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Abstract 

Mental imagery (MI) is the ability to generate visual phenomena in the absence of 

sensory input. MI is often likened to visual working memory (VWM): the ability to maintain 

and manipulate visual representations. How MI is recruited during VWM is yet to be 

established. In a modified orientation change-discrimination task, we examined how 

behavioural (proportion correct) and neural (contralateral delay activity; CDA) correlates of 

precision and capacity map onto subjective ratings of vividness and number of items in MI 

within a VWM task. During the maintenance period, seventeen participants estimated the 

vividness of their MI or the number of items held in MI while they were instructed to focus on 

either precision or capacity of their representation and to retain stimuli at varying set sizes 

(1, 2 and 4). Vividness and number ratings varied over set sizes; however, subjective ratings 

and behavioral performance correlated only for vividness rating at set size 1. While CDA 

responded to set-size as was expected, CDA did not reflect subjective reports on high and 

low vividness and on non-divergent (reported the probed number of items in mind) or 

divergent (reported number of items diverged from probed) rating trials. Participants were 

more accurate in low set sizes compared to higher set sizes and in fine (15º) orientation 

changes compared to coarse (35º) orientation changes. We failed to find evidence for a 

relationship between the subjective sensory experience of precision and capacity of MI and 

the precision and capacity of VWM. 
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Introduction 

Our ability to generate perceptual phenomena in mind allows us to contemplate the 

future and remember the past, whilst navigating through the present. Mental imagery (MI) is 

defined as the ability to generate visual mental images in mind in the absence of sensory 

input (Kosslyn, 1980). MI is consistently likened to visual working memory (VWM; Tong, 

2013); the ability to maintain and manipulate visual information in mind (Baddeley, 2003; 

Baddeley & Andrade, 2000; Cowan, 2001; Logie, 1995). However, the evidence does not yet 

warrant this conclusion. Previous research has suggested some people appear to recruit MI 

strategies in VWM tasks, while others do not (Bates & Farran, 2021; Keogh & Pearson, 

2014). In the context of Aphantasia, individuals report no sensory experience of MI while 

holding typical abilities in VWM (Pounder et al., 2022; Jacobs et al., 2018), which further 

suggests a distinction between these seemingly unified sub-processes. Empirical studies are 

currently limited to directly comparing the behavioural and neural substrates of MI to VWM. 

To explain the relations between MI and VWM, direct evidence is required to examine how 

MI is recruited within a VWM task.  

 

Delineating the relationship between MI and VWM  

The investigation of how MI and VWM are related is limited, and the suggestion that 

they are similar functions is largely based on the parallels between the definitions of MI and 

VWM and the evidence for overlapping functional activation underpinning the two abilities 

(Lorenc et al., 2015; Miller & D’Esposito, 2005; Pearson, 2019; Sreenivasan et al., 2014; 

Spagna et al., 2021). Much like in the MI neuroimaging literature (Spagna et al., 2021), there 

is evidence for a functional role of the frontal regions in VWM, namely the lateral prefrontal 

cortex (Miller & D’Esposito, 2005; Sreenivasan et al., 2014), but there is also evidence that 

the visual cortex plays an important role (Albers et al., 2013; Serences, 2016). This has led 

to the argument that conflicting findings regarding the importance of either frontal or visual 

regions in VWM are likely dependent on individual differences in the recruitment of visual 

strategies in VWM (Linke et al., 2011; Pearson & Keogh, 2019). For example, some studies 

show visual representations in VWM are decoded in early visual areas (V1-V3; Albers et al., 

2013), and others demonstrate the importance of top-down connectivity between high level 

regions, such as the lateral prefrontal cortex and the visual cortex (Sreenivasan et al., 2014). 

It is therefore speculated that not all individuals approach visual memory tasks in the same 

manner; however, research is yet to test how individuals use different visual strategies – 

namely, MI – within a VWM task.  
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There is, however, evidence for shared visual representations between MI and VWM. 

Findings have shown that oriented gratings held in mind in VWM can be decoded using 

multi-voxel pattern analysis (MVPA) in visual areas V1-V4 (Harrison & Tong, 2009). This has 

then been extended to show that a classifier trained on early visual area (V1-V3) activation 

in VWM trials reliably decoded activation in MI trials and vice versa (Albers et al., 2013). 

Based on this evidence, we might conclude that MI and VWM are therefore not 

distinguishable (Tong, 2013). However, behavioural evidence does not entirely align with this 

suggestion. Behavioural studies adopting a sensory strength measure of MI, which 

measures the extent to which perception is altered following an imagery period in a binocular 

rivalry paradogm (Pearson et al., 2008). Results from this task have implied that the 

recruitment of visual strategies in VWM is dependent on MI strength. When visual noise is 

presented during the delay period of a VWM task, it negatively impacts performance, which 

is taken to suggest it disrupts the visual information from being held in mind (Baddeley & 

Andrade, 2000). This interpretation is supported by the finding that MI is also disrupted when 

background luminance is modulated (Pearson et al., 2008). In turn, it has been shown that 

VWM performance was significantly poorer in the modulated background luminance 

condition but only in those that scored highly on the MI sensory strength measure. It was 

therefore interpreted that only “good imagers” recruit visual strategies in VWM (Keogh & 

Pearson, 2011, 2014). In addition, our group has recently found no significant associations 

between visual and transformation components of MI and maintenance and manipulation 

measures of VWM (ANONYMISED FOR REVIEW), further adding to ambiguity around the 

types of strategies individuals recruit in VWM tasks.  

This is not the only study to imply individual differences in the recruitment of MI 

strategies for VWM. A 2020 study that examined the effects of training a visualisation 

strategy for a set of VWM tasks in adults found that in the control group (no strategies 

trained) only 4% reported visualisation (e.g., “I visualised the numbers”) and no participants 

in the control group reported a self-generated imagery strategy (e.g., “I tried to associate 

each digit with some image in my mind.”) (Forsberg et al., 2020). Instead, self-generated 

strategies included rehearsal (“I repeated the list of letters in my mind”), grouping (“I 

remembered the digits in groups”) and other (“I made up a song…”). Examining the extent to 

which individual differences in MI impact VWM would further elucidate the role of visual 

strategies/MI in supporting memory. Research thus far has been restricted to comparisons 

between absolute performance on MI measures and on VWM measures. To fully elucidate 

how MI supports VWM, it is necessary to investigate how within-task individual differences in 

the precision of visual representations and the sensory experience of MI impacts VWM 

performance. 
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Measuring MI within a VWM task 

The visual precision and capacity of VWM maintenance have been documented 

using the study of event-related potentials; namely, contralateral delay activity (CDA). In their 

seminal paper, Vogel and Machizawa (2004) found that CDA is modulated as a function of 

the number of items held in mind up to 4 items. The finding that CDA can index VWM 

capacity has since been replicated (see Luria et al., 2016 for review), and there is evidence 

for individual differences in that greater CDA amplitude is denoted in individuals with good 

VWM compared to those with poorer VWM (Adam et al., 2018).  

