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Abstract 

Traditionally, working memory has been defined to include both maintenance 

mechanisms for storing information and general control mechanisms related to manipulating 

information. However, modern neuroscientific methods have steered the research into focusing 

on tasks that explicitly require active maintenance when studying working memory. This 

dissertation contains two separate experiments showing that working memory is recruited even 

by very simple tasks, highlighting that working memory does more than simply storing 

information. Moreover, we show that active maintenance of information is in fact disrupted by 

interposed simple tasks, but not by task irrelevant automatic processing of stimuli, even when the 

automatic processing is moderately complex. Furthermore, we provide some evidence suggesting 

that this disruption of active maintenance can happen even when the interposed task is of a 

different modality than the maintained items, suggesting that the disruption is caused by 

modality-independent control mechanisms, and not simply due to the recruitment of the 

modality-specific storage mechanisms. Lastly, a third experiment provides strong evidence that 

shifting attention to near-midline stimuli can produce a measurable lateralized evoked activity. 

This broadens the range of paradigms that can be used to study the effects of lateralized spatial 

attention and working memory.    
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Chapter 1 

Introduction   
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 In their seminal paper on working memory, Baddeley and Hitch (1974) describe working 

memory as a system used for the temporary storage and manipulation of information. As such, in 

the original formulation of the system, both the working and memory parts of the term are 

significant; in other words, the purpose of the working memory system is both to maintain the 

information for as long as needed, and to do so in a manner that makes it available to the various 

cognitive processes at play.  

However, recent studies investigating working memory tend to focus almost exclusively 

on the maintenance aspect of working memory – that is, the primary purpose of those studies is 

to describe the mechanisms of how information is stored and represented – but little work is done 

focusing on how these representations are actually used to make meaningful decisions.1  

This discrepancy is likely driven by the methods and principles used in cognitive 

neuroscience – the maintenance of information is easier to isolate for long enough to leave a 

neural trace and can be elicited using a variety of paradigms and stimuli, something that makes it 

a prime candidate for neuroimaging. For example, a very common approach is to have some 

paradigm where information is presented, then has to be maintained (but not manipulated) for 

some delay period – typically for a few seconds – before making a decision of some sort. During 

this delay period, the mechanisms involved in the maintenance of information can be studied 

directly. This broad class of paradigms led to largely converging evidence suggesting that 

 
1 There is of course some research that focuses on the working or function of these 
representations –for example, there is a fair amount of research on the role of WM in perceptual 
stability during saccades (Cronin & Irwin, 2018), as well research focusing in the functional role 
of working memory in storing search templates during visual search (Carlisle et al., 2011; 
Olivers et al., 2011). Nevertheless, the vast majority of research on WM, especially among 
cognitive neuroscientists, focuses on the mechanisms involved in the maintenance of 
information.  
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working memory systems recruit both modality-specific sensory areas and more domain general 

cortical areas to maintain information through sustained activity (e.g., Funahashi & Bruce, 1989; 

Major & Tank, 2004; Wang, 2001; Wei et al., 2012). This process, henceforth referred to as 

active maintenance, results in a limited capacity, high resolution representation of stimuli, and is 

elicited by most tasks where a small amount of information needs to be stored for a few seconds 

to minutes.  

On the other hand, the manipulation of information in working memory is much harder to 

isolate and study directly using traditional techniques and paradigms – it is much more transient 

than active maintenance and often overlaps with perceptual or other task-related processes, 

making it very hard to isolate. However, these processes can be studied indirectly by 

investigating how different tasks and processes interfere with each other.  

This is usually done by using dual-task paradigms, where two different tasks must be 

performed concurrently. Within the working memory literature, this typically involves 

combining a sort-term maintenance task with a second task that requires decision making, but 

not maintenance of information per se. For example, the original experiments by Baddeley and 

Hitch (1974) paired a simple maintenance task (holding a small number of letters in memory) 

with a relatively complex task that required no explicit maintenance of information (a verbal 

reasoning task, or a verbal comprehension task). They found that the complex processing task 

did not interfere significantly with maintenance, as long as participants were holding only a 

small amount of information in WM (1-2 letters). If the participants were given a harder 

maintenance task (remembering up to 6 letters), then they found that there was some interference 

from the other tasks, manifested as a slowing down of reaction times.  
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Other behavioral dual task paradigms used a similar approach, with one task that requires 

active maintenance of information, and a concurrent or interposed task that does not (e.g., Bae & 

Luck, 2019; Cocchini et al., 2002; Saults & Cowan, 2007). The results tend to be somewhat 

inconsistent, with some task pairs leading to substantial behavioral interference, suggesting that 

the interposed or concurrent task interfered with active maintenance, while other pairs show little 

behavioral effect, suggesting that active maintenance was largely unaffected by the interposed or 

concurrent task. This inconsistency hints at the complexity of WM, since a simple maintenance 

system cannot explain this pattern – indeed, this complex pattern was one of the driving forces 

behind the original formation of Baddeley and Hitch’s (1974) working memory model. 

This is further complicated by the body of work on the Psychological Refractory Period 

(PRP), which focuses on how two tasks interfere with each other when they are performed in 

rapid succession. Although the PRP research is typically framed outside the scope of WM, it 

provides a parallel set of evidence for task interference. In a typical PRP paradigm, two distinct 

tasks (often simple stimulus-response pairings) are performed sequentially, with the two stimuli 

being presented with a varying amount of temporal separation. In general, the PRP research 

suggests that even when neither task explicitly requires active maintenance, they can interfere 

with each other if the processing of the stimuli overlaps temporally (Pashler, 1991, 1994). Within 

the PRP literature, this is usually attributed to some sort of “central attention” mechanism that 

acts as a bottleneck, leading to substantial interference when two stimuli are processed 

simultaneously (Johnston et al., 1995; Lien et al., 2008; Lien & Proctor, 2002; O’Malley et al., 

2008). One open question is whether this central attention mechanism described in PRP research 

involves the same processes as working memory – in other words, do tasks that do not explicitly 
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require active maintenance of information still require working memory to properly route 

stimulus information to the appropriate processes. 

More recently, various researchers combined the dual task approach (typically involving 

two separable working memory tasks) with modern neuroimaging techniques, allowing them to 

track the active maintenance of information throughout the introduction of the concurrent or 

interposed task. These studies generally find that information remains actively maintained when 

currently task relevant, but can drop to a low-activity state if it is made temporarily not relevant 

(Lewis-Peacock et al., 2012; Myers et al., 2017; Rose et al., 2016; Stokes, 2015). Despite this 

brief disruption of active maintenance, information can later be reactivated and accessed at a 

later point in any given trial.  

The general interpretation is that information is stored through active maintenance when 

it is directly relevant to the current task, making it available to the various task-related processes. 

However, when information is not currently relevant, but might become relevant very soon, then 

it is maintained with minimal activity (perhaps through changes in synaptic potentiation; Stokes 

et al., 2013) in a separate state, often referred to as activity silent memory (Stokes, 2015). In this 

state, information is presumably not directly accessible by most cognitive processes but can be 

later reactivated and re-enter active maintenance.  

Note that the exact nature of activity silent memory is not yet known, as it is described by 

the absence of activity, not by a specific activation pattern. Thus, the exact interpretation of what 

the nature of activity silent memory is varies from author to author. For example, some 

researches draw a connection between activity silent working memory and the idea of “memory 

outside the focus of attention” (Cowan, 2011; Lewis-Peacock et al., 2012), while others take it a 

step further, and claim that is a form of long term memory, whether that is a separate state of 
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“activated long term memory” (Kamiński & Rutishauser, 2019), or perhaps even just regular 

episodic memory (Beukers et al., 2021). Regardless of what the exact nature of activity silent 

memory might be, there is general agreement on its functional role: Activity silent memory can 

act as a low-activity short term buffer for information that was recently activated, as long as that 

information is not directly relevant to current cognitive processes.  

Thus, activity silent memory provides a plausible explanation that can marry the PRP 

findings with the working memory findings – In dual task situations, information can be loaded 

onto active maintenance initially, but offloaded to activity silent memory when a different 

interposed task is present. If the onset of the two tasks is well separated in time and the 

information relevant to each task is relative distinct and simple, then the participant can perform 

both tasks with relatively little interference by switching between active maintenance and 

activity silent memory. However, if the tasks are too close in time, or they are too complex, then 

some interference can occur (either by delaying processing, or by losing some of the information 

when offloading to activity silent memory). This model allows for working memory to be 

recruited by even very simple tasks with varying levels of behavioral interference, highlighting 

that working memory can involve both maintenance and general processing of information. 

However, although the activity silent literature is consistent with this model, it does not provide 

affirmative evidence for it.  

 A particularly relevant study by Kreither et al. (2021; Experiment 1) uses a combination 

of a working memory task with a very simple interposed task to more directly investigate 

whether even simple tasks require working memory. To do this, they used a color change 

detection task (Leonard et al., 2013; Vogel & Machizawa, 2004) as the main working memory 

task, while collecting EEG. This allowed them to measure the contralateral delay activity 
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(CDA), an ERP component characterized by a persistent negativity contralateral to the 

remembered stimuli, The CDA is a well validated marker of working memory that is believed to 

specifically track active maintenance for lateralized visual stimuli (Adam et al., 2018; Hakim et 

al., 2019; Perez & Vogel, 2012). Kreither et al. modified the classic change detection task by 

centrally presenting a simple interposed stimulus during the delay interval in 50% of the trials. 

Crucially, in half of the experimental blocks (dual task condition), participants had to perform an 

immediate Go-No-Go response to this interposed stimulus, introducing a simple secondary task 

during the maintenance of the information related to the color change detection (see Figure 1.1 

for a schematic of the paradigm).  

This interrupting task was extremely simple and required an immediate decision and 

response. This means that the interposed stimulus did not have to be maintain for any substantial 

period of time, as it could be processed immediately. Thus, if it did indeed recruit working 

memory, it would suggest that working memory is recruited even when the task at hand does not 

obviously involve maintenance.  

This paradigm allowed for the continual tracking of active maintenance (via the CDA), 

while an interposed task was introduced. Notably, if working memory was diverted to the 

centrally presented interposed stimulus, then the CDA would be disrupted, since the CDA is only 

present when the information is maintained in a lateralized manner. Thus, Kreither et al. 

highlighted two possibilities:  

1. If the interrupting task did recruit working memory, then working memory would 

be directed to the centrally presented interposed stimulus, and the lateralized color 

stimuli would no longer be actively maintained. In turn, this means that the CDA 

would collapse following the presentation of the interposed stimulus. 
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2. If the interrupting task did not require working memory, then the active 

maintenance of the lateralized color stimuli would remain unaffected by the 

secondary task. Thus, the CDA would persist even after a task-relevant interposed 

stimulus was presented.  

Looking at the results of this experiment (see Figure 1.2), we can clearly see that the 

CDA was completely disrupted after a task-relevant stimulus was presented, consistent with the 

first of the highlighted possibilities. Importantly, when a task-irrelevant stimulus was presented 

(and thus no decision was necessary), then the CDA remained largely unaffected, suggesting that 

the mere presentation of stimuli is not enough to recruit working memory.  

Given the disruption of the CDA by the task-relevant interposed stimuli, we can 

reasonably infer that the interrupting task did in fact recruit working memory, even though it did 

not require any explicit maintenance of information. Thus, this study provides important 

evidence that suggests that working memory is recruited even by simple tasks like those used in 

the PRP literature, while being consistent with the original formulation of working memory by 

Baddeley and Hitch (1974). 

Interestingly, despite the complete disruption of the CDA, Kreither et al. found only a 

small reduction in accuracy for the change detection task. This could be because even though the 

color information was not actively maintained during the latter half of the trial, it remained in 

activity silent memory, and was thus the information was largely preserved (with perhaps a 

minor loss). This is consistent with the pattern seen in the activity silent memory literature, and 

illustrates that the classic behavioral dual task experiments may be missing part of the picture, 

with small behavioral effects hiding very large underlying changes in neural activity.  
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However, despite this study laying down the foundation for unifying the ideas found in 

the PRP and WM literature, more work is needed to fully describe this disruption of the CDA. 

The following chapters aim to provide converging evidence to more accurately characterize the 

phenomenon, and to verify that the inferences from the Kreither et al. experiment replicate in a 

theoretically consistent manner.  

Specifically, Chapter Two aims to provide a replication of the main findings from the 

Kreither et al. experiment, and to confirm that only non-automatic processes require WM 

(consistent with both the pattern in the PRP literature and the original characterization of WM). 

Chapter Three investigates whether the CDA disruption seen in the Kreither et al. experiment is 

modality-specific (suggesting that the mechanisms involved are specific to visual working 

memory), or if non-visual tasks lead to a similar disruption of active maintenance (suggesting 

that the recruitment of working memory acts in a domain-general way). Lastly, Chapter Four 

describes a corollary methodological experiment that may be useful in designing future 

experiments investigating the role of spatial attention in working memory and beyond.  
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Figures 

 

 
Figure 1.1: Experimental design (A) and behavioral results (B) of the first experiment in 
Kreither et. al. (2021). Note that the stimuli are not to scale. Error bars represent within-subjects 
95% confidence intervals. Figure adapted from Kreither et. al. (2021); CC-By Attribution 4.0 
International, https://creativecommons.org/licenses/by/4.0/. 
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Figure 1.2: Contralateral-minus-ipsilateral difference waves from experiment 1 in Kreither et al. 
(2021), plotted separately for the dual task (A) and single task (C) conditions. The orange and 
purple rectangles represent the timing of the interposed stimulus and change detection array 
respectively. The light grey square represents the time window of interest. The mean amplitude 
across the time window of interest is shown in (D). Error bars represent within-subjects 95% 
confidence interval. (B) plots the contralateral-minus-ipsilateral difference wave separately for 
the two possible responses (Go vs No-Go) of the interrupting task in the dual task condition. 
Figure adapted from Kreither et. al. (2021); CC-By Attribution 4.0 International, 
https://creativecommons.org/licenses/by/4.0/. 
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Chapter 2 

Working Memory and Automatic Visual Processing  

 

Portions of this chapter are adapted from Experiment 2 in: Kreither, J., Papaioannou, O., & 
Luck, S. J. (2021, March 25). Active Working Memory and Simple Cognitive Operations. 
https://doi.org/10.31234/osf.io/aeqjh 
CC-By Attribution 4.0 International, https://creativecommons.org/licenses/by/4.0/. 
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Abstract 
 
 

In a previous experiment, Kreither et al. (2021; Experiment 1) found that active maintenance of 

visual memoranda – as indexed by the contralateral delay activity (CDA) – was disrupted by a 

simple interposed task, but not by the mere presentation of task-irrelevant stimuli. However, it is 

unclear whether the sparing of the active maintenance in the task-irrelevant condition was due to 

the lack of controlled (i.e. non-automatic) processes relating to an interposed task, or due to 

limited visual processing of the task-irrelevant stimuli themselves. This experiment aims to 

replicate the basic findings of Kreither et al., and directly examine whether active maintenance 

can survive some moderately complex automatic processing of visual stimuli. Overall, we found 

a similar pattern of results as those reported by Kreither et al. Specifically, we found that the 

CDA was disrupted when participants were asked to discriminate (via a button press) between a 

consonant string or pronounceable pseudoword. However, when the same stimuli were made 

task-irrelevant, the CDA was largely unaffected. Crucially, we saw a different pattern of activity 

between consonant strings and pronounceable pseudowords even when they were task-irrelevant, 

suggesting that they were processed enough to be neurally differentiable. This suggests that 

active maintenance is not disrupted by relatively complex automatic processing (e.g. the 

orthographic processing of the interposed stimuli), as long as no controlled processes are 

required.  
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1. Introduction 

The present study builds on the existing literature on active maintenance and working 

memory discussed in Chapter One Of particular importance is the experiment conducted by 

Kreither and Luck (Experiment 1 in Kreither et al., 2021), that found that performing a 

secondary task during the delay period led to a severe disruption of the CDA, a neural marker of 

working memory. This finding provides compelling evidence that active maintenance might be a 

lot more fragile than previously believed – even simple tasks that don’t explicitly require active 

maintenance might be enough to interfere with actively-maintained information.  

