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Abstract 

Attention has multiple influences on visual working memory (VWM). 

Fluctuations in sustained attention predict VWM performance. Furthermore, focusing 

selective attention in VWM by retro-cuing the to-be-tested item during maintenance, 

boosts retrieval. So far, we lack knowledge how the ability to focus selective attention 

relates to the state of sustained attention during the VWM trial. Here, we combined a 

retro-cue task and a self-rated attention protocol to test whether focusing selective 

attention via retro-cues: (1) mitigates spontaneous attention fluctuations, in which case 

retro-cues should be more helpful under low levels of self-rated attention; (2) depends on 

optimal state of sustained attention, in which case retro-cue benefits should be largest 

under high levels of self-rated attention; or (3) is independent of sustained attention, in 

which case retro-cue benefits and self-rated attention effects should be additive. Our data 

supported the additive hypothesis. Across four experiments, self-rated attention levels 

predicted continuous reproduction of colors. Retro-cue trials produced better recall and 

higher rated attention. Critically, retro-cues improved recall to a similar extent across all 

levels of self-rated attention. This indicates that attention has multi-faceted and 

independent contributions to VWM.  

Keywords: Visual Working Memory, Attention, Retro-Cue, Self-Report, 

continuous reproduction task 
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Tracking Attentional States: Assessing the Relationship Between Sustained 

and Selective Focused Attention in Visual Working Memory   

 

Visual Working memory (VWM) serves ongoing cognition by maintaining and 

processing visual information across short periods of time. The efficiency of VWM is 

severely constrained by its capacity, often quantified as the number of items that can be 

concurrently held in mind. Healthy younger adults can maintain, on average, four visual 

representations accessible in VWM. This estimate, however, is subject to variation 

between individuals (Cowan, 2010; Luck & Vogel, 2013) and also within-individuals, 

reflecting trial-by-trial fluctuations due to changes in sustained attention  (Adam et al., 

2015; Adam & Vogel, 2017; deBettencourt et al., 2019, 2020; Fukuda et al., 2015; 

Mrazek et al., 2012; Rademaker et al., 2012). The contribution of attentional fluctuations 

to VWM performance has been examined, for example, by asking participants to rate 

their attentional levels towards the task (Adam & Vogel, 2017; Unsworth & Robison, 

2016) or by interspersing memory probes in a sustained attention task at moments 

associated with high and low levels of sustained attention (deBettencourt et al., 2018, 

2019). This has showed that memory performance is highly related to overall levels of 

attentiveness.  

Relevance of attention for VWM performance is also evident from the literature 

showing that retrospective cueing of selective attention towards a specific representation 

during maintenance (with so-called retro-cues) improves recall. Since the first seminal 

studies (Griffin & Nobre, 2003; Landman et al., 2003), ample research has confirmed the 
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robustness of the attentional benefit elicited by retro-cues for memory accuracy as well as 

response times (see Myers et al., 2017; Souza & Oberauer, 2016 for reviews).   

In summary, on the one hand, fluctuations of sustained attention predict how 

much information has entered VWM, whereas, on the other hand, selective focused 

attention can strengthen the focused representation, boosting retrieval. So far, it is unclear 

how sustained attention and selective attention relate to each other in VWM: do they 

represent a single source of variation in memory performance, or do they contribute 

independently to it? Attention is not a monolithic concept (Chun et al., 2011), however, 

theories have not considered the roles that different types of attention play in the working 

memory system (Oberauer, 2019), and researchers have not considered the joint 

contribution of these factors to memory performance. Here we ask whether the benefit of 

retro-cueing a VWM representation is related to the overall level of sustained attention 

towards the memory task. In the following sections, we discuss the literature on sustained 

attention and selective attention in VWM, and the metacognitive awareness regarding 

these states. Finally, we present our hypotheses and our approach to answer our 

questions.  

VWM and Attention Fluctuations 

Attention naturally fluctuates within and across trials (Esterman & Rothlein, 

2019). These fluctuations can be tracked via subjective self-reports as well as objective 

task performance measures. The ability to sustain attention across trials is often measured 

with the Sustained Attention to Response Task (SART, Robertson et al., 1997). In this 

task, participants respond to frequent stimuli and must withhold responses for rare 

targets. Errors in this task are often linked to self-reported decreases in task focus, aka 
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mind wandering (see Randall et al., 2014; Smallwood & Schooler, 2006 for reviews). 

Recent research has shown that lapses of attention and VWM are related: By tracking 

response time variability in a hybrid SART and VWM task, deBettencourt et al. (2019) 

showed that VWM probes presented when participants were inferred to be attentive or 

inattentive produced high and low levels of VWM performance. Other studies reported 

that VWM accuracy fluctuates in concert with self-rated attention and confidence (Adam 

& Vogel, 2017; Arnicane et al., 2021), and reports of on-task focus versus mind-

wandering (Adam & Vogel, 2017; Unsworth & Robison, 2016). Similarly, trial-to-trial 

fluctuations in attentiveness strongly correlate with performance in other WM tasks, for 

example in the n-back (Rummel & Boywitt, 2014) and complex span (Mrazek et al., 

2012). 

The idea that VWM performance is supported by sustained attention is 

implemented in several computational models of VWM capacity that include attentional 

fluctuations as a parameter to capture trial-by-trial variations in performance (Adam et 

al., 2015; Rouder et al., 2008). An instantiation of one such model used a binary full-

attention vs. no-attention (i.e., attention lapse) parameter to adjust model’s behavior on a 

trial-by-trial basis (Rouder et al., 2008). According to this implementation, sudden lapses 

of attention may explain why even individuals with high VWM capacity sometimes 

perform very poorly, or why people may fail on trials with within-capacity set sizes (e.g., 

having only one or two items). Further work compared a binary lapse model to a one with 

graded attention and found that the latter more fully accounted for the data (Adam et al., 

2015; see also Killebrew et al., 2018). Together, these empirical findings and modelling 



ATTENTION IN VISUAL WORKING MEMORY 6 

 

approaches illustrate that the waxing and waning of sustained attention plays a 

considerable role in VWM performance.  

VWM and Selective Attention 

A vital selection device supporting VWM performance is the focus of attention: a  

mechanism for selective prioritization of one or several items held in VWM (Cowan, 

2011; Oberauer, 2009, 2013). Directing attention to VWM contents – i.e., by bringing 

them into the focus of attention – renders representations more durable by strengthening 

the items’ bindings to the context such as their spatial location in the visual array 

(Oberauer, 2013). This increases the item’s resistance to interference from switches of 

visual and central attention – namely, when being presented with a secondary task before 

the memory test (Hollingworth & Maxcey-Richard, 2013; Makovski & Jiang, 2007; 

Makovski & Pertzov, 2015; Matsukura et al., 2007; Rerko et al., 2014; Sligte et al., 2008; 

van Moorselaar, Gunseli, et al., 2015), and decreases items’ susceptibility to the 

interference by decision-making processes and the test display itself (Gunseli et al., 2018; 

Makovski et al., 2008, 2010; Rerko et al., 2014; Souza et al., 2016; Tabi et al., 2019; van 

Moorselaar, Gunseli, et al., 2015). Furthermore, repeated focusing on visual 

representations boosts memory in a cumulative fashion, which results in better memory 

for items that have been attended several times compared to those attended once (Rerko 

& Oberauer, 2013; Souza, Vergauwe, et al., 2018; Souza & Oberauer, 2017).  

Meta-Cognition About Attentional States 

Subjective experience can be assessed by soliciting self-reports. To date, VWM 

studies have asked participants to rate either their attentional state or their response 

confidence. Introspection on attentional states is assumed to reflect knowledge about the 
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state of preparedness to perform the task or of task focus more generally (Adam & Vogel, 

2017; Unsworth & McMillan, 2014a, 2014b). Confidence ratings, conversely, request 

participants to predict or evaluate their performance in the memory test, which is 

assumed to be guided by the precision of the relevant memory representations (Mayer et 

al., 2020; Peters et al., 2019; Rademaker et al., 2012; Samaha & Postle, 2017; van den 

Berg et al., 2017; Vandenbroucke et al., 2014). Both attention and confidence reports 

have been found to relate to performance in VWM tasks. Although attentional reports do 

not require performance evaluation, it can be difficult to disentangle to what extent 

performance evaluation affects these reports. Even though our main goal in this study 

was to collect attention reports, we will review results of both types of studies as they 

provide complementary information about the reliability of subjective reports, and how 

attention focusing modulates VWM performance.   

Only a handful of studies have collected attentional reports in working memory 

and VWM tasks. Mrazek et al. (2012) found that self-reported attention (rated on a 1-5 

Likert scale) predicted individual differences in complex span and reasoning tasks. 

Moreover, trial-by-trial analyses revealed attentional lapses, such that lower rated 

attention was related to poorer performance on that particular trial. Adam and Vogel 

(2017) asked for participants’ ratings of attention on a Likert scale ranging from 1-9 in 

one experiment and response confidence using a binary measure (confident vs. not 

confident) in another experiment during whole-report VWM tasks. Both types of ratings 

covaried with the number of correctly reported items on a trial-by-trial basis. This 

demonstrates that both memory performance and attention levels fluctuate across time, 
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and that people can introspect on their attentional states. Similar results were observed by 

Arnicane et al. (2021) in a sample of younger and older adults.  

