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Abstract

Attention and working memory (WM) have previously been shown to interact closely when 

sensory information is being maintained. However, when non-sensory information is maintained in 

WM, the relationship between WM and sensory attention may be less strong. In the current study, 

we used electroencephalography to evaluate whether value-driven attentional capture (i.e., 

allocation of attention to a task-irrelevant feature previously associated with a reward) and its 

effects on either sensory or non-sensory WM performance might be greater than the effects of 

salient, non-reward-associated stimuli. In a training phase, 19 participants learned to associate a 

color with reward. Then, participants were presented with squares and encoded their locations into 

WM. Participants were instructed to convert the spatial locations either to another type of sensory 

representation or to an abstract, relational type of representation. During the WM delay period, 

task-irrelevant distractors, either previously-rewarded or non-rewarded, were presented, with a 

novel color distractor in the other hemifield. The results revealed lower alpha power and larger 

N2pc amplitude over posterior electrode sides contralateral to the previously rewarded color, 

compared to ipsilateral. These effects were mainly found during relational WM, compared to 

sensory WM, and only for the previously rewarded distractor color, compared to a previous non-

rewarded target color or novel color. These effects were associated with modulations of WM 

performance. These results appear to reflect less capture of attention during maintenance of 

specific location information, and suggest that value-driven attentional capture can be mitigated as 

a function of the type of information maintained in WM.
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Introduction

Active maintenance and manipulation of task-relevant information in working memory 

(WM), together with suppression of potential interference from competing task-irrelevant 

information, are central for decision making and goal-directed behaviors. In addition to the 

prefrontal cortex, WM processes often recruit posterior sensory regions to help maintain 

some kinds of information when that information is no longer present perceptually. The 

capture of attention by salient yet irrelevant stimuli strongly influences the efficacy of the 

maintenance of task-relevant sensory information in WM (e.g., Awh et al., 1998; Jonides & 

Yantis, 1988). Conversely, the maintenance of sensory information in working memory can 

also bias sensory selective attention and attention capture (e.g., Makovski et al., 2011; Sala 

& Courtney, 2009; Unsworth & Robinson, 2016; see Fougnie, 2008, for a review). Working 

memory processes, however, can also transform relevant information into potentially more 

stable, non-sensory, representations that are adapted to behavioral goals (e.g., Andersen et 

al., 1997; Courtney, 2004; D’Esposito et al., 2000). This transformation raises the question 

of how attentional processes, such as the capture of attention, might be differentially 

modulated by the sensory versus non-sensory nature of current WM representations. 

Similarly, the efficacy of WM might be modulated by the nature of the attentional processes 

involved, such as the degree to which attentional capture is driven by stimulus salience. 

Recent research has shown that learned associations between stimulus features and reward 

can result in later attentional capture that is distinct from attentional capture due to 

perceptual salience, a process referred to as value-driven attentional capture (VDAC, see 

Anderson, 2013, 2016, for reviews). Here, we investigated the nature of the relationship 

between attention and WM by using electroencephalography (EEG) to evaluate whether 

VDAC is modulated by or differentially affects the maintenance of different types of 

information in WM.

The WM tasks used in the current study are based on previous work demonstrating that the 

cognitive and neural systems engaged during maintenance and manipulation of information 

in WM differ as a function of the type of information being processed (e.g., Blacker & 

Courtney, 2016; Blacker et al., 2016; Ikkai et al., 2014). The authors used a visual WM task 

that involved maintaining either concrete spatial coordinates or abstract relational 

information (i.e., spatial relationships between objects). For example, in one version of the 

tasks used in these experiments, participants were instructed to remember the locations of 

two stimuli on the screen. After an initial delay, a cue indicated whether the trial was a 

Relation or a Location trial. For Location (i.e., sensory) trials, participants were instructed to 

imagine a line that connected the two stimuli and maintain the location of that line in WM. 

For Relation (i.e., abstract) trials, participants were instructed to remember the vertical 

position of one stimulus relative to the other (i.e., which stimulus is above the other). 

Previous functional magnetic resonance imaging (fMRI) work has revealed distinct neural 

correlates for Relation and Location trials, with larger activation of the visual cortex, 
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posterior parietal cortex and prefrontal regions for Locations relative to Relation trials, while 

Relation trials showed larger activation in parahippocampal gyrus and precuneus compared 

to Location trials. There were no differences in brain activation in areas traditionally 

associated with language processing. In addition, the introduction of a verbal load showed 

no interaction with the trial type, suggesting that the results did not reflect a differential 

reliance on verbal strategy (Ikkai et al., 2014). These results indicate that these location and 

relation working memory tasks involve maintenance of different types of information, and 

the distinction is not one of verbal versus visual information. While uncertainty remains 

regarding the nature of working memory representations during both Location and Relation 

tasks, as has been discussed previously in the sensory working memory literature (e.g. Miller 

1956; Postle & Hamidi, 2007), these results indicate that Location and Relation working 

memory tasks involve maintenance of different types of information, and the distinction is 

not one of verbal versus visual information. Relational WM likely involves the conversion of 

sensory information to new, abstract representations, and this conversion appears to rely on 

the efficient suppression of sensory regions, as might be expected since maintained sensory 

representation of the sample stimulus might interfere with accurate performance in the 

Relational WM task but not in the Location WM task.

Previous electroencephalography (EEG) studies with similar tasks revealed that, following 

the cue indicating whether the trial was a Relation or a Location trial, conversion and 

maintenance of an abstract representation (i.e., in Relation trials) resulted in increased alpha 

(8–13Hz) power over posterior electrode sites compared to maintenance of a sensory 

representation (i.e., in Location trials). Alpha modulations during maintenance of abstract 

information in WM were interpreted as reflecting the suppression of posterior sensory 

representations that were irrelevant to the current task, consistent with previous theories of 

the role of alpha oscillatory activity in selective attention (e.g., Jensen et al., 2002; Klimesch 

et al., 1999, 2007, 2012). These results might suggest that WM for abstract relationships 

might be less susceptible to interference from attention to irrelevant stimuli. However, the 

role of oscillatory activity in attention, its role in WM, and the interaction between attention 

and WM content are still poorly understood.