The visual precision of VWM representations held in mind can also be indexed by 

CDA amplitudes. Researchers applied an orientation-discrimination paradigm to not only 

discriminate between CDA amplitudes associated with increasing set size but also those 

associated with coarse (45°) and fine (15°) orientation discriminations. Here it was found that 

at smaller set sizes, there was greater CDA amplitude in fine orientation discriminations 

compared to coarse. Thus, it was interpreted that at lower capacities, individuals exert wilful 

control over the visual precision of their representations and that the CDA amplitude can 

reflect both the precision and capacity of maintained representations (Machizawa et al., 

2012). This evidence has been extended to show that CDA is modulated by instruction. 

When participants were instructed to focus on precision, CDA was associated with grey 

matter volume in the left lateral occipital area, whereas when instructed to focus on capacity, 

CDA was associated with grey matter volume in the right intra-parietal sulcus (Machizawa et 

al., 2020). These findings support a threshold model of VWM and demonstrate the 

importance of accounting for both the visual precision and number of items.  

Notably, there is overlap between the how visual representations are described in the 

parallel VWM and MI literatures. Specifically, what might be described in the VWM literature 

as visual precision of representations, would ultimately be described as the visual vividness 

or quality of mental images in MI literature. We might therefore assume that at smaller set 

sizes, neural correlates of precision, i.e., CDA, reflects the visual quality of visual images 

held in mind during VWM, and otherwise CDA reflects the capacity of visual items held in 

mind. However, this has not been measured alongside the reported subjective, sensory 

experience of MI. For simplicity, we will continue with the term visual precision when 

referring to instruction to attend to the precision of the representation, vividness when 

referring to the subjective vividness rating of representations, and capacity when referring to 

instructions to attend to capacity of the representations and number of items when referring 

to the subjective rating of number of items held in mind. 

The most common approach to MI research is to measure the sensory experience of 

MI using subjective ratings. This is not surprising given that MI is an inherently private and 

variable sensory experience. In the quest to establish evidence to suggest that visually 
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depictive representations are recruited during MI, research has examined the relationship 

between the subjective, sensory experience of MI and selective neural activation of visual 

areas. For example, studies have adopted trial-by-trial vividness ratings. A significant 

positive association between the behavioural MI sensory strength score and trial-by-trial 

subjective vividness ratings (1 = almost no imagery, 2 = some weak imagery, 3 = moderate 

imagery, 4 = strong imagery almost like perception) has been evidenced (Pearson et al., 

2011). This was interpreted to suggest that individuals have good insight into their MI. More 

recently, it has been shown that the overlap between brain regions activated during MI and 

during visual perception is positively associated with trial-by-trial subjective vividness (1 = 

not vivid at all to 4 = very vivid; Dijkstra et al., 2017). With respect to confidence, Williams et 

al. (2022) manipulated instruction to demonstrate confidence in responses reflects memory 

strength in a VWM task. However, whether individuals have good insight into the precision 

and capacity of their representations during a VWM task is yet to be tested.  

Taken together, based on the behavioural and neural findings we might assume that 

the subjective sensory experience of the vividness of MI maps onto the precision of visual 

representations. However, this has not been directly assessed with respect to VWM because 

these processes have been examined in parallel literatures. While evidence in the VWM 

literature suggests that the number of items and the precision of items held in mind during 

the delay period in VWM can be quantified by CDA, the extent to which this reflects the 

subjective sensory experience of the number of items and precision of items in MI is yet to 

be addressed. Therefore, adapting a VWM paradigm to include trial-by-trial subjective 

vividness ratings and capacity ratings (number of items in mind) presents a novel opportunity 

to address the current gap in the literature in understanding how individual differences in MI 

impact VWM.   

 

The current study 

The current study was designed to directly examine how MI is recruited in a VWM 

task in the form of two aims. The first aim is to characterise how behavioural and neural 

correlates VWM are modulated by expectations of instruction (precision/capacity) and type 

of subjective ratings (vividness/number). For clarity, precision is adopted from the VWM 

literature (such as Machizawa et al., 2012; Zhang & Luck, 2008) and forms the dependent 

variable of proportion correct in an orientation-discrimination task where stimuli are 

presented at varying levels of precision (fine precision/15° orientation change and coarse 

precision/45° orientation change). The term vividness is adopted from the MI literature (e.g., 

Pearson et al., 2011; Marks, 1973), and refers to subjective ratings of how vivid participants 

deem the representation they held in mind during each orientation-discrimination trial. The 

second aim is to establish the metacognitive link between the subjective sensory experience 
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of MI and behavioural and neural correlates of VWM (CDA). Our hypotheses are outlined at 

the end of the methods section.  

 

Materials and methods  

Participants 

Participants were recruited from the SONA database at ANOYMISED FOR REVIEW 

and the surrounding community of ANONYMISED FOR REVIEW. All participants gave 

written informed consent and had the option of the receiving £25 to participate or the 

equivalent course credit. Ethical approval was provided by the University Ethics Committee. 

Participants had normal or corrected-to-normal vision and each participant completed the 

Ishihara 38 Plates CVD Test (https://www.color-blindness.com/ishihara-38-plates-cvd-test/) 

to check for red-green colour deficiencies and were required to score “none” to participate. A 

total of 23 individuals were recruited for the final experiment. Prior to artefact rejection, two 

participants were excluded due to incomplete datasets because of technical errors and three 

more participants were excluded as they did not respond in any of the trial-by-trial subjective 

ratings and thus did not produce any behavioural ratings data. One more participant was 

excluded following artefact rejection due to there being less than 75% of the total trials 

remaining. A total of 17 participants are included in the reported results (age: M = 26.00, SD 

= 4.39, 10 female). Power is outlined in the next section alongside trial numbers.  

 

Materials and procedure 

A classic orientation discrimination VWM paradigm developed by Machizawa and 

colleagues (2012, 2020) was adapted to include within-trial subjective ratings of MI (see 

Figure 1 for schematic of trial sequence and outline of blocks). Participants were instructed 

to memorise an array of bars, hold the orientation of bars in mind, rate either the vividness or 

capacity of their MI and subsequently determine whether the highlighted bar in the probe 

array had been rotated clockwise or counter-clockwise. A fixation point was presented in the 

centre of the screen throughout the trial and participants were required to maintain their gaze 

at the fixation point. First, participants were cued to memorise either the bars presented to 

the left or right side of the screen. Second, the sample display was presented which 

consisted of two, four or eight bars (one, two or four bars to be remembered and presented 

to each hemifield, respectively). Participants were instructed to maintain fixation at the 

central fixation point and hold the bars in mind as accurately as possible during the 

subsequent delay. Following the delay, a tone rating cue was presented to cue participants 

to rate either the vividness of the representation held in mind or number of items they had in 

mind, depending on the block. The tone was generated in Cogent 2000 and comprised a 

https://www.color-blindness.com/ishihara-38-plates-cvd-test/
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250Hz sine wave lasting 200ms, which was played from a speaker placed behind the 

participant’s chair. Finally, a probe array was presented which was the same as the sample 

array except that the highlighted bar/item had been rotated. Fine (15° orientation change) 

and coarse (45° orientation change) trials were randomised within each block, as were 

clockwise and counter-clockwise orientations. Participants were required to respond as to 

whether the highlighted bar had been rotated right (clockwise) or left (counter-clockwise).  