Confidence ratings have been more broadly used in VWM research. Introspective 

confidence judgements track memory accuracy when recall is measured on a continuous 

scale (Mitchell et al., 2018; Peters et al., 2019; Rademaker et al., 2012), as well as in 

change detection (Berryhill et al., 2012; Mayer et al., 2020; Sahar et al., 2020). This 

indicates that trial-to-trial fluctuations in VWM for continuous features are accessible to 

introspection similar to memory for discrete colors (Adam & Vogel, 2017; Arnicane et 

al., 2021; Peters et al., 2019).  

In a change-detection task, Berryhill et al. (2012) presented informative spatial 

retro-cues or uninformative neutral cues and solicited confidence ratings after every trial. 

They found that retro-cueing increased both performance accuracy and response 

confidence, leading them to conclude that the pattern of confidence ratings reflected 

participants’ awareness of the retro-cue benefit for their performance (see also 

Vandenbroucke et al., 2014). However, confidence ratings were significantly higher after 

retro-cues also on trials with inaccurate responses. This is not surprising, as peoples’ 

metacognitive insight into the contents of their VWM is imperfect (Adam & Vogel, 

2017). Hence, a subset of retro-cued trials with inaccurate responses could have received 

high confidence ratings. Another possibility is that, via the confidence rating, participants 

expressed their subjective experience of attention. This may indicate that selective 

focusing attention on a memory item increases peoples’ overall level of attention.  
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The Present Study 

In sum, studies on the role of sustained-attention as reflected in self-reports of 

attentional state, and studies on the retro-cue effect have demonstrated two ways in which 

attention and VWM are interwoven: On one hand, fluctuations and lapses of sustained 

attention hinder VWM performance (Adam & Vogel, 2017; deBettencourt et al., 2018, 

2019) and, on the other hand, selective focusing via retro-cues benefits VWM accuracy 

(Souza & Oberauer, 2016). Attention reports show that participants are aware of the wax 

and wane of their sustained attention towards the task (Adam & Vogel, 2017; Mrazek et 

al., 2012) and these reports track VWM performance similar to confidence ratings 

(Berryhill et al., 2012; Rademaker et al., 2012; Vandenbroucke et al., 2014). However, it 

is not yet understood whether the retro-cue benefit depends on the overall level of 

sustained attention.  

The aim of the present study is to leverage the information from attention self-

reports to uncover the interplay of sustained and selective attention in VWM. We 

combined a VWM task requiring maintenance of continuously varying colors with a 

retro-cue paradigm and an attention report protocol. Attention reports were requested on 

a small subset of trials (20%) both when participants were maintaining the whole 

memory set with no information of which item would be tested (assumed to only engage 

sustained distributed attention), and after a retro-cue had indicated the to-be-tested item 

(assumed to engage selective focused attention).  

Previous studies showed that attention reports were positively associated with 

accuracy in a discrete whole-report VWM task (Adam & Vogel, 2017; Arnicane et al., 

2021). Here, we aimed to extend this finding by testing one item per trial in a continuous 
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color reproduction task, aka delayed estimation task (Prinzmetal et al., 1998; Wilken & 

Ma, 2004; Zhang & Luck, 2008), which provides a sensitive measure of memory 

accuracy. In this type of task, participants reproduce the feature (in our case color) of the 

tested item on a continuous scale (here a color wheel). The error in reporting the color of 

a probed item increases as the memory load in the task increases (Hardman et al., 2017; 

Mitchell et al., 2018; Zhang & Luck, 2008), and this error is reduced when the test-

relevant item is cued during maintenance (Souza, Rerko, Lin, et al., 2014). Assessing the 

relation between attention reports and recall error in the no-cue vs. retro-cue conditions 

will help to shed light on how selective focused attention interacts with states of sustained 

attention.  

The primary goal of our study was to assess the covariation between attention 

reports and VWM performance, aiming to distinguish between three hypotheses about the 

interplay of sustained and focused attention in VWM. The first possibility is that retro-

cue benefit is conditional on participants’ optimal state of sustained attention because 

only then participants would have enough information about the memory array in mind. 

This implies that the cueing benefit on accuracy would only emerge when attention was 

rated as high (see Figure 1A). The second possibility is that the opposite pattern 

materializes: Retrospective focusing is more beneficial when attention has fluctuated 

beforehand (as reflected in lower levels of self-rated attention), whereas at already high 

levels of attention the cue boost is smaller (Figure 1B). This pattern would be consistent 

with the idea that focused attention can rescue people from a state of mind-wandering. 

Lastly, cueing could increase accuracy by a steady increment regardless of self-rated 



ATTENTION IN VISUAL WORKING MEMORY 11 

 

attentional level, indicating separate contributions of sustained attention and selective 

focused attention to VWM performance.  

Figure 1 

Hypothetical Scenarios for the Interplay of Sustained Attention and Selective Focused 

Attention Effects on VWM Performance 

 

Note. The figure depicts hypothetical levels of error in reproducing colors from memory 

(with better performance indicated by lower values) as a function of self-rated attention 

(x-axis) and whether there was the presentation or not of a retro-cue during the retention 

interval (Cue vs. No-Cue). Panel A visualizes the scenario in which retro-cue benefits are 

larger, the higher the level of self-rated attention, whereas Panel B illustrates the 

opposing pattern. These two scenarios are consistent with interdependence between 

sustained and selective attention. Panel C visualizes the scenario of independent, additive 

contributions of self-rated attention and the retro-cue benefit to VWM performance.  

 

Experiment 1 

Our main goal was to assess the interplay of sustained and selective focused 

attention in VWM. Attention ratings (on a scale of 1-9) were requested in 20% of the 

trials. We operationalized sustained attention with no-cue trials, and focused attention 

with trials presenting informative retro-cues, and examined the joint contribution these 

two types of attention on recall (as illustrated in Figure 1). Our main interest pertained to 

how the size of the retro-cue benefit varies as a function of self-rated attention levels. 
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A secondary question we aimed to address here is whether retro-cues could also 

alter the subjective experience of attention, as reflected in a main effect of retro-cueing 

on attention reports. In other words, retro-cues could modulate not only the deployment 

of selective attention towards the cued item, but also the experience of attention 

participants report. For example, the retro-cue could increase the state of alertness of the 

participants, leading to higher levels of self-rated attention. However, several features of 

the retro-cue procedure may account for this effect. Increased self-rated attention 

following a retro-cue may indicate that participants assigned a higher share of attention 

towards the cued item. However, because the retro-cue presents visual information during 

maintenance, it stands to question whether the sudden onset of a visual event increases 

arousal, which also may increase self-rated attention, even if this stimulus does not allow 

one to focus attention. To control for this alternative explanation, a neutral-cue baseline 

presented an uninformative visual stimulus, matched in timing to the retro-cue 

appearance. The arousal hypothesis predicts that self-rated attention should increase 

following both retro-cues and neutral-cues. Another possibility is that the retro-cue 

prevents attention from receding over time. To address this, we included two no-cue 

baseline conditions that varied the retention interval: a no-cue short baseline (matched in 

retention interval to the time until the retro-cue onset), and a no-cue long baseline 

(matched to the total trial-time in the neutral- and retro-cue trials). If retro-cues protect 

attention from dropping over time, their effect on attention ratings should emerge only 

compared to the long, but not to the short baseline.  

Method 

Participants 
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Based on previous retro-cue studies in our lab, we defined a target sample size of 

N = 20. Twenty students from Zurich universities (MAge = 25.65, SD = 4.12, 16 women) 

completed two sessions (ca. 1 hour each) and were compensated with 30 CHF or course 

credit. For all experiments reported here, participants self-reported normal color vision. 

Written informed consent was obtained from all participants before the experiment, and 

participants were debriefed regarding the purpose of the study at the end. The study 

protocol is in line with the ethical guidelines of the institutional review board as 

established by the completion of a self-assessment checklist prior to data collection 

(checklist can be found here: https://www.phil.uzh.ch/de/forschung/ethik.html) and it did 

not require specific approval. 

Procedure 

The experiment was programmed in MATLAB (The MathWorks, Natick, MA) 

using the Psychophysics Toolbox 3 (Brainard, 1997; Pelli, 1997). All materials, data, and 

analysis scripts are available at Open Science Framework 

(https://osf.io/z2dpc/?view_only=bda94be6c4994dbfa736e6f57a464fa5). 

The task was to memorize five colored discs. Figure 2 illustrates the flow of 

events in the task. At the beginning of a trial, a white fixation cross (size = 40 pixels) 

appeared for 500 ms against a grey background (RGB: 128, 128, 128). Next, five colored 

discs (radius = 35 pixels) arranged equidistantly along an imaginary ring (radius = 200 

pixels) were shown for 500 ms. The discs’ colors on each trial were randomly sampled 

(without replacement) from 360 continuous color values defined in the CIE L*a*b color 

space (L = 70, a = 20, b = 38, and radius = 60), and there was no minimal distance 

constraint between the colors. The positions of the discs remained constant throughout 

https://www.phil.uzh.ch/de/forschung/ethik.html
https://osf.io/z2dpc/?view_only=bda94be6c4994dbfa736e6f57a464fa5
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the experiment. Offset of the memory array was followed by a 1-s blank retention 

interval. In the no-cue short baseline condition, this 1-s retention interval was followed 

directly by the memory test. In the retro-cue condition, after the 1-s retention interval, a 

white arrow (radius = 80 pixels) pointing to the location of the to-be-tested memory item 

was drawn in the center of the screen for 250 ms, followed by another 1-s blank interval. 

