in line with a protectionist mechanism in 
which the cued item is stabilized and the non-selected items are allowed 
to deteriorate (Astle et al., 2012; Griffin & Nobre, 2003; Matsukura et al., 
2007; Pertzov et al., 2013). Based on our findings, however, we would 
have to extend the protection account in two ways: First, not all non-
cued items in memory degrade to the same extent: items that were 
robust enough to survive an invalid retro-cue also survived a second cue. 
Second, degraded items can be pulled back to a more robust state when 
made relevant again by a second cue. Finally, removal can also account 
for the present results. It is possible that the non-cued items were 
removed from VSTM and then retrieved again when cued later 
(LaRocque et al., 2013; Lewis-Peacock et al., 2012). We believe that this 
account is  less likely, as performance did not drop to chance, not even 
after two invalid cues and a 1100 ms interval. This retention interval 
should have provided sufficient time to remove all irrelevant information 
from memory (Oberauer, 2001).  
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So in all, we conclude that the observed retro-cue costs and 
benefits are most consistent with mechanisms that exert their effects 
already during maintenance, rather than during test. However, we wish 
to stress again that none of the proposed mechanisms are mutually 
exclusive, nor are they specified at a sufficiently detailed level to allow 
for exclusive predictions (to the extent that many of these accounts 
become in effect infalsifiable). In fact, we believe that each of these 
mechanisms may contribute, but their relative contributions may depend 
on the specific task settings. Indeed, support for all of these accounts has 
been found with at least as many different variants of the retro-cue 
paradigm (Astle et al., 2012; Kuo et al., 2012; Kuo et al., 2011; Makovski 
& Jiang, 2007; Makovski et al., 2008; Matsukura et al., 2007; Rerko & 
Oberauer, 2013; Souza, Rerko, & Oberauer, 2014). In any case, 
regardless of the specific retro-cueing account one adheres, our data 
show that retro-cueing can have negative consequences for non-cued 
items, but that, importantly, these negative consequences can be reversed 
by redirecting attention back to the memorandum. 

 

Different states of VSTM 

At a broader theoretical level, our findings suggest that an item 
can adopt several degrees of robustness within VSTM. First, the fact that 
retro-cueing leads to a benefit is suggestive of a privileged, protected 
state, consistent with the idea that the item becomes the current focus of 
attention. Indeed, recent evidence suggests that the retro-cue benefit is 
accompanied by the electrophysiological signature of focusing 
maintenance on the cued item only (Kuo et al., 2012; Williams & 
Woodman, 2012). We envisage this robust state of attentional focus to 
be driven by long-range recurrent feedback connections with frontal and 
parietal areas responsible for task control. In previous work, we have 
shown that transcranial magnetic stimulation (TMS) of the dorsolateral 
prefrontal cortex (DLPFC) reduced VSTM capacity by a single item 
(Sligte, Wokke, Tesselaar, Steven Scholte, & Lamme, 2011). Presumably, 
although this deserves further testing, the TMS pulse erased an attended 
item in memory. 
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Also, the finding that some non-cued items survive a (invalid) 
cue, and in fact appear to do so twice, suggests that some VSTM 
representations are robust despite that they are not in the current focus 
of attention. This suggests a second level of representation, consistent 
with proposals that while a single item can be represented in the current 
task focus, other, accessory memories can be held prospectively, but 
nevertheless relatively robustly (LaRocque et al., 2013; Lewis-Peacock et 
al., 2012; Oberauer, 2002; Olivers et al., 2011; Chapter 2). Especially in 
the double-cue paradigm it makes sense to attend to the cued item, but 
at the same time try to maintain a prospective memory for the other 
items, as a second cue could arrive. Neurophysiologically there are 
several options for representing such additional items, perhaps 
depending on the task. One possibility is that while frontal areas are 
involved in directing the focus on the cued location, parietal areas try to 
maintain recurrent loops with as many additional items as possible 
(probably with a maximum of about three; Corbetta & Shulman, 2002; 
Todd & Marois, 2004; Vogel & Machizawa, 2004). However, this is not 
the only possibility, as prospective representations may also be stored in 
temporarily altered connection strengths rather than activity (see Olivers 
et al., 2011 for a brief overview). In fact, Lewis-Peacock et al. (2012) and 
LaRocque et al. (2013) found no evidence for activity-driven accessory 
memory in the non-spatial domain. These experiments suggest that 
information from VSTM may be temporarily stored in long-term 
memory and can be reinstated in VSTM when made relevant again by a 
second cue. Naturally, this could come with a similar cost to 
performance as is observed in our study. While possible, we believe this 
scenario is less likely to apply to our findings. Synaptic changes to 
calcium channels effectively storing information in long-term memory 
take a few seconds to settle in (Lamprecht & LeDoux, 2004), and the 
time scale in our experiments does not allow for this amount of time 
(500 ms between consecutive retro-cues). However, in general, we 
cannot exclude the possibility that working memory makes use, at least 
in part, of the same infrastructure as long-term memory does.  

Next, the results show that not all items can be maintained upon 
cueing: Cueing towards one item also results in a loss of other items, 
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unless they are recovered by the second cue. This suggests a third level 
of representation at which items are, or become, vulnerable to 
degradation after the first cue. Consistent with previous work by some of 
us, this argues for a fragile form of VSTM alongside the more robust 
forms (Sligte et al., 2008). Unlike robust memories, fragile memories are 
not sustained by long-range feedback connections (Sligte et al., 2010) and 
suffer from degradation processes as a consequence. One could perhaps 
reason that the non-cued information did not deteriorate, but was not 
there in the first place (i.e. people might not have encoded the item). 
However, this fails to explain why the information could then be 
recovered by a second cue. The beneficial effects of the (second) cue 
imply that information was present, but needed to change state to 
become reportable.  

We believe that because of the flexibility of the fronto-parietal 
network, the division between more fragile and more durable VSTM 
representations is not static, but can change depending on task demands. 
As long as a fragile item is not lost, cueing attention to it will (re)instate 
long-range feedback, and cause the memory to be enhanced and 
sustained. Moreover, when information from fragile VSTM is made 
available for report, it necessarily replaces information that is currently 
stored in visual working memory, but not in the most robust state. 

In conclusion, our study adds to the evidence for a very versatile 
VSTM system, in which memoranda adopt different representational 
states depending on whether they are deemed relevant now, in the 
future, or not at all. Based on the fact that replaced memory content can 
be pulled back for report, it appears that there are at least three 
fundamentally discernable levels in VSTM; 1) foreground processes that 
form the center of mind, 2) background processes that are readily 
available for report, but can easily be swapped with either foreground 
items, or 3) fragile memory representations that deteriorate unless they 
are recovered by attending to them. 
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Abstract 

Covertly shifting attention away from a memorized location causes 
decrements in spatial memory performance, which has led to the idea 
that the active maintenance of spatial information is accomplished via 
allocation of attention to that location. This tight link between spatial 
attention and spatial WM is supported by observations that both are 
characterized by modulations of alpha power topography, which allows 
for retinotopic reconstruction of the attended location. Thus far, 
however, these two types of attention-related alpha modulations have 
been studied in isolation. Here, we applied an inverted spatial encoding 
model in combination with electroencephalography (EEG) to study how 
alpha-band topography is modulated when attention is needed at two 
independent locations, one held in memory, while the other is covertly 
attended. It was found that alpha band supported robust spatial tuning 
for either a covertly attended or a memorized location, but not for both 
locations simultaneously. When observers had to perform a covert 
attention task, memory-related signals lost location specificity at the 
expense of the cued (attended) location. When the covert attention task 
was completed, spatial tuning to the memorized location returned. This 
finding is in line with the idea that both processes are supported the 
same attention mechanisms. 
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8.1 Introduction 

Spatial working memory (WM), the ability to hold relevant spatial 
information online, and spatial attention, the ability to focus cognitive 
resources on relevant locations while ignoring other locations, are 
thought to overlap in their underlying mechanisms. At a 
neurophysiological level, both processes are driven by a right-hemisphere 
dominant network of frontal and parietal nodes (Awh & Jonides, 1998; 
Awh, Smith, & Jonides, 1995). At a functional level, it has been shown 
that covertly shifting attention away from a memorized location causes 
decrements in spatial memory performance (Awh, Jonides, & Reuter-
Lorenz, 1998). These and other findings have led to the idea that WM is 
an emergent property of attentional mechanisms operating in sensory 
regions (Awh & Jonides, 2001; Kiyonaga & Egner, 2013; Olivers, 2008; 
Postle, 2006; Theeuwes, Olivers, & Chizk, 2005). In this view, the active 
maintenance of spatial information is accomplished via attending to the 
memorized locations. 