 

FIGURE 1 HERE  

 

Figure 1: A) Trial sequence. Inter-trial interval ranged between 500-700ms. For each trial, an 

arrow cue was presented for 200ms to indicate which side of the screen should be attended 

to. This was followed by a 300-500ms interval before the sample array was presented for 

200ms. The sample array consisted of 1, 2 or 4 bars on each side of the screen (set size 2 

pictured) and either red (precision-focused instruction block) or green (capacity -focused 

instruction block, pictured) bars. This was followed by a 1300ms delay period whereby 

participants had to hold the image in mind. After the delay, a tone rating cue was played and 

participants provided either a vividness or capacity rating, depending on the block. 

Subsequently, a probe array was presented until the participant responded (or 2500ms) 

whereby all stimuli except the target stimulus were presented in black. Participants were 

required to judge whether the target was rotated clockwise (pictured) or counter-clockwise 

compared to the memorised sample array. B) Schematic representation of experiment 

procedure. Order of blocks was counterbalanced per participant. 

 

A total of four blocks of 96 trials (384 total trials) were presented with two breaks 

within each block and an additional break between blocks to reduce fatigue and boredom 

(see Figure 1B). Blocks were differentiated by instruction and rating type. In the precision-

focused instruction block, participants were asked to focus on to holding a visually precise 

image in mind and in the capacity-focused instruction, participants were required to focus on 

holding as many items in mind as required (i.e., they should try and hold all four items in 

mind in the 4-item condition). There were two rating types: vividness and number. In 

vividness rating blocks, participants were required to rate the vividness of the representation 

held in mind on a scale of 1-4 in line with previous paradigms: 1 = almost no image, 2 = 

weak image, 3 = moderate image, 4 = strong image/almost like perception (as in Pearson et 

al., 2011). In capacity rating blocks, participants were required to rate the number of items 

they held in mind (see Figure 1B for the procedure). The order of blocks was 

counterbalanced per participant. Set size (1 item, 2 items, 4 items), precision (fine, coarse) 

and attended side (left, right) were randomised within each block resulting in eight trials per 
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condition. A study conducted simulations to estimate how many participants and how many 

trials are required for different levels of power in CDA analyses (Ngiam et al., 2021). It was 

suggested that 30-50 trials were required per condition to detect the presence of CDA and 

up to 400 trials per condition with 25 participants could be needed to detect differences 

between set size conditions in CDA with 80% power. The task with 384 trials already takes 

just under an hour to complete, therefore adding more trials would distort the quality of the 

data. Moreover, robust CDA effects have been established in previous studies with ~20 

subjects and ~80 trials per condition (Machizawa et al., 2012, 2020). 

To familiarise participants with the task, they completed a precision-focused block 

and capacity-focused block (with either vividness or capacity ratings, counterbalanced) with 

24 trials per block as practise. The practise blocks were repeated if participants scored < 

65% percentage correct. A confidence rating was included at the end of each experimental 

block where participants were asked to rate their confidence in their behavioural 

performance of that block. While the subjective rating is purposefully placed before the probe 

array in the trial sequence to reduce the confound of confidence, a weak correlation between 

subjective ratings and confidence was expected. To test this, participants were presented 

with a blank grey screen at the end of the block with “confidence?” in the centre and they 

were required to answer according to a standard 5-point Likert scale: 1 = not confident at all, 

2 = slightly confident, 3 = somewhat confident, 4 = fairly confident, 5 = completely confident 

(4 confidence trials in total). 

 

EEG recording 

EEG data was continuously recorded offline at 1,000Hz sampling rate using a fitted 

cap (EASYCAP) with 64 Ag-AgCl passive electrodes according to the international 10-20 

system using a BrainVision BrainAmp amplifier. No online filters were applied during the 

recording. The cap included two horizontal EOG channels mounted in the cap at FT9 and 

FT10 locations. A vertical EOG channel was placed directly underneath the right eye to 

monitor blinks and saccades. Electrical impedance was kept below 5 k. During the 

recording, FCz acted as the reference electrode and AFz as the ground electrode.  

 

Pre-processing of EEG data and CDA extraction  

After the recording, the continuous data was pre-processed offline in MATLAB 

(2016b) using the MATLAB toolbox EEGLAB (version 2019.1.; Delorme & Makeig, 2004). 

Data were filtered offline with an 8th-order Butterworth bandpass filter at 0.05–30Hz and 

resampled at 500Hz. Data were then epoched to –200 to 1400ms around the sample array 

onset and baseline corrected (–200–0ms). Blinks during the sample array onset (0–200ms) 
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were first detected using a moving window peak to peak detection algorithm with a window 

size of 200ms, a step of 10ms and a threshold of 50μV, trials with blinks during the sample 

array onset were then rejected (M ± SD: 23 ± 18, range = 4 to 61).  

Next, an algorithm to detect square waves in the bipolar HEOG channel was applied with the 

threshold criteria set to +/– 18μV. A bipolar HEOG channel was derived (right horizontal 

EOG channel subtracted from left horizontal EOG channel) to observe the magnitude of left 

and right saccades, respectively. Mean amplitudes between 300-500ms following cue-onset 

were calculated for each visual angle (2º: M = 10.88, SD = 2.43; 4º: M = 22.82, SD = 6.07; 

6º: M = 36.91, SD = 10.04; 8º: M = 48.65, SD = 12.21; 10º: M = 59.94, SD = 14.09). A 

repeated measures ANOVA of amplitude with a within-subject factor of visual angle (2º, 4º, 

6º, 8º, 10º), which revealed increasing amplitude with visual angle (F(4,16) = 73.82, p < .001, 

ηp
2 = .94). Post hoc comparisons showed no overlap across visual angles (ps < .001). Based 

on the mean amplitudes, a simple formula can be applied to estimate the degree of 

horizontal eye movement: y = x / 6; where x = bipolar HEOG channel amplitude and y = 

degrees the eyes moved. The stimuli in the main experiment were presented between 2.5º–

6.5º visual angle and the formula indicates that 2º saccades would be characterised as a 

mean bipolar HEOG channel amplitude of +/- 12μV and 3º would be characterised as mean 

bipolar HEOG channel amplitude of +/- 18μV. To avoid overcorrection of data, 18μV was 

chosen as the final value to detect savvades in the main experiment trials.  

 

While this was effective in detecting saccades, the algorithm also detected +/– 18μV 

square waves that were too quick to be saccades (i.e., 50ms) (mean number of trials 

detected = 86, SD = 64, range = 7 to 200). Therefore, the trials flagged by the algorithm 

were checked by eye to determine whether the square waves detected were in fact 

saccades, i.e., the square wave spanned ~200ms (mean number of trials detected = 32, SD 

= 34, range = 7 to 118). As can be seen from the range, if all trials with saccades were 

removed, this would result in more participants being excluded due to insufficient data. 