The neutral-cue condition was identical to the retro-cue condition, except that five arrows 

were drawn simultaneously, pointing to all item locations at once. In the no-cue long 

baseline condition, the blank retention interval continued for 2.25 s, thereby equating the 

trial duration to the retro- and neutral-cue conditions. At test, a black circle was drawn at 

one of the positions of the memory array, indicating the probed item, together with a 

color wheel (radius = 540 pixels, randomly rotated on each trial). A white circle (size = 

30 pixels) was drawn around the current position of the mouse when it was moved on the 

color wheel, and the probe item’s color changed according to the mouse position on the 

wheel. To respond, participants clicked the left mouse button. The inter-trial interval 

comprised 500 ms. After every quarter of the trials, the experiment paused for a self-

paced break and participants received feedback about their average accuracy, expressed 

as a percentage based on the mean response error (i.e., 100 × (180-mean error)/180).  

On the 20% trials with attention ratings (modelled after Adam & Vogel, 2017), 

memory test was followed by an attention probe, presenting the following question in 

white against a grey background: “How attentive were you on this trial?” atop of a white 

slider scale. The scale ranged from 1 to 9, with 1 = Not at all Attentive and 9 = Very 

Attentive. Below the scale, a green integer digit (size = 40 pixels) was shown as soon as 

participants moved the mouse on the scale and changed from one to nine according to the 



ATTENTION IN VISUAL WORKING MEMORY 15 

 

position of the mouse. Participants submitted their rating by clicking on the slider with 

the left mouse button. Then, there was a 1-s blank interval, followed by a 500 ms inter-

trial interval. Attention probes were balanced across the cue conditions (18 probes per 

condition and session) and pseudo-randomized to occur with two, three or four non-

probed trials in between. Because of a programming error, attention probes were 

distributed across the first 288 trials of a session, whereas no probes occurred in the last 

72 trials1.  

Per session, there were four conditions: no-cue short, no-cue long, neutral-cue and 

retro-cue (100% valid). Each condition had 90 trials per session, resulting in a total of 

360 experimental trials. The conditions were randomly intermixed. Before the task, 

participants practiced for 20 trials (12 trials with the retro-cue and two trials per each 

other condition). Participants were instructed to remember color-location associations 

shown in the memory array. The instructions encouraged to heed the retro-cue and 

emphasized that the cue was 100% valid.  

 

  

                                                 

 

 

1 This programming error was corrected in the next experiments. As the central results of 

Experiment 1 were replicated in Experiments 2-4, it is unlikely that the programming 

error had affected the results of Experiment 1 in any meaningful way.  
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Figure 2 

Conditions and Trial Timeline in Experiment 1. 

 

 

Note. Conditions were randomly intermixed during the experiment. The duration of each 

display is presented within the display in seconds. There is no time limit to the response 

in the test. 

  

Data Analysis 

The main dependent variables were (1) recall error, defined as the absolute 

distance between the reported color and the true color of the tested item, and (2) attention 

ratings 2. We used Bayesian analyses of variance (BANOVA) and t-tests implemented in 

the BayesFactor package (R. D. Morey et al., 2018) with the default prior settings. We 

                                                 

 

 

2 See Figure 7 for the distributions of attention ratings per condition levels across the 

experiments.  
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regarded Bayes factors (BFs) between 3 and 10 as substantial, and larger than 10 as 

strong evidence in favor of H1. Likewise, BFs between .30 - .10 were interpreted as 

substantial, and lower than .10 as strong evidence in favor of H0 (Wagenmakers et al., 

2011). Ambiguous evidence for H0 was indicated by BFs in the range of .30 to 1 and for 

H1 in the range from BF = 1 to 3.  

We excluded one participant with recall error M = 88° (SD = 52°), as average 

error around 90° is indicative of random responding, thus leaving a final sample size of N 

= 19. As neither recall error nor attention ratings differed as a function of session (see 

Supplemental Materials on the OSF), the data were collapsed across sessions. Recall 

error did not differ between trials with vs. without attention probes, indicating that the 

subset of attention-probed trials is an adequate representation of the whole dataset (see 

Supplementary Materials on the OSF, 

https://osf.io/z2dpc/?view_only=bda94be6c4994dbfa736e6f57a464fa5).  

Results  

Memory Accuracy  

First, we assessed whether the retro-cue increased memory accuracy compared to 

the baseline conditions, replicating the retro-cue effect. This analysis includes data from 

all trials (with and without attention probes). The data are visualized in Figure 3A. A one-

way BANOVA having recall error as the dependent variable, subject as a random effect, 

and condition as a predictor showed strong evidence for a main effect of cue condition 

(BF = 4.65 × 109). Paired t-tests revealed that recall error was credibly smaller in the 

retro-cue compared to all other conditions (retro vs. short: BF = 2.4 × 103; retro vs. long: 

BF = 1.1 × 104; retro vs. neutral: BF = 1.6 × 103), whereas baseline conditions did not 

https://osf.io/z2dpc/?view_only=bda94be6c4994dbfa736e6f57a464fa5
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credibly differ between each other (short vs. long: BF = 0.46, short vs. neutral: BF = 

0.38, neutral vs. long: 0.24).  

Attention Ratings 

Second, we analyzed whether self-rated attention varied as a function of condition 

(visualized in Figure 3B). A one-way BANOVA having attention ratings as the 

dependent variable, subject as random effect, and condition as a predictor yielded strong 

support for a main effect of condition (BF = 373). Paired comparisons with t-tests 

indicated that ratings were higher in the retro-cue compared to all other conditions 

(neutral-cue condition, BF = 56; no-cue short, BF = 42; no-cue long, BF = 6.80). Arousal 

from cue sudden onset cannot explain this boost since ratings between the no-cue long 

and neutral-cue conditions were statistically indistinguishable (BF = 0.26). Furthermore, 

attention ratings did not differ between the no-cue short and no-cue long baselines (BF = 

0.26), indicating that sustained attention did not recede with longer VWM maintenance. 

In sum, self-rated attention was similar across the no-cue and neutral-cue conditions, but 

it was higher following a retro-cue.   



ATTENTION IN VISUAL WORKING MEMORY 19 

 

Figure 3  

Results of Experiment 1 Showing Retro-Cue Effects on Recall Error (Panel A) and 

Attention Ratings (Panel B), and Similar Retro-Cue Benefits over all Levels of Self-Rated 

Attention (Panel C Presents Observed Data and Panel D Model’s Predictions).  
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Note. The small dots in Panels A and B represent the individual’s average in each 

condition. The large dots represent the condition mean. Note that in Panel A, the recall 

error data are aggregated across the attention probe condition (i.e., trials with and without 

the attention ratings). In Panels C and D, the dot clouds are individual observations. No-

Cue-Merged condition represents the collapsed data of the No-Cue Short and No-Cue 

Long conditions. In Panel D, labels replace points at condition means and display the 

number of observations per attention rating level entered in the model (number of 

observations are identical to those displayed in Panel C).  

 

Joint Effects of Attention Rating and Cueing on Accuracy 

To answer our main research question, we modelled the joint effects of attention 

and cueing on task performance, using only the data from trials with attention probes. For 

this analysis we collapsed the data of the two no-cue conditions since they produced 

comparable results (BF = 0.92). Figure 3C visualizes the relation of recall error and 

attention ratings for each cue condition: neutral-cue, merged no-cue, and retro-cue in the 

observed data and Figure 3D visualizes the model’s predictions.  

  Our model, a hierarchical Bayesian regression model implemented in the brms 

package (Bürkner, 2018) in R (R Core Team, 2018), had cue condition (no-cue, neutral-

cue, and retro-cue) and mean-centered attention ratings as predictors, and the signed 

distance between the response and the true color in each trial as the dependent variable 

(hereafter response deviation). The distribution of response deviations can be described 

by a von Mises, which is the analogue of a normal distribution in circular space. The two 

parameters of von Mises distribution are the location parameter μ (corresponding in our 

model to the target color), and the concentration parameter κ (corresponding in our model 

to the variability of the response deviations around the true target color). The κ parameter 

describes the precision of the distribution: The higher the value of κ, the narrower the 

distribution becomes around μ, whereas when κ = 0, the distribution is completely flat 
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and resembles a uniform distribution. In our model, we allowed our predictors to 

modulate the value of κ, setting μ = 0 because we centered all deviations on the target 

value. We used the package’s default links for κ (log) and default priors for the von 

Mises distribution - normal(5.0, 0.8) for fixed effects and student_t(3, 0, 10) for random 

effects, and we sampled four chains with 2000 iterations (1000 first iterations were 

discarded as warm-up). For the population-level (i.e., fixed) effects, smallest number of 

effective samples was 886 and 𝑅̂ = 1.00, indicating good model convergence.  

This analysis generates a distribution of the likely values of the parameters in the 

model, which are termed the posterior of the parameter. The summary statistics of the 

parameter posterior distributions are reported in Table 1. We considered an effect as 

credible if the 95% Highest Density Interval (HDI) of the parameter’s posterior did not 

include zero. The HDI represents the range of values that the parameter could reasonably 

assume to describe the data.  

As shown in Table 1, there was a credible main effect of self-rated attention on 

memory precision (κ), such that at higher attention ratings memory precision was higher. 