This pattern fits very well with other findings in the PRP literature and the activity silent 

memory literature (see Chapter One for a more in-depth discussion of these two bodies of 

literature), which converge on the idea that some sort of central bottleneck ( called central 

attention in the PRP literature and memory in the focus of attention in the working memory 

literature) is responsible for task-related processing and flexible manipulation of information. 

Under this broad framework, it seems likely that working memory (and thus active maintenance) 

is recruited whenever we have to perform any sort of non-automatic processing – including the 

very simple interposed task used in the Kreither and Luck study. This could explain why active 

maintenance seems to be disrupted by the interposed task, since the stimulus for the interposed 

task must be stored in working memory to be processed, and any items that were previously 

maintained in active maintenance would be dropped (though it is possible that some information 

about these items remains in activity silent memory).  

If the disruption seen by Kreither and Luck is indeed mainly due to the redistribution of 

central processes (i.e. working memory), then we would expect that the disruption only occurs 

when the interposed stimuli elicit some sort of non-automatic processing (since that would divert 
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working memory away from the change detection task). However, any processes that are fully 

automatic, and thus do not require these central processes, should be able to happen in parallel to 

active maintenance without interfering with it. On the other hand, it is possible that active 

maintenance is even more fragile than that, and any sort of visual processing – automatic or not – 

results in a disruption of active maintenance. In fact, it is generally thought that active 

maintenance recruits sensory areas to represent sensory information (Curtis & D’Esposito, 2003; 

Harrison & Tong, 2009; E. K. Miller et al., 1996; Scimeca et al., 2018). Thus, it is plausible that 

even low level automatic processing of sensory stimuli might interfere with the recruitment of 

sensory areas by active maintenance, leading to the disruption of the working memory 

representation.  

Kreither et al. did provide some evidence that sensory processing alone is not enough to 

disrupt active maintenance. In one of their conditions, the interposed stimuli remained 

completely task-irrelevant but were still presented in a salient manner during the delay period. In 

this condition, Kreither and Luck saw little disruption of the CDA, suggesting that the CDA was 

unaffected by the mere presentation of visual stimuli. However, despite the stimuli being 

centrally presented and quite salient, there is no way to know for sure if they were processed at 

all – it is possible that the participants suppressed any processing of the stimuli in order to better 

preserve the task relevant information that was actively maintained. In other words, it is unclear 

whether the CDA was unaffected because active maintenance is not affected by automatic 

sensory processing, or because no substantial sensory processing occurred during the delay 

period.  

The present study (reported as Experiment 2 in Kreither et al., 2021) was designed to 

directly examine this question, by simultaneously measuring the CDA as well as other markers 
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of sensory processing. Specifically, we used the same modified change detection paradigm that 

was used by Kreither and Luck, with one crucial difference – our interposed stimuli consisted of 

two types of orthographic stimuli: consonant strings and pronounceable pseudowords (see Table 

2.1 for a complete list of the stimuli used). By using these stimuli, we were able to use the fact 

that orthographic discrimination is automatic in skilled readers (Carr, 1992; W. O. Schaffer & 

Berge, 1979; Stroop, 1935; Taft et al., 2008), but produces a measurable ERP difference even 

when the stimuli are not task-relevant (Bentin et al., 1999). Thus, even when the interposed 

stimuli were task-irrelevant, we can verify whether they were processed or not by looking at any 

differences in the evoked ERPs. If the activity elicited by consonant strings is substantially 

different from that elicited by the pronounceable pseudowords, then we can be fairly certain that 

the stimuli were at least processed enough to differentiate between the two types of stimuli.  

Thus, if active maintenance is unaffected by automatic processing, then we would expect 

that the CDA would remain largely unaffected by the moderately-complex-but-automatic 

processing of the orthographic stimuli. On the other hand, if active maintenance is disrupted by 

all kinds of sensory processing, then we would expect that whenever we see substantial 

processing of the orthographic stimuli (even when that processing is automatic), we would see a 

corresponding disruption in the CDA. Lastly, by including a condition where the orthographic 

stimuli were made task-relevant, we can test whether the pattern seen by Kreither and Luck is 

replicable with a different set of interposed stimuli.  
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2. Method 

2.1 Participants 

The final sample consisted of 32 participants (21 female). Seven additional participants 

were tested but were excluded as described in the next section. The participants were between 

the ages of 18 and 30 (mean = 20.5, SD = 2.03), with normal or corrected-to-normal visual 

acuity and no known neurological issues. Consent was obtained at the start of the experiment, 

and participants received monetary compensation. The protocol was approved by the University 

of California, Davis Institutional Review Board. The total number of participants was chosen (a 

priori) to be identical to that used by Kreither and Luck (2021). 

2.2 Exclusion Criteria 

Participants were excluded if they met any of four exclusion criteria: 1) if they did not 

complete the recording session, either due to technical difficulties  or because they opted to 

terminate the experiment early (2 participants); 2) if overall performance in the change detection 

task was too low (<55%; chance was 50%), indicating that the participant did not understand the 

task (5 participants); 3) if more than 25% of trials were rejected because of artifacts (1 

participant); and 4) if there was excessive alpha (more than 5μV peak to peak for more than 1 

cycle) during the pre-stimulus baseline of the averaged ERPs (5 participants).  

2.3 Stimuli and Procedure 

Stimuli were presented on Hewlett-Packard ZR2440w LCD monitor (refresh rate = 60 

Hz) using PsychToolbox (Brainard, 1997; Pelli, 1997). Because LCDs often produce a 

significant delay, a photosensor was used to measure the monitor delay (32 msec), and the event 

codes were shifted offline to be aligned with the actual stimulus presentation time. The 
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participants viewed the monitor from a distance of 75 cm in a dimly lit room. The monitor had a 

grey background and contained a white fixation cross that was visible at all times. 

As illustrated in Figure 2.1, each trial started with a memory array, which was presented 

for 200 ms. The array consisted of 4 colored circles (diameter = 0.72°) presented on one side of 

the screen and 4 colored rectangles (0.32 ´ 0.92°) presented on the other, with the side chosen 

randomly on each trial. The colors of each individual shape were chosen randomly from a 

selection of 12 colors (red, green, blue, yellow, purple, cyan, pink, gray, black, white, orange, 

magenta) so that no color was repeated among the items of a given shape. Stimulus eccentricity 

varied randomly, but the stimuli were constrained to be centered at least 1.2° from the midline 

and no more than 3.2° from the fixation point. On each block, participants were instructed to 

attend to either the circles or the rectangles and to remember the colors of those shapes for the 

duration of the trial. The memory array was followed by a 350 ms delay period (Delay 1) in 

which only the fixation cross was present.  

On 50% of the trials, Delay 1 was followed by a 200-ms interposed stimulus, either a 

pronounceable pseudoword (e.g., FOPTER) or an unpronounceable consonant string (e.g., 

FTPTXR). On each trial with an interposed stimulus, one pseudoword or consonant string was 

chosen at random from a list of 50 pseudowords and 50 consonant strings ranging from 4-7 

characters long. The same interposed stimuli were used in both the single-task and dual-task 

blocks. On the other 50% of trials, only the fixation cross was present during this 200-ms period. 

In both cases, this was followed by a 750 ms delay (Delay 2) during which only the fixation 

cross was visible. In the dual-task blocks, a 2-alternative forced-choice task was used for the 

interposed stimuli. Specifically, participants were asked to press one button (top right shoulder 

button) on a game pad if the interposed stimulus was a pseudoword and another (bottom right 
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shoulder button) if it was a consonant string. In single-task trial blocks, the interposed stimulus 

was task-irrelevant and participants were told to ignore it. 

At the end of each trial, the change detection test array was presented for 2000 ms. The 

test array was identical to the memory array, except that on 50% of the trials (independent of the 

presence of the interposed stimulus) one of the to-be-remembered shapes changed to one of the 

colors that was not present in the sample array. The shapes on the other side never changed 

color. Participants were instructed to press a button on the gamepad to indicate if they detected a 

color change. An intertrial interval of 700–1000 ms (rectangular distribution) followed the test 

array. 

The to-be-attended attended shape (circle versus rectangle) and the task type (single-task 

versus dual-task) varied across blocks in a counterbalanced order. The interposed stimulus 

(consonant string, pronounceable pseudoword, or no interposed stimulus) and the side of the to-

be-attended shape varied unpredictably from trial to trial within each block. Responses for the 

memory task (change vs no change) had to be made during the 2000 ms time duration of the test 

array. In the dual-task blocks, any response to the interposed stimuli had to occur during Delay 2. 

All responses were made using the participant’s dominant hand.  

2.4 EEG Recording and Analysis 

EEG signals were recorded using a Brain Products actiCHamp system with electrodes at 

27 scalp locations (FP1, FP2, F3, F4, F7, F8, C3, C4, P3, P4, P5, P6, P7, P8, P9, P10, PO3, PO4, 

PO7, PO8, O1, O2, Fz, Cz, Pz, POz, Oz) as well as the left and right mastoids. The 

electrooculogram (EOG) was recorded simultaneously from an electrode placed 1 cm lateral to 

the outer canthus of each eye and from an electrode below the right eye. The data were recorded 
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in single-ended mode and digitized at 500 Hz after application of an online cascaded integrator-

comb anti-aliasing filter with a half-power cutoff at 260 Hz. Impedances were kept under 50 kΩ. 

Offline analysis was performed using the EEGLAB (Delorme & Makeig, 2004) and 

ERPLAB (Lopez-Calderon & Luck, 2014) open source Matlab packages. The recorded signals 

were down-sampled to 250 Hz after the application of an additional antialiasing filter at 100 Hz. 

Then, a noncausal Butterworth high-pass filter was applied to the continuous EEG (half-

amplitude cutoff = 0.01 Hz, slope = 12 dB/octave). The scalp EEG signals were referenced to the 

average of the left and right mastoids, and the EOG signals were referenced into bipolar 

horizontal EOG (right minus left outer canthus) and vertical EOG (below the right eye minus 

Fp2) derivations. Before artifact correction and segmentation, periods of EEG data that 

corresponded to breaks or contained extreme voltage deflections were removed to improve the 

artifact correction process that occurred next. 

 Artifact correction was performed using independent component analysis (ICA), and 

components corresponding to horizontal and vertical eye movements were identified on the basis 

of the correspondence of their shape, timing, and topography to the single-trial EOG signals. 

These components were then removed (typically 2-3 components per participant).  

Artifact correction was supplemented with artifact rejection. We eliminated trials that 

contained large artifactual deflections in any channel following artifact correction (>250 μV at 

any point from -200 to 1500 ms relative to stimulus onset). We also removed trials on which the 

participants blinked or moved their eyes at a time that might impact the sensory input using a 

modified version of the technique described in Woodman and Luck (2003). Specifically, we 

applied a step-function algorithm (Luck, 2014) to the uncorrected vertical and horizontal bipolar 

EOG channels to identify trials containing eye blinks and eye movements from -200 to 200 ms 
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relative to stimulus onset, and we then excluded those trials from the averaged ERPs. No more 

than 25% of total trials were rejected during the artifact rejection procedures for any participant. 

We then examined the residual HEOG activity (without artifact correction) in the averaged 

waveforms. The average deflection during that time-window was less than 3.2 μV for all 

participants, which would correspond to an average eye rotation of less than ±0.1° (on the basis 

of the normative values provided by Lins et al., 1993a). Even without ICA correction, these eye 

movements would produce a voltage deflection of less than 0.1 µV at any of the electrodes used 

in our analyses. 

Averaged ERPs were computed with an epoch of -200 to 1500 ms relative to stimulus 

onset and baselined to the pre-stimulus portion of the epoch. To isolate the CDA, we calculated a 

contralateral-minus-ipsilateral difference wave by subtracting the voltage in the electrodes over 

the hemisphere ipsilateral to the to-be-remembered items from the voltage in the electrodes over 

the contralateral hemisphere and then averaged across the left and right hemispheres. To simplify 

the analysis and reduce the potential for Type I errors (Luck & Gaspelin, 2017a), statistical tests 

were limited to the P07 and P08 electrodes and the data were collapsed across attend-circle and 

attend-rectangle blocks 

Additional ERP analyses were performed to determine whether the pronounceable 

pseudowords elicited a different electrophysiological response than the consonant strings. 

Previous research found a broad central-parietal difference emerging ~320-450 ms from stimulus 

onset, with a more negative voltage for pseudowords than for consonant strings (Bentin et al., 

1999). We measured the voltage during this same time window, time-locked to the letter strings, 

to determine whether the pseudowords and consonant strings were differentiated by the brain, 

even though they were task-irrelevant. Given the broad scalp distribution of the expected effect, 
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the voltage was measured from a single electrode cluster created by averaging together all central 

and parietal channels (Cz,C3, C4, Pz, P3, P4, P5, P6, P7, P8, P9, P10, POz, PO3, PO4, PO7, 

PO8).   

Statistical analysis for the contralateral-minus-ipsilateral wave was performed on the 

mean amplitude across three time periods of interest: 350-550 ms (before the onset of the 

interposed stimulus), and 870-1000 ms (during the time window of interest for the pseudoword-

minus-consonant string difference).  

3. Results 

3.1 Behavioral results 

Accuracy (percent correct) for the interposed discrimination task during the dual-task 

condition was relatively high but not at ceiling (M = 86.0%, SEM = 2.12), whereas it was near 

ceiling in Experiment 1 of Kreither et al. (2021). A two-sample t test (using the Welch formula 

to account for any difference in between-subjects variance across the two experiments) indicated 

that this difference was statistically significant (t(31.253) = 289.08, p < 0.001).  

Accuracy (percent correct) for the change detection task is shown in Figure 2.5. 