Research has shown that applying independent component analysis (ICA) to remove 

saccade and blink components does not distort data for CDA analyses and is therefore an 

efficient method to retain data (Drisdelle et al., 2017). ICA was therefore conducted using the 

SOBI algorithm in EEGLAB and components were observed using ICLabel (Pion-Tonachini 

et al., 2019). Saccade and blink components were detected with the aid of ICLabel, which 

labels components according to the pattern of activity (e.g., eye component, muscle 

components etc.). An average of 2 (SD = 1, range = 1 to 5) components that were deemed 

either blink or saccade components were removed.  

The blink and saccade algorithms were re-applied to the ICA corrected data and any 

remaining trials with saccades exceeding the 18μV threshold and blinks exceeding the 50μV 
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threshold were rejected (4 ± 2, range = 0 to 8). Finally, extreme values of +/-75μV and 

abnormal trends of linear drift over the entire epoch time-window (50μV, r = .80) were 

detected and rejected. The average number of remaining trials including all conditions for the 

CDA analyses following all artefact rejection was 335 trials (SD = 30, range = 278 to 364). 

The number of trials remaining following artefact rejection was similar across all conditions 

(mean = 6.98, SD = .16, range = 6.65-7.25). The cleaned data was then computationally re-

referenced to bilateral mastoid electrodes (T9 and T10), in line with previous literature 

conducting CDA analyses (Machizawa et al., 2012). Channels rejected due to noise by the 

EEGLAB automated criteria were interpolated (1 ± 1, range = 0 to 2). Finally, as in 

convention, the average CDA waveform was obtained from posterior parietal and temporal-

occipital channels (namely, P5/6, P7/8, PO3/4, PO7/8, and O1/2); and CDA amplitude was 

computed from 400-1400ms after sample onset for each condition.  

 

Data analysis 

Tests of normality revealed some variables were not normally distributed, however 

parametric analyses were applied given that ANOVA is robust to violations of assumptions of 

normality (Blanca et al., 2017). All within-subject post hoc comparisons are reported with 

Bonferroni corrections. Where assumptions of sphericity were violated, Greenhouse-Geisser 

estimates are reported. Reaction times (RTs) for subjective ratings and behavioural 

responses to the probe array that were less than 250ms or equal to 2500ms (no response) 

were excluded in analyses as inappropriate responses.  

 

Hypotheses and aims 

With reference to the first aim, behavioural outcomes are firstly expected to replicate 

previous findings (Vogel & Machizawa, 2004; Machizawa et al., 2012). Specifically, accuracy 

(proportion correct) was predicted to be greater in coarse vs. fine orientation-discrimination 

trials and greater in lower (1 and 2 items) vs. higher (4 items) set sizes. We also predicted 

an interaction between instruction (precision-focused vs. capacity-focused) and precision 

(fine vs. coarse) in that there would be greater accuracy in coarse vs. fine precision in 

precision-focused (try to maintain a highly precise representation) trials only but not in 

capacity-focused trials. With regards to the focus on attention, instruction was also expected 

to modulate subjective ratings in that greater vividness ratings were expected in precision-

focused blocks compared to capacity-focused (try to maintain as many items as required) 

blocks and greater capacity ratings are expected in capacity-focused blocks compared to 

precision-focused blocks.  

Measuring EEG during the behavioural VWM task allows for the unique opportunity 

to directly measure the visual precision and capacity of items held in mind during the delay 



      12 

 

period (via CDA). We further expected instruction to modulate the usage of memory 

resource indexed by the CDA (Machizawa et al., 2020). As CDA is measured during the 

delay period and before the behavioural response, if CDA is modulated by instruction, this 

would demonstrate that individuals could flexibly control the precision and capacity of their 

visual representations at will (as implied in previous evidence: Zhang & Luck, 2008; 

Machizawa et al., 2020). If this is the case, differences in CDA were expected between 

precision-focused trials compared to capacity-focused trials at low set size but not between 

fine and coarse precision trials, this is because participants expect and can prepare for 

either precision- or capacity-focused responses, but actual difficulty (fine and coarse trials) 

was not cued in this experiment, therefore they cannot prepare for this. In sum, this will 

extend previous findings by examining how instruction modulates VWM consumption as 

indexed by CDA amplitude and how it interacts with the number of items. Finally, it was 

assumed that the established CDA set size effect would be replicated here in that CDA 

would increase as a function of set size up to 4 items (e.g., Vogel & Machizawa, 2004; 

Vogel, McCollough & Machizawa, 2005; Machizawa et al., 2012).  

Next, we tested the relationship between confidence ratings and vividness and 

number ratings. We expected a significant positive association between confidence and 

vividness ratings, and a significant negative association between confidence and non-

divergent ratings (when participants reported holding the correct number of items in mind). 

As previous evidence has demonstrated a positive association between confidence and 

strength of memory (Rademaker et al., 2012), we expect to find such a relationship with the 

vividness and number of items reported in this VWM task.  

Finally, we examined how the sensory experience of MI was associated with 

behavioural and neural correlates of VWM. Evidence for significantly greater accuracy in 

trials rated as high vividness compared to low vividness was predicted and significantly 

greater accuracy in non-divergent number ratings (e.g., rated 2 items in mind when required 

to remember 2 items) compared to divergent number ratings (e.g., rated 2 items in mind 

when required to remember 4 items) was also predicted. With regard to neural correlates, it 

was predicted that CDA amplitudes would be significantly larger in high vividness trials 

compared to low vividness trials, and this effect would likely be greater in precision-focused 

trials at smaller set sizes. It was also predicted that CDA amplitudes would be significantly 

larger in larger set sizes in trials with non-divergent number ratings compared to trials with 

divergent number ratings. Together, this would support the assumption that individuals have 

good insight into their visual representations in both MI and VWM. Moreover, it will 

demonstrate that CDA not only maps the visual precision and/or capacity of representations 

but also the subjective sensory experience of MI within VWM. This would therefore provide a 

novel method for measuring the role of MI in VWM. 
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Results 

Characterising the visual precision and capacity of VWM maintenance as indexed by 

proportion correct, subjective MI ratings and CDA 

Accuracy (proportion correct) 

Overall accuracy (as measured by proportion correct) was .71 (SD = .09), which is 

comparable to previous reports with a similar version of this task (Machizawa, et al., 2012). 