 The idea that spatial attention and spatial WM are intrinsically 
related is further supported by the observation that both are 
characterized by the modulation of the power and phase of posterior 
alpha oscillations (8 – 12 Hz). The neural signature of alpha-band 
activity, which is thought to facilitate information processing through the 
inhibition of task-irrelevant information (Jensen & Mazaheri, 2010; 
Mazaheri et al., 2014), is remarkably similar in spatial attention and 
spatial WM tasks. The topographic distribution of alpha power tracks 
both the attended visual hemifield (Gould, Rushworth, & Nobre, 2011; 
Kelly, Lalor, Reilly, & Foxe, 2006) as well as the hemifield of a 
remembered stimulus (Medendorp et al., 2007; van Dijk, van der Werf, 
Mazaheri, Medendorp, & Jensen, 2010) via contralateral alpha 
suppression in posterior electrodes. This location specificity of alpha-
band dynamics is not limited to the hemifield level, but appears to be 
retinopically specific (Rihs, Michel, & Thut, 2007). Indeed, two recent 
studies used inverted encoding models (IEM) to reconstruct activity in 
neural populations tuned to cued spatial locations and demonstrated that 
the topographic distribution of alpha power carries location specific 
information during both covert attention (Samaha et al., 2016) and the 
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delay period of a spatial WM task (Foster et al., 2016). Together, these 
findings demonstrate a tight link between alpha-band dynamics and the 
focus of spatial attention, regardless of whether attention is directed 
towards external stimuli, or towards internal memories.  
 Although alpha-band topography has proven to be useful in 
tracking the allocation of attention to both external and internal signals, 
so far these two types of attention-related alpha modulations have been 
studied in isolation. It is therefore unclear in what way, if at all, alpha-
band topography is modulated when attention is needed at two 
independent locations, one held in memory, while the other is covertly 
attended. The present study was designed to answer this question by 
examining whether alpha-power continued to carry location-specific 
information about the memorized location, when covert attention was 
required at another location during the WM delay period.   
 One possibility is that both the memorized and the attended 
location are fully maintained in parallel as reflected in simultaneous 
location-specific alpha modulation. However, recent evidence suggests 
that the VWM representation is likely to be temporarily deprioritized, as 
attention is needed elsewhere. Studies show that at least within VWM, 
information is sensitive to shifts in relevance as imposed by task 
structure, such that only the currently relevant object is actively 
represented, while prospectively relevant objects are temporarily being 
deactivated. For example, when observers perform two memory tasks in 
succession, multivariate decoding accuracy drops to chance for the 
temporarily irrelevant, but then returns in anticipation of the second task 
(LaRocque et al., 2013; LaRocque et al., 2016; Lewis-Peacock et al., 
2012). Similarly, de Vries, van Driel, and Olivers (submitted) showed that 
contralateral alpha suppression is significantly weaker for such 
prospective memories than memories that are needed for the 
immediately upcoming task. It thus appears that shifting attention away 
from a representation in memory weakens its active neural 
representation. The question here is whether directing spatial attention 
to perceptual input, rather than a mnemonic representation, will likewise 
result temporarily in a reduced the spatial signal associated with a 
memorized location, as expressed through alpha-band topography. This 
would be predicted when spatial attention and memory share the same 
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mechanisms. Here we were specifically interested to study how, if at all, 
covert shifts of attention change the neural signature of a location held 
in WM.  

To study the effects of covert shifts of attention on the neural 
signature of spatial WM representations we measured EEG while 
observers performed a spatial WM task. In one condition, observers also 
performed a cued target detection task during the delay period, whereas 
in the other condition, with identical displays, they were instructed to 
ignore the intermediate task and associated displays (Figure 8.1). We then 
used a spatial IEM (Foster et al., 2016) to reconstruct the neural 
representation of the memorized and the cued location across 
conditions. Specifically, we modelled the relationship between neural 
activity and spatial locations via an hypothesized response profile 
(Brouwer & Heeger, 2009, 2011), which was then used to reconstruct 
location selective channel tuning functions (CTFs). These CTFs allowed 
us to track the temporal evolution of the memory representation with 
and without covert shifts of attention and at the same time examine the 
potential trade-off between location specificity in the internal and the 
external domain.  

 

8.2 Methods 

Participants. A planned number of sixteen healthy volunteers 
(ages 18-34,  4 males), all right-handed, participated, in exchange for 
course credit or monetary compensation. Five participants were replaced 
because too many trials (>30%) were lost due to recording or ocular 
artifacts. Participants reported normal or corrected-to-normal vision, and 
provided informed consent according to procedures approved by the 
Scientific and Ethical Review Committee (Faculty of Behavioral and 
Movement Sciences, VU University).  

Stimulus displays. Stimuli were created using OpenSesame version 
3.0.2 (Mathôt et al., 2012), a Python based graphical experiment builder, 
and were presented on a 22-inch video monitor (Samsung Syncmaster 
2233, 1680x1050 pixels at 120 Hz) at ~100 cm viewing distance.  All 
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stimuli, except for the spatial cues, were rendered in dark gray against a 
medium gray background.  

The spatial memory task was modeled after Foster et al. (2016) 
and required participants to remember the angular location of a circle 
stimulus. The circle (1.4° in diameter) was centered 3.6° of visual angle 
from the central fixation point (0.1° in diameter). The angular location 
was randomly sampled from one of eight location bins spanning 0-315°, 
in steps of 45°, with jitter added to cover all 360° of possible locations. 
At test, participants used a mouse to click on the perimeter of a probe 
ring (7.2° in diameter).  

The intermediate search task required participants to detect a 
randomly selected target digit (2, 3 or 5) in one of eight colored boxes 
(1.0° x 1.0°). The boxes were centered at 2.0° eccentricity, at fixed 
locations spanning 22.5°-337.5°, in steps of 45°. On each trial the outline 
of these boxes were colored by random selection from a color pool with 
eight different colors (red, green, blue, cyan, yellow, purple, orange, 
pink). Boxes without a digit contained a randomly selected letter (E, H, 
P) with a maximum of three identical letters per display. Target stimuli 
were only visible for a limited period before filling up all line segments 
that made up the digits and letters, creating a box-figure eight. 

 Task design. Each trial started with a 250 ms blank display 
followed by fixation dot for a randomly jittered duration of 600-1500 ms. 
Next, a memory display was presented for 200 ms (Fig. 8.1). The 
memory item consisted of a single disk presented at a single location. In 
addition to the disk, but irrelevant to the memory task, this display also 
contained eight colored boxes. Participants were instructed to ignore the 
boxes and remember the angular location of the disk. These boxes 
remained visible throughout the trial, until the memory test. After 1000 
ms into the delay period, these boxes were then filled with letters and 
subsequently masked. In the dual-task condition one of these characters 
was a digit (2, 3 or 5). In valid trials (87.5%) the digit appeared in the 
cued box (e.g. green, which remained fixed throughout the experiment; 
counterbalanced across participants), while it was presented randomly in 
one of the other boxes on invalid trials. In the dual-task condition, 
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participants had 1000 ms to indicate the target digit by button press, 
whereas in the single-task condition participants were instructed to 
ignore the displays associated with the intermediate task. Each trial 
ended with the presentation of the memory test, which was visible until 
response. The test display did not contain a fixation circle indicating that 
participants were free to move and blink their eyes. Participants were 
instructed to report the location of the remembered stimulus as precise 
as possible.  

 Procedure. After providing informed consent, participants were 
fitted with a 64-electrode cap and six face electrodes. Testing took place 
in a dark, electrically shielded chamber. Before starting the experiment, 
participants completed a set of five practice trials for each task (i.e. 
memory task and covert attention task) separately. They then completed 
series of 15 practice trials until they felt comfortable with the dual-task 
structure. Once participants were ready to start the experiment, they first 
completed a separate block of 64 trials with including the covert 
attention task to determine the stimulus onset asynchrony (SOA) 
between target and mask display. For this purpose we used a weighted 
up-down staircase (Kaernbach, 1991; start = 104, step = 8, min value = 
24, max value = 175), which was only updated on valid cue trials. 
Subsequently, participants completed 26 blocks of 64 trials each. Each 
participant completed 13 dual-task and 13 single-task blocks, in 
counterbalanced order. After each block, feedback was given on memory 
performance and in dual-task blocks also on intermediate task 
performance. Participants were encouraged to take a break in between 
blocks. The experiment took approximately 3-3.5 h to complete.  