Interestingly, unlike Experiment 1 of Kreither et al., we found that the task relevancy of the 

interposed task had a large effect on performance. When the interposed stimuli were task-

irrelevant (single-task condition), we found the presence of the interposed stimulus led to the 

same small drop in accuracy (1.1%) as in Experiment 1 of Kreither et al. However, when the 

interposed stimuli were task-relevant (dual-task condition), we found that the presence of this 

stimulus produced a much larger drop in performance (13.0%) than was observed in Experiment 

1 of Kreither et al. This may be related to the finding that the interposed task in this experiment 
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was more difficult than the interposed task in Experiment 1 of Kreither et al. However, change 

detection performance remained well above chance. 

We analyzed this difference in performance using a 2 (single-task vs dual-task) by 2 

(interposed stimulus present vs absent) within-subjects ANOVA, which revealed a significant 

interaction between the stimulus presence and task relevance (F(1,31) = 51.10, p <0.001). Post 

hoc pairwise comparisons revealed that the difference in performance between stimulus-present 

and stimulus-absent trials was significant in the dual-task condition (t(31) =10.61, p <0.001) but 

not in the single-task condition (t(31) =1.45, p = 0.158). 

Note that the key finding was that the interposed stimulus did not significantly disrupt 

memory performance in the single-task condition, when it was task-irrelevant. This makes it 

possible for us to ask whether the brain could discriminate whether the interposed stimulus was a 

consonant string or a pronounceable pseudoword in this condition, even though it did not draw 

enough processing resources to disrupt working memory performance.  

3.2 ERP results 

Processing of the interposed stimuli.  

The addition of letter-string stimuli allowed us to more thoroughly examine the 

processing of interposed stimuli. Our main question for this analysis was whether the brain 

discriminated between the pseudowords and the consonant strings in the single-task condition, 

when these stimuli were task-irrelevant and produced minimal disruption of working memory 

accuracy. The interposed stimuli led to a brief sensory response that was superimposed on the 

CDA (see the Appendix of this chapter for waveforms, analyses, and discussion).  

As shown in Figure 2.2, between 320 ms and 450 ms from the interposed stimulus onset 

(corresponding to 870 – 1000 ms from the onset of the memory array) pseudowords elicited a 
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more negative voltage than consonant strings in the single-task condition—just as in the prior 

study of Bentin et al. (1999). This effect was statistically significant, as indicated by a one-

sample t-test, t(31) = -2.21, p = 0.035. 

Given the difference between the ERPs to consonant strings and pseudowords, we can 

conclude that the brain was able to discriminate between the two letter string types during this 

time period. Moreover, the next set of analyses will show that these stimuli produced little 

disruption of the CDA during this time period, consistent with the hypothesis that the brain can 

perform automated discriminations without involving the active maintenance system reflected by 

the CDA.  

Figure 2.3 shows the corresponding waveforms from the dual-task condition, in which 

participants were actively discriminating between pseudowords and consonant strings. As in the 

single-task condition, the voltage was more negative following pseudowords than following 

consonant strings. This effect was not directly relevant for our hypotheses, and it likely reflects a 

combination of automatic and task-related processes, so these data were not analyzed further. 

Contralateral delay activity. Figure 2.4 shows the average contralateral-minus-ipsilateral 

difference waves. The ERP results largely replicate those from Experiment 1 of Kreither et al, 

with a substantial drop in the CDA after a task-relevant interposed stimulus but not after a task-

irrelevant interposed stimulus. 

The key question was whether the CDA would be disrupted by the interposed stimulus in 

the single-task condition, in which the stimulus was task-irrelevant but was automatically 

discriminated, as indicated by the greater negativity observed when the interposed stimulus was a 

pseudoword than when it was a consonant string (Figure 2.2). Our first CDA analysis therefore 

focused on the time period when we can be certain that the interposed stimulus was being 
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discriminated, namely the period in which the difference between the consonant strings and 

pseudowords was significant (320–450 ms from the onset of interposed stimulus, corresponding 

to 870–1000 ms relative to the onset of the sample array). We computed the CDA voltage over 

this time period from the contralateral-minus-ipsilateral difference waves (see the green shading 

in Figure 2.4) and entered this voltage into a 2-way ANOVA with factors of task type (single-

task versus dual-task) and stimulus presence (interposed stimulus present versus absent). The 

drop in CDA amplitude produced by the interposed stimulus in the dual-task condition, but not in 

the single-task condition, led to a significant interaction between task type and stimulus presence 

(F(1,31) = 26.13, p < 0.001). These results are summarized in Figure 2.5A. 

Post hoc pairwise comparisons indicated that there was no significant effect of stimulus 

presence on the CDA in the single-task condition (t(31) = 0.548, p = 0.588), but there was a 

significant disruption of the CDA (during the same time window) in the dual-task condition 

(t(31) = 7.01, p < 0.001. Because the absence of a significant effect is difficult to interpret, we 

also computed Bayes factors using the method of Rouder et al.(2009) with the default JZS 

scaling factor of 0.707. For the single-task condition, the resulting Bayes factor was 4.61 in favor 

of the null hypothesis, providing positive evidence that the interposed stimulus had no impact on 

the CDA in this condition. The Bayes factor was 203,513 in favor of an effect in the dual-task 

condition, confirming the presence of a very strong disruption of the CDA in this condition. 

Thus, automatic discriminative processing of a task-irrelevant interposed stimulus can occur 

without disrupting active maintenance (as indexed by the CDA), whereas controlled processing 

does disrupt active maintenance. 

For the sake of completeness, we also analyzed the CDA with the same time window 

used in Experiment 1 of Kreither et al (1100-1500 ms after the onset of the sample array). A 2 
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(single task vs dual task) by 2 (interposed stimulus present vs absent) within-subjects ANOVA 

yielded a significant interaction (F(1,31) = 13.68, p < 0.001). Thus, as in Experiment 1 of 

Kreither et al, the interposed stimulus disrupted the CDA during this time window more when it 

was task-relevant than when it was task-irrelevant. However, the task-irrelevant interposed 

stimulus did produce a small reduction in CDA in this late time window. This led to a small but 

significant effect of stimulus presence in the single-task condition (t(31) =2.33, p = 0.027). A 

significant effect of stimulus presence was also observed in the dual-task condition (t(31) =7.76, 

p < 0.001). These results are summarized in Figure 2.5B. Note that a small reduction in CDA 

amplitude was also observed following the task-irrelevant interposed stimulus in Experiment 1 of 

Kreither et al, but the effect did not reach significance in that experiment. This may be related to 

the small reduction in behavioral change detection accuracy that was produced by the task-

irrelevant interposed stimulus in both experiments. Furthermore, as in Experiment 1 of Kreither 

et al, the CDA in Present experiment was completely eliminated in the dual-task condition but 

not the single-task condition. 

We verified that the observed effect was not simply due to differing expectations about 

the interposed stimulus by performing a 2 by 2 within-subjects ANOVA on an earlier time 

window (350-500 ms after stimulus onset) which fell before the presentation of the interposed 

stimulus. The mean amplitude of the contralateral-minus-ipsilateral difference wave during this 

period was not significantly affected by task (F(1,31) = 2.35, p = 0.135) nor by the interaction 

between task and stimulus presence (F(1,31) = 1.50 , p = 0.230). We did find a significant main 

effect of stimulus (F(1,31) = 9.02 , p = 0.005), with the voltage being slightly less negative for 

trials on which a stimulus was later presented (M = -1.27, SD = 0.85) compared to trials without 

an interposed stimulus (M = 1.44, SD = 0.72). However, because this time-window fell before 
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the presentation time of the interposed stimulus, and the trials were identical up to that point, this 

effect of stimulus presence must have been spurious. 

To verify that this spurious difference was not driving the effect we observed in the later 

time window, we conducted a 3-way ANOVA with factors of time window (early or late), task 

(single-task vs dual-task), and stimulus (interposed stimulus present vs absent). Crucially, the 

three-way interaction was significant (F(31) = 11.98, p = 0.002), demonstrating that the effects 

we found in the later time window were not (primarily) caused by the differences that were 

present in the early time window. This 3-way interaction was also significant (F(31) = 23.25, p < 

0.001) when the early time window (350-500 ms) was compared with the time window where we 

found the significant difference between the consonant strings and pseudowords (870 – 1000 

ms).  
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4. Discussion 

 
The goal of this study was to determine whether very simple cognitive operations—with no 

obvious need to store the target in memory—involve the active working memory buffer, while 

automatic processing of stimuli does not. Similar to Experiment 1 in Kreither et al. (2021), we 

observed that a very simple discrimination task produced a disruption of the CDA, a marker of 

working memory maintenance. Little or no disruption was observed when the interposed 

stimulus was absent or task-irrelevant, even though we obtained clear evidence that the 

interposed stimulus was processed to a fairly high level. The virtually complete disruption of the 

CDA produced by the interposed stimulus when it was task-relevant is a very striking finding, 

especially given that behavioral performance for the working memory task remained well above 

chance. At a minimum, we can conclude that accurate change detection performance is possible 

even when the CDA—a widely used index of visual working memory maintenance—has been 

largely eliminated. 

By the logic of prior dual-task studies of working memory (Baddeley & Hitch, 1974; 

Cocchini et al., 2002; Saults & Cowan, 2007), we can further conclude that the simple interposed 

tasks used in the present study must rely on the active working memory system that the CDA is 

widely thought to index. This is also consistent with PRP studies indicating that simple tasks of 

this nature require central attention (Johnston et al., 1995; Lien & Proctor, 2002; O’Malley et al., 

2008), which is also thought to be important for working memory (e.g., Souza & Oberauer, 

2017).  

These conclusions contrast with previous behavioral studies in which simple interposed 

tasks produce little or no effect on memory performance. However, given the recent evidence for 

multiple states of working memory, it is plausible that a separate state of working memory, one 
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which is not tracked by the CDA, is responsible for memory performance remaining relatively 

high in the absence of the active maintenance mechanism tracked by the CDA. Thus, it is 

possible that other processes compensate for the disruption of active maintenance, leading to a 

minimal effect on behavioral accuracy but a large underlying change in neural activity.  

However, this is an indirect inference, and we cannot know whether the specific activity-

silent memory mechanisms that have been identified in previous experiments were responsible 

for the above-chance memory performance we observed in the dual-task conditions of the 

present study. By definition, activity-silent memory cannot be seen in delay-period activity, so 

we have no direct evidence that activity-silent memory was used. It is possible, for example, that 

some kind of active maintenance was present but was invisible in the scalp ERP signal. 

However, the present results are at the very least consistent with several previous studies 

providing evidence for activity-silent maintenance of visual information (Lewis-Peacock et al., 

2012; Myers et al., 2017; Rose et al., 2016; Stokes, 2015).  

It is important to note that the disruption of the CDA observed in the present study was a 

consequence of performing a controlled task and not a result of automatic processes. In the 

single-task condition, we found that the task-irrelevant interposed stimuli produced only a 

negligible reduction in CDA amplitude (compared to trials without an interposed stimulus). 

Moreover, we found direct evidence that the brain automatically discriminated between the 

pseudowords and the consonant strings, a fairly complex discrimination. Even so, we found no 

discernable drop in the CDA for these stimuli when they were task-irrelevant (during the time 

period when the brain was clearly making the discrimination). Thus, although the interposed 

stimulus almost certainly attracted visuospatial attention automatically (Jonides & Yantis, 1988; 

Yantis & Jonides, 1984) and was processed to a moderate extent (through non-controlled 
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processes), it did not disrupt the CDA – unless the subject performed a non-automated task using 

this stimulus. Thus, it seems that fairly sophisticated perceptual processing is not enough to 

disrupt active maintenance, and can be performed in parallel to active maintenance as long as 

this processing does not require non-automatic processes like decision making.  

We did find a small drop in the CDA later in time (though nowhere near the complete 

disruption we observed for task-relevant stimuli). The cause of this small drop late in time is 

unclear. Perhaps the participants sometimes consciously tried to process the task-irrelevant 

interposed stimuli, or perhaps there was some carry-over effect from the condition in which these 

stimuli were relevant. Regardless of the reason for this late drop in CDA amplitude, it was 

clearly different from the more rapid and substantial disruption of the CDA that was observed 

when the stimuli were task-relevant.  

Although the most parsimonious explanation of the present results is that the task-relevant 

interposed stimuli disrupted the active maintenance of the to-be-remembered colors, the nature 

of ERPs means that several alternative explanations for the apparent drop in CDA are possible. 

First, it is possible that the change in mean voltage following the interposed stimulus was not due 

to a decrease in the CDA but was instead the result of the addition of another, unknown 

component of opposite polarity that canceled out the CDA. However, there is no reason to 

believe that the interposed stimulus would elicit a contralateral positivity of this nature, so this is 

not a very plausible explanation of the observed pattern of results. 

Another alternative explanation is that the CDA was indeed disrupted, but this did not reflect 

a disruption of the actual maintenance of information in working memory. According to this 

argument, the CDA does not track working memory directly, but instead is a marker of some 

kind of secondary support process rather than being an index of the actual memory trace. Under 
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this assumption, it is possible that during the interposed task, this secondary process (and thus 

the CDA) was disrupted but the primary processes associated with working memory remained 

intact. However, if the CDA reflects a support process that is important for working memory 

maintenance, then it seems implausible that the CDA could be disrupted without also disrupting 

the memory trace. Indeed, the CDA ordinarily tracks working memory quite closely. For 

example, previous research has shown that the CDA tracks the amount of information in working 

memory (e.g., Luria et al., 2016), and it has been shown that spatial attention alone cannot affect 

the CDA (Hakim et al., 2019). Thus, it seems most likely that the observed disruption of the 

CDA was accompanied by a disruption of active memory maintenance.  

Overall, the most parsimonious explanation of the present results is that active maintenance 

in working memory is recruited even for very simple non-automatic processes that require 

central attention, such as performing stimulus-response mappings, but is not affected by simple 

sensory processing. The present results are also consistent with the hypothesis of a parallel 

memory system (e.g., activity-silent synaptic storage) that allows some information to be 

retained when central attention must be momentarily directed to other tasks.  
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5. Figures and Tables 

 
Table 2.1: List of pronounceable words and consonant strings used as interposed stimuli. The 
items were presented in random order, so that participants could not predict which item was 
going to be presented, nor could they predict if they would see a consonant string, pronounceable 
pseudoword, or no interposed stimulus in any given trial.  
 

