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Abstract 

 

Besides responding to light, the pupil responds to a wide variety of cognitive processes such as 

emotions, attention, effort, imagination. More recently it was also found that changes in pupil 

size reflect the contents of information that is encoded and maintained in visual working 

memory (VWM). However, it was found that the effects of maintaining bright vs dark 

information on pupil size attenuate within seconds. Recent studies have suggested that, under 

certain circumstances, maintenance in VWM is done in activity-silent hidden states, meaning 

that information is not actively maintained in neural activity patterns. As hidden states cannot 

be measured through traditional recording methods, a measuring paradigm called pinging was 

devised: by briefly flashing a task neutral visual impulse, or “ping”, task-evoked neural activity 

is elicited, and from this activity the content of VWM can be decoded. The goal of this study is 

to investigate whether the contents of VWM can be revealed in the pupil through pinging. In 

our experiment participants memorised bright or dark stimuli. Which stimulus had to be 

remembered, and thus maintained in VWM, was either cued before stimuli presentation or after 

stimulus presentation. To reveal the contents of VWM, after memorization, a task-neutral 

impulse stimulus was briefly displayed. Although we did find that pupil size reflects encoding 

of information in VWM, we did not find significant effects for maintenance, nor did we find 

significant effects after pinging with an impulse stimulus. As items maintained in VWM are 

not reliably reflected in changes of pupil size, we can conclude that for now the hidden states 

of VWM remain hidden from pupillometry. 

 

Introduction 

 

The pupillary light reflex 

One of the simplest visually evoked responses is the constriction of the pupil through light  

(Loewenfeld, 1993). Looking at a bright object causes the constriction of the pupil (i.e. the 

diameter of the pupil becomes smaller). A dark stimulus, on the contrary, leads to the dilation 

of the pupil (i.e. the diameter of the pupil becomes larger). This phenomenon is referred to as 

the pupillary light response (PLR), also known as the pupil light reflex. The PLR, mediated by 

the autonomic nervous system (ANS), is thought to be a mechanism that helps vision adapt to 



the levels of available light (Campbell & Gregory, 1960). However, what is the precise role of 

the PLR in aiding vision?  

 

The role of pupil dilation is quite obvious. Namely, a dilated pupil allows for more light to shine 

on the retina, which allows for more information being processed. This is especially relevant in 

the case of low-light scenarios, where a dilated pupil is essential to adequately capture contrasts 

and faint stimuli (Mathôt & Van der Stigchel, 2015). On the other hand, the role of  pupil 

constriction is less evident. Several advantages have been postulated. Firstly, constriction of the 

pupil reduces the surface of the lens (together with any eventual lens aberrations), which 

increases visual acuity by reducing peripheral blur (Campbell & Gregory, 1960; Liang et al., 

1997). Secondly,  a constricted pupil is believed to aid in transitioning from light to dark. More 

specifically, exposure to light causes the rods and cones to become bleached, or light adapted, 

rendering them insensitive. As dark adaptation takes a long time, exposing the cones to less 

light by constricting the pupil can help with a swifter transition from light to dark whenever 

necessary. 

 

Interestingly, the pupil falls under the influence of more factors than merely that of light. For 

instance, even when the intensity of light remains constant, fluctuations in the diameter of the 

pupil may be observed as a result of the autonomic nervous system (ANS) (Loewenfeld, 1993). 

The ANS is a system that regulates largely subconscious physiological processes, such as - but 

not limited to - heart rate, digestion, arousal, and,  relevant to this thesis, pupillary response. 

The ANS can be divided into a sympathetic and a parasympathetic system. The sympathetic 

system is associated with wakefulness, arousal, stress, and the fight and flight response and 

causes pupil dilation mediated through the pupil dilator muscle. The parasympathetic system, 

which is conversely associated with ”rest and digest”, causes pupil constriction mediated by the 

iris sphincter muscle.  The sympathetic and parasympathetic systems are controlled both 

directly and indirectly by higher systems, i.e. hypothalamus, brainstem nuclei, the amygdala, 

the nucleus solitarius, as well as numerous regions of the limbic cortex. As such, the complex 

interplay between the sympathetic and parasympathetic activity leading to either constriction 

or dilation of the pupil, may reflect aspects of the cognitive and emotional state of the individual 

(Binda & Murray, 2015; Mathôt, 2018) 

 

Another influence on pupil size is cognitive load. Cognitive load refers to the amount of 

working memory resources used (Sweller, 2011). For example, Kahneman & Beatty (1966) 



have shown that the pupil dilates when items are being kept in working memory. In their study 

participants were asked to memorise a variable number of digits. They then observed that pupil 

size reflected the number of remembered digits; the harder the task (more digits), the larger the 

pupil. 