 

 

 



	 	
	 	

189	
	

 

Figure 8.1 | Spatial working memory (WM) task: In both conditions while maintaining 
fixation, participants had to remember the location of gray circle. After a delay, 
observers reported  the angular location of this circle by clicking on the perimeter of a 
rim. Before giving the response, in the dual-task condition, observers performed a 
spatial attention task in which they indicated the  digit (2, 3 or 5) that was presented in 
one of the colored boxes. The color of the box containing a digit was known to the 
participant (and remained fixed through the experiment) and had a validity of 87.5% 
validity. Participants had 1000 ms to respond, but the displays were masked after a 
predefined SOA, which was determined offline for each participant. Displays in the 
single-task conditions were identical, but observers were instructed to ignore the 
displays associated with the intermediate task. Single and dual task conditions were 
blocked.    

Modeling the response error distribution. Taking the angular 
difference between reported and the presented location calculated 
response error. For each participant the resulting error distribution, 
ranging from  -180° to 180°, was modeled as the mixture of a von Mises 
distribution and a uniform distribution (Zhang & Luck, 2008). Using the 
MemToolbox (Suchow, Brady, Fougnie, & Alvarez, 2013) we obtained 
maximum likelihood parameters for three parameters: 1) the mean of the 
van Mises distribution, corresponding to response bias; 2) the dispersion 
of the von Mises distribution (sd), corresponding to mnemonic 
precision; and 3) the height of the uniform distribution (Pƒ), 

corresponding to the probability of forgetting the sample stimulus.      

  EEG Acquisition and preprocessing. We recorded EEG at 512 Hz 
using a 64-electrode cap with the electrodes placed according to the 
extended 10-20 system (using a BioSemi ActiveTwo system; 
biosemi.com). All sites were re-referenced to the average of left and right 
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mastoids. Additionally, vertical EOG (VEOG) was recorded from 
electrodes located 2 cm above and below the right eye, and horizontal 
EOG (HEOG) was recorded from electrodes 1 cm lateral to the external 
canthi. Continuous EEG was epoched from -800 to 2700 ms relative to 
memory display onset. The resulting epochs were baseline-normalized 
using the whole epoch as baseline. Prior to cleaning, the data were 
visually inspected for malfunctioning electrodes, which were removed 
from the data (on average 9 electrodes per participant). Each epoch (-
300:2200 ms) was carefully screened for blocking, eye-related and 
muscle-related artifacts with visual inspection using EEGLAB (2014b, 
The Mathworks), leaving an average of 1362 artifact-free trials per 
participant, and an average of 694 and 668 observations for single and 
dual-task conditions respectively. All other analysis were performed 
using MNE software (Gramfort et al., 2013) and custom code running in 
a Python environment (Python Software Foundation, 
https://www.python.org/).   

 Multivariate Inverted Encoding mode (IEM). Following Foster et 
al. (2016) we used an inverted spatial encoding model to reconstruct 
location selective channel tuning functions via topographic power 
distributions of the EEG signal. To reduce computation time we only 
included data from posterior electrodes (i.e. 32 hindmost electrodes). 
The IEM procedure was run separately for the memory and the cue 
location.  

To isolate frequency-specific activity, the preprocessed EEG 
signal was filtered using a fifth-order butterworth bandpass filter. For the 
time-frequency analysis, we searched a broad range of frequencies (4 – 
34 Hz, in increments of 2 Hz with a 4 Hz band; 4 – 8 Hz, 6 – 10 Hz, 
etc). For alpha-band analysis we used an 8- 12 Hz bandpass filter. 
Subsequently evoked and total power were calculated after extraction of 
the complex analytic signal via a Hilbert Transform. Evoked power was 
computed by averaging the complex analytical signal across trials before 
squaring the complex magnitude of the analytic signal, whereas this 
averaging was done after power subtraction for total power. 
Consequently, evoked power reflects activity phase-locked to stimulus 
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onset and total power reflects ongoing activity irrespective of its phase 
relationship to the onset of the memory stimulus.   

 Before calculating evoked power, artifact free trials were 
partitioned without replacement into three blocks. To prevent bias in the 
analysis, we equated the number of observations across locations (i.e. 
memory and cue locations) and conditions. As a result, a random subset 
of trials was not included in any block. To account for this, we randomly 
generated multiple block assignments (five for the full time-frequency 
analyses, and ten for the alpha-band analysis). For each new block 
assignment, evoked and total power were calculated for each location bin 
for each block, resulting in an l*b X m X s matrix of both evoked and 
total power for both conditions, where l is the number of location bins, b 
is the number of blocks, m is the number of electrodes, and s is the 
number of time samples.  This matrix served as input to the IEM 
routine.   

 Following similar approaches (Brouwer & Heeger, 2009, 2011), 
we modeled the response profile of each spatial channel across angular 
locations as a half sinusoid raised to the seventh power and centered on 
each polar angle (i.e. 0°, 45°, 90°, etc). A IEM routine was then applied 
to each time-frequency point in the time-frequency analysis, and to each 
time point in the alpha-band analysis, in two stages. In the first stage, 
training data from two out of the three blocks was used in a general 
linear model of the form: 

B1 = WC1 

where B1 (m electrodes X n trials) is the observed power (evoked or total) 
at each electrode for each trial in the training set, C1 (k channels X n 
trials) is a matrix of predicted responses for each information channel on 
each trial, and W is a weight matrix that characterizes the mapping from 
“channel space” to “electrode” space. The weight matrix W was 
obtained via least-squares estimation with python function 
np.linalg.lstsq(C1, B1). Next, in the test phase, the model was inverted to 
transform the observed test data B2 (m electrodes X n2 trials) into a set of 
estimated channel responses C2 (k channels X n2 trials), via the python 
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function np.linalg.lstsq(W.T, B2.T). Each estimated channel response was 
circularly shifted to a common center (0°) and averaged across trials.   

This procedure was iterated in a “leave-one-out” cross validation 
routine where two blocks of estimated power values served as B1 and the 
remaining block served as B2 until each block served as a test set (i.e. as 
B2). Thus the training and the test data were always independent. To 
construct tuning functions over time (Fig. 8.3,8.4, 8.5), this procedure 
was performed for every sample and the resulting CTFs were averaged 
across each test block in all block assignments.    

 Statistical analysis. In the first step of the analysis we used an one-
sample t-test to test which frequency bands showed spatial selective 
CTFs across conditions. For this purpose we used linear regression to 
estimate CTF slopes (i.e. slope of channel response as a function of 
location channels after collapsing across channels that were equidistant 
from the center of the response function) and tested whether these slope 
estimates were reliably larger than zero with a Monte Carlo 
randomization procedure. Specifically, we repeated the IEM, as 
described above, 1000 times, but with randomized location labels to 
obtain a null distribution of t-statistics. Then we calculated the 
probability of obtaining a t-statistic from the surrogate null distribution 
greater than or equal to the observed t statistic (i.e. the probability of a 
Type 1 error). CTF selectivity was deemed reliably above chance if the 
probability of a Type 1 error was less than 0.01.  

 Next, we used group-level permutation testing with cluster 
correction to test whether there were reliable condition differences. This 
non-parametric method corrects for multiple comparisons by taking into 
account auto-correlation in time and frequency (Cohen, 2014; Maris & 
Oostenveld, 2007). The sign of the slope difference between conditions 
was randomly shuffled in 1000 iterations, and these randomizations were 
used to compute significant clusters of time-frequency points (or time 
points for alpha-band; p <0.05). At the same time, for each permutation, 
the size of the largest time-frequency (or time for alpha-band) cluster 
was determined, resulting in a distribution of maximal cluster sizes under 
the null-hypothesis of no condition differences.  The sizes of the 
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significant clusters of the non-permuted data were thresholded such that 
only clusters larger than the 95th percentile of the surrogate distribution 
were considered reliable (p < 0.05).  

 

8.3 Results 

Behavior. Figure 8.2 shows the mnemonic precision and 
probability of forgetting the stimulus as computed with a mixture model 
across conditions. Although numerically the difference between 
conditions was very small, planned pairwise comparisons demonstrated 
that these differences were reliable. When participants performed the 
dual task condition mnemonic precision decreased (F (1,15) = 22.671, p 
< 0.001) and the probability of forgetting the item in memory increased 
(F (1,15) = 15.180, p = 0.001) relative to the single-task condition. Note 
that at just over 1%, the probability that the item was forgotten was still 
extremely low even in the dual task condition. Response bias did not 
differ across conditions (F = 0.170, p = 0.69).  

The covert attention task showed a clear cue validity effect. 
Participants responded faster and more accurate on valid (mean RT ± 
std: 615 ± 55 ms; mean proportion correct ± std 0.84 ± 0.08) than on 
invalid trials (mean RT 666 ± 58 ms; mean proportion correct 0.41 ± 
0.06), F (1,15) = 60.792, p < 0.001; F (1,15) = 632.295, p < 0.001, 
respectively.  These results demonstrate that participants were indeed 
attending the cued location. 
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Figure 8.2: Mnemonic precision as indexed by sd and the probability of forgetting the 
remembered location as a function of condition. Although there was a cost to covert 
shifts of attention, as indexed by significant effects on both parameters, recall 
performance in the dual-task condition was nevertheless quite accurate.   