TUNT PIRTLY TSNT PVRTLQ
ULAYS EMIL WLGSS BMWL
MONISH JAMID MMNWSH JHMGD
CHEETY REGIVA CHMLTS RQGXVK
FOUSE STER FTRSF STKR
GROLE BUTTET GRTLS BQTTVT
OLBAIN NARM SLBBDN NWRM
OTUL NOUT QTCL NBPT
SHEEK BAMBUS SHVTK BWMBMS
IMBICT PAGOR RMBZCT PTGSR
BOCIS SPEFS BMCLS SPSFS
BIMP STRANT BPMP STRZNT
ADSTE TAKY WDSTV TZKP
SHASE SHASS SHGSH SHLSS
FOPTER SODUAL FTPTXR SBDWPL
HENT BRIP HDNT BRQP
SPUIN BLELL SPMSN BLCLL
STANS FASS STVNS FBSS
REGACT QUEAT RRGHCT QJXGT
OSLY SLAN MSLT SLFN

REVORE SOTOR RCVWRX STTPR
URNAN FLOT FRNDN FLPT
GRICK INFAKE GRXCK WNFZKM
SNAN EADER SNQN CRDBR
FAVER SUAFY FQVZR SNGFS

Pronounceable 
Pseudowords

Consonant Strings

List of Interposed stimuli
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Figure 2.1: The task design for the main experiment (A). Note that the stimuli are not to 
scale, though they are representative of the range of stimuli used. (B) shows the overall 
accuracy for the memory task in the various conditions. Error bars represent within subjects 
95% confidence intervals. Figure adapted from Kreither et. al. (2021); CC-By Attribution 
4.0 International, https://creativecommons.org/licenses/by/4.0/. 
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Figure 2.2: Pseudoword-minus-Consonant string difference wave (A) for the single task 
condition, showing the automatic orthographic processing of task irrelevant letter strings. 
The area shaded in green shows the time-window of interest. The mean amplitude during 
that time-window was found to be significantly lower than 0 μV. The orange bar denotes the 
timing of the interposed stimulus. (B) shows the scalp distribution of activity during the 
significant time-windows. Figure adapted from Kreither et. al. (2021); CC-By Attribution 
4.0 International, https://creativecommons.org/licenses/by/4.0/. 
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Figure 2.3: Pseudoword-minus-Consonant string difference wave (A) for the dual-task 
condition, showing the task-relevant differentiation between pseudowords and consonant 
strings. The area shaded in green shows the time-window of interest. The orange bar denotes 
the timing of the task-relevant interposed stimulus. (B) shows the scalp distribution of the 
difference wave during the time-window of interest. Figure adapted from Kreither et. al. 
(2021); CC-By Attribution 4.0 International, https://creativecommons.org/licenses/by/4.0/. 
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Figure 2.4:  Contralateral-minus-ipsilateral difference waves for experiment 2, split 
between the dual task condition (A) and the single task condition (B). The purple and orange 
bars on the x-axis denote the timing of the memory array and interposed stimulus 
respectively. The green boxes denote the time-window when a significant difference 
between pseudowords and consonant strings was observed, as shown in Figure 2.2. The light 
grey box denotes the time-window of interest that was used in experiment 1 for Kreither et 
al. Figure adapted from Kreither et. al. (2021); CC-By Attribution 4.0 International, 
https://creativecommons.org/licenses/by/4.0/. 
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Figure 2.5:  Contralateral-minus-ipsilateral mean amplitude for all conditions across the two 
time-windows of interest – the time-window when a significant difference between the task-
irrelevant letter stimuli was observed. (A), and the time-window of interest from experiment 
1 in Kreither et al. (2021) (B).  Error bars represent within-subjects 95% confidence 
intervals. Significant markers denote significant differences between interposed-present and 
interposed-absent trials. Figure adapted from Kreither et. al. (2021); CC-By Attribution 4.0 
International, https://creativecommons.org/licenses/by/4.0/. 
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6. Appendix 

 Lateralized sensory processing of interposed stimuli 

 

Although the experiment reported in this chapter was designed to examine disruption of 

the CDA by an interposed stimulus, we also found an unexpected secondary phenomenon – an 

apparent difference in the sensory processing of the central interposed stimuli as a function of 

which side of the memory array was maintained in working memory. This can be seen in Figure 

2.3, where there is a large sensory response to the interposed stimuli in the contralateral-minus-

ipsilateral difference waves (relative to the to-be-remembered side) even though the interposed 

stimuli were presented at the fixation point. In other words, the lateralization of working memory 

storage appeared to produce a lateralization in the sensory processing of the foveal interposed 

stimuli. 

To isolate the sensory response elicited by the interposed stimuli and subtract out the 

activity related to the working memory task, we constructed present-minus-absent difference 

waves by subtracting the activity evoked on trials without an interposed stimulus from that 

evoked on trials where an interposed stimulus was present (separately for each task, and 

separately at electrodes contralateral vs ipsilateral to the to-be-remembered side of the sample 

array). The resultant difference waves are shown in Figure A1.  

Because the interposed stimulus was always central, and its identity and location were 

independent from the location of the to-be-remembered side of the sample array, we did not 

expect the activity elicited by the interposed stimuli to be lateralized with respect to the to-be-

remembered side of the sample array. However, differences emerged in the P1 and N1 elicited 
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by the interposed stimuli across the two hemispheres. Specifically, we observed a robust visual 

evoked response in both hemispheres, but with a larger P1 and N1 in the hemisphere ipsilateral 

to the to-be-remembered array.  

To investigate this further, we performed a post-hoc statistical analysis of this effect. 

Using a collapsed localizer approach (Luck & Gaspelin, 2017a), we determined the time 

windows and electrodes where the P1 and N1 components were the clearest (collapsing across all 

conditions). We found that both P1 and N1 were most clear in posterior occipital electrodes, so 

we focused our statistical analysis in PO8/PO7. The measurement windows were then defined as 

a 40-ms window centered on the peak of each component: 78 ms to 118 ms for the P1 and 154 

ms to 194 ms for the N1. 

The interposed stimuli produced a distinct visual evoked response in both hemispheres, 

including a clear P1 and N1. The P1 and N1 appeared to be larger in the ipsilateral hemisphere 

compared to the contralateral hemisphere (relative to the visual field of the stimuli being 

maintained in working memory).  

To examine this effect statistically, we measured P1 and N1 amplitude from the 

interposed-present-minus-interposed-absent difference wave at P07/P08, comparing the 

contralateral and the ipsilateral hemispheres during the time window that emerged from the 

collapsed localizer analysis.  

A 2 (single-task vs dual-task) by 2 (contralateral vs ipsilateral hemisphere) ANOVA 

revealed that P1 amplitude was significantly larger in the ipsilateral hemisphere than the 

contralateral hemisphere, F(31) = 7.70, p = 0.009, but we found no main effect of task, F(31) = 

1.19, p = 0.284, or interaction between task and hemisphere, F(31) = 1.04, p = 0.316. Similarly, 

N1 amplitude was significantly more negative in the ipsilateral hemisphere compared to the 
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contralateral hemisphere, F(31) = 87.1, p < 0.001. We found no main effect of task on N1 

amplitude, F(31) = 2.13, p = 0.154, but we did find an interaction between task and hemisphere, 

F(31) = 12.6, p = 0.001. Pairwise comparisons revealed that the difference in amplitude was 

numerically larger in the dual-task condition (1.48 μV) than in the single-task condition (0.78 

μV), although both conditions showed a significant difference in amplitude(t(31) = 8.73, p < 

0.001 for the dual-task condition; t(31) = 5.53, p<0.001 for the single-task condition). Thus, in 

all cases, the P1 and N1 were substantially generally larger in the ipsilateral hemisphere 

compared to the contralateral hemisphere.  

Because these components are associated with early sensory processing (Pratt, 2011), this 

pattern suggests that despite the stimuli being centrally presented, sensory processing was greater 

in the hemisphere that was less involved in the working memory task than in the hemisphere that 

was primarily involved in working memory maintenance. This difference in processing was 

independent of the task during the P1 latency range, but it was larger in the dual-task condition 

than in the single-task condition during the N1 latency range.  

Given the fact that the observed lateralization of sensory processing was tied to the 

location of the memoranda and not the side of the eliciting stimulus, this effect may reflect an 

interaction between active working memory and low-level visual processing. In other words, 

these results suggest that sensory processing was generally decreased in the hemisphere that was 

“busy” maintaining the working memory representation (contralateral to the to-be-remembered 

side), so most visual processing occurred in the opposite hemisphere (ipsilateral to the to-be-

remembered side).  

However, it is important to note that this is purely post-hoc speculation. Moreover, we 

cannot rule out the possibility that this effect is a consequence of small deviations of eye position 
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toward to the to-be-remembered side. For example, a small leftward deviation of the eyes when 

the left side of the sample display was task-relevant would have caused the interposed stimuli to 

be presented slightly to the right of the actual point of fixation, leading to a larger sensory 

response in the left hemisphere (the hemisphere ipsilateral to the to-be-remembered side). Thus, 

we present these findings merely as an interesting observation that might be worth future 

exploration, and we do not draw any strong conclusions about the underlying processes.  
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Figure A1: Interposed-present-minus-interposed-absent difference waves, showing activity 
related to the sensory processing of the central interposed stimulus. This activity is further 
broken down by its relation to the location of the to-be-remembered memory array, with 
activity shown separately for electrodes that lie contralateral and ipsilateral to the to-be-
remembered side of the memory array (collapsing across trials where the ipsilateral 
hemisphere was on the left and on the right). Note that the waveforms are time-locked to the 
onset of the interposed stimulus, and thus have a different timing than the CDA figures 
above. That is, the 0 ms point in this figure corresponds to the 550 ms point in Figure 2.4. 
Figure adapted from Kreither et. al. (2021); CC-By Attribution 4.0 International, 
https://creativecommons.org/licenses/by/4.0/. 
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Chapter 3 

Modality Specificity of Active Maintenance Disruption 
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Abstract 
 

Chapter Two presented evidence showing that active maintenance can be disrupted by a 

simple interposed task, but not by moderately complex automatic sensory processing. However, 

it is unclear whether the disruption occurs because the simple task recruits the modality-specific 

storage processes of working memory, or because it recruits the modality-general executive 

processes related to working memory. In this chapter we provide evidence from a new 

experiment that aims to directly distinguish between these alternatives by introducing an auditory 

interposed task (as well as a visual interposed task in a separate condition) during a visual change 

detection paradigm. Both the auditory interposed task and the visual interposed task led to a 

disruption of the CDA, suggesting that an interposed task will interfere with active maintenance 

regardless of modality.  

 

1. Introduction 
 

In the experiment described in Chapter Two, we found the CDA is disrupted when an 

interposed task is present, but not when task-irrelevant visual stimuli are presented. Thus, it 

seems that active maintenance is affected by controlled processes (presumably because they 

involve the recruitment of working memory), but not by moderately complex automatic 

processing of visual stimuli. However, both in the experiments described in Chapter Two and in 

Experiment 1 of Kreither et al. (2021), the main working memory task (i.e. the change detection 

task) and the interposed task (a visual discrimination task) shared a modality, as they both 

involved visual processing of some kind. While the shared modality was important in identifying 

what processes recruit working memory, it leaves open the possibility that the observed 
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disruption is modality specific – in other words, it is possible that an interposed task disrupts 

active maintenance if, and only if, it involves processing of information that is in the same 

modality as the information held in active maintenance.  

Indeed, working memory is generally thought to involve both domain-general processes 

that are shared across modalities, as well as modality-specific processes that focus on 

maintaining information of a particular modality (e.g., Saults & Cowan, 2007). For example, 

Baddeley and Hitch (1974) describe the presence of a domain-general central executive which is 

involved in the processing of information, and of modality-specific storage systems such as the 

phonological loop (which can store information) and the visuo-spatial sketchpad (which stores 

visual and spatial information). Along those lines, previous experiments show that under certain 

conditions participants can generally perform two maintenance task simultaneously with little 

behavioral effect as long as each task involves stimuli in different modalities (e.g., Cocchini et 

al., 2002), suggesting that modality-specific maintenance processes can occur concurrently with 

minimum interference. 

However, as discussed in the previous two chapters, large differences in neural activity 

can be found even in paradigms with very small behavioral effects, so the lack of behavioral 

interference in dual-modality paradigms does not necessarily mean that active maintenance is 

unaffected.  Furthermore, evidence from the PRP literature suggests that the same central 

bottleneck exists in dual-task paradigms, regardless of whether the two tasks share a modality or 

not (Pashler, 1991).  

Thus, it is unclear whether the disruption or active maintenance that we discussed in 

previous chapters is modality-specific or not. For example, imagine that the interposed task in 

the previous experiment was an auditory discrimination task instead, while the change detection 
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task remained visual in nature. One could reasonably argue that the active maintenance of the 

visual information (i.e. the colors in the change detection task) would be unaffected, since the 

auditory interposed stimuli would only need to recruit auditory-specific maintenance 

mechanisms, which are thought to be independent from the visual maintenance processes 

involved in visual working memory (Baddeley & Hitch, 1974; Cocchini et al., 2002). On the 

other hand, one could also make a reasonable argument that the active maintenance of the change 

detection stimuli will, in fact, be disrupted, since the interposed task would require some sort of 

central processes that are thought to be modality-independent (Baddeley & Hitch, 1974; Pashler, 

1991).  

In the experiment described in this chapter, we attempted to directly answer this question 

by modifying the paradigm used in Chapter Two to involve either a visual discrimination task 

(which matches the modality of the change detection task), or an auditory discrimination task 

(which is does not match the modality of the change detection task). If the disruption of the CDA 

we saw in previous experiments is due to the recruitment of domain-general central processes, 

then we would expect that both the visual and the auditory task would lead to a disruption of the 

CDA. If, however, the previously observed disruption is due to the modality-specific 

representation of the visual stimuli, then we would expect that only the visual discrimination task 

will lead to a disruption of the CDA.  

 

2. Method 

The methods for this experiment were identical to the experiment described in Chapter 

Two, except where noted.  

2.1 Participants 
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The final sample consisted of 27 participants (20 female). Twelve additional participants 

were tested but were excluded due to the same criteria described in Chapter Two. The 

participants were between the ages of 18 and 30 (mean = 20.5, SD = 2.9), with normal or 

corrected-to-normal visual acuity and no known neurological issues. Consent was obtained at the 

start of the experiment, and participants received monetary compensation. The protocol was 

approved by the University of California, Davis Institutional Review Board.  

2.1 Stimuli and Procedure 

A depiction of the stimuli and procedure is shown in Figure 3.1A. This experiment used 

the same general paradigm as the experiment described in Chapter Two, with two major 

changes:  

1) For half of the participants, the interposed stimuli included a number (“2” or “9”) 

presented visually, as well as a letter (“k” or “o”) presented auditorily. The two were 

presented simultaneously, and were randomized independently (so that the identity of 

the auditory stimulus was uncorrelated with the identity of the visual stimulus). For 

the other half of the participants, the modality was counterbalanced so that the letters 

were presented visually and the numbers were presented auditorily. For all 

participants, blank trials did not have any interposed stimulus at all, in any modality. 

Auditory stimuli were presented using an artificial text-to-speech algorithm, with the 

onset of the sound coinciding with the onset of the visual stimulus.  