Additionally, recent evidence suggests that the PLR also appears to be modulated by higher 

cognitive processes such as attention (Binda et al., 2013a), mental effort: how hard we pay 

attention (Beatty, 1982; Karatekin, 2004), subjective interpretation (Laeng & Endestad, 2012; 

Naber et al., 2013), and mental imagery (Binda et al., 2013b; Laeng & Sulutvedt, 2014). Binda 

et al. (2013a) showed that covertly shifting attention towards bright surfaces constricted pupil 

size based on the brightness of said image. Covert shifting of attention is focusing attention to 

specific regions of image without moving the eyes. To measure this, they asked participants to 

shift their attention to brighter regions of an image, while cognitive load and retinal illumination 

remained constant. Through their experiments they proved that pupil constriction, but not 

dilation, is modulated by attention. 

In a different study, the effect of contextual information from images was shown to influence 

pupil size. Binda et al. (2013b) asked participants to focus their gaze at either pictures of the 

sun, or control images. Even though the luminosity of both types of pictures was controlled for, 

the contextual information of the sun was proven to have an effect on pupil constriction beyond 

that of what the brightness of the pictures account for.  

 

To further determine whether mental imagery has an effect on pupil size, Laeng & Sulutvedt 

(2014) asked participants to remember a triangle that could have different luminances. 

Subsequently participants were instructed to imagine the remembered triangle, while looking 

at a grey screen. Results showed that the pupil constricted or dilated in respect to the imagined 

bright or dark stimuli. A follow-up experiment confirmed these findings. Namely, participants 

were asked to look at a grey screen and imagine familiar scenarios, such as a “sunny sky” or a 

“dark room”. Here, they found that participants’ pupils also constricted when imagining bright 

scenarios compared to dark scenarios, independent of scenario complexity. 

 

Visual working memory and its relation to the pupillary light reflex 



Interestingly, mental imagery seems to be highly related to visual working memory (VWM) 

(Baddeley & Andrade, 2000; Keogh & Pearson, 2011; Pearson et al.., 2015). However, it is 

important to make a difference between mental imagery and VWM. Where VWM retains a 

memory of an item that was just seen in a state and makes it available for cognitive processing, 

mental imagery refers to the representation of an item without any external stimulus. Such 

imagery items can be recalled from long term memory, or they can be a novel combination of 

several recalled features (Pearson et al., 2015). 

VWM is a cognitive system that maintains and stores a limited amount of information in mind 

for brief periods of time, having the information ready for immediate use. VWM allows the link 

between perception and long term memory (Baddeley, 2003), thus facilitating the mental 

manipulation of information. VWM consists of encoding, and maintenance (Baddeley, 1992). 

In VWM, encoding occurs when an object that is attended to is stored in memory. Encoding 

has often been studied by using a pre-cue paradigm. A pre-cue cues the relevant properties of 

the upcoming task (Wang et al., 2017). For example, a spatial pre-cue could indicate through 

an arrow which stimuli needs to be remembered. Maintenance in VWM occurs when the object 

is no longer visibly attended, but still present (or not forgotten) in VWM. Maintenance has often 

been studied by use of a retro-cue paradigm. In the retro-cue paradigm, first several targets need 

to be memorised and maintained in working memory. During retention of the targets, a retro-

cue then indicates which task relevant target stimulus is relevant (Landman et al., 2003; Souza 

& Oberauer, 2016; Zokaei et al., 2014). 

To explore the relation between pupil size and encoding in VWM, Blom et al., (2016) tasked 

participants with memorising the shape, orientation, or exact brightness level of covertly 

attended stimuli. Covert attention was achieved by having participants constantly look at a 

fixation spot. They found that the encoding of a bright stimulus in VWM, compared to encoding 

of a dark stimulus leads to a pupil constriction. 