   

EEG time frequency analysis. We performed a permutation test at 
each time-frequency point to identify time points at which the slope of 
the reconstructed CTF profile was reliably above zero (i.e. points where 
the CTF profile was not flat). First, we analyzed which frequency bands 
were sensitive to the memorized location in terms of their topographic 
distribution. Figure 8.3A shows the temporal evolution of the 
reconstructed CTFs in the single-task condition. Replicating Foster et al. 
(2016), a range of low frequencies (4 -15 Hz) transiently tracked, both via 
evoked and total power, the memory location during stimulus 
presentation. Only total alpha power (8 - 12 Hz) enabled reliable CTF 
reconstruction throughout the entire delay period. A different pattern 
was observed in the dual task-condition (Figure 8.3B), where total alpha 
power CTF reconstruction was disrupted around the target display onset 
of the intermediate attention task and only became reliable again after 
about 600 ms. A cluster-based permutation test confirmed that 
immediately after target display onset of the intermediate attention task 
total alpha power CTF slopes were reliably larger in the single-task than 
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in the dual-task condition (p < 0.05). Interestingly, the same analysis also 
indicated that already before target display onset CTFs slopes started to 
differ between single and dual-task conditions (white outline Figure 
8.3B), suggesting that about 500 ms after memory encoding observers 
switched attention to the cued location in anticipation of the target 
display. This will be discussed in more detail in the alpha-band analysis.  

 

 

Figure 8.3. Identification of the remembered location via evoked (top) and total 
(bottom) power across frequency bands as indexed by CTF slopes. Across figures t=0, 
t = 200, t = 1200 represent the memory display onset, start of the delay period and 
target display onset. Individual figures show CTFs slopes for single-task (A) and dual-
task conditions (B). Points at which CTF slope was not reliably above zero as 
determined by a permutation test are set to zero (purple). White outline denotes 
significant slope difference between single and dual-task conditions (p < 0.05).   

 The previous indicates that location selectivity in alpha power 
topography disappears when observers have to perform an intermediate 
task that requires covert attention. Next, we examined whether this loss 
of sensitivity was indeed driven by a shift of attention, or simply resulted 
from having to respond in the dual-task and not in the single-task 
condition. In the latter case we should fail to reconstruct reliable cue 
location CTFs, even in the dual-task condition. Figure 8.4 shows the 
temporal evolution of the reconstructed CTFs of the cued locations. In 
the single-task condition (in which the cued location was irrelevant) there 
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was no evidence for a reliable reconstruction of the cued location, except 
for a small hint in low frequency evoked power (4 – 6 Hz) immediately 
after stimulus onset (Figure 8.4A). By contrast, in the dual-task 
condition, both evoked and total power showed clear location specific 
CTFs for the target location of the intervening attention task (Figure 
8.4B). Total alpha power contained location-specific information already 
before target display onset, which remained reliable until after the 
response. Cluster-based permutation tests confirmed that CTF slopes 
were reliably steeper in the dual-task than in the single-task condition, 
both for evoked and total power (white outline Figure 8.4B). 
Importantly, for total power this difference started to be reliable around 
the same time-frame when CTF slopes tuned to the memorized location 
started to differentiate. In other words, the alpha- based CTFs for the 
intermediate attention task emerged when the CTFs for the memory task 
waned.      

 

Figure 8.4. Identification of covertly attended location via evoked (top) and total 
(bottom) power across frequency bands as indexed by CTF slopes. Across figures t=0, 
t = 200, t = 1200 represent the memory display onset, start of the delay period and 
target display onset. Individual figures show CTFs slopes for single-task (A) and dual-
task conditions (B). CTF slope is a measure of CTF selectivity that quantifies the 
location-specific activity in the topographic distribution of power. Points at which CTF 
slope was not reliably above zero as determined by a permutation test are set to zero 
(purple). White outline denotes significant slope difference between single and dual-task 
conditions (p < 0.05).   
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Another interesting aspect of the data is that evoked power in 
the lower end of the frequency spectrum (~4 – 8 Hz) also contained 
location specific information, which appeared to peak 200 ms after onset 
of the relevant display. In a recent study Dowdall, Luczak, and Tata 
(2012) suggested that evoked posterior theta activity underlies the N2pc, 
a lateralized event related potential (ERP) component occurring 200-300 
ms after stimulus onset that is thought to reflect the orienting of 
attention (Luck & Hillyard, 1990). Consistent with such a mechanism we 
found that location-specific theta activity peaked around the same time 
frame as the typical N2pc (i.e.about 200 ms after target onset). 
Interestingly, theta activity supported reliable CTF construction of both 
the to-be memorized and the cued location immediately following 
memory display onset. This suggests that even though participants could 
in principle ignore the cued box during memory encoding, it 
nevertheless captured attention on the basis of its prospective task 
relevance. Although this was especially clear in the dual-task condition, 
even in the single-task condition there was a small hint of cue location 
specificity after memory display onset. Possibly in a small subset of trials 
the cue automatically captured attention on the basis of its task relevance 
in the preceding dual-task blocks. 

Alpha band analysis. The previous analysis replicated the finding 
that the topographic distribution of alpha power continuously tracks the 
content of both spatial WM (Foster et al., 2016) and the locus of covert 
attention (Samaha et al., 2016). However, CTF profiles tuned to the 
memory location became progressively less reliable already in 
anticipation of the covert attention task and were flat during target 
detection, suggesting that within the alpha-band the cued location was 
prioritized over the memory location. To further examine this trade-off 
between external and internal representations we limited our analysis to 
the alpha-band. Figure 8.5 shows the temporal evolution of 
reconstructed CTF slopes, with time clusters showing a significant 
condition difference marked with grey bars (p < 0.05). This analysis 
largely replicated the temporal dissociation between single and dual-task 
conditions, with the main difference that CTFs started to diverge slightly 
later in time than suggested by the time-frequency analysis. Also, now 
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the condition difference before target display onset was only reliable for 
CTFs tuned to the memory location (815 – 991 ms), although CTF 
slopes tuned to the cue location started to diverge around the same time.  

 

 

Figure 8.5. Alpha evoked and total power CTF selectivity across conditions and 
attended locations. Individual figures show CTF slopes for both conditions for the 
memory location (A) and the cue location (B). Shaded error bars reflect bootstrapped 
standard error of the mean. Time points where CTF slope significantly differed, as 
indicated with a cluster based permutation test (p < 0.05) are indicated with grey bars.  

 

8.4 General discussion 

 Previous work has demonstrated that the topography of alpha-
band power can be used to track the locus of spatial attention with 
relatively fine temporal resolution, regardless whether attention is 
directed externally (Samaha et al., 2016) or internally to support WM 
maintenance (Foster et al., 2016). These studies made use of spatial 
IEMs tailored to reconstruct CTF profiles from activity in location-tuned 
neural populations. Here we used the same method to investigate how 
covert shifts of attention during a WM delay period modulate the 
representation of the memorized location, as assessed through CTF 
profiles associated with the memory and attention tasks. We found that 
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population level neural activity in the alpha band supported robust 
spatial tuning for either a covertly attended or a memorized location, but 
not for both locations simultaneously. When observers had to perform a 
covert attention task, memory-related signals lost location specificity at 
the expense of the cued (attended) location. This finding indicates that 
spatial attention and spatial WM recruit the same alpha-band 
mechanisms, which is in line with the idea that both processes are 
supported the same attention mechanisms. 

 Note that CTFs tuned to the memory location returned after the 
intermediate task was completed. Also, even though there was a small 
cost, recall was still relatively accurate despite the absence of reliable 
CTFs for a large part of the delay period.  The temporal trade-off 
between CTFs tuned to the memorized and those tuned to the cued 
location of the intermediate task and back again is in line with studies 
demonstrating a temporary switch in maintenance mechanisms following 
new priority settings. These studies have typically used two sequential 
memory tasks, and  have shown that when one of two memory 
representations is indicated as temporarily irrelevant, multivariate 
decoding accuracy for that item drops to chance (LaRocque et al., 2013; 
LaRocque et al., 2016; Lewis-Peacock et al., 2012). It has been suggested 
that this drop in decoding accuracy reflects a change in neural 
representation such that the deprioritized item is no longer stored via 
sustained neural firing, but stored more passively, through synaptic 
weight changes (Olivers et al., 2011; Stokes, 2015). The temporal loss of 
location specificity for the memorized location at the expense of the 
cued location as observed here is directly in line with such an account. 
Importantly, in the current set-up the neural memory representation 
changed even though it was the only location held in memory. This 
demonstrates that focusing attention, regardless whether it is directed 
externally, to an incoming stimulus, or internally, to other memory 
representations, will automatically pull away resources from irrelevant 
representations, which from thereon appear to be temporarily coded in 
the absence of sustained neural firing. This passive format can then be 
reinvigorated again by another shift of attention. Recently, Sprague et al. 
(2016) showed that a degraded memory representation could be 
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recovered by a retro-cue indicating which of several items would be 
relevant for recall. Here, we show that such a mechanism does not 
require a retro-cue, but can also be generated internally, after completion 
of an intervening task.  

