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Chapter 6: Summary and Conclusions 

Given the constant influx of visual input in everyday life, observers need to 

prioritize what is relevant for the task at hand and, at the same time, ignore other 

irrelevant sensory input. This process is most prominent in visual search tasks, in 

which the relevant target object must be selected among other potentially 

distracting information. Dominant views assume that to facilitate visual search, 

observers activate a mental representation of the relevant target object in VWM, 

referred to as the attentional set or search template. This behaviorally relevant 

memory recruits visual cortex and pre-activates those neurons that, during 

perception, represent the features of the memorized item. Importantly, template 

activation should occur prior to the moment in which the observer actually sees 

the target, as this preparatory response can then facilitate perception of objects 

that match the activated template. However, in everyday life, visual search is 

rarely an isolated action, but frequently part of sequences of tasks. Thus, for each 

individual search, the observer needs to differentiate between information that is 

relevant for the current step of the sequence  which should turn into an 

attentional template  and other information that will be relevant later, but 

should not interfere with current perceptual goals.  

The empirical chapters presented in this thesis provide evidence of how 

VWM supports the maintenance and usage of behaviorally relevant information. 

The same basic paradigm was used throughout all chapters, where participants 

committed to and held in memory some feature information (i.e., a color or a grey 

scale image of an isolated object) to be used as the target for an upcoming search 

task. We investigated how the memory representation and its effects on attention 

changed as a function of task requirements, whether for a single task or a 

sequence of tasks. In the course of the investigations, we developed a variety of 

methods of tracking template activation, involving pupil size, microsaccades and 

brain activity. 



Template activation during the delay period  

 In Chapters 2 and 3 participants always performed a single search task at the 

end of the trial and kept in memory a single item as the relevant target for that 

task. In both chapters, the question was when a currently relevant memory is 

activated and does it start to cause attentional biases. Most previous studies have 

evaluated template-based attentional biases either during or at the very end of the 

search process; however, to ensure the most efficient performance, template 

activation ought to occur prior to search. Chapter 2 and 3 employed the method 

developed by van Loon et al (2017), in which task-irrelevant probe stimuli were 

presented during the delay period, to evaluate automatic attentional biases 

induced by the active template.  

 Chapter 2 shows how the pupil response can be used to differentiate 

stimuli that match the task-relevant template from other irrelevant input, already 

during the delay prior to search. The pupil discriminated between task-relevant 

and task-irrelevant features, as template-matching probes led to significantly 

smaller pupil size than probes of new colors, not previously seen in the trial. 

Moreover, this effect was not driven by mere repetition priming, as probes 

matching the relevant template color also led to more constriction than probes 

matching a color that was seen in the trial but that was no longer relevant for the 

upcoming search task. Previous findings have shown that the pupil responds 

distinctively to targets compared to other irrelevant distractors and as such, it is 

sensitive to task relevance (Kang et al., 2014; Privitera et al., 2010; Smallwood et 

al., 2011; Wierda et al., 2012). However, in contrast to those studies, Chapter 2 

evaluated the pupil response to a stimulus that could carry the task-relevant 

feature (i.e., the probe), but was effectively irrelevant in the context of the task, as 

participants did not have to respond to the probe and were instructed to ignore it. 

Therefore, it reveals the effect of task-modulated relevance on the pupil response, 

without the confounding effects of the need for additional manual responses, 

which also have a strong effect on the pupil. Still, even though Chapter 2 shows 

that the pupil discriminates which memory is task-relevant and incidentally 



reveals template activation during the delay, it does not directly speak to the 

presence of match-induced attentional biases, since the pupil does not provide a 

spatial measure of attentional orienting. In that respect, similar to the van Loon et 

al (2017) study, Chapter 3 shows that the representational enhancement of the 

relevant template translates into attentional biases, as expressed in the pattern of 

microsaccades during maintenance, prior to the task.  

