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Abstract
Proactive interference (PI) occurs when previously learned information impairs memory for more recently learned infor-
mation. Most PI studies have employed verbal stimuli, while the role of PI in visual working memory (VWM) has had 
relatively little attention. In the verbal domain, Johansson and colleagues (2018) found that pupil diameter – a real-time 
neurophysiological index of cognitive effort – reflects the accumulation and resolution of PI. Here we use a novel, natural-
istic paradigm to test the behavioral and pupillary correlates of PI resolution for what-was-where item-location bindings in 
VWM. Importantly, in our paradigm, trials (PI vs. no-PI condition) are mixed in a block, and participants are naïve to the 
condition until they are tested. This design sidesteps concerns about differences in encoding strategies or generalized effort 
differences between conditions. Across three experiments (N = 122 total) we assessed PI’s effect on VWM and whether PI 
resolution during memory retrieval is associated with greater cognitive effort (as indexed by the phasic, task-evoked pupil 
response). We found strong support for PI’s detrimental effect on VWM (even with our spatially distributed stimuli), but no 
consistent link between interference resolution and effort during memory retrieval (this, even though the pupil was a reli-
able indicator that higher-performing individuals tried harder during memory encoding). We speculate that when explicit 
strategies are minimized, and PI resolution relies primarily on implicit processing, the effect may not be sufficient to trigger 
a robust pupillometric response.
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Introduction

Imagine that you are preparing to bake a cake and begin to 
gather the ingredients from the recipe. First, you take out the 
(white and powdery) baking soda and put it on the kitchen 
table, and later, you put the (white and powdery) flour on 
the counter next to the sink. When it is time to measure the 
flour, you might first try to find it on the kitchen table instead 
of the counter. This proactive interference (PI) occurs when 
irrelevant, previously learned information impairs memory 
for relevant, more recently learned information. In experi-
mental paradigms, researchers generate PI effects by repeat-
ing to-be-remembered items or features (e.g., color, semantic 
relatedness) across tests. If sufficient PI is generated, then 

participants’ performance will suffer as they inadvertently 
recall irrelevant information from previous tests. Underwood 
was the first to illustrate the PI effect in a memory task involv-
ing word lists (Underwood, 1957). An early study demon-
strated PI effects in the visual modality as well, using draw-
ings of faces as stimuli (Anderson & Paulson, 1978), although 
there is a recent debate about the factors that contribute to 
visual PI (Endress, 2022; Makovski, 2016). In the verbal 
modality, Johansson and colleagues (2018) found that the 
pupil indexes accumulation and resolution of PI, but this has 
yet to be investigated in the visual modality. Here, in a series 
of three studies using a novel task, we show that PI causes 
lower accuracy in visual working memory (VWM), and, using 
pupillometry, assess its relationship with cognitive effort.
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Proactive interference (PI) in visual working 
memory (VWM)

VWM is a flexible, capacity-limited system that temporarily 
increases visual information availability for in-the-moment 
processing (Cowan, 2017). PI has been observed in many 
VWM studies (Cyr et al., 2017; Endress, 2022; Endress & 
Potter, 2014; Hartshorne, 2008; Lin & Luck, 2012; Mako-
vski, 2016; Makovski & Jiang, 2008; Mercer & Fisher, 2022; 
Oberauer et al., 2017; Shoval et al., 2020; Shoval & Mako-
vski, 2021, 2022). As with verbal stimuli, the amount of 
interference induced in VWM depends on the nature of the 
stimuli and task, including inter-item similarity (the degree 
of similarity among to-be-remembered stimuli), as well as 
more controversial issues like the effect of spatial location 
(see, e.g., Endress, 2022; Mercer & Fisher, 2022).

For instance, according to Shoval and colleagues (2020), 
change-detection paradigms with simple geometric shapes 
that only differ in, say, color (Hartshorne, 2008; Lin & Luck, 
2012; Shoval et al., 2020) may underestimate the effect of PI 
in VWM. They argue that since inter-item similarity is high 
due to the repetition of items across sessions, this unwit-
tingly leads to background levels of PI that may effectively 
wash out differences between nominal PI and no-PI condi-
tions. In contrast, so-called “repeated-unique procedures” 
show larger PI effects (Shoval et al., 2020). These paradigms 
compare recognition performance between a large set of 
unique items with complex featural differences drawn from 
different semantic categories (low inter-item similarity) and 
a limited pool of repeated items (high inter-item similarity) 
to provide a contrast that maximizes the opportunity for PI. 
Endress and Potter (2014) demonstrated that VWM is both 
highly susceptible to PI and capacity-limited (to three to 
four items) when to-be-remembered stimuli – in this case, 
color photographs of familiar objects from the Brady and 
colleagues’ (2008) image repository – are repeated from trial 
to trial, but not when stimuli are unique. Both Makovski 
(2016) and Shoval and colleagues (2020) replicated this 
result, finding small-to-moderate PI effects (PI effect sizes, 
the difference in performance between unique and repeated 
conditions: Endress & Potter (2014), η2 = 0.24; Makovski 
(2016), ηp