2) Unlike the experiment described in Chapter Two, this experiment did not have a 

single-task condition. Instead, it had two different dual-task conditions. In both 

conditions, the participants performed a change detection task as the main task. In the 

Auditory Interposed Task condition, participants were asked to also attend and 
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respond to the interposed auditory stimuli (when present) by pressing a button if it is 

a “2” (or a “k”, depending on counterbalancing), or a different button if it is a “9” (or 

“o”). Participants were explicitly instructed to ignore the visual stimuli in this 

condition. In the Visual Interposed Task Condition, participants were instead asked to 

attend and respond to the interposed visual stimuli instead, and press a button if it is a 

“k” (or a “2”, depending on counterbalancing), or a different button if it is an “o” (or 

“9”). Participants were also explicitly instructed to ignore the auditory stimuli in this 

condition. By presenting the auditory and the visual interposed stimuli 

simultaneously, but requiring participants to respond to only one modality, we were 

able to keep the physical stimuli constant and manipulate only the task, eliminating 

possible confounds that could otherwise occur. 

2.3 EEG Analysis 

EEG processing was identical to that in the experiment described in Chapter Two, except 

that the two conditions of interest were the Auditory Interposed Task condition and the Visual 

Interposed Task condition.  

 

3. Results  

3.1 Behavioral Results 

Accuracy (percent correct) for both the auditory interposed task (M = 92.0%, SEM = 

2.1%) and the visual interposed task (M=94.2%, SEM = 1.5%) was near ceiling, suggesting that 

the participants could easily discriminate between the stimuli.  

Accuracy (percent correct) for the change detection task is shown in Figure 3.1B. We 

found that both the auditory interposed task and the visual interposed task led to a substantial 
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reduction in performance for the working memory task, although performance remained well 

above chance for all conditions. Interestingly, the auditory interposed task led to a somewhat 

greater reduction in accuracy than the visual interposed task, though this appeared to be driven 

by a higher overall accuracy in the interposed-absent trials for that condition. Thus, it’s possible 

that the participants changed strategies between tasks, and may have prioritized the change 

detection task more in the auditory interposed task condition.  

We analyzed this pattern of performance using a 2 (visual interposed task vs auditory 

interposed task) by 2 (interposed stimulus present vs absent) within-subjects ANOVA. The 

greater difference between interposed present and interposed absent for the auditory task led to a 

significant interaction between task modality and stimulus presence (F(1,26) = 11.93, p =0.002). 

Post hoc pairwise comparisons revealed that a significant difference in performance between 

stimulus-present and stimulus-absent trials for both the visual interposed task condition (t(26) 

=7.13, p <0.001) and the auditory interposed task (t(27) =8.84, p<0.001).  

      3.2 ERP results 

Figure 3.2 shows the average contralateral-minus-ipsilateral difference waves for all 

conditions. The key question was whether the CDA would be disrupted by the auditory 

interposed task, where participants had to discriminate the identity of the auditory stimuli during 

the retention interval for the change detection task. To do this, we looked at the contra-minus-

ipsi difference waves during the two time periods used in experiment 1 of Kreither et al. (2021) 

and the experiment described in Chapter Two:  the later time period in which a disruption was 

found in both experiments (1100-1500 ms after the onset of the sample array), and the earlier 

time period in which a significant disruption of the CDA was found in the dual-task condition of 

the experiment described in Chapter 2 (870–1000 ms relative to the onset of the sample array). 
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Our first CDA analysis focused on the later time window that was used in experiment 1 of 

Kreither et al. (2021). We computed the CDA voltage over this time period from the 

contralateral-minus-ipsilateral difference waves (see the green shading in Figure 3.2). As shown 

in Figure 3.2, the CDA was reduced when the interposed stimulus was present compared to when 

it was absent for both the auditory and visual interposed stimuli. In addition, CDA amplitude was 

generally lower (less negative) when participants were performing the visual interposed task than 

when they were performing the auditory interposed task (even prior to the onset of the interposed 

stimulus).  

These findings were confirmed in a 2 (visual interposed task vs auditory interposed task) 

by 2 (interposed stimulus present vs absent) within-subjects ANOVA, which yielded a 

significant main effect of task modality (F(1,26) = 4.79, p = 0.038) and a significant main effect 

of stimulus presence (F(1,26) = 19.83, p<0.001). We found no significant interaction between 

task modality and stimulus presence (F(1,26) = 0.25, p = 0.622). Planned pairwise comparisons 

revealed a significant effect of stimulus presence in both the visual interposed task condition 

(t(26)=2.97, p = 0.006) and the auditory interposed task condition (t(26) = 3.30, p = 0.003). 

Thus, both the visual and the auditory interposed tasks led to a significant disruption of the CDA 

during this time-window. See Figure 3.3A for a summary of the results. 

Interestingly, the interposed stimulus produced little or disruption of the CDA during the 

earlier time window (870–1000 ms relative to the onset of the sample array). A 2-way ANOVA 

with factors of task modality (visual interposed task vs auditory interposed task) and stimulus 

presence (interposed stimulus present versus absent) revealed a significant effect of task 

modality (F(1,26 = 7.92, p = 0.009), reflecting the more positive voltage for the visual condition, 

but no significant effect of stimulus presence (F(1,26) = 0.40, p = 0.530), nor a significant 
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interaction (F(1,26) = 0.46, p = 0.499). Planned pairwise comparisons confirmed that there was 

no significant effect of stimulus presence on the CDA in either the visual interposed task 

condition (t(26) = 0.83, p = 0.415) or the auditory task condition (t(26) = 0.07, p=0.948). See 

Figure 3.3B for a summary of the results.  

The lack of a significant effect of stimulus presence during the earlier time-window was 

surprising, as we expected that at least the visual interposed task should lead to a disruption of 

the CDA. However, given that there was a significant difference in the CDA amplitude in both 

conditions for the later time-window, it seems that the CDA was in fact disrupted, albeit later in 

time. It is unclear what caused this small delay in disruption, though it does not change our 

interpretations substantially.  

Because we found a significant main effect of task in both time-windows, we wanted to 

check if this reflected a difference in overall CDA amplitude (which might be caused by overall 

task set). To do that, we performed a within-subjects ANOVA on an earlier time window (350-

500 ms after stimulus onset), which fell before the presentation of the interposed stimulus. The 

mean amplitude of the contralateral-minus-ipsilateral difference wave during this period was not 

significantly affected by task modality (F(1,31) = 1.37, p = 0.251), stimulus presence (F(1,26) = 

1.49, p = 0.23), nor by the interaction between task modality and stimulus presence (F(1,31) = 

2.36 , p = 0.136). Note that this does not eliminate the possibility of a difference in the 

expectations or strategy across the task, though it does seem that any differences had a relatively 

minor effect on the early CDA.  

 

4. Discussion  
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The purpose of this experiment was to directly examine whether an auditory task would 

lead to a similar disruption of active maintenance as the one found in experiment 1 of Kreither et 

al. (2021) and the experiment described in Chapter 2. Similar to the previous studies, we found 

that a visual interposed task led to a substantial disruption of the CDA (albeit somewhat later in 

time), suggesting that the active maintenance of the memory array items was disrupted. 

Interestingly, we found a similar disruption even when the participants were performing an 

auditory interposed task, even though the interposed auditory discrimination task required no 

additional processing of visual stimuli. This suggests that the disruption of active maintenance is 

not due to the recruitment of modality-specific storage mechanisms, but due to the recruitment of 

some modality-general process. This pattern generally matches the findings from the PRP 

literature that led to the idea of a modality-independent central bottleneck (Pashler, 1991, 1994).  

It is important not to overinterpret the null result of no difference in the amount of CDA 

disruption produced by the auditory and visual tasks (i.e., the lack of a significant interaction 

between task modality and stimulus presence). We cannot conclude that the amount of disruption 

is equivalent for auditory and visual interposed tasks. However, the auditory interposed task 

produced a substantial and statistically significant reduction of the CDA, which provides positive 

evidence for at least some crossmodal effect. 

However, it is important to note that, in order to eliminate any differences in basic stimulus 

properties, the interposed stimuli consisted of simultaneous visual and auditory stimuli for all 

conditions. For example, during the auditory interposed task, a participant might have seen a “2” 

and heard a “k” at the same time, but only had to respond on the auditory stimulus (the “k” in 

this case). Thus, while the visual stimulus did not provide any task-related information (outside 

of perhaps timing information that is redundant with the onset of the auditory stimulus), it is 
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possible that the participants did process the visual stimuli at least to a certain degree, even when 

performing an auditory only discrimination. In other words, it is possible, though unlikely, that 

the disruption we see in the auditory condition is because participants were representing both the 

visual information and the auditory information in working memory. Thus, it could still be that a 

truly auditory-only task (with no accompanying visual stimuli, regardless of task relevance) 

might spare the active maintenance of visual-only information.  

Furthermore, we found a consistent main effect of task modality in both of the relevant 

time windows that were analyzed (though interestingly we did not see such an effect in the first 

500 ms of the stimulus onset). It is unclear what caused this difference between the auditory and 

visual tasks. However, because it did not depend on the presentation of an interposed stimulus 

(hence the lack of a significant interaction), it is possible that it was related to either differences 

in top-down strategies, or differences in overall attentional allocation. For example, it is possible 

that the participants pre-emptively allocated spatial attention to the middle of the screen during 

the visual interposed task (since that is where the task relevant visual information would appear), 

but not during the auditory interposed task (since the auditory information was not located in a 

specific spatial location). These differences in overall strategy might lead to systematic 

differences in the CDA2, which makes it harder to compare the visual and auditory conditions 

directly.  

Therefore, although this experiment provides a valuable first step in describing the effect of 

non-visual interposed tasks on visual active maintenance, it is likely that future experiments will 

need to build on these results to provide a clearer picture. In fact, there is already a follow up 

experiment undereway in our lab, where the auditory and visual interposed stimuli are presented 

 
2 Although spatial attention can be dissociated from the CDA (Hakim et al., 2019), it is still possible that the two 
interact in a way where changes in spatial attention would impact the CDA.  
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in isolation (i.e., in any given trial there is either an auditory stimulus by itself, a visual stimulus 

by itself, or no interposed sstimulus ar all). Furthermore, this experiment includes a condition in 

which participats are asked to respond to any stimulus that appears, regardless of modality. We 

are hoping that this experiment can eliminate both the differences in task strategy (since both 

modalities share a task), and the potential for task-irrelevant visual stimuli interfering with the 

CDA (since there are no task-irrelevant stimuli under this design).  

Lastly, another interesting result is the fact that the auditory interposed task, like the visual 

interposed task, resulted in reduced memory performance (though ctucially accuracy remained 

well above chance). Although this is consistent with the findings in the PRP literature (e.g., 

Pashler, 1991), it differs from the typical pattern in dual task paradigms (e.g., Cocchini et al., 

2002), where holding something in auditory memory does not seem to interfere much with the 

perfrmance of a visual memory task. However, this could be because of the relatively tight 

timing between the two tasks in this paradigms. For example, it is possible that actively 

maintaining auditory information does not affect performance in a visual task, but the act of 

loading information into the auditory active maintenance system leads to interference. Indeed, 

even in the PRP literature, it is generally found that the interference between two tasks is 

minimal if they sufficiently separated in time.  

 

  



   
55  

5. Figures 

 

  

Figure 3.1: (A) Task design for the experiment  in this chapter. Note that the stimuli are not 
to scale. (B) Overall accuracy for the memory task in the various conditions. Error bars 
represent within-subjects 95% confidence intervals.  
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Figure 3.2:  Contralateral-minus-ipsilateral difference waves, split between the visual 
interposed task condition (A) and the auditory interposed task condition (B). The purple and 
orange bars on the x-axis denote the timing of the memory array and the interposed stimuli 
respectively. The light grey box denotes the time-window of interest that was used in 
Experiment 1 of Kreither et al. (2021). The green boxes denote the earlier time window used 
in the experiment described in Chapter Two.  
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Figure 2.5:  Contralateral-minus-ipsilateral mean amplitude for all conditions across the two 
time windows of interest – the time-window of interest from Experiment 1 in Kreither et al. 
(2021) (A), and the earlier time-window used in the experiment described in Chapter Two 
(B). Error bars represent within-subjects 95% confidence intervals. Significantcemarkers 
denote significant differences between interposed-present and interposed-absent trials.  
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Chapter 4 

Effects  Eccentricity on the Attention-related N2pc Component of the Event-Related 

Potential Waveform 

 

The text in this chapter is taken from: Papaioannou, O., & Luck, S. J. (2020). Effects of 
eccentricity on the attention‐related N2pc component of the event‐related potential waveform. 
Psychophysiology, 57(5), e13532. 
https://doi.org/10.1111/psyp.13532 
Printed with permission from John Wiley and Sons.  
  



   
59  

 
 

Abstract 

The N2pc ERP component has been widely used as a measure of lateralized visual attention. It is 

characterized by a negativity contralateral to the attended location or target, and it is thought to 

reflect contralaterally enhanced processing of attended information in intermediate-to-high levels 

of the ventral visual pathway. Given that receptive fields in these areas often extend a few 

degrees into the ipsilateral hemifield, we might expect that near-midline stimuli would be 

processed by both the contralateral and ipsilateral hemispheres, resulting in a diminished N2pc. 

However, little is known about the effect of eccentricity on the N2pc component. To address this 

gap in knowledge, we recorded the EEG while participants performed a discrimination task with 

stimuli presented at one of five eccentricities (0°, 0.05°, 1°, 2°, 4° and 8° between the inner edge 

of the stimulus and the midline). We found that N2pc amplitude remained relatively constant 

across eccentricities, including when the inner edge was at the midline, except that N2pc 

amplitude was reduced by more than 50% at the greatest eccentricity (8°). We also examined the 

contralateral positivity that often follows the N2pc. This positivity became progressively larger, 

and the transition from negative to positive occurred progressively later, as the eccentricity 

increased. These findings suggest that future experiments looking at the N2pc can use near-

midline stimuli without compromising N2pc amplitude but should avoid large eccentricities. 

Implications about the neural generators of the N2pc are also discussed. 

Keywords: EEG, ERP, N2pc, attention, eccentricity 
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1. Introduction 

The N2pc is widely used event-related potential (ERP) index of covert visual-spatial 

attention. It is consists of a posterior contralateral negativity that begins approximately 200 ms 

after stimulus onset (Luck & Hillyard, 1994ab), and it is isolated by subtracting the activity in 

the electrodes ipsilateral to the target from the activity of their contralateral counterparts (e.g. 

subtracting the activity at the P7 electrode from the activity at the P8 electrode when the target is 

in the left visual field). This contralateral-minus-ipsilateral difference allows the experimenter 

to isolate the N2pc component from the many sources of brain activity that are not lateralized 

with respect to the location of the target. 