Descriptive statistics of proportion correct for all conditions are reported in Figure 2. 
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FIGURE 2 HERE 

 

Figure 2:  Mean (and +/– SE) accuracy (proportion correct) per condition, e.g. “Right, Fine, Precision, Vividness” refers to trials for the right 

attended, fine precision (15 orientation), precision-focused instruction, vividness rating
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A repeated measures 4-way (3x2x2x2) ANOVA was conducted with proportion 

correct as the dependent variable and within-subject factors of set size (1 item, 2 items, 4 

items), precision (fine, coarse), instruction (capacity-focused, precision-focused), rating 

(vividness, capacity), and attended side (left, right). Firstly, as was expected, accuracy 

significantly varied with set size (F(2,32) = 82.59; p < .001; ηp
2 = .84), Bonferroni corrected 

post hoc comparisons revealed a significant decrease in proportion correct between all 

comparisons (all ps < .001). Also in line with previous findings, accuracy significantly varied 

with required precision (F(1,16) = 10.31; p = .005; ηp
2 = .39), such that there was greater 

proportion correct in coarse precision (45° orientation-change) trials compared to fine 

precision (15° orientation-change) trials. There was no main effect of instruction (F(1,16) = 

2.58; p = .128; ηp
2 = .39, BF10 = .82), rating (F < 1, BF10 = .33) or attended side (F(1,16) = 

2.58, p = .128, ηp
2 = .39, BF10 = .81) nor an interaction between precision and instruction 

(F(1,16) = 3.31, p = .088, ηp
2 = .17). 

There was a significant 3-way interaction between attended side, set size and 

instruction (F(2,32) = 4.31, p = .022, ηp
2 = .21). Follow up ANOVAs for each set size were 

conducted to explore this interaction. There was a significant interaction between attended 

side and instruction only in the 4-item condition (F(1,16) = 7.22; p = .016; ηp
2 = .31) (1-item 

condition attended side x instruction interaction: F < 1; 2-item condition attended side x 

instruction interaction: F(1,16) = 1.88; p = .189; ηp
2 = .11). Follow up t tests revealed an 

effect of attended side; significantly greater proportion correct in the right attended trials 

compared to the left attend trials for the capacity-focused condition (t(16) = 3.01; p = .030, d 

= .36), but not in the precision-focused condition (t(16) = .58; p = 1.00; d = .07). The 3-way 

interaction between attended side, precision and rating was not significant (F(1,16) = 3.97; p 

= .064; ηp
2 = .19), and the 4-way interaction between attended side, rating, instruction and 

rating was also not significant (F(3,32) = 2.98; p = .065; ηp
2 = .16).  

 

Trial-by-trial subjective ratings on vividness and number 

Next, separate ANOVAs were conducted on vividness ratings and capacity ratings, 

respectively. The within-subject factors were set size (1 item, 2 items, 4 items), precision 

(fine, coarse), instruction (capacity-focused, precision-focused) and attended side (left, 

right). Descriptive statistics of vividness ratings are presented in Figure 3.  
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FIGURE 3 HERE 

 

Figure 3: Mean and SE of vividness (top) and number (bottom) ratings per condition. The y 

axis labels indicate condition: e.g., Right, Fine, Precision indicates right-attended, fine 

precision (15º orientation) and precision-focused instruction condition.  
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The vividness ratings ANOVA revealed a significant main effect of set size (F(2,32) = 

3.58; p = .040; ηp
2 = .18), where post hoc comparisons showed marginally significantly 

higher vividness ratings when participants were required to remember 1 item compared to 

when they remembered 4 items (p = .055) (all other ps > .05). There was no main effect of 

precision (F < 1, BF10 = .33), attended side (F < 1, BF 10 = .32) or instruction (F(1,16) = 3.71; 

p = .072; ηp
2 = .18, BF10 = .97).   There were no significant interactions (all F < 1.06; n.s.).  

An equivalent ANOVA was conducted on capacity ratings with the same within-

subject factors as the vividness ratings ANOVA. Contrary to the vividness rating, number 

rating monotonically varied as a function of set size (F(2,32) = 32.04, p < .001, ηp
2 = .67), 

where capacity ratings increased with each increase in number of items (2 items > 1 item: p 

< .001, 4 items > 2 items: p = .004, 4 items < 1 item: p < .001). There were no main effects 

of precision (F < 1, BF10 = .45), instruction (F < 1, BF10 = .46) or attended side (F < 1, BF10 = 

.59) and there were no significant interactions (all Fs < 1, n.s.). 

  

Contralateral delay activity (CDA) 

To examine how CDA was modulated by condition, an ANOVA was conducted on 

grand-averaged CDA and within-subject factors of set size (1 item, 2 items, 4 items), 

precision (fine, coarse), instruction (capacity-focused, precision-focused), rating (vividness, 

capacity) and attended side (left, right). Mean and standard error of grand-averaged CDA for 

all conditions are presented in Figure 4.  
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FIGURE 4 HERE
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Figure 4: Mean and SE of grand-averaged CDA per condition. The y axis labels indicate 

condition: e.g., Right, Fine, Precision indicates right-attended, fine precision (15º orientation) 

and precision-focused instruction condition. 

 

In line with previous reports, CDA significantly increased as set size (F(2,32) = 14.06; 

p < .001; ηp
2 = .47). Post hoc comparisons revealed significantly greater CDA between 1 

item (M = -.99, SD = .60) and 2 items (M = -1.31, SD = .59) (p = .020) as well as 1 item and 

4 items (M = -1.58, SD = .85) (p < .001), and the difference between 2 items and 4 items 

was not significant (p = .07). Given our sample size, we computed a power calculation to 

confirm this effect. We found the effect is powered to .91 with just 8 participants (calculation: 

f2 = .94, p = .001, power = .80, number of groups = 1 number of measurements = 3). There 

was no main effect of precision (F < 1, BF10 = .33), instruction (F < 1, BF10 = .33), rating (F < 

1, BF10 = .35) or attended side (F < 1, BF10 = .37). There was a significant 3-way interaction 

between precision, instruction and attended side (F(1,16) = 6.01; p = .026; ηp
2 = .27) and a 

significant 4-way interaction between instruction, attended side, set size and rating (F(2,16) 

= 4.06; p = .027; ηp
2 = .20).  

Follow up ANOVAs on precision-focused and capacity-focused blocks, respectively, 

were conducted to explore the significant 3-way interaction. There was a significant 

interaction between attended side and precision in the capacity-focused condition only 

(F(1,16) = 5.85; p = .028; ηp
2 = .27) (precision-focused condition attended side x precision 

interaction: F < 1). T tests of the effect of precision for each attended side revealed 

significantly greater (more negative) CDA in coarse trials compared to fine trials in the right 

attend condition (t(16) = 2.74; p = .015; d = .66) but there was no difference between fine 

and coarse in the left attend condition (t(16) = 1.23; p = .238; d = .29).  