 Another important aspect of our data is that the switch in alpha-
band topography was initiated in anticipation of the target display. 
Apparently, observers chose to prioritize the external location over the 
memory location in advance of the actual display onset. Behavioral 
estimates suggest that it takes around 300-600 ms to disengage attention 
from one location and fully re-engage it at a new location (Cheal, Lyon, 
& Gottlob, 1994; Duncan, Ward, & Shapiro, 1994) and cortical shifts of 
attention appear to follow the same time course (Müller, Teder-Sälejärvi, 
& Hillyard, 1998). This indicates that attention has no high-speed 
switching mechanism, at least not when endogenously driven (Theeuwes, 
Godijn, & Pratt, 2004). In our paradigm this meant that attention needed 
to switch to the cued location before target onset in order to process the 
target in time before it was masked. The diverging CTFs in the single 
and dual-task condition suggest that observers were aware of this 
limitation and chose to switch attention in time, even though it meant 
taking cognitive resources away from the memorized location during the 
delay period. Importantly, this shows that the diversion of attention was 
endogenously initiated, and not imposed by the intermediate task.  

 Although our results indicate that alpha-band topography only 
contained information about the prioritized location, this was not the 
case for lower frequency bands. A short period following onset of the 
memory display, evoked power in the theta-band supported reliable 
reconstruction of CTFs tuned to both the memory and the cue location. 
Recent evidence has linked evoked posterior contralateral theta activity 
to the N2pc (Dowdall et al., 2012). Our data suggest that the 
topographic distribution of theta activity not only carries hemifield 
specific information, but can also be used to more precisely track the 
orienting of attention. As such spatial IEMs provide a promising 
extension to N2pc paradigms, where relevant stimuli by design need to 
be presented lateralized (for a similar perspective see Fahrenfort, 
Grubert, Olivers, & Eimer, 2016).     
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SUMMARY	
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 The visual world around us is rich in detail but we are able to 
only represent a very small subset of that information. For adaptive 
behavior it is therefore critical that we limit our neural processing 
machines to information that is directly relevant rather than focusing on 
every single bit of information that hits the retinae. Mechanisms of 
selective attention and its dynamic interplay with the content of VWM 
allow us to selectively process the most relevant information in a visual 
scene. VWM and attention to a large extent recruit the same machinery, 
which not only has the advantage that attention can be shifted in a 
similar fashion between perceptual and memory representations, but at 
the same time allows the content of VWM to interact with perceptual 
selection. In the preceding chapters I have discussed several aspects of 
this bi-directional interaction between VWM and attention. Here, I will 
summarize the most important findings and try to integrate them into 
existing frameworks of VWM.   

 The opening example of this dissertation, where I asked you to 
locate a green car in the red section of the airport’s parking lot, illustrates 
that VWM not only holds visual information online, it also needs to 
prioritize this information during sequential moments in time. Whereas 
one memory representation is directly relevant, (e.g. red section), other 
information is stored for later use and therefore temporarily irrelevant to 
the current cognitive operations (e.g. green car). To prevent interference 
from such irrelevant memory representations VWM needs to 
continuously monitor which of multiple representations is most relevant 
for the task at hand and adjust priority settings accordingly. In this 
dissertation, I have used two different approaches to impose such a 
temporal dissociation, one where already at encoding it was clear when a 
memory would become relevant and one where only after encoding it 
became clear when each memory representation needed to be prioritized. 
The results of these two approaches converge to a single conclusion, 
namely that VWM is a very flexible system in which information can be 
represented via different representational states, one active state that 
guides attention to matching perceptual input and a more passive state 
that nevertheless supports accurate memory. Moreover this dissociation 
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within VWM is not static, as retro-active shifts of attention can raise the 
status of previously deprioritized memories, and vice versa.  

 Contemporary models of VWM conceptualize information being 
held in memory as existing in several states of activation – states that are 
determined by the allocation of attention. The results of Chapter 8 are 
directly in line with such a theoretical framework. We were able to 
reconstruct the specific location held in memory via the topographic 
distribution of alpha-power, but only when covert attention could 
exclusively be focused on the internal memory representation. Instead, 
when the task required observers to shift covert attention to another 
location during the delay period, reconstruction of the memorized 
location temporarily deteriorated, while a reliable reconstruction of the 
attended location emerged. The loss of location specificity for the 
memorized location in alpha-band topography, however, was not 
irreversible, as a second shift of attention reinvigorated the memory 
reconstruction. A similar pattern was observed in a recent study by 
Sprague et al. (2016) who demonstrated that a degraded memory 
representation, as indexed with an image reconstruction technique, could 
be restored when prioritized by a retro-cue. Together, these studies 
suggest that changes in priority settings are accompanied by a switch in 
storage mechanisms. 

 Although speculative, one idea is that the prioritized information 
is brought to (or kept in) the focus of attention, whereas the 
deprioritized information is maintained in a more an activity silent 
format. Indeed, recent work theorizes that information can also be 
maintained in the absence of sustained neural firing, possibly via 
transient elevations of calcium levels in presynaptic neurons (Mongillo et 
al., 2008) or via subthreshold membrane potential depolarization 
(Erickson et al., 2010). Consistent with such a view, it has been shown 
that when one of two memory representations is retrospectively cued as 
being temporarily irrelevant, multivariate decoding accuracy for the 
uncued memory drops to chance (LaRocque et al., 2013; LaRocque et al., 
2016; Lewis-Peacock et al., 2012).  



	 	
	 	

205	
	

 In Chapter 8 the temporal sequence of events was fixed such 
that observers knew beforehand at what moment in time the memory 
representation was irrelevant and when it would become relevant again. 
One possibility therefore is that the VWM representation was 
strategically deprioritized such that it did not interfere with the ongoing 
task, but nevertheless could be restored when deemed relevant again. In 
Chapter 7 we aimed to get a better understanding of the fate of the 
deprioritized information in VWM. For this purpose we included a 
second retro-cue on a subset of trials to examine whether information 
that was retroactively assigned as irrelevant for subsequent behavior 
could still be recalled when attention was shifted back again. It was 
found that the retro-cue benefit was accompanied by a cost for the 
uncued information in VWM, indicating that shifting attention goes at 
the expense of the non-selected information in memory. Importantly this 
retro-cue cost could only partly be restored by a second cue such that 
performance was back to the same level as on no-cue trials.  

The results of Chapter 7 indicate that the status of VWM is not 
static but can be adjusted to new priority settings by internal shifts of 
attention. These shifts of attention between representations inevitably 
create different levels of robustness within VWM. Whereas the 
deprioritized information is maintained in a format that is sensitive to 
degradation processes, the prioritized information is maintained in a 
privileged, protected state. The results of Chapter 6 demonstrate that it 
takes about 400 ms to fully implement these new priority settings as 
from that moment on prioritized information was no longer susceptible 
to the deteriorating effects of irrelevant visual input. 

 The chapters discussed so far provide corroborating evidence for 
the idea that the mechanics of VWM allow for a rapid reorganization of 
the representational content. A striking aspect of these results is that 
following new priority settings attentional resources are redistributed, 
even when the information within VWM is well within the traditional 
capacity limits of about 4 items (Zhang & Luck, 2008). In Chapter 7 we 
observed reliable retro-cue costs at load 2 and in Chapter 8 we showed 
that alpha-band reconstruction deteriorated, even though the memorized 
location was the sole representation in memory. Apparently, already at 
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load 2 it is advantageous to represent information via different states, 
even when the deprioritized information is known to become relevant 
again at a later stage. This raises the question how information in VWM 
is represented before the temporal order in which representations 
become relevant is established. One possibility is that the privileged state 
(i.e. the focus of attention) can only represent a single representation at a 
time such that it needs to stay vacant until it is clear which representation 
is most relevant for the upcoming task. Or there is a rapid resampling 
such that memory representation in turn are maintained within the focus 
of attention. Alternatively, initially multiple representations are held 
within the focus of attention, but as soon as one of these is prioritized, 
the other representations are put at a low ebb to prevent inter-item 
interference (Pertzov et al., 2013). 