Compared to the merged no-cue baseline, precision was higher in the retro-cue condition, 

but not in neutral-cue trials. None of the interaction terms was credible, suggesting 

independent contributions of between-trial spontaneous attentional fluctuations, as 

reflected in attention reports, and selective focused attention, as reflected in the retro-cue 

benefits.  
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Table 1 

Posterior Estimates of the Regression Predictor Coefficients in Experiments 1, 2 and 4. Conditions and Coefficients with Credible 

Gains (Positive Sign) and Detriments (Negative Sign) on Recall are in Boldface. 

 

Note. (+) denotes performance gains, and (-) denotes performance detriments. The regression weights reflect the change in the 

concentration parameter κ of the von Mises distribution. Larger values of κ indicate a narrower distribution and, accordingly, higher 

recall precision. The values are on the logarithmic scale. Square brackets contain the lower and upper Highest Density Interval (HDI) 

of the posterior (credible effects do not include the zero). “Rating Before” refers to ratings placed prior to memory test. All models 

included the full attention rating scale (1-9). Outlier participants were excluded from the models of Experiments 1 (n = 1) and 4 (n = 

5).

Parameter Experiment 1  Experiment 2  Experiment 4 

 Mean 95% HDI  Mean 95% HDI  Mean 95% HDI 

Intercept 0.56 [0.19, 1.05]  0.94 [0.63, 1.32]  0.26 [-0.08, 0.42] 

Attention (+) 0.85 [0.57, 1.14]  0.56 [0.32, 0.81]  0.49 [0.36, 0.63] 

Neutral Cue -0.06 [-0.35, 0.22]  -- --  -- -- 

Retro Cue (+) 0.74 [0.56, 0.92]  0.88 [0.50, 1.26]  0.87 [0.69, 1.05] 

Rating Before (-) -- --  -0.90 [-1.12, -0.69]  -0.79 [-0.99, -0.61] 

Attention × Neutral Cue 0.24 [-0.10, 0.63]  -- --  -- -- 

Attention × Retro Cue 0.09 [-0.28, 0.48]  -0.06 [-0.37, 0.24]  -0.08 [-0.25, 0.10] 

Attention × Rating Before -- --  -0.16 [-0.41, 0.10]  0.06 [-0.15, 0.27] 

Retro Cue × Rating Before (+) -- --  0.72 [0.37, 1.07]  0.61 [0.39, 0.84] 

Attention × Retro Cue × Rating Before -- --  0.29 [-0.17, 0.74]  0.21 [-0.05, 0.46] 
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Discussion 

Experiment 1 demonstrated that retro-cueing increases both memory accuracy and 

subjective experience of attention. Modelling the effect of cueing and attention on 

performance showed that both these predictors affected memory accuracy separately. In 

other words, cue-enabled selection contributed to a steady increment in accuracy across 

the whole range of self-rated attentional levels. The lack of interaction between 

subjective sustained attention level and selective focused attention via retro-cueing 

indicates that the ability to use the retro-cue does not depend on one's attentional state.  

The main effect of retro-cueing on self-rated attention indicates that participants 

experience higher attentiveness after being able to deploy focused attention. The 

contributions of other sources towards changes in self-rated attention with planned 

comparisons showed that, firstly, the increase in subjective attention was not due to the 

presentation of a sudden-onset stimulus which could drive arousal, as attention reports 

did not increase after neutral cues. Secondly, comparisons of the no-cue short (1-s 

retention) and no-cue long (2.25-s retention) baselines revealed no decline in ratings with 

longer maintenance. Thus, retro-cueing contributed to an increase in self-rated attention 

above its baseline level.  

 However, because attention ratings were provided after placing the memory 

responses, participants may have incorporated the evaluation of their performance into 

their attentional reports. In other words, because retro-cues were helpful for memory 

accuracy, participants may have perceived that their performance was better and included 

this experience in their attentional ratings. To assess whether participants’ attention 

ratings are based on perceived attentional state or are biased by the evaluation of their 
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recall performance, Experiment 2 solicited attention reports either before or after the 

memory test.  

Experiment 2 

In Experiment 2, we assessed whether the introspection on subjective attention 

incorporated participants’ evaluation of their behavioral performance. For this purpose, 

we again collected attention ratings on retro- and no-cue trials, additionally splitting the 

rating time-points between before and after the memory test. We hypothesized that 

ratings placed before the memory test could only be influenced by the participants’ 

attentional state, whereas ratings collected after the memory test could be influenced by 

attentional state and/or behavioral evaluation. If behavioral evaluation was the driving 

variable producing increase in attentional ratings after retro-cues compared to the other 

conditions, then we should observe this effect after the memory test, but not before it. 

Participants, Materials, and Procedure 

A new sample of twenty university students from the Zurich area (MAge = 22.6, 

SD = 3.74, 16 women) completed two sessions for a compensation of 30 CHF or course 

credit. The experiment was identical to Experiment 1, except for the following 

modifications. First, the experimental conditions were reduced from four to two: Retro-

cue vs. the no-cue short baseline (50% each). Out of 360 trials per session, we 

administered attention probes on 72 trials, resulting in 18 probed trials per each design 

cell (i.e., Cue × Probe Time-Point) in each session, amounting to a probe rate of 20%. 

The following timing variables were changed: The inter-trial interval was increased to 

1500 ms, and waiting time after the placement of attention ratings was set to 0. Both 

these changes aimed to reduce the impact of the attention ratings on performance, given 
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that providing attention ratings before the memory test may unsettle participants’ 

orientation in the experiment flow. To minimize visual load, attention probes solely 

presented the rating scale with the numerical anchors and their annotation 1 = Not at all 

Attentive, and on the right, at 9 = Very Attentive. Participants practiced for 30 trials. They 

completed a total of 720 trials across the two sessions.  

Results  

For the analyses, the data were collapsed across sessions, as neither rated attention 

nor recall accuracy differed as a function of session (see Supplementary Materials on the 

OSF).  

Memory Accuracy  

First, we analyzed whether retro-cueing increased recall accuracy considering 

three sets of data: non-probed trials, trials in which attention was rated before the 

memory test, and trials in which ratings were entered after the test. The data are 

visualized in Figure 4A. A Cue (No-Cue vs. Retro-Cue) × Rating Time-Point (No Rating, 

Rating Before, or Rating After) BANOVA having recall error as dependent variable and 

subject as a random effect yielded largest support for a model with the main effects of 

Cue and Rating Time-point and their interaction (see Table 2 for BFs and ratios of 

evidence for each predictor). With retro-cues, there was no credible difference in 

performance when attention probes appeared after the test vs. probe-absent trials (BF = 

0.23), and there was ambiguous evidence for worse performance when attention probes 

were presented before the test vs. probe-absent trials (BF = 2.52), as well as when 

attention probes appeared before vs. after the memory test (BF = 1.44). In contrast, in no-

cue trials, there was strong evidence that placing attention reports negatively affected 
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performance when the probes occurred before the memory test compared to probe-absent 

trials (BF = 1.4 × 104), and to trials in which attention reports occurred after the memory 

test (BF = 5.1 × 104). Recall did not differ in probe-absent trials vs. after the memory test 

(BF = 0.24). Together, these results indicate that placing attention ratings after 

experiencing retro-cues did not credibly affect recall accuracy, whereas it was detrimental 

in no-cue trials. This is in line with previous studies demonstrating that retro-cues protect 

memory representations from performance decrements induced by a secondary task 

(Hollingworth & Maxcey-Richard, 2013; Makovski & Jiang, 2007; Makovski & Pertzov, 

2015; Matsukura et al., 2007; Rerko et al., 2014; Sligte et al., 2008; van Moorselaar, 

Gunseli, et al., 2015). 

 

Table 2 

Results of the BANOVA on the Recall Error and Attention Rating in Experiment 2 

Showing Credible Effects of All Predictors in the Recall Error but Only of Cue for 

Attention Ratings. 

 

Model Recall Error  Attention Ratings 

 Model Predictor  Model Predictor 

Cue 4.86×1017 1.26×1021  1.10×105 1.3×105 

Rating Time 14 38104  0.33 0.42 

Cue + Rating Time 1.85×1022 ---  4.4×104 --- 

Cue + Rating Time + Cue × Rating Time 1.42×1025 771  5.7×104 1.21 

Note. The Model-column presents the evidence (BF) for the specified model against the 

Null. The Predictor-column presents the evidence for the inclusion of the factor printed in 

italics when contrasted to the two main effects’ model (credible effects, i.e., BF > 3, are 

printed in bold).  
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Figure 4 

Experiment 2 Results Showing Retro-Cue Effects on Recall Error (Panel A) and Attention 

Ratings (Panel B), as Well as a Constant Retro-Cue Benefit over All Levels of Self-Rated 

Attention (Panel C Presents the Observed Data and Panel D Model’s Predictions)  

 
Note. Small dots in Panels A and B are each individual’s average in that condition, and 

the large dots are the sample mean. Error bars are the 95% within-subjects’ confidence 

intervals. In Panels C and D, the dot clouds are the individual observations. Panel D 

displays the number of observations entered in the model.  
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Attention Ratings 

Further, we analyzed whether attention ratings differed as a function of cue 

condition and rating time-point 3. These data are visualized in Figure 4B. Attention 

ratings were analyzed with a Cue (No-Cue vs. Retro-Cue) × Rating Time-Point (Rating 

Before vs. Rating After) BANOVA (with subject as a random effect). The model 

including only the main effect of cue was the best, indicating that retro-cueing increased 

participants’ attention irrespective of the time-point of the rating (see Table 2). As there 

was ambiguous evidence for including the interaction term on the model, we conducted 

separate t-tests for each rating time-point. Attention was higher in the retro-cue compared 

to no-cue condition when ratings were placed before the test (BF = 114), and after the 

memory test (BF = 19). Thus, the ambiguous interaction stems from self-reported 

attention being somewhat higher when ratings were placed before the memory test. This 

goes against the notion that performance evaluation was driving the difference in ratings 

between the retro-cue and no-cue conditions.  