How maintaining dark and bright items in VWM affects pupil size was further investigated by 

Hustá et al. (2019). They designed a paradigm to distinguish between VWM maintenance and 

VWM encoding. In this paradigm, participants had to memorise dark and bright stimuli, and 

were subsequently cued with a retro-cue to which memorised stimulus they had to recall. After 

the retro-cue, the change in pupil size was measured. Here it was observed that the pupil was 

more constricted when participants maintained a bright item, as compared to when a dark item 



was maintained. This finding is consistent with recent studies that show that such activity is 

periodical or temporary (Sreenivasan et al., 2014; Stokes, 2015; Wolff et al., 2017), and the 

result was reproduced by Zokaei et al. (2019). 

When the PLR is discussed in the context of visual working memory (VWM), it is very 

important to make a distinction between cognitive load and the contents of VWM. In the study 

of Kahneman & Beatty (1966), pupil size is a reflection of cognitive load. However, as the 

imagery and the encoding/maintenance studies show, pupil size can also be an indication of 

what someone is thinking about. 

 

Decoding Visual Working Memory 

Until recently it was thought that working memory was maintained by actively rehearsing 

information, or active maintenance, represented by sustained neural activity (Baddeley, 2003). 

However, recent studies have shown that sustained neural activity is not required for 

maintaining information in working memory (Stokes, 2015). 

For example, the relatively silent moments on EEG recordings between encoding and response 

preparation suggest that continuous rehearsal or maintenance of the content of working memory 

is not always required (Barak et al., 2010).  Furthermore, Lewis-Peacock et al. (2012) found 

that activity patterns during maintenance delays only correspond to attended items in VWM. 

Unattended items do not show these activity patterns, even though they are still being 

maintained in VWM. A possible explanation is that the sustained activity often observed in 

working memory tasks could be due to attention (Lundqvist et al., 2016; Wolffet al., 2017). 

The mechanisms of maintenance of information in working memory can be explained through 

activity-silent neural states, also known as hidden states (Stokes, 2015; Wolff et al., 2015). 

Hidden states are neurophysiological parameters that determine the state of the neural system, 

such as short term synaptic plasticity, membrane potentials, and neurotransmitter 

concentrations (Fujisawa et al., 2008; Stokes, 2015). According to this view, information is 

maintained in VWM through a pattern of synaptic weights, and not as an unbroken chain of 

neural activity. These synaptic weights are introduced after a pattern of neurons has been 

activated. Since the synaptic weights remain, they allow the pattern of neurons to be re-traced 

after a delay of activity. This synaptic trace can potentially be explained through calcium 



kinetics (Mongillo et al., 2008). According to calcium kinetics, residual calcium remains in the 

synapses after activity. This residual calcium then leaves a short term synaptic trace of around 

2 seconds, which can in turn serve as an activity-silent short term storage buffer of specific 

information. 

What makes these states hidden is that they are not directly observable by conventional 

recording methods (Stokes, 2015), as conventional recording methods measure neural activity 

while hidden states are activity silent. Despite being named “Hidden States”, it is still possible 

to infer the input-output behaviour of these activity-silent states using techniques such as TMS 

(Rose et al., 2016), or different pinging methods (Stokes, 2015). 

Wolff et al. (2015), showed that a method called “pinging the brain” can reveal hidden states 

when measuring with EEG. Pinging the brain can be seen analogously to echolocation such as 

sonar. In sonar, sound signals, also known as pings, are sent in pulses. The reflected echoes of 

these sound pulses are then interpreted to map the unseen topography; When pinging the brain, 

the brain is “pinged” with the addition of a neutral task-irrelevant impulse stimulus. As the input 

pattern is held constant (always the same impulse stimulus), the differences in the output pattern 

can be attributed to the underlying differences in hidden states of working memory. 

To see whether the contents of visual working memory can be predicted, Wolff et al. (2017) 

conducted a study where participants had to memorise randomly oriented grated stimuli. While 

maintaining the stimuli in VWM, the brain was retro-pinged with a task-irrelevant high contrast 

visual stimulus, or an “impulse stimulus” while being measured by EEG. The results show that 

pinging with this impulse stimulus would drive a VWM-specific impulse response, which could 

be measured non-invasively. The specific items being maintained in VWM were decoded from 

the impulse response, and it was found that these faithfully reflected both attended and 

unattended items. Interestingly, recently forgotten information left no traces. 

Short term changes in hidden states could play an important role in high-level cognition. As the 

pupil size can be modulated by the contents of working memory, (Hustá et al., 2019; Zokaei et 

al., 2019) and top down effects from higher cognition, we expect to be able to measure the 

contents of hidden states of VWM through pupil size. 