With regard to the 4-way interaction, there was a significant interaction between 

attended side, set size and rating in the capacity-focused trials only (F(2,32) = 3.35; p = 

.048; ηp
2 = .17) (precision-focused condition attended side x set size x rating interaction: 

F(1,32) = 1.41; p = .259; ηp
2 = .08). Follow up ANOVAs for each set size for capacity-focused 

trials revealed a significant interaction between rating and attended side in the 2-item 

condition only (F(1,16) = 4.50; p = .050; ηp
2 = .08) (1-item condition rating x attended side 

interaction: F(1,16) = 2.39; p = .141; ηp
2 = .14; 4-item condition rating x attended side 

interaction: F(1,16) = 2.93; p = .107; ηp
2 = .16). While the means point towards greater CDA 

amplitude in left (M = -1.65, SD = 1.93) compared right (M = -1.04, SD = .04) attend trials in 

the capacity ratings, this was not significant (t(16) = .97; p = .345; d = .24). There was also 

no significant difference between left attend (M = -1.16, SD = 1.35) and right attend trials (M 

= -1.28, SD = 1.59) in the vividness ratings condition (t(16) = .183; p = .857; d = .04). There 

were no other significant interactions (set size x rating: F(2,32) = 2.65, p = .086, ηp
2 = .14, all 
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other Fs < 1). Grand averaged ipsilateral, contralateral and CDA waveforms for each set 

size are presented in Figure 5A, and waveforms per block presented in Figure 5B.   
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FIGURE 5 HERE 

  

Figure 5: A) Grand-averaged waveforms for the 1 item trials (left), 2 items (centre) and 4 items (right). Sample onset is at 0-200msec and 

vertical dotted line at 400ms added for reference (CDA amplitude calculated as mean amplitude between 400ms and 1400ms after sample 

onset). B) CDA waveform per condition, CDA was calculated from 350ms to 1400ms. Note: n.s. stands for not significant
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The relationship between subjective trial-by-trial MI ratings and VWM maintenance 

 
The first set of analyses were conducted to investigate how behavioural and neural 

correlates of VWM were modulated by expectations of instruction (precision/capacity) and 

subjective ratings of items held in mind during the maintenance period (vividness/number). 

The next set of analyses were conducted to address aim 2: to examine the metacognitive 

link between subjective ratings of MI and behavioural and neural indices of VWM 

maintenance. 

 

Behavioral contrast between low vs. high vividness trials and non-divergent vs. divergent 

capacity trials 

To investigate whether individual’s subjective ratings reflected VWM accuracy, two 

paired sample t tests were conducted to examine the difference in proportion correct 

between trials rated with high vividness and low vividness and non-divergent and divergent 

capacity ratings, respectively. High vividness ratings were trials where the participant rated 

either 3 (moderate image) or 4 (strong image/almost like perception) and low vividness 

ratings were trials where the participant rated either 1 (almost no image) or 2 (weak image). 

Non-divergent capacity ratings were trials where participants rating did not diverge from the 

number of items they were required to hold in mind (e.g., required to hold 4 items in mind, 

reported holding 4 items in mind, score for trial = 0) and divergent capacity ratings were trials 

where participant diverged from number of items they were required to hold in mind (e.g., 

required to hold 4 items in mind, reported holding 2 items in mind, score for trial = 2). Firstly, 

there was no significant difference between proportion correct in high vividness trials (M = 

.73, SD = .15) and low vividness trials (M = .67, SD = .12) (t(16) = 1.51; p = .152; d = .37). 

For the capacity ratings analysis, one participant was excluded because none of their trials 

were divergent, and another participant was excluded as none of their trials were non-

divergent. There was a significant difference between proportion correct in non-divergent 

ratings (M = .77, SD = .07) and divergent ratings (M = .68, SD = .19) (t(14) = 2.21; p = .040; 

d = .57), which showed greater accuracy in non-divergent trials compared to divergent trials, 

see Figure 6.  
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FIGURE 6 HERE 

 

Figure 6:  Mean accuracy (proportion correct) for non-divergent and divergent number rating trials (left) and high and low vividness rating trials 
(right). Note: n.s. stands for not significant
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CDA in high vs. low vividness ratings and non-divergent vs. divergent capacity 

ratings 

To examine CDA between rating type at each set size and instruction, an ANOVA 

was planned with grand-averaged CDA as the dependent variable and rating (high 

vividness, low vividness, non-divergent capacity, divergent capacity), set size (1 item, 2 

items, 4 items), instruction (precision-focused, capacity-focused) and attended side (left, 

right) as the within-subject factors. However, as the conditions were based on participant 

responses, there was at least one condition per participant where there were no responses 

(e.g., some participants did not rate any 4 item trials as high vividness). Therefore, an 

ANOVA was conducted for vividness ratings and capacity ratings collapsed across all 

conditions except vividness (number of high vividness responses: M = 91, SD = 43, range = 

34 to 151; number of low vividness responses: M = 68, SD = 46, range = 4 to 140) and 

capacity (number of non-divergent responses: M = 115, SD = 35, range = 65 to 174; number 

of divergent responses: M = 50, SD = 35, range = 0 to 110) respectively. Despite the 

imbalance of trial numbers in accuracy variables, high and low vividness (W = .982, p = 

.971) and non-divergent and divergent (W = .910, p = .137) were normally distributed, and 

therefore the assumptions for correlations are met. The vividness rating ANOVA included a 

within-subject factor of vividness (high, low), which revealed no main effect of vividness 

(F(1,16) = 1.38; p = .258; ηp
2 = .08) on grand-averaged CDA. The capacity ratings ANOVA 

included within-subject factors of divergence (non-divergent, divergent). Similarly, to the 

vividness ANOVA, there was no main effect of divergence (F < 1).  
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FIGURE 7 HERE 

 

Figure 7: Mean grand-averaged CDA in high and low vividness trials, and in divergent and 

non-divergent number rating trials. Note: n.s. stands for not significant 

 

Relationship between proportion correct and subjective MI ratings as a function of set size 

 

Spearman’s correlations were conducted to examine the relationship between 

proportion and rating at each set size. As the analyses above indicate only an effect of set 

size in ratings and proportion correct; precision, instruction and attended side were collapsed 

across to retain power in the following analyses. Individual differences in vividness ratings 

were significantly and positively associated with proportion correct only in 1 item trials (rs = 

.578; p = .015), however there were no significant correlations in 2 item trials (rs = .143; p = 

.585) or 4 item trials (rs = .010; p = .974).  

For the capacity ratings analysis, the divergence score was included. Capacity 

divergence was not associated with proportion correct in 1 item trials (rs = -.427; p = .088), 2 

item trials (rs = -.369, p = .144) or 4 item trials (rs = -.327, p = .200). Taken together, the 

findings suggest participants have relatively poor insight into the visual precision (vividness 

rating) of representations held in VWM and the number of visual items (capacity rating) in 

representations held in VWM, except for visual precision (vividness) at the smallest set size 

(1 item).  

 

Relationship between CDA and subjective MI ratings as a function of set size  

 

To assess the relationship between CDA and subjective MI ratings, separate 

correlations were conducted for vividness ratings and capacity ratings. For vividness ratings, 

the CDA dependent variable was computed as the difference between grand-averaged CDA 

for 1-item trials and 2-items trials per participant, given that vividness is expected to be more 

prominent in smaller set sizes. The vividness ratings dependent variable consisted of the 

mean vividness ratings for 2-item trials per participant. This is based on the logic that if 

vividness ratings map onto the number of items in mind as indexed by CDA, there should be 

a positive association between vividness ratings in 2-item trials and the difference in CDA 

between 1- and 2-item trials, i.e., the greater the set size effect in CDA, the higher the 

vividness rating. Thus, we were motivated to assess how ratings were related to CDA 

modulation effect of VWM (e.g., Machizawa et al., 2021). Moreover, a difference calculation 

of CDA rather than individual ERP allows us to control for non-neural influence on the signal, 
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e.g., participant’s skull thickness or scalp condition. There was no relationship between the 

difference between CDA in 1-item and 2-item trials and vividness ratings in 2-item trials (rs = 

-.314; p = .220).  