 Chapters 2-4 were set out to dissociate between these two 
alternatives. The idea here was that information in VWM will interact 
with perceptual selection, but only if that information is maintained 
within the focus of attention and therefore adopts the status of 
attentional template (Olivers et al., 2011). In Chapters 2 and 3 the 
content of VWM interfered with a visual attention task, but only when 
VWM was filled with a single item. When memory was loaded with two 
colors VWM-based attentional capture completely disappeared, unless 
one of these colors was retroactively prioritized. In Chapter 4 we 
replaced the attentional capture paradigm with a b-CFS paradigm, which 
we argued would be more sensitive to VWM-based biases at higher 
loads. Here, we again observed a clear load constraint, but now at load 2 
VWM-based facilitation was still reliable. Overall, the results of these 
chapters provide somewhat of a puzzle. Whereas the data of the first two 
chapters suggests that the mutual inhibition between multiple VWM 
representations prevents any of them to take on the status of attentional 
template, the data of Chapter 4 argues against such an interpretation. In 
Chapter 4 there was clear evidence for an interaction between VWM 
and perceptual selection at load 2, although it remains speculative 
whether this interaction was driven by a single template or by multiple 
representations simultaneously.   
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 The discrepancy in our first three chapters is also reflected within 
the literature that shows supporting evidence for both a single and a 
multiple-item template account (Beck et al., 2012; Hollingworth & Beck, 
2016; Olivers et al., 2011). The experiments presented in this dissertation 
do not resolve this discrepancy. However, they do provide new 
important insights that might help us understand why in some cases 
multiple VWM representations bias perception, but in other cases this 
happens only weakly or not at all. A notable difference between chapters 
that observed no evidence whatsoever for VWM-based biases at load 2 
and the chapter that did, is that in the latter the memory match not only 
facilitated target selection, but it also took longer to detect the target. 
Consequently, observers may not only have had an incentive to use the 
memory content, the larger time window also created more opportunity 
for memory representations to bias selection. One possibility thus is that 
the level of VWM driven activation at load 2 is generally insufficient to 
interact with perception, unless the threshold for this interaction is 
lowered by specific manipulations. Consistent with this hypothesis, 
Hollingworth and Beck (2016) only found evidence for VWM-based 
attentional capture at load 2 when they included distractors matching 
both colors in memory or when they replaced the singleton-shape task 
by a more inefficient search task. In this respect it is interesting that in 
Chapter 3 retrospective cues almost instantaneously changed the 
attentional status of memory representations that were otherwise 
shielded from perception, as if the level of activation before the cue was 
only marginally below threshold. Future experiments are needed to 
establish whether such a variable threshold account can explain the 
discrepancy in results.  

 Regardless whether VWM can contain multiple or only a single 
item in the focus of attention, our results demonstrate that the status of a 
memory representation and not the quality of that representation 
determines whether or not it will interact with perception. When we 
limited our analysis to those trials where observers had a relatively poor 
representation of the only item in memory and a relatively precise 
representation of both items in memory, we still only observed VWM-
based attentional capture at load 1 (Chapter 2, see also Hollingworth & 
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Hwang, 2013). Finally, the findings of Chapter 5 extend this idea to 
LTM. Here, we found that with repetition of the prospective memory, 
which was assumed to transfer the memory representation from VWM 
to LTM, its effect on attention rapidly diminished, while memory 
continued to improve. This stands in contrast to repetition of the target, 
which has been shown to result in increased attentional guidance by the 
target representation (e.g. Maljkovic & Nakayama, 1994). Taken 
together, this demonstrates that as a whole memory is a very flexible 
system, that dependent on the task context can either interact with or be 
shielded from perceptual input. 
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Elke keer dat je naar iets of iemand op zoek bent, bijvoorbeeld 
wanneer je op een festival je vrienden bent kwijtgeraakt, gebruik je je 
visuele werkgeheugen. Het visuele werkgeheugen stelt je in staat om een 
visuele representatie in je geheugen te houden van informatie die niet 
langer zichtbaar is. Een belangrijke eigenschap van visueel werkgeheugen 
is dat het maar een heel beperkt gedeelte van de visuele input 
representeert. Een andere belangrijke eigenschap die tot nu toe veel 
minder aandacht heeft gekregen is dat informatie in dit geheugen niet 
altijd direct relevant is, maar soms pas relevant wordt nadat een andere 
taak is volbracht.  

De experimenten in dit proefschrift zijn geïnspireerd door een 
literatuur waarin informatie in het werkgeheugen een andere neurale 
status kan hebben afhankelijk van of die informatie direct relevant is of 
niet. Het wordt algemeen aangenomen dat het visueel werkgeheugen 
gebruik maakt van dezelfde neurale machinerie die nieuwe visuele 
informatie verwerken. Door intern de aandacht te richten op deze 
gespecialiseerde gebieden kan een visuele representatie actief worden 
gehouden zonder daadwerkelijke visuele input. Een belangrijke 
voorspelling van dit model is dat tijdens perceptie bepaalde 
representaties worden versterkt doordat deze reeds actief zijn in het 
visuele systeem. Een tweede voorspelling is dat de status van visuele 
representaties afhankelijk is van een verdeling van de interne aandacht en 
dus niet statisch maar flexibel is; een verschuiving van de interne 
aandacht heeft een direct effect op hoe informatie wordt 
gerepresenteerd. In dit proefschrift onderzoek ik deze voorspellingen 
met behulp van paradigma’s, waarin informatie in het werkgeheugen 
soms direct relevant is en soms pas relevant wordt nadat een andere 
(ongerelateerde) taak is volbracht.      

 In hoofdstuk 2 en 3 laten we zien dat er inderdaad een interactie 
is tussen de informatie in het visuele werkgeheugen en perceptie. 
Proefpersonen werd gevraagd om één of meerdere kleuren te onthouden 
voor een geheugentest. Terwijl ze deze kleur(en) onthielden moesten ze 
een taak doen, waarbij het de bedoeling was om zo snel mogelijk een ruit 
te vinden. Deze ruit werd gepresenteerd in een scherm met meerdere 
cirkels, waarvan er één een unieke kleur had (zie o.a. pagina 15 voor een 
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voorbeeld van deze taak). We vonden dat proefpersonen de ruit trager 
vonden wanneer de cirkel in het zoekdisplay dezelfde kleur had als de 
kleur in het geheugen vergeleken met een conditie waarin de kleur 
verschilde van die in het werkgeheugen. Dit laat zien dat de inhoud van 
het werkgeheugen automatisch de aandacht stuurt; als je iets roods in je 
geheugen hebt ben je eerder geneigd naar iets roods te kijken dan naar 
objecten met een andere kleur, zelfs wanneer je niet direct naar iets 
roods op zoek bent. Tegelijkertijd vonden we dat deze interactie tussen 
het werkgeheugen en perceptie verdween wanneer proefpersonen 
meerdere kleuren tegelijkertijd moesten onthouden. Op basis hiervan 
concluderen we dat het werkgeheugen meerdere objecten kan 
onthouden, maar dat maar één van deze objecten is opgeslagen op een 
manier zodat het de aandacht stuurt. 

 Hoofdstuk 4 bouwt verder op de bevindingen van de vorige 
hoofdstukken door de zoektaak te vervangen door een methode 
(genaamd breking continuous flash suppression, afgekort b-CFS) waarin 
een dynamisch patroon wordt aangeboden aan een van de ogen. 
Hierdoor is visuele informatie in het andere oog tijdelijk niet zichtbaar 
totdat het door het dynamische patroon heen breekt en de proefpersoon 
zich bewust wordt van die informatie. Eerder onderzoek met deze 
methode heeft laten zien dat afbeeldingen die gelijk zijn aan de inhoud 
van het werkgeheugen eerder door het masker breken dan 
ongerelateerde afbeeldingen. De resultaten van dit hoofdstuk bevestigen 
dat proefpersonen zich eerder bewust worden van visuele informatie dat 
reeds actief is in het werkgeheugen dan van informatie dat nog niet in 
het visuele systeem is gerepresenteerd. In tegenstelling tot voorgaande 
hoofdstukken was deze interactie, hoewel significant zwakker, nu ook 
aanwezig wanneer proefpersonen twee kleuren onthielden. Dit laatste 
laat zien dat de interactie tussen werkgeheugen en perceptie niet altijd 
beperkt is tot een enkele geheugenrepresentatie, maar dat onder 
specifieke omstandigheden twee objecten tegelijkertijd perceptie kunnen 
beïnvloeden.  