 



For our task we will also employ the idea of an “impulse stimulus” to drive neural activity in 

the visual system. Then we will measure the change in pupil size with pupillometry, to see 

whether the contents of hidden states can be read from the pupillary response. 

 

On this basis, the scope of this thesis will be to 1) reproduce the findings of Hustá et al. (2019), 

and to 2) explore the hypothesis that pupil size reflects the information present in VWM, when 

retro-pinged through an impulse stimulus. Namely, after the impulse stimulus is cued, a 

significant difference in pupil size is expected to occur between retrieved bright and dark 

stimuli. 

 

Methods 

Participants 

Twenty-three healthy adult students of the University of Groningen were included in the 

analysis of the experiment (ten female). Participation was rewarded with course credits. 

Participants had normal (uncorrected) vision, and could not wear glasses or lenses during the 

experiment. Participants were also asked to not wear makeup. The study was approved by the 

local ethics review board of the Department of Psychology of the University of Groningen 

(PSY-2021-S-0106). 

Apparatus 

Eye movements and the pupil size of the dominant eye were recorded with an EyeLink 1000 

eye tracker, and the data was sampled at 1000hz. The experiment took place in a dimly lit room 

where the participant was seated and rested their head in a chin rest placed in front of a computer 

screen. Viewing distance was set at approximately 60cm. Stimuli were presented on a 27-inch 

Iiyama ProLite G2773HS computer screen with a 100hz refresh rate and a resolution of 1920 x 

1080 pixels. A standard qwerty keyboard was used to log the response input from all 

participants. 

Stimuli 

Stimuli were presented as circles on a grey background (62 cd/m2). The stimuli were always 

bright and dark circles that varied in luminosity, with a size of 34.6 px/°. A dark and bright 

stimulus were always presented together on the screen. Luminosity was randomly generated 



from a range between 11 cd/m2 and 19 cd/m2 for the dark luminosity condition and between 88 

cd/m2 and 96cd/m2 for the light luminosity.  

The brightness of the stimulus was adapted based on the accuracy of the participant’s responses 

to change the difficulty level of the task. The brightness was maintained at 75% accuracy for 

dark and light stimuli separately by a three-up-one-down staircase (1d3u) procedure. The 1d3u 

procedure would increase the difficulty of the task after three correct responses are given in a 

row, and decrease the difficulty after one incorrect response has been given. The reason for the 

1d3u procedure is to keep the difficulty of the task similar between the conditions for each 

participant, to eliminate task difficulty as a confounder on pupil size between the conditions. 

Procedure 

At the start of the experiment the eye tracker was calibrated using a nine-point calibration 

procedure. Afterwards, the participants were instructed to keep their eyes focused on the black 

fixation dot in the centre during each trial. There were 10 practice trials, followed by 16 blocks 

of 16 trials. The conditions for each trial were fully randomised. Furthermore, the participants 

could take a break after each block. 

 

Figure 1. This figure shows the structure of the trials. Each trial starts with the stimulus 

presentation phase. First fixation dot is shown for 2000ms; for the pre-cue condition 

followed by: a cue for 1000ms, a fixation dot for 1000ms, and a stimulus screen for 

1000ms; for the retro-cue condition followed by: a stimulus screen for 1000ms, a fixation 

dot for 1000ms, and a cue for 1000ms. The stimulus presentation phase is followed by 

the retention phase, which consists of a fixation dot for 3000ms, a 200ms impulse screen, 

followed by a 2500ms fixation dot. Finally the trial has a response phase where the 

participant can enter a keyboard response. 



For each trial, the participant was instructed to memorise the particular brightness level of the 

stimuli, dark or bright circles, that appear on the grey background. The trial structure of the pre-

cue and retro-cue conditions differ slightly. In both conditions a cue arrow is presented, but in 

the Pre-cue the arrow is presented before the stimulus, while in the retro-cue the arrow is 

presented after the stimulus. See Figure 1 for the structure of a trial. 

In the pre-cue condition, a fixation dot was initially presented for 2000ms, followed by a cue 

arrow for 1000ms, followed by a 1000ms fixation dot, followed by a presentation of two stimuli 

for 1000ms, followed by a 3000ms fixation dot. After this, the impulse was flashed for 200ms, 

followed by another 2000ms fixation dot. Finally in the response-phase, a circle of a similar or 

different brightness than the remembered stimuli was presented. Participants had to indicate 

whether the circle had the same brightness by pressing the ‘A’ key on the keyboard, or a 

different brightness by pressing the ‘L’ Key on the keyboard. 