One way in which WM and attention interact is the protection of relevant information in 

WM by inhibiting the processing of irrelevant, distracting stimuli via selective attention. The 

success of this inhibitory process depends on both the physical salience and previous task-

relevance of the stimuli. In addition to previous research on location and relation WM tasks, 

the current study also draws on previous research demonstrating that the previous value of a 

stimulus can influence the allocation of attention, even when this stimulus is no longer 

relevant (Rutherford et al., 2010; Anderson et al., 2011, 2016, 2017; Anderson & Halpern, 

2017). To study VDAC, previous work relied on a paradigm including a training and a test 

phase. During the training phase, participants implicitly associated a certain color with a 

reward, and were asked to report the orientation of a line (i.e., horizontal or vertical) within a 

target shape (i.e., a red or a green circle). Participants received money when they reported 

the orientation of the line in a circle of a specific target color (e.g., red). In a subsequent test 

phase, participants searched for a uniquely shaped singleton (i.e., a circle) among non-target 

shapes (i.e., diamonds), with color irrelevant to the current task demand. Performance was 
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found to be slower when the task-irrelevant stimulus feature (i.e., the color of a non-target 

shape), previously associated with a reward, was simultaneously presented with the target.

EEG studies investigated the time-course of VDAC. Using the VDAC paradigm, MacLean 

and Giesbrecht (2015) showed modulations of the P1 event-related potential (ERP) 

component (i.e., positive deflection over posterior-occipital sites around 100ms after 

stimulus onset). P1 amplitude was larger on electrode sites contralateral to task-irrelevant yet 

value-associated features, in contrast with ipsilateral sites. This modulation is in line with 

selective attentional capture by value-associated properties of stimuli during the early stages 

of visual processing. Moreover, Qi et al. (2013) showed modulations of the N2pc component 

(i.e., parieto-occipital negative deflection contralateral to the location of an attended 

stimulus between 200ms and 300ms after stimulus onset; Eimer, 1996; Hickey et al., 2006; 

Luck & Hillyard, 1994; Woodman & Luck, 1999). Indeed, amplitudes were significantly 

more negative on electrodes sites contralateral to the presentation of a value-associated 

distractor, when compared to distractors that were not previously associated with a reward 

(see also Itthipuripat et al., 2015). N2pc amplitude was negatively correlated with individual 

differences in performance during the reward task, being more negative in people with 

stronger value learning (Qi et al., 2013). Although some studies associated this component 

with distractor filtering (e.g., Luck & Ford, 1998; Luck & Hillyard, 1994; Luck, 2012; 

Noonan et al., 2016), the majority of studies interpreted the N2pc component as reflecting 

attentional orienting (e.g., Kumar et al., 2009, 2016), and the capture of attention by 

physically salient yet task-irrelevant stimuli (e.g., Hickey et al., 2006; Kiss et al., 2012; Qi et 

al., 2013; Mazza et al., 2009; Sawaki et al., 2013; Töllner et al., 2012; Wykowska & Schubö, 

2010; see Eimer & Kiss, 2008, for a review). Thus, VDAC appears to affect both early visual 

processing and attentional filtering or orienting, and thus could interact with both sensory 

and non-sensory WM, but potentially in different ways or to different degrees.

Attentional processing and attentional capture have also been associated with modulations of 

alpha oscillatory activity. Following a relevant probe, decreased alpha power was observed 

over sensory regions processing the target, compared to regions processing the distractors, 

therefore facilitating the processing of the target information (e.g., Capotosto et al., 2009; 

Händel et al., 2011; Jensen et al., 2012; Keehn et al., 2017; Klimesch, 2012; van Diepen et 

al., 2016). Salient yet irrelevant events have also been associated with decreased alpha 

power, in line with attentional capture (e.g., Keehn et al., 2017). In the present study, we 

hypothesized that VAC, and the associated neural correlates reflected in oscillatory activity 

and event-related potentials, might also affect WM maintenance. Given that our previous 

research (Ikkai et al, 2014; Blacker et al., 2016) indicated that alpha power is also modulated 

by the type of information maintained during WM, attentional capture could differentially 

influence the maintenance of sensory and abstract information in WM. As the maintenance 

of relational information in WM does not require the highly selective allocation of spatial 

attention that location WM does, we expected relation WM to be more vulnerable to 

attention capture by salient yet irrelevant information, and perhaps more vulnerable to 

VDAC.

Here, we used EEG to measure the time course of neural activity during sensory and abstract 

WM maintenance, and in response to the presentation of previously relevant distractors 
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during the WM delay. The main goal of our study was to investigate whether the neural 

correlates (i.e., ERPs, and oscillatory activity) of VDAC and its effects on WM differ as a 

function of the maintenance of a sensory representation versus an abstract representation in 

WM. We expected to observe changes in ERP amplitude and alpha power when an irrelevant 

but previously rewarded stimulus feature was displayed, compared to a non-rewarded or a 

novel stimulus, and that this effect would be influenced by the type of information 

maintained in WM. Modulations of N2pc and alpha power were expected to be larger for 

Relation than Location trials for a previously rewarded stimulus, relative to a novel or a 

previously relevant but non-rewarded stimulus. The present study offers valuable insights 

into (a) the interactions between attentional capture and WM maintenance, (b) the type of 

information in WM that is most vulnerable to influence by attentional capture, and (c) the 

time course of such capture.

Methods

Participants.

Nineteen volunteers participated in this experiment (fourteen females, mean age 20.8 ± 2.6 

years) and were compensated monetarily. All participants were right-handed, and reported 

normal or corrected-to-normal vision. All participants gave written informed consent 

approved by the Institutional Review Board of Johns Hopkins University. Twenty-six 

participants were originally recruited. Seven participants were excluded from analyses due 

to excessive EEG artifacts (< 70% of epochs after preprocessing), and/or incorrect trials (< 

60% accuracy on the WM task), and/or technical difficulties. The sample size used in this 

experiment was based on a power analysis conducted in G*Power 3.1 (Faul et al., 2007). 