 Een belangrijk aspect van de hiervoor beschreven resultaten is 
dat visueel werkgeheugen perceptie beïnvloedt, zelfs wanneer dit nadelig 
is omdat je naar iets anders opzoek bent (bijv. de ruit). Dit is opvallend, 
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omdat de inhoud van het werkgeheugen lang niet altijd correspondeert 
met waar je actief naar op zoek bent. Met andere woorden hoewel er veel 
situaties zijn waarin het efficiënt is dat je aandacht zich automatisch richt 
op de inhoud van het werkgeheugen is dit lang niet altijd het geval. In 
hoofdstuk 5 hebben we daarom onderzocht of proefpersonen door te 
leren de status van informatie in het geheugen aan kunnen passen zodat 
deze niet langer met de huidige taak interfereert. Om dit te testen 
herhaalden we ons eerdere onderzoek met als enige verschil dat de te 
onthouden kleur niet veranderde tijdens negen opeenvolgende trials. 
Eerder onderzoek heeft laten zien dat deze manipulatie de visuele 
representatie verplaatst van het werkgeheugen naar het lange termijn 
geheugen. De eerste keer dat proefpersonen een kleur te zien kregen 
interfereerde deze kleur met het vinden van de ruit, maar deze 
interferentie verzwakte significant nadat de kleur drie keer was herhaald. 
Dit resultaat wijst op een belangrijke dissociatie tussen het werkgeheugen 
en het lange termijn geheugen; een representatie in het werkgeheugen 
interacteert automatisch met perceptie, terwijl dit in het lange termijn 
geheugen alleen gebeurt wanneer de representatie relevant is voor de 
huidige taak.  

 De resultaten van de eerste vier hoofdstukken bevestigen dat 
visuele representaties die overeenkomen met representaties die reeds 
actief zijn in het werkgeheugen worden versterkt. Als gevolg hiervan 
hebben deze representaties een grotere kans om de aandacht te trekken 
dan representaties die nog niet actief zijn. In de laatste drie hoofdstukken 
hebben we onderzocht hoe een verschuiving van de interne aandacht de 
status van visuele geheugen representaties verandert. Hiervoor hebben 
we onder andere gebruik gemaakt van het retro-cue paradigma. In dit 
paradigma krijgen proefpersonen verschillende objecten te zien om te 
onthouden waarna ze moeten aangeven of één van die objecten is 
veranderd. De cruciale manipulatie is dat soms via een retro-cue, die 
gepresenteerd wordt nadat de te onthouden objecten van het scherm 
verdwenen zijn maar voor de geheugentest, wordt aangegeven op welke 
locatie de mogelijke verandering plaats vindt (zie o.a. pagina 23 voor een 
voorbeeld van deze taak). Met een retro-cue presteren proefpersoenen 
beter op de geheugentest dan zonder zo’n cue. Dit effect wordt over het 
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algemeen verklaard door te veronderstellen dat na de cue alle aandacht 
op het geprioriteerde object wordt gericht en dus niet langer verdeeld 
hoeft te worden over alle informatie in het werkgeheugen.   

 In hoofdstuk 6 hebben we onderzocht hoe lang het visuele 
systeem nodig heeft om een retro-cue optimaal te verwerken. Om dit te 
testen presenteerden we op variabele tijdsintervallen na de retro-cue een 
aantal stimuli waarvan bekend is dat zij de kwaliteit van visuele geheugen 
verslechteren. Hoewel de cue al na 100 ms de kwaliteit van het geheugen 
verbeterde duurde het ongeveer 500 ms voordat de geprioriteerde 
informatie volledig beschermd was tegen het negatieve effect van de 
interfererende stimuli. Dit laat zien dat de herverdeling van de interne 
aandacht een continu proces is dat ongeveer een halve seconde nodig 
heeft om optimaal te worden geïmplementeerd.  

 Vervolgens hebben we in hoofdstuk 7 onderzocht wat het effect 
is van retro-cues op de niet geprioriteerde informatie in het 
werkgeheugen. In hoofdstuk 6 was de cue 100% valide; de retro-cue gaf 
altijd aan welke van de objecten relevant werd voor de aanstaande 
geheugen test. In hoofdstuk 7 testen we op een aantal trials onverwacht 
één van de niet geselecteerde objecten om te kijken of deze informatie 
nog beschikbaar was nadat de interne aandacht was verschoven naar het 
geprioriteerde object. Het voordeel van de retro-cue voor de 
geselecteerde informatie ging gepaard met een verslechtering van het 
geheugen van de niet geselecteerde informatie. Met andere woorden, 
hoewel een herverdeling van de interne aandacht het geheugen van 
specifieke informatie kan verbeteren, gaat deze herverdeling ten koste 
van de andere informatie in het werkgeheugen. Tegelijkertijd laten we in 
hoofdstuk 7 zien dat deze verslechtering kan worden tegen gegaan door 
een nieuwe herverdeling van de aandacht in reactie op een tweede retro-
cue. Een tweede retro-cue was in staat om de status quo voor de eerste 
cue te herstellen.  

 De resultaten van de voorgaande hoofdstukken laten een 
dynamische interactie zien tussen visueel werkgeheugen aan de ene kant 
en visuele aandacht aan de andere kant. Waar de inhoud van het visueel 
werkgeheugen perceptie beïnvloedt door de aandacht te sturen, zorgen 
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verschuivingen van de interne aandacht voor een verandering in de 
onderlinge verhouding tussen werkgeheugen representaties. Deze 
resultaten zijn consistent met het idee dat informatie in het 
werkgeheugen wordt gehouden door interne aandacht te richten op 
gespecialiseerde gebieden in de visuele hersenschors. In hoofdstuk 8 
hebben we deze relatie tussen aandacht en werkgeheugen verder 
onderzocht door te kijken hoe het neurale signaal van een specifiek 
geheugen veranderd wanneer de aandacht tijdelijk niet op de interne 
representatie gericht kan worden. Om dit testen moesten proefpersonen 
een specifieke locatie onthouden terwijl via elektro-encefalografie (EEG) 
hersensignalen werden gemeten. Op basis van deze hersensignalen 
konden we reconstrueren welke locatie de proefpersoon in het geheugen 
had, maar alleen wanneer aandacht volledig beschikbaar was. Wanneer 
de aandacht voor een ongerelateerde taak tijdelijk op een andere locatie 
gericht moest worden werd deze reconstructie verstoord. Tijdens deze 
taak bevatte het EEG signaal geen informatie over de geheugen locatie 
(interne representatie), maar alleen over de locatie die relevant was voor 
de interfererende taak. Nadat de interfererende taak klaar was herstelde 
de geheugen reconstructie zich wat suggereert dat de relevante 
informatie tijdelijk op een andere, waarschijnlijk meer passieve, manier 
was opgeslagen totdat aandacht weer beschikbaar was.  

 Samen bevestigen de resultaten van deze hoofdstukken het beeld 
dat visueel werkgeheugen een flexibel systeem is dat ons in staat stelt op 
een efficiënte manier met de wereld om ons heen te interacteren. Een 
interne visuele representatie maakt het zoekproces efficiënt doordat het 
de visuele aandacht automatisch stuurt naar het relevante object, ook al 
is dat object omringd door andere visuele informatie. Bovendien is het 
geen probleem dat deze interactie tussen werkgeheugen en perceptie 
beperkt lijkt tot één speciale geheugenrepresentatie, omdat de inhoud 
van het werkgeheugen niet statisch is maar snel kan worden aangepast 
aan veranderende doelen. 
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Het zit erop. Een periode waarin het behoorlijk tegen kan zitten, als je 
sommige verhalen moet geloven, maar waar ik van elk moment heb 
genoten. Series kijken in een donkere kelder terwijl de proefpersonen 
zwoegden op mijn experimenten. Wetenschappelijke festivals in binnen 
en buitenland. De cursus succesvol promoveren. Python. De kick van 
een succesvol experiment en de nog grotere kick van een publicatie. Ik 
vond het allemaal mooi. Tegelijkertijd besef ik me ook heel goed dat ik 
dit positieve gevoel bij mijn PhD aan een groot aantal mensen te danken 
heb. Hoewel ik ongetwijfeld een aantal zal vergeten te noemen, ik wil 
jullie hier allemaal bedanken. 

 Allereerst wil ik natuurlijk mijn twee promotoren bedanken. 
Chris en Jan, het is nu bijna vijf jaar geleden dat ik op een zomerse dag 
naar de VU fietste voor een sollicitatiegesprek. Ik wist op dat moment 
nog niet of ik überhaupt wel wilde promoveren, laat staan aan een 
protestants-christelijke universiteit in Amstelveen. Tijdens het gesprek 
waren echter alle twijfels gelijk verdwenen en ik kan nu met zekerheid 
zeggen dat ik geen betere beslissing had kunnen nemen.  