Joint Effects of Attention Rating and Cueing on Accuracy 

Lastly, we modelled the effects of cueing, rated attention levels, and rating time-

point on response deviation using the same approach and settings as in Experiment 1. 

Figure 4C visualizes the observed data as a relation of cue condition and attention ratings 

per rating time-point, and Figure 4D the model’s predictions. The model showed an 

                                                 

 

 

3 Ratings’ distributions across experiments are visualized in Figure 7. 
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adequate fit (for population-level (i.e., fixed) effects, 𝑅̂ = 1.00 and effective samples > 

932). Posterior distributions are summarized in Table 1. 

There were credible main effects of attention rating, retro-cue and rating time-

point. The main effects of attention rating and retro-cue replicate the findings that 

memory precision was higher when attention was rated higher, as well as after retro-

cueing. Conversely, placing attention ratings before the memory test was associated with 

impaired performance. However, retro-cueing mitigated this deleterious effect of 

distraction before the memory test, as indicated by the credible interaction of retro-cue 

and the rating-before time-point.  

Lastly, replicating Experiment 1, there was no credible interaction between retro-

cue and attention. Thus, we again observed constant retro-cue benefits across all levels of 

self-rated attention, which argues for independent contributions of overall sustained 

attention level and selective focusing to VWM performance. 

Discussion  

In Experiment 2, we aimed to rule out that participants’ attention appraisals were 

biased by performance evaluation. If performance evaluation was the driving variable for 

the increase in attention ratings following retro-cues, then the difference between no-cue 

vs. retro-cue conditions should only emerge when ratings were submitted after the test, 

but not before it. The results refuted the idea that self-rated attention was driven by 

performance evaluation, as the increase in ratings was credible also in the condition 

where these were placed prior to submitting the memory response.  



ATTENTION IN VISUAL WORKING MEMORY 30 

 

Critically, we again observed that retro-cue benefits were of similar magnitude at 

all levels of self-rated attention. This finding, similar to Experiment 1, indicates that 

selective and sustained attention produced independent effects on VWM performance. 

Experiment 3 

Experiment 2 demonstrated that attention ratings plausibly reflect introspection on 

one’s attention, instead of performance evaluation, as ratings placed before and after 

memory testing were similarly affected by retro-cueing. In Experiment 3, we further 

probed the role of performance evaluation in attentional introspection by using invalid 

retro-cues. Experiment 3 was carried out online. One group of participants was asked to 

place all their ratings prior to memory testing (n = 105), whereas the other group placed 

all ratings after memory testing (n = 122). This allowed us to replicate the results of 

Experiment 1 and 2. The crucial manipulation consisted in the cue validity: One-third of 

the cues were now invalid (i.e., 33% invalid cues compared to 66% valid cues). When 

participants are encouraged to focus attention on one memory representation, but are then 

tested on one of the non-cued items, this produces a performance cost (Astle et al., 2012; 

Gözenman et al., 2014; Gressmann & Janczyk, 2016; Griffin & Nobre, 2003; Gunseli et 

al., 2015; Pertzov et al., 2013; Souza, Thalmann, et al., 2018; van Moorselaar, Olivers, et 

al., 2015, 2015), which has been interpreted as evidence that non-cued items are removed 

from VWM thereby freeing capacity (Gunseli et al., 2018; Souza, Rerko, & Oberauer, 

2014; Williams et al., 2013). Accordingly, if participants substantially drew on their 

performance when appraising their attention, that should result in ratings in the invalid-

cue condition (that produces costs to response accuracy) being lower compared to the no-

cue trials and the valid retro-cue trials, which produce better memory performance. Note 
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that only when ratings are placed after the memory test, the effect of invalid cues 

becomes evident, as prior to the memory test, participants do not know whether the retro-

cue is valid or invalid. 

Participants  

Participants were English speakers, resident in the UK, U.S., or Australia (N = 

227, MAge = 26.62, SD = 5.38; 116 women, 110 men, and 1 other) recruited for an online 

study via the Prolific platform. The study lasted 30 min and participants were 

compensated with 4.5 British Pounds. We started by collecting data of 74 participants, 

and we increased sample size in two additional waves (n = 57, n = 96) aiming to obtain 

credible evidence for or against an effect of cue validity on attention ratings (i.e., BF > 3). 

This tiered data-collection approach is feasible when Bayesian estimation is used 

(Rouder, 2014). Unfortunately, even after collecting this larger sample, results were still 

ambiguous for some of the condition contrasts.  

Procedure 

The experiment was programmed in lab.js (Henninger et al., 2020) which is a 

HTML and JAVASCRIPT based language for programming online psychological 

experiments. As in the previous experiments, participants memorized the color-location 

associations of five colored discs. Before the memory array, a white fixation cross was 

shown (font-size 50 pts) for 500 ms. Next, the five colored discs (radius = 25 pixels), 

arranged equidistantly around an invisible circle (radius 150 pixels), were displayed for 

500 ms. In the no-cue condition, the memory test followed after a 1-s retention interval. 

In the memory test, a color wheel (randomly rotated on each trial) and the probe item (a 

dark-grey dot appearing in one of the memory locations) appeared together with the 
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mouse cursor. In the retro-cue condition, the 1-s retention interval was followed by an 

arrow cue, displayed for 250 ms, pointing to the location of the to-be-tested item, which 

was then followed by another 1-s post-cue interval before the onset of the memory test. 

The cue was valid on two thirds of the trials (i.e., it correctly indicated the tested 

location), whereas in one third of the trials, the cue pointed to a non-tested item. We 

selected a 66.6% validity as previous research from our lab observed both valid-cue 

benefits and invalid-cue costs using this proportion (Souza, Thalmann, et al., 2018) and 

we wanted to maximize the number of invalid trials without compromising the 

observation of retro-cue benefits. Participants completed 200 randomly intermixed types 

of trials: 80 no-cue trials, 80 valid retro-cue trials, and 40 invalid retro-cue trials. 

Attention ratings were solicited on 20% of the trials (40 probes): 16 probes 

following no-cue trials, 16 probes in valid trials, and 8 probes in invalid trials. In the 

instruction, participants were informed that the cue is often, but not always valid. As in 

previous experiments, the dependent variables were recall error and attention ratings. The 

independent variable Cue (No-Cue, Invalid, Valid) was manipulated within subjects, and 

the dependent variable Rating Time-Point (Before vs. After Test) was manipulated 

between subjects. Participants were randomly assigned to the two groups. There were n = 

105 participants in the Rating-Before group and n = 122 in the Rating-After group. 

Preliminary inspection of the data revealed that n = 11 participants had a mean 

recall error > 80 and n = 19 participants only reported one attention rating value 

throughout the experiment (rating SD = 0); two participants met both criteria. As mean 

recall error close to 90° indicates that participants are guessing, and data with zero 

variance likely represents invalid survey response behavior (Curran, 2016), we conducted 
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analyses both on the whole dataset and on a subset without these outlier participants. 

Unless otherwise indicated, the pattern of the results did not differ. Prior to the main 

analyses, we evaluated whether recall error differed on trials with vs. trials without 

attention probes. The results showed that probe presence produced larger recall errors in 

the Rating-Before test group, compared to the trials that did not solicit attention ratings, 

but this effect did not occur in the Rating-After test group, replicating the results of 

Experiments 1 and 2. These analyses are reported in Supplemental Materials on the OSF. 

Results  

Memory Accuracy  

Recall error for the subset of attention-probed trials is visualized in Figure 5A. 

Recall error in these trials was assessed with a Cue (No-Cue, Invalid, or Valid) × Rating 

Time-Point (Before vs. After) BANOVA. The best model included only the main effect 

of cueing (see Table 3). Comparisons of models’ BF ratios showed strong evidence for 

the role of cueing, whereas there was evidence against the role of rating time-point and 

ambiguous evidence against their interaction. In summary, invalid retro-cues increased 

recall error and valid retro-cueing reduced recall error compared to the no-cue condition 

but recall error did not credibly differ between the groups of participants that rated their 

attention before vs. after the memory test. Repeating the analysis excluding the subset of 

outlier individuals showed similar results: ambiguous evidence for an interaction (BF = 

2.16) and rating time-point (BF = 0.66), but the evidence for the role of cueing remained 

very strong (BF = 6.65 x 1083).  
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Figure 5 

Results of Experiment 3 Showing Cueing Benefits and Costs on Recall Error (Panel A) 

but Mostly Cue Benefits on Attention Ratings (Panel B). 

 

Note. Small dots in Panels A and B (full sample, N = 227) represent each individual’s 

average in that condition. The large dots represent the sample mean. Error bars are the 

95% within-subjects’ confidence intervals. 

 

Table 3 

Results of the BANOVAs on the Recall Error and Attention Ratings in Experiment 3 

Showing Only a Credible Effect of Cue both on Recall Error and Attention Ratings. 