Assuming an effect size of Cohen’s f=1.28 (derived from relevant previously published 

studies; e.g., Qi et al., 2013), an alpha of .05, and one group, we determined that a total 

sample size of 19 participants would provide 95% power to detect the effects.

Experimental paradigm.

Experimental stimuli were controlled by MATLAB (The MathWorks, Natick, MA, USA) 

using PsychToolbox extensions (Brainard, 1997; Pelli, 1997), and displayed on a back-

projector screen using a waveguide with the projector outside the shielded room. A 

photodiode was used to measure the delay in stimulus display. Participants were seated 108 

cm away from the screen, and given a Logitech game controller to enter responses.

During the training phase (Figure 1), participants performed a visual search task adapted 

from Anderson et al. (2011). The fixation display consisted of a central black fixation cross 

(0.7° × 0.7° visual angle), presented against a white background. The search display 

consisted of six circles (2.8° × 2.8°), each equidistant (4.5°) from the fixation cross. Six 

circles with different colors were presented in the search display (colors: red/green, pink, 

orange, yellow, light blue, and black). Targets were defined as a red or a green circle, only 

one of which was presented on each trial. Inside the target, a line was oriented either 

vertically or horizontally. Participants were asked to report the orientation of the line within 

the target circle by pressing one of two horizontally aligned buttons on the controller. 

Orientation-to-response mapping was counterbalanced across participants. The training task 
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was performed under time pressure, with trials terminating after 1000ms. Correct and fast 

responses (less than 1000ms) were followed by reward feedback. The feedback display 

informed participants of the reward on the current trial, as well as total reward accumulated 

thus far. For one of the color targets, participants received $0.25 on 80% of the correct trials 

and $0.10 on 20% of the correct trials. Participants were clearly told that their additional pay 

was determined by their performance in the task. The rewarded target was red for half of the 

participants, and green for the other half. The unrewarded color was always followed by 

$0.00 and the total earned from previous trials. The first training block consisted of 240 

trials, in a single session. Interspersed within the test phase were two additional training 

blocks of 60 trials each. Upon completion of the experiment, participants were given the 

cumulative monetary reward they had earned.

During the WM test phase, participants performed a variant of the spatial WM tasks 

previously used by our group (Blacker & Courtney, 2016; Blacker et al., 2016; Ikkai et al., 

2014). As shown in Figure 2A, a trial began with a black fixation cross (0.1° of visual angle) 

appearing in the center of a gray background for 700ms. Then, a 700ms cue indicated 

whether participants were to remember a particular location (i.e., Location trial, cued by the 

word “Location”) or the relative spatial relationship between the items (i.e., Relation trial, 

cued by the word “Relation”). A sample array was then presented for 500ms, which 

contained four black, grey, or white squares (i.e., two squares of different luminances in each 

hemifield, each square subtending 0.3° of visual angle). After a jittered 1500–2000ms Delay 

1 period, six colored distractors, three in each hemifield, were displayed for 100ms. The 

distractors in each hemifield were either red (i.e., previously rewarded/non-rewarded color), 

green (i.e., previously rewarded/non-rewarded color), or blue (i.e., novel color), with only 

one color per hemifield. The mapping of red or green stimuli to be either the rewarded or 

non-rewarded color in the training task was counterbalanced across participants. The novel 

color was blue for every participant. The novel color was always presented in one hemifield 

together with either the previously rewarded or the non-rewarded color in the other 

hemifield. The distractors were followed by a jittered 1400–1900ms Delay 2 period. The 

display duration of the two delay periods plus the presentation of the distractors always 

equaled 3500ms. Following the delay period, two squares in the same hemifield were 

presented as the test array for 1200ms during which the participant entered a response. The 

test array was followed by a 100ms feedback period where the word “correct”, “incorrect”, 

or “too slow” was displayed. In some previous versions of this task, the trial type was 

indicated following the WM sample array, and in other previous studies, the trial type 

instruction was presented at the beginning of the trial. Those studies found similar 

dissociations between Location and Relation WM. In the current study, the Location/

Relation trial type instruction was presented before the presentation of the WM sample array 

in order to add the distractor phase and investigate the distractor’s influence on WM 

maintenance processes.

For Location trials participants were instructed to draw an imaginary line segment from one 

square to the other, within each hemifield, and to maintain the locations of these two lines in 

memory over the delay periods. These instructions were used to encourage participants to 

encode the exact spatial coordinates of two concrete objects (i.e., the imaginary line 

segments). At test, participants were asked to decide whether or not the test squares were 

Hinault et al. Page 6

Cogn Affect Behav Neurosci. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



“straddling” the imaginary line formed by the initial two squares in that hemifield. In other 

words, if a line segment was drawn between the two test squares, would that line intersect 

the initial line segment connecting the sample array squares in that hemifield. For Relation 

trials, participants were instructed to encode and maintain the relative vertical positions of 

the two squares in each hemifield (i.e., is the white square above or below the black 

square?). Upon test, participants indicated whether or not the squares in the test array had 

the same relative positions as the sample squares in that hemifield. For both trial types, 

participants pressed one button for a “match” response and another for a “non-match” 

response, and these response key mappings were counterbalanced between participants. 

Trial types were pseudo-randomly presented so participants could not predict what trial type 

they would see until the cue. While EEG was recorded, participants completed a total of 540 

trials (270 Location, 270 Relation randomly intermixed), which were broken down into nine 

runs of 60 trials per run. Half of the WM test trials had the test array in the left hemifield. 

Moreover, half of the WM test trials had the test array in the same hemifield than the 

distractor’s hemifield. The additional two training sessions with the visual search task for 

reinforcing the learning of the reward-color association were interspersed between runs 3 

and 4 and between runs 6 and 7.

EEG recording and preprocessing.