Although the N2pc can be observed across a range of different physical stimuli, N2pc 

amplitude varies according to the vertical position of the target, with a substantially reduced 

N2pc for targets in the upper field compared to those in the lower field (Bacigalupo & Luck, 

2019; Luck et al., 1997) . This may be a result of the anatomy of the neural generators of the 

N2pc, which are believed to lie in intermediate- to high-level areas of the ventral visual 

processing stream such as area V4 and the lateral occipital complex (Hopf et al., 2000, 2006). 

Due to the anatomical orientation of some of these areas (especially V4), stimuli in the lower 

visual field are likely to activate dorsolateral sites close to the scalp, leading to a prominent ERP 

signature. Stimuli in the upper visual field, on the other hand, would be expected to activate sites 

located on the ventral surface of the occipital lobe, leading to an attenuated signal at the scalp 

(Luck, 2012). 

The distribution of receptive fields (RFs) in these ventral areas makes it possible that 

N2pc amplitude would also vary as a function of the distance of the target from the midline. This 

is because RFs in these areas are heavily weighted towards the fovea (Dumoulin & Wandell, 
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2008; Gross et al., 1972) . The foveal concentration of RFs in these areas means that objects in 

the periphery are represented by relatively few neurons and would be expected to produce less 

overall activity than stimuli near the midline (see Figure 4.1). We would therefore expect that the 

N2pc would be smaller for targets presented far from the fovea.  

On the other hand, many RFs in these areas extend into the ipsilateral hemifield, so it is 

possible that stimuli presented close to the midline would produce similar activity in the 

contralateral and ipsilateral hemispheres. This would decrease the apparent amplitude of the 

contralateral-minus-ipsilateral difference wave that is used to isolate the N2pc component (see 

Figure 4.1). However, (Chelazzi et al., 1998) found that neurons in inferior temporal cortex that 

responded vigorously to individual stimuli whether they were in the contralateral or ipsilateral 

hemifield acted very differently when contralateral and ipsilateral stimuli were presented 

simultaneously. For simultaneous stimuli, the neurons responded almost exclusively on the basis 

of the features of the contralateral object. If this contralateral bias for simultaneous stimuli is 

generally true for the sources of the N2pc, then it would allow for a large N2pc amplitude even 

when the target is near the midline, as long as there is a distractor present across the midline. 

Knowing the effects of eccentricity on N2pc amplitude would have important practical 

implications for the design of future N2pc experiments, because it would allow researchers to 

maximize the amplitude of the N2pc and thereby achieve greater sensitivity and statistical power. 

Moreover, if N2pc amplitude is indeed affected by eccentricity, then care should be taken when 

comparing conditions in which the stimuli differ in eccentricity. Lastly, if a robust N2pc can be 

obtained for near-midline stimuli, then this makes it possible to use the N2pc in studies 

examining complex stimuli that might be difficult to discriminate when presented far from the 

midline (e.g., faces) due to the loss of visual acuity in parafoveal and peripheral areas. 



   
62  

Schaffer, Schudo & Meineke (S. Schaffer et al., 2011) provided some evidence 

concerning the effect of eccentricity on the N2pc component. They manipulated the eccentricity 

(from 2°-7°) of a single patch which differed in texture from the background, and they reported 

that N2pc amplitude decreased slightly with increasing eccentricity. However, the target patch 

was physically different from the background, making it difficult to know whether the observed 

effect reflected attention-related N2pc activity or lateralized low-level sensory activity that was 

present during the N2pc time window. 

As illustrated in Figure 4.2, the present study investigated the effects of eccentricity with 

a more typical N2pc paradigm, in which stimuli of different colors were presented on opposite 

sides of the display. Attention was directed to one of the two colors for a given trial block by 

means of an instruction at the beginning of the block (following the Hillyard Principle; see Luck, 

2014).  We systematically varied the eccentricity of the target and distractor objects, which 

ranged between 0° and 8° from the midline to the object’s inner edge.  

Manipulations of eccentricity are complicated by the fact that visual acuity and cortical 

area are both reduced as the eccentricity increases. Consequently, if the stimuli are the same 

physical size at the different eccentricities, they will be processed by fewer neurons and with 

lower acuity at the greater eccentricities. We addressed this by including a set of trials in which 

the stimulus size was increased for greater eccentricities according to the cortical magnification 

factor, thus approximately equating cortical area across eccentricities3. However, one might 

argue that this confounds eccentricity with the physical size of the stimuli, so we also included a 

set of trials where the stimuli were the same physical size for all eccentricities. Together, these 

 
3 The cortical magnification factor used in the present study was derived from area V1 and may not exactly capture 
the cortical magnification found in higher-order areas of visual cortex. Thus, this was only an approximate method 
for equating cortical eccentricity within the areas that likely generate the N2pc component. 
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two sets of trials allowed us to test whether any effects of eccentricity on N2pc amplitude might 

be a result of changes in stimulus size or cortical area. 

We also investigated the effect of eccentricity on a less commonly reported but related 

component, which we term the post-N2pc positivity (PNP)4. This is a contralateral positivity that 

follows the N2pc (starting approximately 300 ms after stimulus onset) in some experiments. It 

has been suggested that the PNP might reflect attentional disengagement from the target stimulus 

(Sawaki, Geng & Luck, 2012), but more experiments are needed to narrow down the functional 

significance of the component. Any differences in the effects of eccentricity on the N2pc and the 

PNP may be useful in identifying the underlying neural generators and in dissociating the effects 

of other manipulations on these two components. 

 

2. Method 

2.1 Participants 

The final sample consisted of 20 participants (14 female), which is currently the default a 

priori sample size for within-group ERP experiments in our laboratory. Four additional 

participants were tested but were excluded as described in section 2.1.2. The participants were 

between the ages of 18 and 30 (mean = 20.7, SD = 2.3), with normal or corrected-to-normal 

visual acuity and no known neurological issues. Consent was obtained at the start of the 

 
4 The name of the positivity that follows N2pc varies across studies. Sawaki et al. 2012 referred to it as PD 
(distractor positivity), assuming that it was identical to an earlier component that has been shown to reflect the 
suppression of distractors (Hickey et al., 2008). Hilimire & Corballis (2014) referred to a post-N2pc positivity as Ptc 
(posterior-temporal positivity), citing a more temporal distribution than the N2pc. Because a true distractor 
positivity would be found ipsilateral to the target and is inconsistent with the effect observed in the present 
experiment, and we did not observe a voltage focus in the temporal lobe, we will use the purely descriptive term 
post-N2pc positivity (PNP) to refer to any posterior positivity that immediately follows the N2pc. 
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experiment, and participants received monetary compensation. The protocol was approved by the 

University of California, Davis Institutional Review Board.  

2.1.2 Exclusion Criteria 

Participants were excluded if they met any of three a priori exclusion criteria: i) if they 

did not complete the recording session, either due to technical difficulties (1 participant) or 

because they opted to terminate the experiment early (1 participant); ii) if more than 25% of 

trials were rejected because of artifacts (0 participants); iii) if there was excessive alpha (more 

than 5μV peak to peak for more than 1 cycle) during the pre-stimulus baseline of the averaged 

ERPs (2 participants).  

2.2 Stimuli and Procedure 

Stimuli were presented on a Dell 2408WFP monitor (refresh rate = 60 Hz) using 

PsychToolbox (Brainard, 1997; Pelli, 1997). The participants viewed the monitor from a distance 

of 100 cm in a dimly lit room. The monitor had a grey background (0.31 cd/m2, x = 0.31, y = 

0.42) and contained a white fixation cross (11.7 cd/m2, x = 0.30, y = 0.33) that was visible at all 

times. The monitor delay (30 ms) was measured with a photodiode, and the event codes were 

shifted to align with the actual stimulus onset time. 

As illustrated in Figure 4.2, each display consisted of a red shape presented on one side of 

the screen and a blue shape presented on the other, with the side chosen randomly on each trial. 

Each shape was randomly and independently chosen on each trial to consist of a semicircle or a 

rectangle (the left or right half of a square). Each shape was flanked above and below by a purple 

square or circle. All colors were approximately isoluminant. The standard PsychToolbox anti-
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aliasing algorithm was used to reduce stimulus artifacts that become apparent with foveal 

stimuli. 

Stimulus eccentricity was varied experimentally, with the inner edge of each shape set to 

be 0° (i.e., with the two shapes touching on the midline), 0.048°, 0.952°, 1.905°, 3.810°, or 

7.619° from the midline. For convenience, these are henceforth rounded to 0°, 0.05°, 1°, 2°, 4°, 

and 8°, respectively. The two stimuli in a given display were presented with equal eccentricities. 

On non-magnified trials, the red and blue shapes were 1.71° in height and 0.86° in width, 

whereas the purple shapes were 0.79° in both dimensions. On magnified trials, all shapes were 

scaled by the cortical magnification factor (Rovamo & Virsu, 1979) (1´, 1.0145´, 1.29´, 

1.5801´, 2.1608´, and 3.3261´ for the 0°, 0.05°, 1°, 2°, 4°, and 8° eccentricities, respectively). 

The task was split into four blocks. In each block, participants were instructed to attend to 

either the red shapes or the blue shapes. We alternated between attend-red and attend-blue in an 

ABAB design, with the starting color counterbalanced across participants.  

Each stimulus display was presented for 800 ms, followed by a 700±100 ms blank period 

(rectangular distribution) during which only the fixation point was visible. Participants were 

instructed to press one of two buttons on a gamepad on each trial to indicate whether the shape of 

the attended color was a half circle or a half square, responding as fast as they could while 

remaining accurate. They were told to look at the fixation point at all times, and the experimenter 

provided additional feedback if eye movements were frequently observed. Each block consisted 

of 768 trials, with eccentricity (0°, 0.05°, 1°, 2°, 4°, and 8°) and magnification (magnified and 

non-magnified) randomized across trials. Across the four blocks, there were 256 trials for each 

combination of eccentricity and magnification. 
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2.3 EEG Recording and Analysis 

EEG signals were recorded using a Brain Products actiCHamp system, with electrodes at 

27 scalp locations (FP1, FP2, F3, F4, F7, F8, C3, C4, P3, P4, P5, P6, P7, P8, P9, P10, PO3, PO4, 

PO7, PO8, O1, O2, Fz, Cz, Pz, POz, Oz) as well as the left and right mastoids. The 

electrooculogram (EOG) was recorded simultaneously from an electrode placed 1 cm lateral to 

the outer canthus of each eye and from an electrode below the right eye. The data were recorded 

in single-ended mode and digitized at 500 Hz after application of an online cascaded integrator-

comb anti-aliasing filter with a half-power cutoff at 260 Hz. Impedances were kept under 50 kΩ. 

Offline analysis was performed using the EEGLAB (Delorme & Makeig, 2004) and 

ERPLAB (Lopez-Calderon & Luck, 2014) open source Matlab packages. The recorded signals 

were down-sampled to 250 Hz, and a noncausal Butterworth high-pass filter was applied (half-

amplitude cutoff = 0.01 Hz, slope = 12 dB/octave). The scalp EEG signals were referenced to the 

average of the left and right mastoids, and the EOG signals were referenced into bipolar 

horizontal EOG (right minus left outer canthus) and vertical EOG (below the right eye minus 

Fp2) derivations. Before artifact correction and segmentation, periods of EEG data that 

corresponded to breaks or contained very large voltage deflections were removed to improve the 

artifact correction process that occurred next. 

Artifact correction was performed using independent component analysis (ICA), and 

components corresponding to horizontal and vertical eye movements were identified on the basis 

of the correspondence of their shape, timing, and topography to the single-trial EOG signals. 

These components were then removed (typically 2-3 components per participant).  

Artifact correction was supplemented with artifact rejection. We eliminated trials that 

contained large artifactual deflections (>250 μV) in any channel following artifact correction. 
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We also removed trials on which the participants blinked or moved their eyes at a time that 

might impact the sensory input using a modified version of the technique described in 

(Woodman & Luck, 2003). Specifically, we applied a step-function algorithm (Luck, 2014) to 

the uncorrected vertical and horizontal bipolar EOG channels to identify trials containing eye 

blinks and eye movements during the baseline period and the N2pc measurement window, and 

we then excluded those trials from the averaged ERPs. The algorithm was applied at a time 

window spanning from -200 to 300 ms relative to stimulus onset, but was most sensitive to eye 

movements occurring between -150 to 250 ms. No more than 25% of total trials were rejected 

during the artifact rejection procedures for any participant.  

The average residual HEOG activity (without artifact correction) is shown in Figure 4.3. 

The average deflection was less than 3.2 μV for all participants and all timepoints before or 

during our N2pc time window, which would correspond to an average eye movement of less than 

±0.1° (on the basis of the normative values provided by (Lins et al., 1993b). Even without ICA 

correction, these eye movements would produce a voltage deflection of less than 0.1 µV at any 

of the electrodes used in our analyses (on the basis of the propagation factors provided by Lins et 

al.).  

Eye movement artifacts occurring after ~250 ms were not rejected from the analysis 

because this would have led to a large number of rejected trials, resulting in the exclusion of a 

large number of participants because of our a priori procedure of eliminating anyone for whom 

more than 25% of trials are rejected (Luck, 2014). However, previous research has shown that 

ICA is quite effective at minimizing the direct effects of eye movements on the EEG (Drisdelle 

et al., 2017; Mennes et al., 2010). Eye movements may also cause indirect effects because they 

change the lateralization of the sensory input. However, the data in Figure 4.3 show that the 
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average deviation in eye position during the PNP period was a small fraction of the eccentricity 

of the stimuli (e.g., ±0.5° when the stimuli were presented at an eccentricity of 8°). This is 

discussed further in sections 3.2.2 and 4.  

Averaged ERPs were computed with an epoch of -200 to 600 ms relative to stimulus 

onset and baselined to the pre-stimulus portion of the epoch. To isolate the N2pc, we calculated a 

contralateral-minus-ipsilateral difference wave by subtracting the response of the electrodes in 

the hemisphere ipsilateral to the target from that of the electrodes in the contralateral hemisphere 

and then averaging across the left and right hemispheres. To simplify the analysis and reduce the 

potential for Type I errors, the difference waves were averaged across channels into an a priori 

cluster of interest (COI) consisting of all posterior and occipital electrodes (P3/P4, P5/P6, P7/P8, 

P9/P10, PO3/PO4, PO7/P08, and P1/02).  

To identify appropriate measurement windows that reflect the timing of the observed 

components without artificially inflating the size of our effects, we used a variant of the 

“collapsed localizer” technique described by (Luck & Gaspelin, 2017b) Specifically, we 

collapsed the contralateral-minus-ipsilateral difference waves across eccentricities and across the 

magnified and non-magnified trials, and we then performed a mass univariate analysis (Groppe 

et al., 2011a, 2011b) to find the cluster of time points during which a given component was 

significantly different from zero. We used the cluster mass approach, which entailed testing each 

time-point against zero with a one-sample t test, and then identifying temporal clusters of two or 

more adjacent time-points that were individually significant. The t values in each cluster were 

summed together to determine the mass of the cluster. This cluster mass was compared to a null 

distribution of cluster masses, created by permuting the data in a way that was equivalent to 

randomizing the labels indicating the side of the target stimulus (see Groppe, Urbach, & Kutas, 
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2011a, 2011b for more details about the technique and the rationale behind it). If the non-

permuted cluster mass was within the top 5% of the null distribution created by the random 

permutations, then the cluster as a whole was deemed significant. By collapsing across our 

conditions prior to performing this analysis, we were able to identify the time windows in which 

the N2pc and PNP components were present in an unbiased manner.  