 

Model Recall Error  Attention Ratings 

 Model Predictor  Model Predictor 

Cue 3×1089 4.86×1089  4×107 3.66×107 

Rating Time 0.17 0.27  0.58 0.47 

Cue + Rating Time 8.46×1088 ---  1.89×107 --- 

Cue + Rating Time + Cue × Rating Time 3.77×1088 0.44  2.16×107 1.13 

Note. The Model-column presents the evidence (BF) for the specified model against the 

Null. The Predictor-column presents the evidence for the inclusion of the factor printed in 

italics when contrasted to the two main effects’ model (credible effects, i.e., BF > 3, are 

printed in bold). The models used the full dataset (N=277).  
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Figure 6 

Results of Experiment 3. For the After-Test Group, Retro-Cue Benefits were Constant 

over Self-Rated Attention Levels. However, for the Before-Test Group, Retro-Cue 

Benefits Increased with Self-Rated Attention. 

 
 

Note. The dot clouds are single observations/predictions; these data are from the 

subsample (N = 199) without outlier participants, as used in the reported models. Panels 

C and D display the number of observations per each condition combination level, the 

labels occupy predictions’ mean values’ place.  
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Attention Ratings  

Figure 7 presents the distribution of attention ratings in each condition. As can be 

seen in this figure, participants mostly used the upper range of the rating scale (unlike in 

the previous experiments, for which a normal distribution was observed). This may be 

due to the data being collected online, and participants being cautious to report 

inattentiveness, particularly given that in Prolific payment in several studies is contingent 

on participants passing attention checks.  

Mean attention ratings as a function of cue condition and rating time-point are 

visualized in Figure 5B. To gauge the influence of cueing on self-rated attention, we ran a 

BANOVA with Cue (No-Cue, Invalid, Valid) × Rating Time-Point (Before vs. After). 

The best model was the one with only a main effect of cueing (see Table 3). Comparison 

of models’ ratios showed strong evidence for the effect of cueing, and ambiguous 

evidence against the effect of rating time-point and for inclusion of their interaction. To 

explore the source of the ambiguous interaction, we conducted separate analyses for each 

rating time-point. Ratings placed before the memory test were aggregated to two levels 

(no cueing and retro-cueing), reflecting the notion that before memory testing, cue 

validity is unknown to the participant. A t-test supported a difference between these 

conditions: Ratings after retro-cueing were credibly higher (M = 7.54, SD = 1.3) than in 

no-cue trials (M = 7.33, SD = 1.5), BF = 1.4×103. Thus, cue presence (without knowledge 

of its validity) again increased participants’ attention. For the subset of post-test ratings, a 

one-way BANOVA having subject as random effect revealed substantial evidence for the 

effect of cueing (BF = 449). Here, mean ratings were lowest in no-cue trials (M = 7.47, 



ATTENTION IN VISUAL WORKING MEMORY 37 

 

SD = 1.21), and higher in retro-cue trials (Invalid-Cue: M = 7.58, SD = 1.14; Valid-Cue: 

M = 7.65, SD = 1.11). A t-test confirmed that ratings credibly differed between No-Cue 

and Valid-Cue (BF = 282) conditions. However, there was ambiguous evidence for a 

difference between the No-Cue and Invalid-Cue (BF = 1.80) conditions and ambiguous 

evidence for a difference in ratings between Valid- and Invalid-Cue conditions, which 

nearly reached credibility (BF = 2.43).  

Figure 7 

Proportion of Observations per Attention Rating Level and Experimental Condition in 

Experiments 1-4 Showing More Bell-Shaped Distributions in Experiments 1, 2, and to 

some Extent Experiment 4, than in Experiment 3. 

 

 

Note. Panels A, C and D visualize ratings’ distributions for the samples without outlier 

participants (A: N = 19, C: N = 199, D: N =93).  
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Together, these results indicate that attention ratings are higher following the 

retro-cue than in the no-cue condition, replicating our previous experiments. Attention 

reports after invalid cues were somewhat higher than in no-cue trials, but not credibly so, 

even after we collected over 100 participants in the condition. So far, these results 

suggest that behavioral evaluation may play some role in attention ratings: Ratings were 

somewhat lower if the cues were invalid compared to valid. However, the performance 

evaluation hypothesis predicts that they should actually be lower in the invalid than in the 

no-cue condition, which they were definitely not (i.e., a one-tailed t-test provided 

evidence against invalid-cue ratings being lower than in the no-cue condition, BF = 

0.012). Another critical piece of evidence for testing this hypothesis is provided by 

assessing the correlation between attention ratings and performance, which will be 

reported next. 

Joint Effects of Attention Rating and Cueing on Accuracy 

As in previous analyses, we modelled the response deviations in a Bayesian 

hierarchical regression having Cue (No-Cue, Invalid, Valid), Rating Time-Point (Before 

vs. After), and mean-centered self-rated attention level as predictors. Figure 6 visualizes 

the individual observations and model’s predictions separately for the Before- (6A, C) 

and After-Test (6B, D) attention rating time-points. As attention ratings below five were 

very scarce (see Figure 7), we conducted the regressions on the data of trials in which 

ratings were 5 and higher.   

We report the analysis (see Table 4) without the outlier participants (i.e., mean 

recall error > 80 and attention rating SD = 0, n = 28; analysis sample N = 199) because 

individuals with low variance in the self-rated attention or recall error could bias it. 
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Results of the model with the full sample are presented in the Supplementary Materials 

available on the OSF 4. The regression model (population-level effects: 𝑅̂ = 1.00, 

effective samples > 1819) showed that, replicating Experiments 1 and 2, high attention 

ratings and valid cueing improved memory precision. Invalid-cueing produced costs in 

line with the hypothesis that participants dropped the non-cued items from VWM (Souza, 

Rerko, & Oberauer, 2014). Likewise, submitting attention ratings before the memory test 

impaired memory precision. There was a credible two-way interaction between Attention 

and Valid-Cue, and a credible three-way interaction between Attention, Valid-Cue, and 

Before-Test Rating Time-Point. To disentangle the three-way interaction, we ran separate 

regressions per rating time-point (population-level effects; Before: 𝑅̂ = 1.00, effective 

samples > 1547, After: 𝑅̂ = 1.00, effective samples >1581, see Table 4). For both rating 

time-points, high attention ratings and valid retro-cues increased precision, whereas 

invalid cues reduced it. Clarifying the source of the three-way interaction in the full 

model, there was a credible interaction of Attention × Valid-Cue when ratings were 

placed before the memory test. Thus, contrary to Experiment 2 (in the condition where 

ratings were also collected before the test), higher attention ratings went along with a 

                                                 

 

 

4 The results’ pattern was similar in the sense that a credible three-way interaction was 

observed. However, this interaction could not be parsed, as separate analyses for Rating-

Before and Rating-After time-points did not reveal credible interaction terms. This could 

be attributed to respondents with low variance in the self-rated attention or recall error 

biasing the analysis. 
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larger cue benefit. This result is puzzling because it does not replicate across Experiments 

1, 2, and for the after-test group in Experiment 3. 

One of the main aims of Experiment 3 was to test whether an interaction emerged 

between Attention and Invalid-Cue when ratings were collected post-test: If participants 

incorporated their performance evaluation into their attention reports, then the 

relationship between rated attention and performance should increase. To address this 

prediction, we conducted a directional test whether the covariation of participants’ 

attention ratings increased at the after- compared to before-test rating placement, 

irrespective of cueing condition. Without specifying the cue condition, we computed a 

full model (main effects of Rating Time-Point, Attention, and their interaction) and a 

model with the main effects of these predictors only. As previously, we modeled the trial-

level data and predictor Attention was mean-centered. To obtain a Bayes Factor from the 

models’ comparison, the models had 50000 iterations (warmup = 1000), and there were 

three chains. Comparison of the full model (𝑅̂ = 1.00, effective samples >6.93× 104) with 

the two main-effects’ model (𝑅̂ = 1.00, effective samples >2.99 × 104) revealed evidence 

against the interaction (BF = 0.18). These models’ posterior point summaries are reported 

in the Supplement Materials file available on the OSF. A one-sided t-test of the 

interaction’s posterior distribution confirmed the evidence against a positive change from 

Before- to the After-test rating time-point: BF = 0.26. In summary, these analyses 

rejected the notion that participants substantially adapted their attention ratings according 

to their perceived performance at the test.   
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Table 4 

Posterior Estimates of the Effect of Predictors on Recall Error in Experiment 3. Conditions and Coefficients with Credible Gains 

(Positive Sign) and Detriments (Negative Sign) on Recall are in Boldface.  
 Data 

Predictor All Data  Rating Before  Rating After 

 M 95% HDI  M 95% HDI  M 95% HDI 

Intercept 0.08 [-0.05, 0.23]  -0.25  [-0.41, -0.09]  0.11 [-0.04, 0.25] 

Attention (+) 0.46 [0.33, 0.61]  0.27  [0.11, 0.43]  0.47 [0.34, 0.62| 

Valid (+) 1.01 [0.86, 1.16]  1.19 [1.02, 1.37]  1.01 [0.86, 1.17] 

Invalid (-) -1.92 [-2.65, -1.36]  -1.21 [-1.87, -0.68]  -2.23 [-3.27, -1.45] 

Before (-) -0.35 [-0.58, -0.12]  -- --   -- 

Attention × Valid (- & +)  -0.16 [-0.32, -0.01]  0.19 [0.01, 0.37]  -0.15 [-0.32, 0.01] 