In an electromagnetically shielded room, EEG data were recorded at 32 sites covering the 

whole scalp with approximately uniform density using an electrode cap referenced to the Cz 

electrode during recording (ActiCHamp, Brain Products, Munich, Germany). Electrode 

impedance was kept below 20 kΩ. All EEG electrodes were recorded continuously in DC 

mode at a sampling rate of 512Hz. EEG data were processed with Fieldtrip (Oostenveld et 

al., 2011). Data were first corrected for difference in timing between the stimulus program 

triggers and the photodiode activity, and then were filtered (0.3–30Hz bandpass for ERPs 

and 0.5–100Hz for time-frequency analyses), and baseline corrected (i.e., first 200ms of the 

fixation period). This baseline was selected in line with previous work (e.g., Ikkai et al., 

2014) and to avoid any time period that might include WM processes. For ERP analyses, 

data were segmented into epochs covering the time from 3.4s before to 3.3s after the onset 

of distractors, while for time-frequency analyses the epochs covered the 6.7s of the trial, 

locked to the onset of fixation. Independent components analysis (ICA) was performed on 

the epoched data, and the eye blink component was identified and removed for each 

participant’s data. Trials containing horizontal eye movements were rejected entirely (mean 

percentage of rejected trials: 17%, range: 9–29%). Artifact-free epochs for each 

experimental sequence were averaged separately to obtain ERPs in each participant. Both 

previously rewarded and non-rewarded distractors were investigated while the novel color 

was displayed in the other hemifield (Figure 2B). Power spectra were calculated using a 

time-frequency transformation based on multiplication in the frequency domain from 1 to 30 

Hz with 0.5Hz increments using a hanning taper applied to short sliding time windows 

(Percival & Walden, 1993) every 100ms. An adaptive time window of five cycles for each 

frequency (ΔT = 5/f) was applied. Time-frequency was computed at the single trial level 

before averaging, thus showing induced (i.e., non phase-locked) activity.
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Statistical analyses.

Error trials were excluded from further analysis. For behavioral analyses, we tested for 

differences in mean accuracy and response time (RT) as a function of the display of the 

previously rewarded, or non-rewarded color distractor, and as a function of the congruency 

between the hemifield of the rewarded/non-rewarded distractor and of the WM test array, for 

both Relation and Location trials. We used 2 (Trial type: Location, Relation trials) × 2 

(Distractor: previously rewarded, previously non-rewarded) × 2 (Congruency: congruent 

hemifield between the display of the rewarded/non-rewarded distractor and of the WM test 

array, incongruent hemifield) repeated-measures ANOVAs. Unless otherwise noted, only 

effects significant to at least p<0.05 were reported. To correct for multiple comparisons, 

Sidak correction was applied (e.g., Abdi, 2007), and Sidak-adjusted p-values were reported.

Statistics and visualization of EEG data were done using Brainstorm software (Tadel et al., 

2011). For ERP and time-frequency analyses, we used nonparametric permutation tests 

(Maris & Oostenveld, 2007) to statistically test for differences between Relation and 

Location trials. First, the selected electrodes of interest (O2, P4, P8, CP6; and O1, P3, P5, 

CP5) were grouped in a cluster. Activations within this cluster were distinguished on the 

basis of whether they were contralateral or ipsilateral to the previously rewarded, non-

rewarded, or novel color. This electrode cluster was selected a priori based on previous work 

on WM and attentional capture (e.g., Blacker et al., 2016; MacLean & Geisbrecht, 2015; Qi 

et al., 2013). Our time range of interest was the onset of the distractor and the following 

Delay 2 period. This period was selected to specifically investigate how the processing of the 

distractors influenced the WM maintenance period. No difference were expected during the 

WM test phase because of the influence of motor response and the jittered timing relative to 

the onset of the test cue stimulus. For every time point within the selected cluster, 

differences in activation contralateral to rewarded/non-rewarded and novel distractors were 

tested for significance using permutation across conditions (n = 1000), with FDR (i.e., False 

Discovery Rate; Benjamini & Hochberg, 1995) correction for multiple comparisons. This 

function first performed a t-test at each time point. For each iteration randomizing trial 

labels, clusters of electrodes where the alpha-level was <0.05 were identified, and their t-
values were summed. The largest sum of t-values was used as a t-statistic. This procedure 

was repeated to create the null distribution. The p-value was estimated according to the 

proportion of the null distributions exceeding the observed cluster-level t-statistic. 

Correlations were FDR corrected for multiple comparisons.

Results

Reward training task:

For RT (Figure 1b), faster responses were observed across training blocks (646ms, 631ms, 

and 626ms, respectively), F(2,36)=5.29, p<0.01, MSe=230.03, ηp2=0.23, and for rewarded 

compared to non-rewarded colors (608ms and 661ms, respectively), F(1,18)=27.34, 
p<0.001, MSe=4513.31, ηp2=0.60. There was also a significant Block × Reward interaction, 

F(2,36)=3.28, p<0.05, MSe=54.70, ηp2=0.15, as the difference between rewarded and non-

rewarded colors was larger during the third block (593ms and 658ms, respectively) than 

during the previous blocks (block 1: 622ms and 670ms; block 2: 608ms and 654ms, 
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respectively). Analyses on accuracy revealed higher performance when the rewarded color 

was displayed compared to the non-rewarded color (91.0% and 81.0%, respectively), 

F(1,18)=10.96, p<0.005, MSe=161.59, ηp2=0.38. The Block × Reward interaction was also 

significant, F(2,36)=4.23, p<0.03, MSe=8.71, ηp2=0.19, with a larger difference between 

rewarded and non-rewarded colors during the last block (92.3% and 78.2%, respectively) 

relative than the previous blocks (block 1: 88.1% and 82.1%; block 2: 93.0% and 82.6%, 

respectively).

WM task: Behavioral data.