We decided a priori to test only time points within 100-550 ms of stimulus onset, because 

any clusters at earlier or later time points are unlikely to reflect our components of interest. We 

found two significant clusters that fell within that range, spanning 140-252 ms and 300-444 ms 

post stimulus onset correspondingly, which are consistent with the timing of the N2pc and PNP 

components as reported in the literature. The boundaries of these clusters were then used to 

define the time windows used to measure the N2pc and PNP components for each individual 

combination of eccentricity and magnification. These amplitudes were quantified as the mean 

voltage within the time period, averaged across the electrodes in the cluster of interest. 

2.4 Time-Frequency Analysis 

 The N2pc is sometimes accompanied by a lateralized suppression of alpha-frequency 

EEG activity (Bacigalupo & Luck, 2019; Worden et al., 2000), and we analyzed this activity 

using time-frequency analysis to see if it varied across eccentricities. Because this was a 

secondary analysis, the methods and results are provided in online supplementary materials. 

2.5 Statistical Measurements and Analyses 

The amplitude of the N2pc and PNP components was defined as the mean amplitude of 

the contralateral-minus-ipsilateral waveform at our cluster of interest across the first time-
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window (140-252 ms) or the second time window (300-444 ms), respectively. Measurements of 

latency were used only in post-hoc analyses, the details of which can be found in section 3.3.  

Behavioral measures included response accuracy, measured as the proportion of 

responses that were correct, and reaction time, measured for correct responses. Trials where the 

participant responded incorrectly or did not respond in time were coded as incorrect for the 

purpose of accuracy measures and were ignored for the purpose of reaction time measures. 

Statistical analysis was conducted using the R software package (R Core Team, 2016). 

All ANOVAs were conducted using the ez package for R (Lawrence, 2013). Family-wise false 

discovery rate (FDR) corrections were performed for follow-up t-tests (Benjamini et al., 2006), 

and the Huynd-Feldt correction for nonsphericity was used for ANOVA factors with more than 2 

levels. Where the latter was used, we report the uncorrected F-ratio and degrees of freedom, but 

the post-correction p-value (denoted as pHF) 

Initial analyses revealed no interaction between magnification and eccentricity for either 

time window (N2pc: F(5) = 0.55, pHF = .733; PNP: F(5) = 0.53, pHF = .732). Therefore, for the 

sake of simplicity, we collapsed across magnification levels for the main analyses. 

Supplementary Figure S1 shows the non-collapsed data. 

 

3. Results 

3.1 Behavioral Results 

Figure 4.4 summarizes the behavioral results. Shape discrimination accuracy was near 

ceiling in all conditions and will not be described further.  
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Mean reaction time (RT) followed a non-monotonic pattern, with longer RTs at the 

smallest and largest eccentricities, especially for the non-magnified stimuli. This pattern was 

verified using a two-way repeated measures ANOVA with factors of eccentricity and 

magnification. The overall change in RT across eccentricities led to a significant main effect of 

eccentricity (F(5,95) = 16.7, pHF < .001), and the overall slower RTs for the magnified stimuli led 

to a significant main effect of magnification (F(1,19)=55.7,  p < .001). The greater effect of 

magnification at the large eccentricities led to a significant interaction between eccentricity and 

magnification (F(5,95) = 12.2, pHF < .001).  

It is not clear why RTs were slower for the magnified stimuli than for the non-magnified 

stimuli, which is the opposite of what might be expected given that the magnified stimuli were 

larger than the non-magnified stimuli, especially at the larger eccentricities. One possibility is 

that the variation in physical size across eccentricities for the magnified stimuli slowed the 

response selection process, as might be expected on the basis of Logan’s instance theory of 

automaticity (Logan, 1998). Another possibility is that the slower RTs were a consequence of 

slower processing of larger stimuli in the periphery (Carrasco et al., 2003). 

3.2 ERP Amplitude Results 

Grand average contralateral-minus-ipsilateral difference waves waveforms are shown in 

Figure 4.5. We begin with an overview of the waveforms and then provide the statistical 

analyses. The parent waveforms (before the contra-minus-ipsi subtraction) are shown in 

supplemental Figure S2. 

The N2pc began approximately 145 ms after stimulus onset for all eccentricities. N2pc 

amplitude was comparable across all eccentricities except the most extreme one (8°), which 

produced a markedly smaller N2pc. The N2pc was followed by a contralateral positivity, leading 
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the voltage to cross the zero line between approximately 240 and 320 ms, depending on the 

eccentricity. The time of the negative-to-positive transition decreased monotonically, and the 

amplitude of the positivity increased monotonically, between the 0° eccentricity and the 8° 

eccentricity. This post-N2pc positivity (PNP) is at least superficially similar to contralateral 

positivities reported in similar experiments (e.g., (Hilimire & Corballis, 2014; Jannati et al., 

2013; Sawaki et al., 2012).  

3.2.1 N2pc Statistical Analyses 

Mean amplitudes from the N2pc time window are shown in Figure 4.6A. A one-way 

ANOVA yielded a significant main effect of eccentricity (F(5, 95) = 3.12 , pHF = .004). FDR-

corrected paired comparisons between successive eccentricities (comparing 0° to 0.05°, 0.05° to 

1°, etc.) indicated that the eccentricity effect was mainly a result of a drop in amplitude at 8° (see 

Table 4.1).  Specifically, there were no significant differences between neighboring eccentricities 

except between 4° and 8°, t(19) = -2.93, p = .008. 

One-sample t-tests comparing the voltage to zero for each eccentricity indicated the 

presence of a significant negativity for all eccentricities except 8°, for which N2pc amplitude 

was not significantly different from zero (see Table 4.2).  

3.2.2 PNP Statistical Analyses 

Mean amplitudes from the PNP time window are shown in Figure 4.6B. Although PNP 

amplitude appeared to increase progressively as the eccentricity increased, a one-way repeated 

measures ANOVA did not yield a significant main effect of eccentricity (F(5, 95) = 1.63, pHF= 

.178). Moreover, FDR-corrected paired comparisons between successive eccentricities revealed 

no significant differences between adjacent eccentricities (see Table 4.1 for details).  
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However, a post hoc comparison of the 0° and 8° eccentricities did yield a significant 

difference (t(19) = -2.57, p = .019, dav = -0.64 (95% CI: -1.10 - -0.11).  Moreover, a one-sample 

t-test on the mean PNP amplitude in each condition revealed a significant positivity for the 2°, 

4°, and 8° conditions, but not for the 0°, 0.05°, and 1° conditions (see Table 4.2). Thus, evidence 

for an effect of eccentricity on PNP amplitude was mixed. 

Eccentricity-dependent eye movements were present during the PNP analysis window 

(see Figure 4.3), raising the possibility that PNP effects were influenced by eye movements. 

However, as discussed in Section 4, the timing, direction, and size of the eye movements suggest 

that any effect is likely to be relatively minor. 

3.3 Exploratory Analyses 

Our a priori analyses focused on the amplitudes of the N2pc and PNP components, but the 

observed waveforms suggested that latencies were also impacted by eccentricity. We therefore 

conducted post hoc exploratory analyses of the N2pc and PNP latencies. The procedures and 

parameters used for these analyses were determined a posteriori, so the results of these analyses 

should be treated as merely suggestive rather than definitive. Further experiments that specifically 

test for these effects would be needed before any strong conclusions could be drawn.  

Because onset latencies are difficult to measure robustly in single-participant data, the 

jackknife statistical approach was used (J. Miller et al., 1998; Ulrich & Miller, 2001). 

 

3.3.1 N2pc Latency 

To quantify the effect of eccentricity on N2pc onset latency, we measured the 50% peak 

latency of the N2pc (i.e., the time at which the amplitude reached 50% of the peak amplitude; see 
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Luck, 2014). Because N2pc amplitude was very small for the 8° eccentricity, making the latency 

difficult to measure, these trials were excluded from the N2pc onset latency analyses.  

The mean N2pc onset latency values are shown in Figure 4.5A.  N2pc onset latency 

decreased slightly with increasing eccentricity, but this effect was not significant in a one-way 

ANOVA (Fcorrected(5,95) = 0.43, phf =.648). FDR-corrected paired comparisons between adjacent 

eccentricities revealed no significant differences (see Table 4.1) except between 1° and 2° 

(tcorrected (19) = 1.85, p = .039). However, there was a significant decrease in latency between 0° 

and 4° (tcorrected(19) = 3.25, p = .002). Thus, N2pc latency appeared to decrease slightly at larger 

eccentricities, but the statistical evidence for this was mixed. 

 

3.3.2 Polarity Transition Latency 

Because of the overlapping N2pc component, it was not possible to obtain a pure 

estimate of PNP onset latency.  Consequently, we instead focused on the time of the transition 

between N2pc and PNP, which we quantified as the polarity transition latency (the time at which 

the ERP transitioned from a negative voltage to a positive voltage between the N2pc and PNP). 

We again used the jackknife technique to obtain more robust measurements.  

Like N2pc onset latency, the polarity transition latency generally decreased as the 

eccentricity increased (see Figure 4.7B). A one way ANOVA yielded a significant main effect of 

eccentricity (Fcorrected(5,95) = 0.367, phf = .038). FDR-corrected paired comparisons between 

successive eccentricities revealed no significant differences in latency in any successive pair (see 

Table 4.1), except between 0.05° and 1° (tcorrected (19) = 2.37, p = .035). However, there was a 

significant decrease in latency between the 0° and 8° conditions (tcorrected(19) =  3.72, p <.001). 
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Thus, the polarity transition latency appeared to decrease slightly at larger eccentricities, but the 

statistical evidence for this was somewhat mixed. 

 

3.3.4 Lateralized Alpha Suppression 

Analyses of alpha-band activity are provided in the online supplementary materials. 

Briefly, we found a small but statistically significant suppression of alpha-band activity at 

contralateral relative to ipsilateral electrode sites approximately 500 ms after target onset (see 

Figure S3.2). No significant effects of eccentricity or magnification were obtained, but the 

overall alpha lateralization may have been too small to detect modulations by these factors. 

 

4. Discussion 

This study was designed to assess the effects of eccentricity on N2pc amplitude. We found 

that the N2pc was robustly present for stimuli immediately adjacent to the midline, with no 

significant change in amplitude up to 4°. That is, a robust N2pc was observed for stimuli that 

were so close to the midline that they presumably fell into receptive fields in both hemispheres. 

However, N2pc amplitude declined precipitously for stimuli at 8°. The positivity following N2pc 

(PNP) showed some evidence of increased amplitude at greater eccentricities. Both the onset of 

the N2pc component and the transition between the N2pc and PNP tended to become earlier at 

greater eccentricities, but the statistical evidence for these effects was mixed. 

Although we did not find a significant difference in amplitude across the 0°-4° conditions, 

we are not claiming that N2pc amplitude is exactly identical over this range of eccentricities, 

which would require proving the null hypothesis. Our main claim regarding this range of 

eccentricities is that a robust N2pc is elicited by stimuli throughout this range, including stimuli 



   
76  

presented very near the vertical meridian. This result suggests that hemispheric differences in 

processing occur even for stimuli that presumably fall within the receptive fields of neurons in 

both hemispheres. 

Our finding of a substantial drop in N2pc amplitude at 8° is somewhat inconsistent with the 

findings of Schaffer et al. (2011), who did not find a large decline in the N2pc elicited by texture 

discontinuities at an eccentricity of 7°. However, there are multiple differences between our 

experiment and those conducted by Schaffer et al. that could explain the different results. First, 

we used stimuli that are more typical for N2pc experiments and that controlled for low-level 

differences in visual energy across the visual hemifields. Furthermore, task difficulty remained 

relatively consistent across eccentricities in the present study, and thus our findings may reflect a 

purer measure of the effect of eccentricity.  

From a practical standpoint, these results indicate that future N2pc experiments can safely 

use stimuli at small-to-moderate eccentricities without impacting the ability to detect the 

component. Specifically, the current results support the use of stimuli that range from being 

directly adjacent to the midline to those having an eccentricity of up to 4°. This may be 

particularly useful for studies using stimuli that are difficult to perceive outside the parafoveal 

region, such as faces. However, stimuli with an eccentricity of 8° or more would be expected to 

produce a very small N2pc, leading to poor sensitivity and low statistical power. Unfortunately, 

the present design does not provide any information about eccentricities that fall between 4° and 

8°. 

The observed pattern of N2pc amplitudes is also consistent with the neuroanatomical 

characteristics of the likely sources of the N2pc. The concentration of RFs in the center of gaze 

in these regions could explain the significantly smaller N2pc amplitude for the 8° eccentricity. 
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That is, few RFs in higher-level ventral visual areas extend that far into the periphery (Dumoulin 

& Wandell, 2008; Gross et al., 1972), so stimuli more than 8° from the midline are represented 

by a small number of neurons in these areas. This might lead to a reduced overall neural response 

from these areas, resulting in a smaller N2pc. Stimuli presented at more moderate eccentricities 

(i.e.,  £4°) fall within the more numerous parafoveal RFs, resulting in a more robust N2pc.  

The large N2pc amplitude for stimuli adjacent to the midline might seem puzzling given that 

many neurons in higher-level regions of visual cortex have RFs that extend over the midline and 

into the ipsilateral visual field. However, this result may be explained by the findings of Chelazzi 

et al. (1998), who reported that neurons with bilateral RFs are biased to represent the 

contralateral items in a bilateral display. Because our stimulus arrays were always symmetrical 

(i.e., stimuli were presented at the same eccentricity on both sides of the display), trials with near 

stimuli would result in the attended item being represented primarily by the contralateral 

hemisphere, which would lead to the lateralized activation needed for the N2pc.  

The use of symmetrical displays was important for avoiding any lateralized differences in 

stimulus energy that might lead to spurious contralateral-minus-ipsilateral differences. However, 

this design confounds differences in target eccentricity with differences in distractor eccentricity. 

In other words, as the target eccentricity increased, so did the distractor eccentricity and the 

distance between the target and distractor, making it is difficult to know which of these factors 

was responsible for the observed eccentricity effects. However, the target was also flanked by 

distractors immediately above and below it, which presumably had a much larger effect on target 

processing than the distractors in the opposite visual field. Consequently, it seems unlikely that 

the eccentricity of the opposite-field distractors or the distance between the target and the 

opposite-field distractors would have had much influence on the results. It is more parsimonious 
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to assume that the effects were driven by the eccentricity of the target and the same-hemifield 

distractors. However, additional research would be needed to draw this conclusion with 

certainty. 