Chapter 3 evaluated how observers’ temporal expectations affect the 

strength of template-driven attentional biases prior to search. On each trial, a 

rapid serial visual presentation (RSVP) of probes was presented throughout the 

delay, with only one probe display matching the color in memory. Importantly, 

the length of the RSVP was always the same across blocks of trials and therefore, 

it was completely predictable. Moreover, the matching probe was inserted at 

different time points into the RSVP, allowing to measure attentional biases 

towards the template match as a function of time. Results demonstrated that 

microsaccades can track both how observers prepare to respond in general and to 

select the target in the upcoming search display. Observers prepared to respond 

by suppressing the overall number of microsaccades produced: the closer in time 

to the search task, the fewer saccades they made. Interestingly, this microsaccades 

inhibition was more pronounced when a template matching stimulus was in view, 

especially towards the end of the delay. The overall suppression of saccade 

production may be the consequence of the endogenous control signal to avoid 

precipitated guidance by task relevant features, especially when the arrival of the 

task is imminent. Such preparatory response inhibition is a more general 

phenomenon, not limited to saccades, as in simple reaction time experiments 

similar inhibition of motor commands has been previously observed (Duque & 

Ivry, 2013; Narayanan et al., 2006; Narayanan & Laubach, 2006). Hence, it is 

possible that the same anticipatory suppression command extends to a variety of 

motor outputs such as limb and eye movements. This remains an open question to 

be explored in future studies. 



Crucially, although microsaccades became less frequent, they also were 

increasingly biased towards the template location. In other words, while the 

target information had to be retained throughout the delay period, template-

specific attentional guidance was not necessarily sustained when the actual 

search was still far away. Previous neuroscientific findings have shown 

contrasting results with respect to the temporal dynamics of template activation 

during the delay, as some studies have revealed sustained activation, while others 

have shown a more dynamic pattern, with stronger activation towards the end of 

the delay. Results from Chapter 3 help to bridge these findings by showing that 

both can occur, depending on the temporal context. For long delays template-

specific capture varied throughout the delay, with an initial bias at memory 

selection, followed by a decrease, and ultimately an increase towards the moment 

of search. Yet, for short delays the pattern appears to be more sustained. 

 In another recent study, Grubert and Eimer, (2018) also employed an 

RSVP of irrelevant colored probes, which sometimes matched the template color. 

The authors measured automatic attentional capture by the probes using the 

N2pc  an Electroencephalography (EEG) component associated to attentional 

orienting. They found an N2pc to matching probes in preparation for search 

(about one second prior to search) and, similar to the findings in Chapter 3, as the 

onset of the search task became more imminent, the N2pc became increasingly 

bigger, suggesting a stronger attentional orienting as participants anticipated the 

arrival of the search task. The observed increase in the strength of the template 

biases, as reported in Chapter 3 and in the Grubert and Eimer (2018) study might 

be a consequence of the activation of template-specific representation in visual 

cortices. More research is needed to establish a direct link between the strength of 

the template biases at the behavioral level and the neural correlates of template 

activation prior to the task.  

An additional question is whether the strength of template biases during 

the delay predicts search efficiency in a trial by trial basis. Chapter 2 showed a 

positive correlation between pupil size during the delay (i.e., in response to the 



task irrelevant probe stimuli) and RT during search. Although this correlation 

needs to be taken with caution, it might suggest that participants were faster in 

the search task, when the pupil response to the probe stimulus was attenuated, 

i.e., the pupil was smaller or constricted. This potential ‘inhibition’ of template-

matching information during the delay is similar to the observation in Chapter 3 

where – also during the delay period – microsaccade production was more 

suppressed in response to template matches. Presumably, participants avoided 

being captured by matching, but irrelevant probes, as precipitated guidance could 

hamper performance in the upcoming search task. Note that, Chapter 3 reported 

the average effect across multiple trials because, given that microsaccades are 

relatively rare events, it was not possible to perform trial by trial correlations.  

In summary, using implicit oculomotor measures, this work for the first 

time showed that template activation and its consequent attentional biases 

occurred already during the delay period. Moreover, these biases were not 

sustained throughout the delay; instead, their strength increased over time, as 

participants anticipated the onset of the search display. 

The neural representational format of current and prospective memories 

VWM can simultaneously maintain multiple items, including an activated 

representation of the currently relevant template as well as a more passive 

representation of other items needed for prospective tasks. Although previous 

studies provide evidence that there is information present in the brain about 

prospectively stored memories, it is unclear what the representational format of 

such prospective memories is, and how they relate to currently relevant 

memories. Using fMRI activity to measure the neural representation of items in 

memory, Chapters 4 and 5 directly compared the representation of an item when 

currently relevant with the representation of the same item when prospectively 

relevant. In the task, observers first committed to memory a visually presented 

object drawn from one of three possible categories. This object was the target for 

one of two consecutive visual search tasks which were presented after a memory 



delay. Importantly, a cue indicated whether the item of interest was relevant for 

the first search (turning it into a current template), relevant for the second search 

(turning it into a prospective template), or if it was not relevant for either search 

task.  