Chris, jij hebt natuurlijk de meeste tijd in mijn PhD gestoken en 
ik had me geen betere begeleider kunnen wensen. Vanaf de eerste dag 
gaf je me het gevoel dat ik altijd de oversteek naar je kamer kon maken 
om je om advies te vragen. Iets wat ik dan ook graag en veel heb gedaan. 
Niet alleen omdat jouw creatieve inzichten de kwaliteit van mijn werk 
verbeterden, maar vooral ook omdat ik het heel prettig vond om met je 
samen te werken. Ondanks dat ik je door al je succes met steeds meer 
PhD’s en postdocs moest delen, is dit gevoel in die 4 jaar niet veranderd. 
Sterker nog, aan iedereen die het horen wilde heb ik constant lopen 
vertellen wat een ongelooflijke mazzel ik met jou als begeleider heb 
gehad. Ik ben heel trots op het proefschrift dat uit mijn vier jaar op de 
VU is voortgekomen en ik hoop dat we in de toekomst samen kunnen 
blijven werken. Dank voor alle vrijheid en het vertrouwen. 

Jan, pater familias. Naast je aanstekelijke enthousiasme wanneer 
je hardop in onze kamer over een nieuw experimentje filosofeerde, heb 
ik altijd genoten van jouw vele anekdotes over het reilen en zeilen in de 
wetenschap. Of het nou was tijdens het darten op NVP, een pokeravond 
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met collega’s, tijdens de lunch op de VU, of in jouw achtertuin op VSS, 
het was altijd gezellig. Voor mij blijkt uit alles dat de afdeling voor jou 
het allerbelangrijkste is en dat je je volledig inzet om jouw mensen 
maximaal te laten presteren. Dank voor een hele fijne tijd.   

 Ilja, het blijft een gouden greep dat ik na een gastcollege van jou 
besloot om de oversteek naar de Diamantbeurs te wagen en je om een 
afstudeerplek te vragen. Naast het feit dat je de enige persoon bent die ik 
ken met wie je altijd enthousiast over het fragiel werkgeheugen kan 
praten, ben je ook in alle andere aspecten van het woord een enorme 
vedette. De stage met jou heeft mijn interesse in de wetenschap gewekt 
en daar is dit proefschrift het eindresultaat van. Nu zit ik als postdoc 
weer in de kamer naast je en ik kijk ernaar uit om de komende jaren weer 
samen te werken. Dank. 

 Verder zou dit dankwoord niet compleet zijn zonder de mensen, 
in willekeurige volgorde, te bedanken van wie ik de afgelopen jaren het 
meeste heb geleerd. Tomas, ik durf te stellen dat ik veel van mijn 
progressie te danken heb aan onze samenwerking. Los van je Python 
kennis ben je met je bevlogenheid en oprechte interesse voor mij een 
voorbeeld. Wouter, jij bent naast Chris en Jan op de afdeling 
ongetwijfeld degene die mij het meeste zijn kantoor binnen heeft zien 
stappen. Ik blijf het genieten vinden dat je soms uren later bij me 
terugkwam met een oplossing voor mijn vraagstuk, omdat het nou 
eenmaal je interesse had getriggerd. Daniel, vanaf de eerste dag dat ik 
switchte naar OpenSesame kon ik (en volgens mij vele anderen) bij je 
terecht. Dank voor al je hulp. Joram, mijn stage in Chicago zou niet zo 
succesvol zijn geweest zonder de basis van EEG analyses die ik van jou 
heb meegekregen.  Eren, it was a pleasure to collaborate with you and as 
can be seen in the publication list, also quite successful. Apart from our 
collaboration I have really enjoyed our friendship and time spent in 
Chicago.      

 En dan zijn er natuurlijk mijn twee paranimfen. Imke, ik hoef jou 
hier natuurlijk niet te vertellen hoe vet ik je vind (daar hebben we immers 
de benevelde momenten voor). Een betere band tussen twee broers kan 
ik me eigenlijk niet voorstellen en ik ben blij dat je straks naast me wil 
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zitten tijdens de promotie (en ook fijn natuurlijk dat Eline mijn beste 
proefpersoon bleek te zijn). En dan Barbara. Als er iemand de voorkant 
van dit proefschrift begrijpt, ben jij het. Man, wat heb ik genoten van 
onze sessies slap geouwehoer over van alles en nog minder. Het 
secretariaat was met afstand de kamer waar ik het liefste kwam: ‘Jij bent 
goed bezig, Dirk’. Wat mij betreft houden we de E-gang etentjes er dan 
ook gewoon in. 

 I have been lucky to be part of the cognitive psychology lab 
when it was at its prime and therefore filled with a lot of nice and diverse 
people. Alisha, Anna, Anouk, Artem, Benchi, Berno, Bronagh, Corbin, 
Daan, Daniel P, Eduard, Erik, Floor, Francesco, Ingmar, Jaap, Janne, 
Jan-Willem, Jeroen, Jessica, Joanne, Jonathan, Judith, Katya, Kiki, Kim, 
Lisette, Mauricio, Mieke, Nicki, Paul, Puck, Richard, Sander, Stephen, 
Suzan, Sylco and Tom, it was a pleasure to be your beermeister, share 
the lunch table with you and do some shooting at the department 
outings. Thank you for making everyday life at the VU so pleasant.  

 One department member of course stands out, my roommate 
and partner in science from day one, both at the VU and in Chicago, 
Michel. Obviously, there were our daily foosball matches, which I had to 
cancel at some point because I couldn’t stand losing anymore, our poker 
nights and our ‘work’ trips to the USA. But I will best remember our 
days as roommates trying to be successful in this thing called science. 
Thank you and remember, it doesn’t matter what you’re doing it is 
always significant (p < 0.001).      

 Een dankwoord is niet compleet zonder een shout-out naar mijn 
coauteurs en René van der Gijp. Surya, Stefan en Chris, dank voor alle 
hulp met het CFS-paradigma en de waardevolle feedback. Josh, David 
and Ed (and all the other people from the Chicago lab), thank you for a 
wonderful time. I can’t imagine a lab that is more welcoming to visiting 
students. Martijn, de correspondentie met Ms. Matsukura blijft een 
hoogtepunt.  

 Joris, toen ik je vroeg om de omslag van mijn proefschrift te 
ontwerpen had ik eigenlijk geen idee wat ik precies wilde, behalve dat het 
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iets met mijn werk en als het even kon Amsterdam te maken moest 
hebben. Het uiteindelijke ontwerp vind ik extreem genieten, en ik ga er 
dan ook vanuit dat het beter wordt ontvangen dan je opdracht door de 
FA.   

 Heren van het Bacchanaal, en dan met name de heren van het 
diner, en dan met name Tammens en Janssens, ik weet dat jullie vinden 
dat jullie eerder genoemd hadden moeten worden en misschien wel 
hadden moeten paranimfen. Maar goed, eerlijk is eerlijk, zoveel hebben 
jullie nou ook weer niet bijgedragen aan dit boekje. Sterker nog, het is 
bijna onmogelijk om iets op papier te krijgen tussen alle discussies over 
otters en Haase door. Aan de andere kant bleek het gokken op 
sportuitslagen een heerlijke afleiding van de dagelijkse beslommeringen.   

 Wil en Frits, ik kan jullie niet vergeten. Dank voor alles, het 
helpen met huiswerk, de absolute vrijheid om te doen wat ik wilde, zelfs 
een studie sportmanagement en marketing op de HES waarvan jullie 
waarschijnlijk al vanaf dag 1 wisten dat het niks voor mij was, klussen in 
mijn huisjes, de financiële ondersteuning en alle steun en liefde. Al zeg ik 
het te weinig ik weet hoeveel geluk ik met jullie heb gehad. 

 Selma, najdraža osoba na svijetu. Ik en mijn stille crush hadden 
natuurlijk best iets doortastender kunnen zijn tijdens de vele naborrels 
als studenten en mijn uiteindelijke move jaren later als PhD had 
misschien ietsje romantischer gekund. Maar uiteindelijk is het me maar 
wel mooi gelukt en ik ben alleen nog maar gekker op je geworden. Niet 
alleen omdat je de fanatiekste ruitjes zoeker bent die ik ken (zonder dat 
het uiteindelijke effect je iets kon schelen, zolang je maar de beste was) 
en altijd naar mijn werk wilde luisteren (al was het vaak omdat je niet kon 
slapen). Maar vooral omdat ik ontzettend geniet van alles wat we 
samendoen! Om in wetenschappelijke termen af te sluiten, alles in het 
leven is significant leuker met dan zonder jou.   

 

 