The retro-cue condition was almost identical to the pre-cue condition, except for the first part: 

In the retro-cue condition after the initial fixation dot of 2000ms, the two stimuli were presented 

for 1000ms, followed by a 1000ms fixation dot, followed by the a cue arrow for 1000ms. 

For both the pre-cue and the retro-cue condition, the participant was instructed to memorise the 

particular brightness level of the dark or bright circles that appeared on the grey background. 

In both conditions an arrow indicated which of the two stimuli would have to be remembered. 

In the pre-cue condition the arrow appeared before the two stimuli were presented, and in the 

retro-cue condition the arrow appeared after the stimuli were presented.  

 

Results 

 

Data pre-processing  

Twenty-three participants completed a total of 5888 trials, of which 2944 represented the pre 

cue condition and 2944 the retro cue condition. Pupil data was corrected for blinks with the 

‘advanced’ algorithm that is implemented in Python DataMatrix. The advanced algorithm 

identified blinks based on a velocity threshold, and marked data points as missing when the 

velocity threshold was exceeded. Then it attempted to reconstruct the missing data by 

interpolating the onset (start) and offset (end) of the blink. If the blink interval lasted too long 

(>500ms), the interval was not reconstructed and marked as missing data. In three trials, pupil 



size during the baseline window could not be determined due to excessive blinking; these trials 

were excluded from the analysis.  

Next, the pupil data was down-sampled from 1000Hz to 100Hz. The pupil data was then 

baseline-corrected by subtracting the mean pupil size that was calculated between 3000ms and 

4000ms, i.e. just before the onset of the retro cue (in the retro-cue condition) or memory stimuli 

(in the pre-cue condition). Subsequently, trials where the Z-score of the baseline deviated more 

than two standard deviations compared to the participants average baseline were excluded. This 

resulted in a further exclusion of 4.398% of the total trials.  

Finally, for the Pre-cue condition, trials were excluded when the participants’ horizontal gaze 

deviated too far from the central fixation point during the encoding phase, which happens on 

stimulus presentation, so between 4000ms and 5000ms. What would be too far from the central 

point was decided by calculating where the edges of the stimuli would be. According to the 

Eyelink 1000 Use Manual, the default Eyelink coordinates are reported in 1024 x 768 units with 

the coordinates (0,0) being in the top-left. The centre of the fixation dot in our study was always 

at the coordinates (512,384). The edges of the presented stimuli would be at least 128 units 

away on the x-axis from the centre of the fixation dots, and these were used as our boundaries: 

if the participants gaze for the trial was below x=384 units, or above x=640 units, the trial was 

excluded from the Pre-cue condition. After correcting for gaze, a total amount of 4948 trials 

out of 5888 trials (84%) remained. 

Excluding participants when their gaze exceeds certain boundaries in the pre-cue condition is 

to prevent pupil size to be systematically biassed by looking straight at the target stimulus. The 

reason why gaze was not an exclusion factor for the retro-cue condition was because 

participants had no knowledge of which stimulus would have to be remembered during stimulus 

presentation, and therefore could not be systematically biassed towards the target stimulus. 

 

Of the 4948 selected trials, for the pre-cue condition, mean accuracy was 74% for the bright 

trials and 73% for the dark trials. For the retro-cue condition, mean accuracy was 73% for the 

bright trials and 68% for the dark trials. According to the three-down one-up (3D1U) procedure, 

the accuracy is expected to be around 75%. Although the staircase procedure did not perform 

perfect in this case, with dark trials for the retro-cue having relatively many errors, it was still 



deemed unlikely that effects on pupil size are influenced by accuracy effects of the 

correct/incorrect responses in the trials.  

 

Lastly, visual comparison of the pupil size effects between the correct vs. incorrect trials did 

not indicate any qualitative differences. Therefore all 4948 correct and incorrect remaining 

trials were included in the linear mixed effects analysis. 

 

Pupillary responses – mixed effects 

 

Next, a linear mixed effects analysis was conducted, using the R package lme4 (Bates et al., 

2015) on each 10ms window, with pupil size as a dependent measure, and brightness 

(bright/dark), and condition (pre cue/retro cue) as fixed effects. The difference in pupil size 

between the conditions was deemed significant when p < 0.05 was sustained beyond 200 

consecutive milliseconds (20 windows). The main results of the experiment are shown in figure 

2. The pupil sizes were plotted over time for the entire length of the trial, individually for the 

pre cue (a) and retro cue (b) conditions. For each condition, the plots differentiate between the 

bright (orange), and the dark (blue) stimulus presentation. 