Chapter 4 concentrated the analyses on the posterior fusiform part of 

lateral occipital cortex (pFs), which is known to represent object categories. Using 

MVPA of the fMRI activity in this specialized visual area, Chapter 4 shows how 

the memorized items underwent a drastic representational transformation 

throughout the trial. During the delay, the neural representation of a category 

when prospective was similar to the representation of the same category when 

current. However, during the first search task, current and prospective 

representations of the same category were very dissimilar, to the extent that the 

neural pattern of a category when prospective was partially opposite to its 

pattern when current. This inversion of the category-related activity patterns may 

be a mechanism to deal with sensory interference (caused by the categories 

presented during the search display) and prevent the prospective representation 

from interacting with the task at hand.  

Chapter 5 provides further evidence in favor of the distributed nature of 

VWM representation. Four different regions of interest (ROIs) were evaluated: 

Visual cortex (V1- V3), Intra Parietal Sulcus (IPS), Frontal Eye Fields (FEF) and 

lateral Prefrontal Cortex (LPFC). Results showed that different regions coded form 

different aspects of the task, in a semi-specialized fashion: while posterior cortices 

(i.e., visual cortices, pRF) mainly represented the object identity, frontal cortices 

only coded for the behavioral relevance of the memorized item. In between was 

IPS, which represented both object identity and status equally well. IPS seems to 

operate as a highly flexible hub that binds together multiple sources of 

information to create a coherent representation of which stimulus or memory 

should guide the current behavior. Together, this suggests a division of labour 

between content-oriented and task-oriented regions. 



Notice that the observed transformation of the prospectively relevant items 

during search occurred only in pFs, while VC did not show such an effect. The 

initial hypothesis was that the representational transformation might reflect a 

mechanism to shield the prospective items from interference with the ongoing 

task, through suppression of the associated neuronal population. As such, regions 

which are most susceptible to perceptual interference were expected to also show 

this effect, particularly VC. However, although we were able to decode the 

category of the prospectively relevant item from VC while participants performed 

the first search, we found no evidence for a pattern inversion in this particular 

area, and if anything only weak evidence in other areas (FEF and lPFC). It is 

possible that the pattern inversion during the first search occurred mainly in pFs 

because this is the area specialized in representing the object categories 

employed in the study, and as such there the protection against interference and 

thus the separation of different types of memory may be more important. 

Consistent with this idea, Yu & Postle (2018) found evidence for inverse 

representational patterns in VC for a different class of stimulus for which VC is 

highly specialized, namely orientation. Therefore, the inverted coding for 

prospective items may emerge only in the brain area which is particularly 

dedicated to represent the defining feature of the memorized stimuli.  

Another issue left unresolved is whether the observed transformation of 

the category representations when prospectively relevant extends to specific 

exemplars. That is, are current and prospective representations even more 

dissimilar when representing the same exemplar? Unfortunately, the limited 

number of trials per exemplar and condition precluded a useful analysis here, and 

future studies should directly test the item-specificity of the transformation of 

prospective representations. More research is required to elucidate under which 

circumstances the pattern inversion occurs as well as its underlying mechanism. 

What can be concluded though is that during the search tasks, current and 

prospective categories were dissimilar from each other across a wide range of 

brain areas. 



Overall, these studies are the first to directly compare the representation 

of the same items when current vs. when prospectively relevant. They showed 

that during search, the neural representation of prospectively relevant items is 

transformed to become the opposite of the representation of the same item when 

currently relevant. This effect seems to be present only in pFs, the brain region 

that specializes in representing objects.  Moreover, posterior areas code mainly 

for the memory content whereas more frontal areas only represent the relevance 

status of the memory. 

Conclusion 

While previous literature has amply shown that visual selection is sensitive to the 

current top-down task demands, the work presented here reveals that such top-

down settings are implemented in a highly dynamic fashion, as the system 

activates memory representations prior to when needed for an upcoming task. 

Moreover, these memories change their format when going from one task to 

another, with different brain regions involved in representing either the memory 

content or the order in which the memory needs to be used within a sequence of 

tasks. This thesis provides another important testament to the flexibility of human 

cognition.    

 

 



 