For RT (Figure 3), faster responses were observed for Location (689ms) than for Relation 

trials (751ms), F(1,18)=41.52, p<0.001, MSe=8.21, ηp2=0.70. There was a significant Trial 

type × Distractor × Congruency interaction, F(1,18)=16.39, p<0.001, MSe=248.95, 

ηp2=0.48. The Distractor × Congruency interaction was significant for Relation trials, 

F(1,18)=16.57, p<0.001, MSe=214.06, ηp2=0.48. Planned comparisons revealed that 

participants were faster to respond to the WM test array when the hemifield was congruent 

with the display of the previously rewarded distractor than when it was incongruent (740ms 

vs. 757ms), F(1,18)=5.89, p<0.026, MSe=7.08, ηp2=0.25. Moreover, participants were faster 

to respond to WM targets that were congruent to a previously rewarded distractor than 

congruent to a previously non-rewarded distractor (740ms vs. 760ms), F(1,18)=17.65, 
p<0.001, MSe=4.92, ηp2=0.50. There was also a significant Trial type × Distractor 

interaction, F(1,18)=6.07, p<0.024, MSe=72.79, ηp2=0.25, as the difference between 

rewarded and non-rewarded distractors was significant for Relation trials (rewarded 

distractor minus non-rewarded distractors: 29ms), F(1,18)=19.07, p<0.001, MSe=5.49, 

ηp2=0.51, and non-significant for Location trials (−6ms), F<1.1.

For accuracy, no difference was observed between Location and Relation trials (F<2.2). 

However, the Trial type × Distractor × Congruency interaction was significant, 

F(1,18)=20.43, p<0.001, MSe=18.78, ηp2=0.53. The Distractor × Congruency interaction 

was significant for Relation trials, F(1,18)=22.11, p<0.001, MSe=33.27, ηp2=0.55, and non-

significant for Location trials, F<1.0. On Relation trials, accuracy was significantly higher 

when the WM test hemifield was congruent with the previously rewarded distractor 

hemifield than when it was incongruent (91.0% vs. 84.7%), F(1,18)=13.96, p<0.002, 

MSe=1.19, ηp2=0.44. Conversely, following the display of the non-rewarded distractor, 

accuracy was significantly higher when the WM test hemifield was incongruent than 

congruent to the distractor hemifield (91.5% vs. 86.5%), F(1,18)=19.56, p<0.001, 

MSe=1.53, ηp2=0.52. The Distractor × Congruency interaction, F(1,18)=8.24, p<0.01, 

MSe=14.62, ηp2=0.31, revealed that the effect of the congruency between the distractor and 

WM test hemifield was significant when the distractor was the previously rewarded color, 

F(1,18)=5.13, p<0.036, MSe=1.34, ηp2=0.22, but non-significant when the previously non-

rewarded color was displayed, F<4.0. Thus, accuracy and RT data are consistent in 

demonstrating better performance in the Relation WM task when WM is tested in the same 

hemifield as where the distractors (that were the same color as the previously rewarded 

target stimuli) appeared.
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Time-frequency analyses of EEG data.

We contrasted alpha power for Relation and Location trials as a function of whether a 

previously rewarded, non-rewarded, or novel distractor was displayed contralateral to the 

electrodes of interest (Figure 4, Figure 5). Permutation tests revealed that, for Relation trials, 

during the memory delay following the distractor stimuli, alpha power was significantly 

lower on the electrode cluster contralateral to the previously rewarded color (0.054), 

compared to the same electrode cluster contralateral to the novel color (0.071, ps<0.01). 

Results were observed between 192ms and 348ms after the onset of the distractor. For 

Location trials, between 278ms and 316ms, alpha power for the electrode cluster 

contralateral to the previously rewarded color (0.62) was found to be lower than that 

contralateral to the novel color (0.56, ps<0.05). No significant modulations were observed 

for the non-rewarded color relative to the novel color, or preceding/following the distractor 

phase. Because the rewarded and non-rewarded distractors were always paired with a novel 

distractor and not with each other, however, alpha power could not be directly contrasted 

between rewarded and non-rewarded distractors. To control for the influence of the 

familiarity difference between the previously rewarded and non-rewarded distractors versus 
the novel distractor, we also calculated an index of the influence of the previously rewarded 

distractor for both Location and Relation trials: (Contralateral to previously rewarded 

distractor minus Contralateral to novel distractor) minus (Contralateral to previously non-

rewarded distractor minus Contralateral to novel distractor). Results revealed a significantly 

lower alpha power in the same latencies, for rewarded relative to non-rewarded distractors 

during Relation trials (ps<0.01). An additional ANOVA was conducted on the mean 

activations within the significant cluster. Results revealed a marginally significant Trial type 

× Distractor interaction, F(1,18)=4.23, p<0.055, MSe=0.02, ηp2=0.19, with a larger 

difference between rewarded and novel trials for Relation trials than for Location trials.

Event-related potentials.

We contrasted ERPs of Relation and Location trials as a function of whether a previously 

rewarded, non-rewarded, or novel distractor was displayed contralateral to the electrodes of 

interest (Figure 6). Permutation tests revealed that amplitudes at contralateral sites were 

more negative for previously rewarded distractors (M=0.17μV) than for novel distractors 

(M=0.67μV), in line with the N2pc component. This difference was observed between 

180ms and 210ms after onset of the distractor (p<0.005), and was observed for Relation 

trials only, as no significant modulations were observed for Location trials. In addition, no 

significant modulations were observed for non-rewarded distractors in either Location or 

Relation trials. Analyses with the same rewarded versus non-rewarded index as was used for 

the alpha power analysis revealed similar results (p<0.001), which indicated more negative 

N2pc for rewarded than for non-rewarded distractors. An additional ANOVA was conducted 

on the mean activations within the significant cluster. Results revealed a significant Trial 

type × Distractor interaction, F(1,18)=7.49, p<0.02, MSe=0.10, ηp2=0.29. The difference 

between rewarded and novel trials was larger for Relation trials (−0.50μV) than for Location 

trials (−0.18μV).

Furthermore, correlations were conducted between behavioral modulations and the 

significant ERP / time-frequency clusters. Correlations with training data revealed a negative 
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correlation between the significant N2pc amplitude difference for previously rewarded 

distractors during Relation trials and the change in the rewarded minus non-rewarded RT 

difference from the first to the last session of the training phase (r=−0.606, p<0.002; Figure 

7). This correlation indicates that the N2pc component, indicating reward-related distraction, 

was more negative in individuals that showed larger reward learning across blocks during the 

training phase. Moreover, correlations revealed that the significant modulations of alpha 

power for rewarded distractors in Relation trials (between 200ms and 250ms following 

distractor onset) were positively correlated to the N2pc amplitude difference (r=0.523, 

p<0.022), suggesting that a more negative N2pc was also associated with a larger reduction 

of alpha power.