Attention × Invalid -0.21 [-0.64, 0.23]  0.12 [-0.28, 0.54]  -0.21 [-0.76, 0.34] 

Attention × Before -0.17 [-0.37, 0.02]       

Invalid × Before 0.53 [-0.15, 1.24]  -- --  -- -- 

Valid × Before 0.21 [-0.02, 0.44]  -- --  -- -- 

Attention × Invalid × Before 0.38 [-0.23, 1.01]  -- --  -- -- 

Attention × Valid × Before (+) 0.33 [0.19, 0.57]  -- --  -- -- 

Note. (+) denotes performance gains, and (-) denotes performance detriments. The regression weights reflect the change in the 

concentration parameter κ of the von Mises distribution. Larger values of κ indicate a narrower distribution and, accordingly, higher 

recall precision. The values are on the logarithmic scale. M = Mean, HDI = Highest Density Interval.
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Discussion 

Experiment 3 used invalid cueing to more rigorously test whether attention ratings 

are affected by performance evaluation. We also replicated several aspects of Experiment 

2 by asking one group of participants to place their ratings before the memory test, and 

one group to place their ratings after the memory test. Note that cue validity is not 

apparent to the participant until the test item’s presentation. Attention ratings were higher 

in both valid and invalid retro-cue conditions when requested prior to the test. A separate 

analysis of post-test ratings revealed a more ambiguous state of affairs: Whereas attention 

in valid-cue condition was rated higher than in trials with no-cues, this was not the case 

with the invalid cues. Ratings in invalid retro-cue trials were not as high as in the valid 

retro-cue condition, but they did not drop below the values observed in the no-cue 

condition, although invalid-cue condition yielded much worse performance. Most 

critically, the diagnostic data in this study are provided by the correlation of test 

performance and attention as a function of rating before- or after-test. With a one-sided t-

test, we were able to reject the hypothesis that the correlation between participants’ 

performance and attention was stronger after the test than before it. 

Experiment 4 

In Experiment 3, an interaction between sustained and selective attention emerged 

in one subset of the data (before-test rating time-point). Due to several differences 

between this study and the previous ones, it is difficult to gauge the robustness of this 

finding. Hence, we replicated Experiment 2 in an online setting similar to Experiment 3, 

aiming to clarify whether evidence for the independence of sustained and focused 

attention, as observed before, will hold.  
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Participants  

Participants were English speakers, resident in the UK, U.S., or Australia (N = 98, 

MAge = 26.55, SD = 5.32; 50 women, 46 men, and 2 other) recruited for an online study 

via the Prolific platform. The study lasted 30 min and participants were compensated 

with 4.5 British Pounds. We collected the data in two batches, starting from a sample of 

n=60 and collected a further sample of n=40 in the second batch (datasets from one 

participant in each batch were lost due to a server transmission error), resulting in a total 

N=98.  

Procedure 

The experiment was programmed in lab.js (Henninger et al., 2020). The design 

was identical to Experiment 2, with only minor modifications. In one 30-minute session, 

participants completed 200 trials across 4 blocks with self-paced breaks in between. 

Retro-cues (100% valid) appeared on 50% of the trials, randomly intermixed with No-

Cue Short trials. Attention ratings were solicited on 24% of the trials (i.e., 48 probes), 

balanced between cue conditions. As in Experiment 2, half of the attention probes 

appeared before the memory test and other half after it, resulting in 12 attention ratings 

per design cell (within-subjects manipulation). The stimuli parameters and presentation 

timing were identical to Experiment 3. As in Experiment 3 attention ratings were skewed 

to the left, we modified the instructions to strongly emphasize our interest in participants’ 

genuine attention experience, and the unconditionality of their payment on these ratings. 

Reminders about this information appeared also in the breaks between the blocks. This 

was successful in reducing the skewness of the attention ratings in Experiment 4 (see 

Figure 7).   



ATTENTION IN VISUAL WORKING MEMORY 44 

 

We inspected the data for outliers using the same procedure as in Experiment 3. 

There were n = 4 participants with a mean recall error > 80° and n = 1 participant only 

reported one attention rating value throughout the experiment (rating SD = 0); none of the 

participants met both criteria. The analyses were conducted on both the whole sample and 

without the outlier participants, and we report the results for the latter. If not otherwise 

indicated, the results’ pattern did not differ.  

Results  

Memory Accuracy  

Recall data are visualized in Figure 8A. A 2 (Cue, No-Cue) × 3 (Rating: Before, 

After, None) BANOVA yielded largest support for the full model with two main effects 

and their interaction (see Table 5 for BFs and ratios of evidence for each predictor). 

Similar to Experiment 2, the interaction was due to recall being statistically 

indistinguishable with cueing regardless of the rating time-point (t-tests: No Rating vs. 

Rating Before, BF = 0.35; No Rating vs. Rating After, BF = 0.12; Rating Before vs. 

Rating After, BF = 0.16). Without cueing, performance was comparable in trials with 

ratings placed after the test and trials without ratings (BF = 0.32). But, recall was worse 

when ratings were solicited before the VWM test compared to after it (BF = 2.69 ×107), 

as well as compared to no-rating trials (BF = 4.70 ×107). In sum, placing attention ratings 

before the memory test hindered recall in no-cue trials, but retro-cueing protected 

memory representations from this interference, replicating Experiments 1, 2, and 3. 
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Figure 8 

Experiment 4 Results Showing Cueing Effects on Recall Error (Panel A) and Attention 

Ratings (Panel B) as Well as Displaying a Constant Retro-Cue Benefit over All Levels of 

Self-Rated Attention (Panel C Presents Observed Data and Panel D the Model 

Predictions). 

 

Note. Small dots in Panels A and B are each individual’s average in that condition, and 

the large dots are the sample mean. Error bars are the 95% within-subjects’ confidence 

intervals. In Panels C and D, the dot clouds are the individual observations. Panel D 

displays the number of observations entered in the model per each condition combination 

level. The data are from the subsample (N = 93) without outlier participants.  
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Table 5 

Results of the BANOVA on the Recall Error and on the Attention Rating Data in 

Experiment 4 Showing Credible Effects of All Predictors on Recall Error, But Only Cue 

Effects on Attention Ratings. 

 

Model Recall Error  Attention Ratings 

 Model Predictor  Model Predictor 

Cue 2.70×1066 1.63×1072  3.22×1017 4.44×1017 

Rating Time 9.70×103 5.85×109  0.26 0.37 

Cue + Rating Time 1.58×1076 ---  1.99×1017 --- 

Cue + Rating Time + Cue × Rating Time 2.86×1083 1.91×107  1.07×1017 0.89 

Note. The Model-column presents the evidence (BF) for the specified model against the 

Null. The Predictor-column presents the evidence for the inclusion of the factor printed in 

italics when contrasted to the two main effects’ model (credible effects, i.e., BFs > 3 are 

printed in bold). The reported analyses were conducted on the data without outlier 

participants.  

 

Attention Ratings 

Attention rating data are visualized in Figure 8B (see Figure 7 for the frequency 

of observations per rating level in each condition). A 2 (Cue, No-Cue) × 2 (Rating: 

Before, After) BANOVA yielded largest support for the model with only the main effect 

of cueing (see Table 5). Thus, similar to Experiment 2, retro-cueing increased 

participants’ attention irrespective of the rating time-point. 
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Joint Effects of Attention Rating and Cueing on Accuracy 

Addressing the main question of interrelation of sustained and selective attention, 

we modelled the effects of cueing, self-rated attention levels and rating time-point on 

response deviation using the same approach and settings as in Experiment 2 (see Figure 

8C for the visualization of the data and 8D for model’s predictions). We used the full 

scale of attention ratings (1-9), because the data was more normally distributed in 

Experiment 4, and ran the models with and without the excluded participants; the results’ 

pattern did not differ (see Table S7 in the Supplement for model coefficients with the full 

sample). The model showed an adequate fit (for population-level effects, 𝑅̂ = 1.00, 

effective samples > 2161). Posterior distributions are summarized in Table 1. The results 

replicated Experiment 2: There were credible main effects of cueing and attention, 

showing an improvement of recall precision. Placing attention ratings prior to memory 

test had a negative effect on recall precision. However, this disadvantage was mitigated 

by the cueing procedure, as evidenced by a credible two-way interaction between Rating 

Before test time-point and Retro-Cue. Most crucially, we did not observe a credible 

interaction between valid cueing and attention, as the posterior distribution of this effect 

included zero. This result corroborates our previous observations of independent effects 

of sustained and selective attention in VWM.  

Lastly, we evaluated the directional hypothesis that the correlation between 

attention ratings and performance increased from the Before-Test to After-Test time 

point, which would show that attention appraisals were influenced by behavioral 

performance evaluation. Similar to Experiment 3, we again computed two models: one 

with only the main effects of Attention and Rating Time-Point, and another with the main 
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effects and their interaction (the models and full procedure are reported in the 

Supplement). Directional t-test provided evidence against the hypothesis that 

performance and rated attention would be more correlated after memory test than before 

(BF = 0.03). In sum, this result parallels our finding from Experiment 3 which also 

demonstrated that participants did not substantially alter their attention appraisals to 

match their perceived performance. 

Discussion 

Using the same design as Experiment 2, Experiment 4 replicated the independent 

effects of sustained and focused attention in a larger sample and in the online setting, 

again yielding linear performance improvements with higher self-rated sustained 

attention and an additive benefit from retro-cueing.  