Another interesting finding was that the effects of eccentricity were quite different for the 

PNP and N2pc. Whereas the N2pc was largely identical between the 0° and 4° eccentricities and 

then dropped off at 8°, the PNP showed some signs of an increase in amplitude as eccentricity 

increased. It is possible that this difference between the N2pc and PNP reflects a functional 

and/or anatomical difference in the sources of the two components, which may indicate that the 

PNP is a result of a different process than the N2pc. In theory, this issue could be explored by 

asking whether the N2pc and PNP have different scalp distributions. Unfortunately, it is 

technically difficult to compare scalp distributions (Urbach & Kutas, 2002, 2006). Moreover, the 

electrode density used in the present study was probably insufficient to detect any differences in 

scalp distribution between the N2pc and PNP given that the distributions were generally quite 

similar. 

It should be noted that the overlap between the N2pc and PNP makes it difficult to attribute 

the observed PNP eccentricity effects to the PNP itself.  That is, effects of eccentricity on the 

duration of the N2pc component could produce apparent changes in the onset time and amplitude 

of the PNP.  

Furthermore, although we were able to remove trials with eye movements during the N2pc 

time window, it was not possible to do the same during PNP time window without rejecting too 

many trials. Thus, it possible that the PNP effects were partially a result of eye movements. 

However, there are several reasons to believe that any effects of eye movements on the PNP 

would have been quite small. 
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The effects of eye movements can be broken down into two parts. First, the corneal-retinal 

potential within each eye produces a voltage deflection at the scalp when the eyes rotate, which 

simply sums with brain-related potentials. These artifactual potentials should be largely removed 

by ICA correction (Drisdelle et al., 2017; Mennes et al., 2010). and any remaining activity would 

be characterized by a contralateral negativity and thus cannot be the primary source of the 

increased positivity reported during the PNP time window. Second, any eye movements that 

occur while the stimulus is present would result in a change in visual input, because the stimuli 

would now fall on different parts of the retina. It is possible that this change in visual information 

affected the PNP effects. However, the eye movements were small relative to the eccentricity of 

the stimuli. For example, the average eye rotation during the PNP period was less than 0.5° when 

the targets were presented at 8° (see Figure 4.3). Moreover, the timing of the changes in eye 

position were very different from the timing of the PNP effect. Thus, although we cannot rule out 

the possibility that eye movements had some effect on the pattern of PNP results, this effect was 

almost certainly quite small. 

Exploratory analyses indicated that the N2pc latency and polarity transition latency became 

progressively shorter as eccentricity increased (but these effects should be treated with caution 

given that they were exploratory). Ordinarily, one would expect longer latencies at greater 

eccentricities given that reaction times often increase with eccentricity (Carrasco et al., 1995, 

1998).  One possible explanation for the longer latencies at smaller eccentricities is that the 

opposite-hemifield distractors may have had more impact on the allocation of attention for 

stimuli very close to the midline. However, more research would be needed before making 

strong claims about these latency effects. 
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5. Figures and Tables 

 

Table 4.1: t scores and p-values for the pairwise comparisons. An asterisk denotes that the 
comparison was significant (p < .05) after FDR correction. Effect sizes are given as the 95% 
confidence interval of the Cohen’s d for correlated samples (dav) as defined in Lakens (2013). 
For latency measures, we report the values after correcting for the jackknife procedure. Since 
there is no agreed-upon jackknife correction for dav, effect sizes are not reported for latency 
measures. 
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dav 
 (95% CI) 

-0.027 
(-0.39 – 0.24) 

-0.01 
(-0.31 – 0.29) – –  0.16 

(-0.30 – 0.60) 

2°
 v

s 4
° t(19) --0.53 0.60 0.04 0.43 -1.26 

p .604 .558 .486 .343 .223 

dav 
 (95% CI) 

-0.11 
(-0.55 – 0.33)  

 0.10 
(-0.26 – 0.46)  – –  0.23 

(-0.62 – 0.15) 

4°
 v

s 8
° t(19) -2.94 -1.23 – 1.29 -1.79 

p .008* .234 – .129 .089 

dav 
 (95% CI) 

-0.62 
-1.07 – -0.18  

 -0.28 
(-0.75 – 0.20)  – –  -0.42 

(-0.91 – 0.07) 
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  N2pc PNP 

Ec
ce

nt
ri

ci
ty

 
0°  

Mean -0.370 0.227 
SD 0.297 0.389 

SME 0.051 0.054 
t(19) -5.57 2.61 

p <.001* .017 

0.05°  

Mean -0.457 0.248 
SD 0.274 0.528 

SME 0.051 0.054 
t(19) -7.47 2.10 

p <.001* .049 

1° 

Mean -0.483 0.418 
SD 0.427 0.686 

SME 0.052 0.0543 
t(19) -4.81 2.72 

p <.001* .013 

2°  

Mean -0.459 0.426 
SD 0.365 0.609 

SME 0.052 0.055 
t(19) -5.25 3.13 

p <.001* .006* 

4°  

Mean -0.429 0.365 
SD 0.445 0.591 

SME 0.051 0.053 
t(19) -3.86 2.76 

p <.001* .013* 

8°  

Mean -0.127 0.527 
SD 0.375 0.581 

SME 0.050 0.054 
t(19) -1.52 4.06 

p .146 <.001* 

 
Table 4.2: t-scores and p-values for one-sample t-tests assessing whether the amplitude was 
different from zero. The asterisk denotes significance after FDR correction 
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Figure 4.1: Schematic representation of typical receptive fields in middle- to high-level areas of 
the ventral processing stream thought to be the sources of the N2pc. Note that the stimuli at 8° 
fall inside relatively few receptive fields, which might be expected to decrease N2pc amplitude. 
In addition, stimuli near the midline will fall inside receptive fields in both the contralateral and 
ipsilateral hemispheres, which might also be expected to decrease N2pc amplitude (measured as 
the contralateral-minus-ipsilateral difference). 
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Figure 4.2: Example stimulus sequence (A) and all possible stimulus positions and sizes (B). 
Participants were instructed to pay attention to the red or blue shape (counterbalanced across 
blocks) and to indicate with a button press whether the attended shape was a hemicircle or a 
rectangle. Stimuli are drawn to scale, with the frame boxes equating to the entire screen.  
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Figure 4.3: Residual HEOG activity (left-target minus right-target difference wave) after artifact 
rejection but without ICA correction. The grey areas represent the time windows that were used 
for analyzing the N2pc and PNP respectively. The grey line at 3.2 μV corresponds to an average 
eye rotation of ±0.1° (on the basis of the normative values provided by Lins et al., 1993). The 
green values on the right of the y-axis indicate the eye movement size that would correspond to a 
particular HEOG amplitude.  
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Figure 4.4: Accuracy (A) and reaction time (B) as a function of eccentricity and magnification. 
Error bars represent the within-subjects 95% confidence interval (Morey, 2008). 
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Figure 4.5: Grand average contralateral-minus-ipsilateral difference waves, averaged across the 
posterior electrodes. (A) Waveforms collapsed across all factors to determine the overall time 
windows for measuring N2pc and PNP mean amplitude. The grey bands show the time windows 
in which activity averaged across eccentricities was significantly different from zero (which were 
then used for the single-eccentricity measurements). (B) Topography of the mean amplitude in 
these time windows, mirrored across the left and right hemispheres (because the difference 
waves were collapsed across hemispheres). (C) Waveforms separated as a function of 
eccentricity, but collapsed across magnification. All waveforms shown here were low-pass 
filtered for visual clarity (noncausal Butterworth low-pass filter, half-amplitude cutoff = 20 Hz, 
slope = 24 dB/octave). 
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Figure 4.6: Mean amplitude as a function of eccentricity during the N2pc (A) and PNP (B) time 
windows. Error bars represent the within-subjects 95% confidence interval. A significant 
difference between two means is indicated by a black asterisk, and a significant difference of a 
single mean from zero is indicated by a white asterisk (after FDR correction). 
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Figure 4.7: N2pc onset latency (A) and polarity transition latency (B) as a function of 
eccentricity. Error bars represent the within-subjects 95% confidence interval. Asterisks denote a 
significant difference between adjacent eccentricities after FDR correction. Note that the N2pc 
onset latency at 8° is not meaningful given that the amplitude was near zero for that eccentricity, 
so broken lines are used for N2pc onset latency that eccentricity. 
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Chapter 5 

General Discussion 
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Working memory was traditionally envisioned as a complex and composite system 

involving both domain-general control processes (i.e., the central executive) and domain-specific 

storage mechanisms (Baddeley & Hitch, 1974). Within the field of neuroscience, particular focus 

has been placed on active maintenance of information, whereby a small amount of information is 

stored in a flexible manner for a few seconds, most likely through recurrent processing between 

frontal cortical areas and domain specific sensory areas (Funahashi & Bruce, 1989; Major & 

Tank, 2004; Wang, 2001; Wei et al., 2012).  

Active maintenance is generally thought to be an integral part of working memory, 

although it is typically envisioned to be a storage-specific mechanism, and not a required part of 

any non-storage related tasks. Studies looking at behavioral interference between active 

maintenance and secondary tasks provide some evidence for this view (Bae & Luck, 2019; 

Cocchini et al., 2002; Saults & Cowan, 2007), often finding little or no behavioral interference 

between storage-focused tasks and simple secondary tasks. However, even within this literature, 

the findings tend to be variable, with some paradigms leading to very little interference (e.g., 

Cocchini et al., 2002), while other paradigms show substantially worse behavioral performance 

in dual-task situations (e.g., Saults & Cowan, 2007).  

Recent studies provide a fresh look at this problem, hinting that active maintenance Is 

much more fragile than previously thought, but compensatory mechanisms may keep behavioral 

performance relatively accurate even when active maintenance is disrupted. For example, some 

recent research points toward a secondary storage system, usually referred to as activity-silent 

memory, that can maintain information in a low-activity state if it is not currently needed (Lewis-

Peacock et al., 2012; Myers et al., 2017; Rose et al., 2016; Stokes, 2015). This suggests that, in 

certain cases, behavioral performance may be spared even when active maintenance is disrupted. 
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Thus, the variable pattern of results seen in the behavioral literature might be a result of active 

maintenance being consistently disrupted by interposed tasks, but with secondary memory 

storage mechanisms being used to spare performance in some of the paradigms.  

Kreither et al. (2021; Experiment 1) provide some direct evidence of active maintenance 

being disrupted by even simple tasks. By using a change detection paradigm, they were able to 

continuously track active maintenance in the form of the CDA (Vogel & Machizawa, 2004). 

They then introduced a simple visual discrimination task during the delay period and found that 

the CDA was disrupted shortly after the presentation of a task-relevant stimulus (but not by a 

task-irrelevant stimulus). Thus, it seems likely that active maintenance was disrupted by the 

interposed task, presumably because working memory was recruited during the controlled 

processing of the task-related stimuli.  

Chapter Two provided corroborating evidence for that interpretation. We modified the 

paradigm from Experiment 1 of Kreither et al. (2021) to include consonant strings and 

pronounceable pseudowords as the interposed stimuli. While performing the change detection 

task, participants were asked to either ignore any interposed stimulus (single-task condition) or to 

perform an additional simple discrimination task reporting whether the stimulus was a consonant 

string or a pronounceable pseudoword (dual-task condition). Three important results emerged 

from this experiment:  

1) In the single-task condition, we found a difference in the evoked activity in response to 

consonant strings vs pronounceable pseudowords, even though the interposed stimuli were 

not task relevant. Thus, we have direct evidence that the stimuli were processed at least to 

a moderate extent, since there were different patterns of activity across the two types of 

stimuli. However, during the same time period where this task-irrelevant processing was 
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happening, we found no evidence for a disruption of the CDA, since the CDA amplitude 

did not significantly differ between the trials were no interposed stimulus was present, and 

trials where a task-irrelevant stimulus was present. Thus, this provides compelling evidence 

that active maintenance is NOT disrupted by simple automatic processing, or by automatic 

sensory processes.  

2) At the same time, when the discrimination between the two types of interposed stimuli was 

made task relevant (i.e., in the dual-task condition), we found a significant disruption of 

the CDA. Thus, this experiment replicated the main findings of Experiment 1 in Kreither 

et al. (2021) and suggests that active maintenance was disrupted by the interposed task.  

3) Crucially, although accuracy in the memory task was significantly reduced when task-

relevant stimuli were present, it remained well above chance. Thus, it seems that the 

memory-task-related information somehow survived the disruption in active maintenance, 

consistent with the idea of a secondary, activity-silent memory system being recruited 

(although we cannot rule out the possibility of some form of active maintenance that was 

not visible in the scalp ERPs).  

Taken together, these results paint a compelling picture of the recruitment of working 

memory and how that affects active maintenance. Although we cannot fully rule out all 

alternative explanations, it seems that the most parsimonious account is that active maintenance 

is disrupted by any type of controlled visual processing. In other words, even very simple tasks 

recruit working memory, which in turn disrupts any ongoing active maintenance of information. 

To clarify, active maintenance is not disrupted entirely. Instead, it likely switches to 

representing the central stimulus that is relevant to the current interposed task. The centrally 

presented stimuli do not produce any lateralized activity, so CDA is disrupted. Thus, when we 



   
94  

refer to “active maintenance disruption”, we mean specifically the disruption of the active 

maintenance of the items from the memory task (or, in general, the previously maintained 

information).  

However, despite the apparent disruption of active maintenance, it appears that at least 

some information about the memory items was spared, since accuracy in the memory task 

remained above chance. This is likely because some other processes besides active maintenance 

(perhaps activity-silent memory) are able to store some of the previously maintained information 

until it is used to perform the change detection task.  

In Chapter Three, we examined the modality-specificity of the disruption of active 

maintenance. If the disruption was solely caused by the recruitment of modality-specific 

maintenance processes, then we would expect that an interposed task will lead to a disruption of 

active maintenance only if it involves stimuli that are in the same modality as the currently stored 

items. Instead, we saw that both a visual and an auditory interposed task led to the disruption of 

the CDA for a visual change detection task, suggesting that even tasks in separate modalities can 

disrupt active maintenance. Although more experiments are needed to confirm this result, this 

finding points towards active maintenance being disrupted by the recruitment of more central, 

modality-independent working memory processes.  

Thus, it seems that any controlled task, regardless of modality, might be enough to 

disrupt active maintenance – something that emphasizes both the complexity of working memory 

but also the interconnected nature of working memory. This also highlights that working 

memory is more than simple storage and is involved in many more operations that simply 

maintaining information for a short period of time.  
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Lastly, Chapter Four described a tangential methodological experiment showing that 

stimuli immediately adjacent to the visual midline can produce a consistent lateralized attention-

related ERP signal (the N2pc component). We hope that this technique will be useful in future 

experiments looking to further disambiguate lateralized attention and working memory, as well 

as any other experiments that aim to track attention to stimuli that can only be presented very 

close to the midline.  
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