Discussion

In the present study, we used both ERP and time-frequency analyses to test whether neural 

correlates of VDAC differed as a function of the type of information maintained in WM. 

Behavioral measures of reward-related attentional bias were obtained during training blocks 

before and between WM task runs. During the WM task, although RTs were overall faster in 

Location trials relative to Relation trials (see also Ikkai et al., 2014), both trial types were 

similar in terms of accuracy, which is not consistent with a difference of difficulty between 

trial types regarding WM maintenance. Therefore, the RT difference likely reflects extra 

computations required during the test phase of Relation trials, to convert the sensory test 

stimulus input to a relational representation that can be compared to the relational 

information from the sample stimulus that was presumably maintained during the delay of 

those trials, rather than differences in maintenance difficulty or reward-related processing. In 

addition to previous work (Blacker et al., 2016; Blacker & Courtney, 2016; Ikkai et al., 

2014), the present results provide converging evidence for differential reliance on sensory 

information between Relation and Location trials that is independent of difficulty or memory 

load. In line with previous work (e.g., Blacker et al., 2016; Ikkai et al., 2014; Qi et al., 2013), 

we studied the modulation of EEG alpha power and the N2pc component over posterior 

electrodes, and we contrasted activations that were contralateral to a previously rewarded, 

non-rewarded, or novel color distractor. Results revealed that, following the distractor 

display, alpha power was lower over posterior electrode sites contralateral to the previously 

rewarded color. In addition, we observed an N2pc component with more negative potential 

contralateral to the distractor with the previously rewarded color. These effects were 

observed during relational WM, and were reduced (i.e., alpha power) or absent (i.e., N2pc) 

during location WM maintenance. Furthermore, they were found only for the previously 

rewarded color, not for distractors whose color was not associated with reward. In both 

cases, a novel color was displayed in the other hemifield. Although some uncertainty 

remains regarding how relation information is maintained, these results likely reflect the 

larger interference of previously rewarded sensory information during maintenance of 

abstract relational than sensory location information, and suggest that VDAC differs as a 

function of the type of information maintained in WM or differentially impacts these 

processes.

In addition to these neural activity results, behavioral results for the training and WM tasks 

are also consistent with the interpretation that these distractor stimuli that were currently 
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irrelevant resulted in what has been termed VDAC (Rutherford et al., 2010; Anderson et al., 

2011). During the training task, the difference between rewarded and non-rewarded stimuli 

increased across blocks, consistent with reward learning. As with the neural data, the 

behavioral results during the WM task also revealed a modulation of this capture by the 

nature of the information maintained in WM. For Relation trials only, participants were 

faster and more accurate when the hemifield of the WM test matched the hemifield of the 

previously rewarded distractor, compared to the other hemifield. This result was interpreted 

as reflecting the influence of attentional capture, and suggests a facilitating effect when the 

distractor and the subsequent WM test are displayed in the same hemifield. Conversely, 

decreased performance was observed when the hemifields of the distractor and of the WM 

tests were different. The shift of attention away from the incongruent hemifield might 

facilitate WM performance within the congruent hemifield by reducing the strength of the 

representations of items in the incongruent hemifield and thus reducing potential response 

conflicts at the time of the WM behavioral test within the congruent hemifield. Performance 

was also significantly worse when the WM test hemifield matched a previously non-

rewarded distractor, compared to the other hemifield, which contained a novel color. Results 

may be interpreted as a bias to orient to novel, infrequent stimuli, over familiar stimuli (e.g., 

Anderson et al., 2012; Johnston et al., 1990; Johnston & Schwarting, 1997; Neo & Chua, 

2006), as the non-rewarded distractor had a higher familiarity than the novel distractor 

without being associated with value. The results suggest an attentional priority hierarchy, 

without physical salience or task relevance differences, in which the previously rewarded 

stimulus has the highest priority, a familiar but not rewarded stimulus has the lowest priority 

or is suppressed, and a novel stimulus has a priority between these two. Regarding 

suppression, however, previous work showed that negative stimuli tend to receive attentional 

priority rather than being suppressed (e.g., Failing & Theeuwes, 2018). No behavioral 

evidence of differential attentional capture according to reward or familiarity was observed 

for Location trials. If spatial attention was allocated to specific retinotopic locations to 

maintain the position of the imaginary lines during Location trials, this focused selective 

attention could have resulted in sufficient filtering of the value-associated distractor so as to 

reduce capture of attention, resulting in no measurable effect of VDAC on Location WM 

performance. Conversely, Relation WM does not benefit from retinotopically focused 

attention and thus might leave visual attention more susceptible to capture by the previously 

rewarded distractor, leading to greater influences on the WM task performance. As previous 

work showed that attention can be captured by previously rewarded stimuli even when 

attention is spatially focused (e.g., Munneke et al., 2016), the lack of an effect in the current 

study might reflect specific WM-related processes.

Regarding EEG results, alpha power was previously associated with allocation of attention 

processing and the selective inhibition of posterior areas (e.g., Hinault et al., 2016; Ikkai et 

al., 2014; Van Diepen et al., 2016). In the present study, following the display of the 

distractor, alpha power was lower on the cluster contralateral to the previously rewarded 

distractor, compared to when a novel distractor was displayed. The observed effects are thus 

in line with attentional capture and greater visual processing of the reward-associated 

distractor (see also Harris et al., 2017). Given that these modulations were only observed 

following the rewarded distractor cue, results cannot be accounted for as reflecting WM 
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maintenance processes. This modulation was observed on both Relation and Location trials, 

but the comparison of the difference between rewarded and non-rewarded distractors as a 

function of trial types showed that effects were larger in Relation than Location trials. This 

result suggests that, even if no behavioral effects were observed in Location trials, the value-

associated distractor may have led to attentional bias in both trial types. The reduced alpha 

modulations for Location trials is consistent with the distractor information being processed 

but being filtered and/or not resulting in attentional reallocation, so that behavioral 

performance were not influenced. In contrast with previous work (e.g., Blacker et al., 2016), 

no frontal modulations of alpha band activity were observed in the present study. In the 

current task, the trial type was indicated at the beginning of the trial, not following the 

memory sample array. Therefore, WM updating and representation conversion processes, 

which have been shown to engage frontal brain regions (see Nee et al., 2013, for a meta-

analysis) were not engaged during the Delay 2 period. In line with previous works (e.g., 

Ikkai et al., 2014), no significant modulation was observed during the test period.