 

For capacity ratings, the CDA dependent variable was computed as the difference 

between grand-averaged CDA for 1-item trials and 4-item trials. The capacity ratings 

dependent variable consisted of the mean capacity rating for 4-item trials. As above, this is 

based on the logic that if capacity ratings map onto the number of items held in mind as 

indexed by CDA, there should be a positive association between capacity ratings in 4-item 

trials and the difference between CDA between 1-item and 4-item trials, i.e., the greater the 

set size effect in CDA, the more items the participant reports holding in mind. However, there 

was no relationship between the difference between CDA in 1-item and 4-item trials and 

capacity ratings in 4-item trials (rs = .302; p = .239).  

 

Relationship between subjective MI ratings and confidence ratings 

 

A Pearson’s correlation was conducted between mean confidence ratings for 

vividness rating blocks (M = 3.53, SD = .62) and mean vividness ratings (M = 1.58, SD = 

.26). This revealed a strong positive correlation between confidence ratings and vividness 

ratings (r = .508; p = .037), which suggests the higher participants rated vividness, the 

greater the confidence participants had in their VWM accuracy. The equivalent Pearson’s 

correlation was conducted between mean confidence ratings for capacity blocks (M = 3.47, 

SD = .91) and mean capacity divergence score (M = .58, SD = .40). A mean divergence 

score was calculated based on divergent and non-divergent responses. Non-divergent 

responses were scored 0 and were trials where the participant rated that they had all items 

in the array clearly in mind (e.g., they were required to remember 4 items and rated 4). 

Divergent responses were scores where the rating diverged from the number of items the 

participant was required to remember (e.g., required to remember 4 items, reported 

remembering 2 items, divergence score for trial = 2, while divergence score for a perfect 

report = 0). This showed a strong negative correlation between confidence ratings and 

divergence score (r = – .737; p < .001), suggesting the lower the divergence between the 

number of to-be-remembered items and the number of items in mind, the greater the 

confidence participants had in their VWM performance.  

 

FIGURE 8 HERE 
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Figure 8: Scatter plots for vividness rating as a function of confidence (left panel) and for 

divergent score and as a function of confidence rating (right panel)  

Discussion 

 

The overarching goal of this study was to investigate how MI is recruited in VWM. 

The first aim was to characterise how instruction (precision-focused vs. capacity-focused) 

and the type of subjective rating (vividness vs. number) modulated the neural (CDA) and 

behavioural (accuracy) correlates of VWM. The second aim was to examine the relationship 

between the subjective sensory experience of MI (vividness and number) and the 

behavioural and neural correlates of VWM. We failed to find evidence that instruction, type of 

rating (vividness or number) or precision (fine vs. coarse orientation) modulated CDA or 

proportion correct. Previous findings regarding set size were replicated; poorer proportion 

correct with increasing set size, and greater (more negative) CDA amplitude with increasing 

set size. We found no evidence for a relationship between MI and the visual precision and 

capacity of representations held in VWM. This may have implications for theory on the role 

of consciousness in VWM and for future methodology applied to understand individual 

differences in VWM. The findings are discussed in turn below. 

 

The interaction between subjective ratings of MI and the behavioural and neural 

correlates of VWM maintenance 

Previous findings were replicated in that proportion correct was greater in smaller set 

sizes compared to larger set sizes (Machizawa et al., 2012, 2020). Contrary to expectations, 

proportion correct was not modulated by the cued conditions of instruction and type of 

subjective rating. Previous evidence suggests that individuals exert willful control over the 

precision of visual representations, as instructed, and this in turn influences their 

performance (Machizawa et al., 2012, 2020; Zhang & Luck, 2008). However, this effect was 

not found in the context of conditions instructing participants to consider the visual precision 

of their representations, i.e., the precision-focused instruction instructs participants to hold a 

precise visual image in mind and the capacity-focused instruction instructs them to hold the 

correct number of visual items in mind (capacity). Thus, this calls into question the role of 

consciousness in MI compared to VWM. Vividness ratings were found to be higher at 

smaller set sizes and capacity ratings increased with increasing set size, yet there were no 

effects of instruction on vividness or capacity ratings. This suggests that the type of 

instruction did not modulate individuals subjective experience of the number of items held in 

mind, which is perhaps not surprising given that the ratings are subjective in nature. New 

evidence has suggested that when encouraged to use imagery, those with high imagery 
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vividness perform better on a VWM task compared to those with low imagery vividness 

(Slinn et al., 2023). Future research with powered sample sizes and number of trials should 

test the nuances of instruction, as in our study, and how this might differentially modulate 

accuracy in VWM dependent on imagery vividness group.  

The effects of attended side in proportion correct and CDA amplitude are notable. 

Proportion correct was greater in right attended trials compared to left attended in the 

capacity-focused condition and 4-item trials only. Comparatively, greater CDA amplitudes 

were indexed in coarse compared to fine trials in the right attended but not left attended trials 

in the capacity-focused blocks. While laterality differences were not initially hypothesised, 

the suggestion of hemispheric differences in proportion correct is consistent with recent 

findings in a similar paradigm. Namely, Machizawa et al. (2020) report that behavioural 

performance and CDA amplitudes in their precision-focused instruction condition (fine trials 

only) were associated with the grey matter volume in the right parietal cortex whereas 

behavioural performance and CDA amplitudes in their capacity-focused condition (coarse 

trials only) were associated with grey matter volume in the left lateral occipital cortex. The 

findings presented here, that are specific to the largest set size when participants were 

required to rate the number of items in mind (capacity rating) and were following a capacity-

focused instruction, support the indication of left hemispheric specialisation of VWM 

capacity.  

The finding of greater amplitude in coarse trials compared to fine in the right attend 

trials only is perhaps not entirely surprising as it is partially in line with an association 

between coarse (capacity-focused) performance and left lateral occipital volume in 

Machizawa et al.’s (2020) study, although in their study coarse precision was cued. 

Therefore, the finding that there is a difference between coarse and fine trials is unexpected 

in that participants were not cued for the precision (fine, coarse) modulation in the current 

study. Given that the 3- and 4-way interactions include individual conditions with limited 

number of trials per condition, it is not possible to make general conclusions regarding 

hemispheric differences in CDA based on these findings and further research is warranted. 