 

In the pre cue condition, a significant effect on pupil size was noted between 4700ms and 

6790ms. This effect started during the encoding phase and persisted throughout the retention 

interval. This observation is in line with the results from Husta et al. (2019), who also noted an 

effect of brightness on pupil size, while participants covertly attended to the target stimuli. This 

observation was attributed to the encoding of the brightness of the stimulus in visual working 

memory. 

 

In the retro cue condition, a significant effect was present between 3900 and 4690ms. Given 

the onset of this effect preceded the actual presentation of the cue, the change in pupil size is 

likely a spurious effect. Therefore it cannot be concluded that the pupillary response reflects 

content of visual working memory during maintenance.  

 

Furthermore, after the impulse stimulus was flashed, no significant effects occurred in either 

the pre cue condition, or the retro cue condition. 



 

 

 

Figure 2. Average pupil size over time. Average pupil size for all participants plotted 

through the entire trial, for the (a) pre cue condition and the (b) retro cue condition 

separately. The orange lines indicate the trials for which the bright stimulus had to be 

remembered, and the dark blue line indicates the trials for which the dark stimulus had to 

be remembered. The trial structure is displayed at the bottom of each graph. The turquoise 

lines show where in the trial a significant effect (p < .05) occurred for at least 200ms 

consecutively. (a) For the pre cue a significant effect occurred between 4700ms and 

6790ms, which can be explained by encoding effects of the brightness information. (b) 

For the retro cue the significant effect starts before the target is cued. This means that 

either participants used a memorization strategy, or the significant effects are purely based 

on chance. 



 

Pupillary responses - Individual effects 

 

To characterise the individual effects, the difference in average pupil size between the bright 

and dark condition was calculated for each individual, within the 4500ms and 6500ms window, 

for both the pre- and retro cue condition (Figure 3). In the pre cue condition, all participants 

except for one have shown an effect in the expected direction; namely, that memorising a bright 

stimulus results in, on average, a smaller pupil compared to memorising a dark stimulus. It 

should be noted, however, that in the case of four participants no trials remained in the pre-cue 

condition for either dark or bright stimuli after filtering for eye-movements and blinks. As such, 

the difference in averages for these participants could not be included. 

 

For the retro-cue condition, the individual effects did not occur in a specific direction (Figure 

3). Namely, for half the participants the pupil was smaller during encoding of the dark stimuli 

than that of the bright stimuli. This is in contrast with previous findings, where pupil size would 

be relatively smaller during encoding of bright stimuli. 

 

 

Figure 3. Average effects of pupillary responses for individual participants. Average 

effects of the difference in mean pupil (between 4500ms and 6500ms size between the 

light condition and the dark condition for individual participants in the pre cue condition 

and the retro cue condition. The points are rank-ordered based on effect size within their 

condition. In the pre cue condition the effects for four participants are missing due to trials 

being excluded on the basis of gaze and a divergent baseline (Z > 2).  

 



 

Discussion 

 

In this study we use pupillometry to investigate whether the contents of visual working memory 

(VWM) are reflected in the pupillary light reflex (PLR), and whether the contents of VWM can 

be predicted through changes in pupil size after an impulse stimulus is “pinged”. We adapt the 

paradigm used by Hustá et al. (2019), who found that pupil size reflected the encoding and 

maintenance of pre-cued and retro-cued bright and dark stimuli. Namely, we extend this 

paradigm by adding a task-neutral impulse stimulus that is pinged for a very short time (100ms). 

 

Here, we show that the contents of VWM are reflected in the PLR during encoding by using a 

pre-cue stimulus; that is, a cue that informs participants beforehand whether the task-relevant 

stimulus is bright or dark. The purpose of the pre-cue stimulus is to inform participants where 

to covertly focus their attention when both a bright and a dark stimulus are presented. When 

they covertly focus their attention on a bright or dark stimulus, the cued stimulus gets encoded 

in VWM. Because the bright or dark stimulus present in working memory are respectively 

reflected by a relatively smaller or larger pupil size, this finding shows that the PLR does reflect 

higher cognitive processes, specifically covert visual attention. This finding is consistent with 

previous studies that examined whether encoding of information in VWM is reflected in 

changes in pupil size (Blom et al., 2016; Hustá et al., 2019). 