Moreover, ERP analyses revealed modulations of the N2pc components during the Delay 2 

period, with larger negativity on posterior sites contralateral to the previously rewarded 

distractor than those contralateral to the novel distractor. In line with previous work (e.g., 

Kumar et al., 2009, 2016), this effect might also extend to the N1 component. However, the 

similarity of the P1-N1 complex across conditions suggests that the N2pc for the previously-

rewarded cue in the Relation trial is driving the effect. Consistent with the observed alpha 

modulations, this effect suggests attentional capture by the previously rewarded distractor, as 

similar N2pc effects were previously observed for value-associated distractors (e.g., Qi et 

al., 2013; Itthipuripat et al., 2015). However, this effect was only observed in Relation trials, 

suggesting that attentional capture was larger during Relation trials than during Location 

trials, in line with behavioral results. Previous work also showed VDAC on the P1 

component (e.g., MacLean & Giesbrecht, 2015), which was not significantly modulated in 

the present study. We can hypothesize that reward history influences target selection 

processes rather than early spatial selection processes.

The N2pc amplitude difference for rewarded versus novel distractors during Relation trials 

was significantly correlated with induced alpha power contralateral to the previously 

rewarded distractor. The N2pc amplitude difference was also correlated with the 

augmentation of the rewarded minus non-rewarded reaction time difference from the first to 

the last training period. Results suggest that participants with the largest learned association 

between the color of the distractor and the previous reward also showed the largest N2pc 

amplitude to the previously rewarded distractor. The correlation between N2pc and alpha 

power is also interesting, and is in line with previous work showing an association between 

oscillatory activity and event-related responses (e.g., Sokhadze et al., 2009; van Dijk et al., 

2010). Importantly, this correlation was observed with non-phase locked activity, suggesting 

that the correlation is not only reflecting event-related effects. Results suggest that 

investigating cognitive processing with both ERPs and time-frequency analyses provide 

complementary findings to better understand the cognitive processes involved (see also 

Hinault & Lemaire, 2017). All in all, results suggest that the influence of VDAC on WM 

maintenance is stronger during relation WM than during location WM.
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The present study raises important points regarding how the cognitive processes differ 

between relational and sensory WM. However, the specification of the processes involved is 

still a matter of investigation, and several alternative hypotheses to the present interpretation 

need to be addressed. Indeed, the differential reliance on sensory strategies (see Hinault & 

Lemaire, 2016, for an overview) between Location and Relation trials remains to be further 

specified. During the training task in which the reward association was established, an RT 

difference emerged for the rewarded versus non-rewarded stimuli, indicating the 

development of reward-related attentional bias that would be expected to result in VDAC as 

shown in previous research using search tasks to behaviorally test for the existence of 

VDAC. The effects of these previously rewarded stimuli as completely irrelevant distractors 

during our working memory tasks, however, may have had a different effect than that 

observed during the training phase or during other VDAC research test phase tasks (e.g., 

Anderson, 2015). Behavioral and EEG effects of previously rewarded information were 

observed in the WM task, but it is somewhat unclear how much of the interaction between 

the type of distractor (rewarded/non-rewarded/novel) and the type of WM task (Relation/

Location) was due to reward and how much to other attentional biases and processes that 

may have differed during the WM task delays. One alternative interpretation to the results 

would be that attention might have been captured and then suppressed/disengaged by the 

time the Location test appeared. In addition to the lack of behavioral results, the reduction of 

reward-related EEG effects for Location trials compared to Relation trials suggests that 

differences mainly occurred during the distractor encoding stage rather than during the 

processing of the test array and response preparation. Moreover, rewarded ($0.25 on 80% of 

correct responses trials and $0.10 on 20% of correct responses) and non-rewarded (always 

followed by $0.00) colors differed in certainty of the outcome during training, and results 

could be interpreted as reflecting uncertainty associations rather than reward. However, 

participants showed larger capture to rewarded stimuli even though their predictive value 

was lower, suggesting that attention bias toward stimuli with more certain outcomes (e.g., 

Marchner & Preuschhof, 2018) was not driving the results. Other studies, however, have 

reported attention bias towards less certain stimuli (e.g., Le Pelley et al., 2017), but even in 

that study reward association influenced attention bias to a greater degree than uncertainty. 

In addition, previous work showed attentional capture by previously rewarded stimuli while 

controlling for certainty (e.g., Qi et al., 2013) between rewarded and non-rewarded 

conditions. Previous research has indicated that attention bias for stimuli with uncertain 

outcomes depends on whether further learning is required (e.g., Maddux et al., 2007), which 

was not the case in the current study. Taken together, these results suggests than reward, 

rather than certainty, is driving the current reported effects. A final possibility which cannot 

be ruled out by the present results is that item encoding during Relation trials, and the 

maintenance of luminance relationships as well as spatial relationships, could have resulted 

in less color filtering during the distractor phase, as the luminance (i.e., color) dimension of 

the remembered information is not completely irrelevant in the Relation trials as it is in the 

Location trials. Future studies will aim at investigating the conditions of occurrence of 

VDAC, and the influence of visual WM capacity. Reduced visual WM capacity could be 

related to increased attentional capture during Location trials, as the focused attention of 

specific location would be less efficient than in individuals with high visual WM capacity. 
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Future studies (including eye-tracking) will aim to further our understanding of the cognitive 

processes involved during Relational and Location WM.