 

Distinction between subjective MI ratings and the visual contents of VWM 

We failed to find evidence for a significant relationship between subjective MI ratings 

and vividness and capacity of VWM, except that vividness was significantly correlated with 

proportion correct in 1-item trials, but not in 2- or 4-item trials. This result may be explained 

by to willful control of our VWM resources at low set-sizes (Zhang & Luck 2008; Machizawa, 

Goh & Driver 2011). Evaluation of whether willful control of our resources and awareness on 

perceived resolution of our mental imagery is also constrained by VWM capacity should be 

examined in the future studies. Proportion correct was higher in non-divergent compared to 
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divergent capacity ratings, indicating that individuals have some insight into the number of 

items held in mind. There were no significant differences between CDA amplitude between 

high vividness rating trials and low vividness rating trials and no significant association 

between the CDA set size effect and vividness ratings. The important term here is 

“subjective”. We can make conclusions about individuals’ subjective insight into their mental 

imagery during this task, rather than their explicit ability in mental imagery. Therefore, we 

would not rule out a functional relationship between VWM and mental imagery or VWM and 

CDA based on this evidence.  

In Pearson & Keogh’s (2019) review, they argued that individual differences in the 

neural correlates of VWM may be dependent on the types of strategies recruited in VWM, 

i.e., imagery strategies vs. propositional strategies akin to general thought, and that 

measuring strategies recruited in VWM tasks might explain these individual differences. The 

study presented here directly addresses this proposition by measuring trial-by-trial subjective 

ratings of MI within a VWM task. However, we failed to find evidence for a relationship 

between self-reported subjective ratings/MI strategies and the precision and capacity at 

which visual information is held in mind. Firstly, propositional/verbal strategies are unlikely in 

this task given the very short stimuli presentations (200ms) and delay period (1400ms). 

Moreover, the modulations in proportion correct and CDA amplitude depending on 

instruction demonstrate that individuals have flexible control over the precision and capacity 

at which visual information is held in mind, as discussed in detail above. In the few studies 

that have investigated the relationship between behavioural outcomes in VWM and MI, some 

have found an association (Keogh & Pearson, 2011; 2014), whereas others have not (Bates 

& Farran, 2021). For example, findings show that MI sensory strength was positively 

associated with VWM capacity at set size 3 (Keogh & Pearson, 2014) and only VWM 

performance in those with high MI sensory strength was disrupted by background luminance 

manipulations (Keogh & Pearson, 2011; 2014). While in these studies it was argued that 

individuals with stronger MI recruit MI strategies in VWM, the findings presented in this study 

call into question whether assessing subjective strategies in VWM is akin to behavioural and 

neural indices of the visual precision and number of visual items maintained in VWM.  

 

General considerations and limitations 

 It is important to consider potential methodological constraints. Previous evidence 

has suggested a relationship between saccades and MI in that participants tend to make 

similar gaze patterns when imagining a previously viewed stimulus as they do when viewing 

a stimulus, known as the “looking at nothing” effect (Brandt & Stark, 1997; Johansson & 

Johansson, 2014). Given the nature of EEG data, trials with saccades present artefacts 

which must be removed prior to analysis. While ICA was conducted to retain as many trials 
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as possible and the number of trials retained per participant was > 75% in this study, this is 

an important consideration given that high MI trials may have been rejected due to saccade 

artefacts. That being said, a 2021 study examining gaze patterns during MI found that gaze 

patterns during MI trials were not associated with vividness of MI as measured by the VVIQ 

(Gurtner et al., 2021). Therefore, it appears that it is unlikely that rejection of saccade trials 

would have influenced results examining the link between MI and VWM in this study. Future 

research examining gaze patterns alongside subjective ratings of MI within a VWM task 

would further elucidate this relationship. 

 It is also notable that participants appear to rarely rate at either end of the rating 

scales. For example, individuals rarely report having 4 items in mind in the number ratings. 

The fact that the vividness rating scale ranged from 1–4 and the capacity rating scale ranged 

from 0–4 could have been confusing for the participants. Thus, another study with only 

number report might be able to eliminate such confusion. However, the vividness rating 

scale was chosen as so in line with previous studies (Pearson et al., 2011; Dijkstra et al., 

2017). This is the first study to adopt a capacity rating scale and it appears individuals are 

reluctant to rate at either end of the scale. One previous study has used a continuous scale 

(i.e., visual analog scale) for rating vividness using a sliding bar (Dijkstra et al., 2020), 

however responses broadly fell into the 1-4 category ratings and were therefore binned as 

such. Further research is required to test whether ratings are distorted by the Likert-scale. 

The findings regarding the link between MI and VWM are somewhat limited due infrequent 

responses. For example, some participants did not rate any 4-item trials as low vividness, 

therefore it was not possible to test the relationship between individual differences in ratings 

and CDA for each set size or instruction, for instance. Moreover, our vividness rating did not 

capture the strength or contrast of mental images, which are another important facet of 

imagery vividness (Riley & Davies, 2023). Future studies sampling participants based on low 

vividness, high vividness, non-divergent and divergent ratings, as well as including more 

detailed assessments of vividness, would be useful to further examine individual differences.  

 In addition, it is important to recognise the limited sample size and its statistical 

power. Twenty-three participants were recruited, which is in line with previous studies 

demonstrating robust CDA effects in precision and capacity in VWM (Machizawa et al., 

2012, 2020). However, due to exclusion, only 17 participants remained in the final sample. 

We subsequently conducted Bayes Factor analyses of the main effects with null findings but 

some of the outcomes were inconclusive, therefore further replication is needed. The 

instruction condition was added after piloting to reduce difficulty and to replace the expected 

condition or precision (fine, coarse). While this allowed us to investigate questions regarding 

expectation, it rendered a 5-factorial design with low power. Findings should therefore be 

interpreted with caution and future replications should consider a simplified design. Small 
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sample sizes are a common issue in neuroimaging studies (Button, et al., 2013) given the 

resource and time constraints associated with this research. Recently, it was suggested that 

only 30-50 trials are sufficient to detect the presence of CDA but for differences between set 

sizes 2 and 4, up to 400 trials per condition could be required (Ngiam et al., 2021). While this 

is informative, up to 400 trials per condition is practically very difficult as this would lead to 

lengthy experiments and therefore participant fatigue and boredom, which would rather 

induce a distortion of the data. It is important to strike a balance in methodological design 

and to take sample size and trial numbers into account when drawing conclusions on 

analyses of CDA. To note, we had relatively sufficient and feasible number of trials for 

simple main effect comparisons (i.e., approximately 90 to 120 trials per set-size, collapsing 

across the other factors). 

 

Conclusion 

Ultimately, this study provides a much-needed account of the interaction between 

subjective ratings of MI and the behavioural and neural correlates of VWM. Contrary to 

hypotheses, participants appear to have poor insight into both of the visual precision and 

capacity of representations held in VWM. Rather than providing a novel method for 

measuring the role of MI in VWM using subjective ratings, we failed to find evidence for a 

relationship between the subjective sensory experience of MI and the visual precision and 

capacity of VWM. As our reports were mostly on averaged scores, future investigation on 

trial-by-trial approach may reveal momentary association or dissociation of our MI and VWM 

relations. This has methodological implications for examining how individual differences in 

MI support VWM and contributes to the theoretical interpretations of the role of 

consciousness in VWM. 
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