 

However, no effect for dark/ bright has been found in the retro-cue condition; that is, the 

condition where participants are only informed which stimulus is task-relevant after the stimuli 

are no longer visible on the display. The purpose of the retro-cue stimulus is to isolate 

maintenance in VWM from covert attention during encoding in VWM. Namely, when 

information is still present in VWM, the retro-cue signals the participant which of the two 

circles present in VWM have to be maintained. That we did not find an effect is contrary to 

earlier evidence (Hustá et al., 2019; Zokaei et al., 2019). For instance, Hustá et al. (2019) 

described a clear effect of bright and dark stimuli on changes in pupil size following the retro-

cue presentation, which attenuated fairly quickly. In other words, they found that pupil size 

becomes significantly larger when the retro-cue indicates that the dark stimulus has to be 

maintained, as opposed to when the bright stimulus has to be maintained. However, we did not 

replicate this effect in our data. 



 

Furthermore, we investigate whether the information being maintained in VWM can be 

predicted through changes in pupil size after a simple neutral impulse stimulus. When pinging, 

a task-neutral impulse stimulus is flashed briefly, after which the response to this impulse 

stimulus can be measured. Since the pinged task-neutral impulse stimulus is constant across all 

conditions, any effects found in the response to this stimulus should reflect the contents of 

VWM. In our study, no significant changes in pupil size between bright and dark stimuli are 

found after the impulse stimulus is pinged, which is opposed to evidence from previous 

electroencephalography (EEG) studies where an effect is observed (Wolff et al., 2015, 2017, 

2020). 

 

So why did we not observe an effect of maintaining bright and dark stimuli in VWM on pupil 

size, whereas Hustá et al. (2019) and Zokaei et al. (2019) did? There are several possible 

explanations. First, one reason could be that participants simply forgot the stimuli, or failed to 

do the task. However, because participants performed around the expected accuracy of +-75% 

in the retro-cue condition, we can assume that the cued stimuli were being maintained in VWM 

until the end of the trials.  

 

Second we wonder if it is possible that participants were maintaining both the dark and the 

bright stimulus, regardless of the instruction to forget the irrelevant stimulus. In this case, the 

combined effects of maintaining a dark and bright stimulus would cancel each other out. 

Participants were explicitly instructed and reminded that they only have to attend to the stimulus 

that is cued, and that they can forget the stimulus that is no longer task-relevant. Wolff et al. 

(2017) have shown that VWM is highly flexible, and representations of specific items can be 

rapidly cleared when they are no longer relevant to the task through directed forgetting. 

Therefore we assume that participants did correctly attend and maintain the cued stimulus, and 

automatically “forgot” the unattended stimulus as it was no longer task-relevant. 

 

A third explanation for the lack of a dark/bright effect during maintenance is related to the 

concept of hidden states, or activity-silent states (Stokes, 2015). Hidden states are named as 

such, simply because they cannot directly be measured by conventional recording methods. The 

mechanism of hidden states can be explained by the short-term synaptic plasticity of the neurons 

involved in VWM (Barak et al., 2010; Zucker & Regehr, 2003). According to this view, 

information is maintained as a pattern of synaptic weights, instead of as an unbroken chain of 



neural activity. After a pattern of neurons has been activated, a short-term synaptic trace is left 

behind which can be reactivated. A possible mechanism that explains synaptic weights is 

calcium kinetics (Mongillo et al., 2008), where residual calcium in synapses could leave a 

synaptic trace and serve as a storage buffer of specific information. This would allow 

information to remain in VWM as a hidden state (Stokes, 2015). As the maintenance of the 

luminosity of stimuli might also be a hidden state, the attended maintained stimulus might 

simply not have engaged the pathways that modulate pupil size frequently enough for us to 

have found an effect of brightness. Due to the nature of hidden states, maintenance of the 

attended stimulus does not require continuous neural activity, and consequently is not reflected 

in changes in pupil size. However, an important consideration is a possibility that for Hustá et 

al. (2019) and Zokaei et al. (2019) the pathways that modulate pupil size were in fact engaged 

frequently enough while maintaining stimuli in VWM. Therefore, the possibility that hidden 

states are reflected in pupil size cannot be disregarded. 