Recent work showed that attentional capture was reward-based but was also influenced by 

the familiarity of previous targets (e.g., Sha & Jiang., 2016, but see Anderson & Halpern, 

2017). In the present study, modulations of both alpha power and N2pc amplitude were 

found following the previously rewarded distractor, compared to a novel color. The 

difference between responses to rewarded versus non-rewarded distractors, correcting for the 

simultaneous presence of the novel distractor in the opposite hemifield, was significantly 

greater during relation WM than during location WM, suggesting that the present results 

reflect VDAC rather than purely familiarity.

The presented results have several theoretical implications, as they contribute to a better 

understanding of the influence of VDAC on WM maintenance, and how this influence is 

modulated by the type of information maintained in WM. The current results have 

implications for current frameworks of WM processing (e.g., Baddeley et al., 2010; 

Barrouillet et al., 2004; Barrouillet & Camos, 2011; Courtney, 2004; Vandierendonck, 

2016), as they provide evidence that (a) the nature of attentional capture by distracting 

stimuli can modulate the efficacy of WM maintenance, and (b) the relationship between 

WM and attention depends on the type of information maintained in WM. Allocation of 

attention is sometimes considered as a part of these models, but these models mostly 

consider the maintenance of sensory information. Evidence, such as that provided in the 

current study, of modulations of selective attentional capture or differential influence 

according to whether sensory versus abstract information is maintained in WM needs to be 

considered when trying to understand the cognitive and neural mechanisms that enable WM. 

The present study contributes to this issue by specifying the time course of attentional 

capture during WM maintenance, and what WM processes are the most influenced by 

attentional capture. Indeed, results revealed that that abstract (relational) WM 

representations are more vulnerable to non-relevant yet previously rewarded stimuli than are 

sensory representations, during early processing stages. Conversely, sensory representations 

that involve allocation to specific location might be less subject to attentional capture by 

irrelevant information. Distracting stimuli have previously been shown to have different 

magnitudes of impact on sensory working memory performance depending on whether the 

information domains of the maintained information and the distracting information overlap 

or not (e.g. Baddeley, 2007). The current study extends this general approach to investigate 

the potential for similar interactions between processing versus maintenance in very 

different information domains than have been traditionally studied. In order to maximize 

power to detect a difference in the distraction effects of previously rewarded versus non-

rewarded distractors, we did not have any trials that contained no distractors, which would 

be needed to investigate whether relational WM is more susceptible to sensory distraction in 

general. So while the current study demonstrated that previously rewarded stimuli have 

greater impact on relational WM, future studies will be needed to further investigate the 

generality of the interaction between attention capture and WM content, how it might be 

further modulated by training, or might differ between populations.
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Figure 1: 
A, Trial schematics showing the sequence of events in the reward training task. Participants 

had to indicate the orientation of the line within the target colored circle (green or red) and 

were monetarily rewarded for one of the two colors when the response was correct. B, 

Differences between responses to rewarded and non-rewarded targets during the reward 

training task, as a function of the block of trials.

Hinault et al. Page 20

Cogn Affect Behav Neurosci. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
A, Trial schematics showing the sequence of events in the test phase, for Location and 

Relation trials, during which EEG data were collected. Both trial types began with a fixation 

cross and a trial cue, followed by four squares. For Location trials (above), participants were 

instructed to imagine a line between the two squares (i.e., one per hemifield) and to hold the 

location of those lines in memory over the delay periods. The dashed lines indicate the 

locations of the to-be-remembered imaginary lines between the sets of squares, and were not 

present in the display. For Relation trials (below), participants were instructed to remember 

the relative vertical relationship of the two squares within each hemifield. After an initial 

delay (Delay 1), color distractors representing the previously rewarded (e.g., red), or novel 

(e.g., blue) colors were displayed. Following a second delay period (Delay 2), the test array 

was displayed. Participants had to determine whether the two squares (a) straddled the 

imaginary line (Location trials), or (b) had the same vertical relationship (Relation trials). B, 

Position of contralateral electrodes relative to the previously rewarded (e.g., red) or novel 

(e.g., blue) distractor. C, Congruency between the hemifield of the distractors and the WM 

test items.
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Figure 3: 
Behavioral performance shown separately for Location and Relation trials. Performance was 

modulated as a function of the display of a previously rewarded or non-rewarded distractor, 

and as a function of the congruency between the hemifield of the distractor and the WM test 

items. Errors bars represent S.E.M. *p<0.5, **p<0.01, ***p<0.001.
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Figure 4: 
Time-frequency results for posterior electrodes, for relation (left) and location (right) trials. 

Alpha power for electrodes contralateral to the previously rewarded or novel distractor. Zero 

represents the onset of the distractor. The red boxes represent the significant differences 

between conditions revealed by permutation tests in relation trials (p<.01) and location trials 

(p<.05)
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Figure 5: 
A, Time-frequency maps of the previously rewarded distractor minus novel distractor 

difference, at posterior sites, for relation and location trials. B, Scalp map of power in the 

alpha band (8–13Hz), during the significant time cluster for relation trials (192–348ms), 

when the previously rewarded distractor was displayed in the right hemifield (left, 

contralateral sites) or the left hemifield (right).
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Figure 6: 
A, Event-related potentials (ERPs) for posterior sites as a function of the trial type (relation 

trial, location trial) and the electrode position contralateral to the hemifield of the rewarded, 

non-rewarded, or novel distractor. Zero represents the onset of the distractor. The red box 

represents the significant difference between conditions revealed by permutation tests (p<.

005). B, Scalp map of activation during the significant time cluster for Relation trials (180–

210 ms) when the previously rewarded distractor was displayed in the right hemifield (left, 

contralateral sites) or the left hemifield (right).
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Figure 7. 
A, correlation between the change in the rewarded minus non-rewarded RT difference from 

the first to the last session of the training phase and N2pc cluster revealed by permutation 

tests. B, correlation between N2pc amplitude and alpha power contralateral to the previously 

rewarded distractor.
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