One possibility is that the credible interaction observed in the Before-Test rating 

subset of Experiment 3 may represent a false positive, especially as there were issues 

with restricted attention ratings’ variance in this online sample. Another possibility is that 

the interaction in Experiment 3 reflects participants’ strategic choice to invest focused 

attention in the cue or not, which they incorporated in their attention ratings. When 

ratings were solicited before the test, participants did not know if the cue will be valid, 

but were instructed that some cues may not. Attending to invalid cues conveys 

performance costs as non-attended items may be removed from VWM; although this is 

reversible (Lewis-Peacock et al., 2018), participants may prefer to avoid the cost by 

discounting the cue instead. Thus, on some cue trials, participants may have elected to 

not focus on the cued item, and they may have incorporated their degree of trust in the 

cue in their attention ratings. This would explain why the retro-cue benefit increased with 
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higher rated attention in the Before-Test group of Experiment 3: If in the instances when 

attention was rated as high, participants invested more focused attention on the cued item, 

this would result in a larger benefit compared to other trials when participants chose not 

to use the cue.  

General Discussion 

The present study examined the interplay between sustained and selective 

attention in VWM. Specifically, we tested if performance improvements from selective 

attention in VWM are conditional on the state of sustained attention. We assessed the 

covariation of self-rated attention, retro-cueing and memory accuracy in a continuous 

color reproduction task. In four experiments, we observed independent effects of self-

rated attention and cueing on memory accuracy for six (E1, E2 probed before- and after-

test, E3 after-test, E4 before- and after-test) out of seven comparisons. This suggests that 

the benefit of focusing selective attention in VWM generally occurs independently from 

the level of sustained attention. Converging with our results, recent research observed 

similar independent contributions of sustained and selective attention on long-term 

memory (LTM) performance for continuous features (deBettencourt et al., 2020).  

In the following sections, we will discuss the implications of our findings for the 

assessment of the role of attention in VWM. 

The Role of Attention for Encoding, Maintenance and Retrieval  

Attention and WM are closely entwined cognitive processes (Chun, 2011; 

Gazzaley & Nobre, 2012; Kiyonaga & Egner, 2013; Oberauer, 2019). Attention is 

assumed to be required for VWM encoding, maintenance, and retrieval. It remains 

uncharted area how the role of attention in VWM relates to different modes of attention 
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as, for example, sustained attention on the one hand, and selective focused attention on 

the other hand.  

Both selective and sustained attention seem to be relevant for the encoding of 

information in VWM. Encoding into VWM is unsuccessful if selective attention is still 

engaged by the processing of a target that appeared very shortly before, as is evident from 

the attentional blink effect (Dux & Marois, 2009; Martens & Wyble, 2010; Ricker & 

Hardman, 2017). Furthermore, information that is selectively attended at encoding (e.g., 

through a pre-cue) receives priority for entering VWM (Astle et al., 2012; Schmidt et al., 

2002; Souza, Thalmann, et al., 2018). Relatedly, spontaneous fluctuations of sustained 

attention also impact VWM encoding (Adam & Vogel, 2017; deBettencourt et al., 2018, 

2019, 2020; Killebrew et al., 2018).  

Similarly, maintenance of VWM representations is assumed to require active 

sustained attention (Awh et al., 2006; Chun, 2011; Cowan, 1998; Gazzaley & Nobre, 

2012; Jonides et al., 2008; Kiyonaga & Egner, 2013; Logie, 2014; C. C. Morey & Bieler, 

2013; Olivers, 2008; Theeuwes et al., 2009). In VWM tasks, participants are required to 

maintain arrays of several memory items, which demands the distribution of attention 

across them (Makovski & Jiang, 2007). Imposing tasks that demand attention during the 

retention interval hinders VWM performance (Allen et al., 2006; Brown & Brockmole, 

2010; C. C. Morey & Bieler, 2013), and more so the more attentionally demanding the 

task is (Loaiza & Souza, 2019; Souza & Oberauer, 2017; Vergauwe et al., 2014; but see  

Ricker & Vergauwe, 2020). However, the notion that sustained attention is necessary for 

VWM maintenance is being challenged by other studies demonstrating that performance 

decrements occur in some dual-task conditions but not others (Hollingworth & Maxcey-
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Richard, 2013; Lewis-Peacock et al., 2011; Olivers et al., 2011; Rerko et al., 2014; van 

Moorselaar, Olivers, et al., 2015; Wang et al., 2018, 2019). Disruption of VWM 

maintenance is observed when the secondary task requires central attention, but not when 

only visual attention is engaged. For example, Souza and Oberauer (2017) observed that 

engaging sustained visual attention during the retention interval by requiring participants 

to monitor a flicker in the center of the screen had a negligible impact on VWM recall. 

Instead, engaging central attention by requesting the decision of whether a sequence of 

one or two tones was high or low substantially impacted performance, and this cost was 

higher the longer attention was engaged by the task. Therefore, VWM maintenance may 

depend on some forms of attention, such as selective attention, but not others such as 

sustained attention. 

A further hypothesis is that attention is necessary for consolidation of memory – 

i.e., the transfer of a representation into a robust state in VWM (Ricker et al., 2018), and 

disruption from intervening tasks is negligible after consolidation has been completed. 

Wang et al. (2019) found that disruption of memory for a colored grating peaked when an 

intervening letter change-detection task occurred 250 ms after the offset of the memory 

object, but not earlier (i.e., 0 ms) or later (i.e., 500 and 1000 ms). According to these 

results, attention may serve the consolidation of a memory trace, rather than its 

maintenance.  

At the retrieval stage, attentional selection is necessary to ensure the correct 

retrieval of the currently tested information. Retro-cues are assumed to benefit memory 

as they allow for retrieval to commence even before the onset of the test array, giving a 

retrieval “head start”. Retrieving a representation in advance of the test helps to bypass 
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the visual interference from the test display as well as interference from decision-making 

processes (Shepherdson et al., 2018; Souza et al., 2016; Tabi et al., 2019). 

In a nutshell, the role of sustained attention has been mostly emphasized for the 

encoding and maintenance stages of VWM. In contrast to that, retro-cue effects have 

been discussed in relation to the maintenance and retrieval stages. This suggests that 

these two forms of attention may be seen as required in different phases of the VWM 

trial, explaining why their joint effect has been hardly explored. Our observation of 

independent effects of sustained and selective attention in VWM may well indicate that 

they are operating at different stages of the VWM trial.  

Assessing Attentional Fluctuations in VWM  

Electrophysiological evidence suggests that human sustained attention 

fluctuations follow a rhythmic pattern (Helfrich et al., 2018; Kam et al., 2011), which has 

been subsumed in a neural model of sustained attention (Clayton et al., 2015). However, 

there is still uncertainty about the time frame in which such fluctuations can be expected 

and how they impact VWM performance. In the SART literature, variability in response 

time across several trials is a sensitive indicator of sustained on-task attention. Response 

time variability measures predict errors in the SART (Robertson et al., 1997) as well as 

VWM accuracy in a SART-VWM hybrid task (deBettencourt et al., 2018, 2019), and 

correlate with self-rated on-task focus versus mind-wandering reports (reviewed in 

Randall et al., 2014).  

Instead of prospectively classifying sustained attention levels from reaction times 

(as in deBettencourt et al., 2019), we measured attention self-ratings, which is another 

viable approach to assess attentional states in VWM (Adam & Vogel, 2017; Arnicane et 
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al., 2021). Our main goal was to evaluate the interdependency of sustained vs. selective 

attention, which we observed based on the covariation of self-rated attention and 

performance. However, given that attention ratings were placed around the time of 

retrieval (either before or after the test), it is difficult to disentangle in which timepoint 

during the trial attention fluctuations occurred.  

Our results suggest that the maintenance stage did not produce substantial 

changes in attention (see Experiment 1), leaving the encoding and retrieval stages as 

more relevant candidates for the locus of the variability in attentional states. Namely, 

Experiment 1 demonstrated that, without retro-cues, longer storage interval (2.25 s) was 

not associated with changes in self-rated attention compared to a shorter (1 s) one. Future 

studies are needed to assess whether attention fluctuations contribute to maintenance 

across longer retention intervals, which can be particularly relevant for testing proposals 

that VWM maintenance involves sustained visual attention to representations (Chun, 

2011). Time-sensitive measures such as EEG could also be useful to disentangle the time 

period in which fluctuations occurred (Killebrew et al., 2018; Mayer et al., 2020), as 

reflected in the self-reports of low or high-levels of attention.  

Conclusion 

Our main finding was that the size of the retro-cue benefit did not depend on the 

level of self-rated attention. Although attentional states fluctuate across trials leading to 

visual information being encoded with varying quality, selective focused attention can be 

retrospectively applied to these varying-quality VWM representations, providing a 

steady-increment benefit. This finding attests to the flexibility of VWM and the 

multifaceted roles that attention plays in this system. Arguably, sustained attention may 
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contribute to the uptake of perceptual information that can be translated to a robust VWM 

representation, whereas selective focused attention operating at the maintenance and 

retrieval stages (as indexed by the retro-cue effect) selects among these representations 

for recall.  

The independent effects of sustained and focused attention suggest that either 

these two modes of attention operate by independent mechanisms, or they may operate in 

separate phases of the VWM task, thus minimizing their interaction and leading to their 

observed additive contributions to performance.  
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