 

Fourth, although unlikely, it is still possible that the effects of brightness on pupil size during 

maintenance that were found by Hustá et al. (2019) and Zokaei et al. (2019) are effects of 

conscious re-representations during maintenance. We deem this unlikely as both the task and 

corresponding instructions of Hustá et al. (2019) are very similar to ours. Nevertheless, it is 

possible that the attended maintained item was consciously rehearsed in VWM during the 

presentation of the retro-cue. When the stimulus is no longer actively rehearsed, and no mental 

imagery takes place as a strategy to consciously “keep” the item active in VWM, it is possible 

that no effects of maintenance could be observed in changes in pupil size. Imagery is a 

conscious re-representation of a perception, and imagery has been shown to adjust pupil size. 

Imagining a bright object leads to pupil constriction, as opposed to imagining a dark object 

(Laeng & Sulutvedt, 2014). Neuroimaging studies have shown that during imagery of an object, 

the pattern of activity within the visual cortex is nearly identical to the pattern during the 

perception of said object. Mental imagery can be used for mnemonic performance (Pearson et 

al., 2015) by visualizing stimuli and thus keeping them active in VWM. Hustá et al. (2019) 

report that participants employed both visualization and verbalization strategies for 

remembering brightness information. In our study, we did not ask participants about which 

strategies they applied, so it is possible that participants employed a mix of verbalization and 

visualization strategies, meaning they sometimes could have employed mental imagery, and 

sometimes verbalization strategies. If participants in our study did not consciously keep up 

visualization through mental imagery, or if participants switched between strategies, it is 



possible that changes in pupil size could not significantly reflect the maintained contents of 

VWM. 

 

Lastly, another explanation for not replicating the results of Hustá et al. (2019) might also be 

that the effect of attending the dark and bright stimuli on pupil size during maintenance is not 

strong enough to be detected. It is possible that the effects of brightness on pupil size during 

maintenance are being drowned out by other noise, and therefore did not reach significance in 

our study. 

 

No significant effect for pupil size was found between the bright and dark condition after 

pinging an impulse stimulus. The purpose of the impulse stimulus is to reveal the contents of 

VWM that are being maintained within an activity-silent state, also known as a hidden state. 

As we did not find an effect in pupil size during the maintenance of dark and bright stimuli, we 

can assume that pinging the maintained stimuli in VWM would also not cause a bright/dark 

effect in pupil size. As such, it can be concluded that changes in pupil size following pinging 

with an impulse stimulus likely do not reveal the contents of hidden states in VWM. 

 

Thus, could activity-silent states influence the pupil? According to Christophel et al. (2017), a 

diverse set of brain regions are involved in maintenance in VWM. This, amongst others, 

includes the prefrontal (Lara & Wallis, 2015), visual and parietal cortex, as well as the medial 

temporal lobe (Kamiński et al., 2017), and subcortical regions such as the superior colliculus 

and the thalamus. The exact location of the hidden states in the brain are difficult to pinpoint 

due to the distributed nature of the system. The distributed systems view of working memory 

perspective (Lorenc & Sreenivasan, 2021) views the functions of VWM as distributed in 

parallel, across multiple brain regions, which are then modulated by context and task goals. In 

this perspective, it is possible that the hidden states of VWM in our task do not, or barely, 

include the areas of the brain that can modulate the dilation or constriction of the pupil based 

on the brightness of the attended maintained stimulus. 

 

To conclude, although no effect on pupil size was found during maintenance and after pinging, 

a clear effect of brightness on pupil size was found for encoding of items in VWM. This shows 

that the PLR can reflect higher cognition and encoding in VWM. However, it should be borne 

in mind that the higher cognitive functions having an influence on pupil adaptation, may not, 

or barely be involved in the network that maintains brightness information in VWM through 



activity-silent states. More insight into the processes underlying the effect of cognition on pupil 

size is needed to better understand both high level cognition and the processes of VWM. 

Furthermore, whether the pupil is a suitable vessel to read out the contents of visual working 

memory through a probe remains to be seen. 
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Supplementary Materials 

Preprocessing of data 



First, the naming conventions in the raw edf files had to be preprocessed using a script written 

in c# (due to performance reasons) (Consult Supplementary Materials), since the “start_phase 

retention_interval” and “end_phase retention_interval” phase tags were present twice per trial. 

Therefore, through an algorithm that looped through the data, for each trial the second 

“start_phase retention_interval” and “end_phase retention_interval” tag was renamed to 

“start_phase retention_interval_1” and “end_phase retention_interval”. 

 