2 = 0.43, and Shoval and colleagues (2020), ηp
2 

= 0.62).
Even when using a control condition with unique items, 

the degree of inter-item similarity, semantic or featural, 
across all stimuli can affect PI. Shoval and colleagues (2020) 
used Brady and colleagues’ (2008) repository of everyday 
object photographs (meaningful stimuli) to test the role of 
inter-item similarity within the repeated-unique paradigm. 
They found that meaningful, heterogeneous items (with rela-
tively low inter-item similarity, i.e., from different seman-
tic categories) caused greater PI effects than meaningful, 

homogenous stimuli (with high inter-item semantic simi-
larity). They attribute this somewhat surprising finding to 
different encoding strategies: more reliance on semantic 
strategies in the heterogeneous case, and more subtle, fea-
tural processing in the homogeneous case. In a follow-up 
study, again using a selection of Brady and colleagues’ 
(2008) stimuli, Shoval and Makovski (2022) demonstrated 
that heterogeneity in semantic information – not simply in 
visual complexity – increases PI in VWM. These findings 
are paralleled in the PI literature: no or low PI is observed 
in change-detection tasks using simple, meaningless stim-
uli (e.g., Hartshorne, 2008; Lin & Luck, 2012), while more 
moderate levels of PI have been observed in tasks using 
more naturalistic, meaningful stimuli (e.g., Endress & Pot-
ter, 2014).

While the level of inter-item similarity of items affects PI, 
so does the similarity of the to-be-remembered item and the 
test item. Typically, recognition memory is tested by using 
an exact copy of a previously seen item as a test item. In a 
version of the classic recent probes task (Monsell, 1978), 
Mercer and Fisher (2022) showed that test items (familiar 
photographs of everyday items from Brady and colleagues’ 
repositories (Brady et al., 2008, 2013)) did not need to be 
exact copies of previously encountered items to produce 
PI. Test items differing in orientation or positioning, but 
not color, also produced a PI effect. Subsequently, Mercer 
and colleagues demonstrated that PI persists across various 
lengths of intertrial intervals (as long as 8 s) as well as dur-
ing trials with distractor items, even from the same (visual) 
modality (Mercer et al., 2022). Thus, paradigms need not 
test exact copies of the to-be-remembered stimuli to induce 
PI, suggesting that interference-inducing memory traces may 
have a more general “familiarity signal” character (Mercer 
& Fisher, 2022).

The effect of spatial position on PI is more controversial. 
In addition to replicating the original findings of Endress and 
Potter (2014), Makovski also tested the effect of spatial posi-
tion on PI in VWM (Makovski, 2016). Instead of presenting 
the sample items at central fixation, they presented groups 
of four or eight items in a circular arrangement – simultane-
ously in one experiment, and sequentially in another. For 
both spatially distributed presentation modes, they found 
only partial evidence of a PI effect (the only significant PI 
effect was for the set-size eight, simultaneously-presented 
condition: ηp

2 = 0.11), and concluded that spatial informa-
tion must protect against PI in visual memory. However, 
Endress (2022) rebutted this claim by arguing that Makovski 
(2016) did not consider the ratio of total set-size to trial set-
size: strong PI failed to emerge because participants had to 
wait too long between exposures of repeated items, making 
the repeated items too infrequent to produce measurable PI, 
and diluting the intended effect of having high inter-item 
similarity between repeated items.



Attention, Perception, & Psychophysics	

Taken together, while the role of spatial information is 
still controversial, it is clear that repeated unique procedures 
with low inter-item semantic similarity maximize PI. Rep-
lication of the spatially distributed item-specific PI effect 
using a different paradigm – one that retains characteristics 
of PI-maximizing repeated-unique procedures but does not 
rely as heavily on the parameter of set size to pool size ratio 
– is important to understand the generalizability of PI in 
VWM to real-world contexts that necessarily involve items 
in different spatial locations (i.e., what-was-where?).

Mechanisms of PI resolution

Most accounts assert that PI resolution operates primarily 
during retrieval (Oberauer & Lin, 2023, 2017; Shoval & 
Makovski, 2021), though encoding also plays a role (Kliegl 
et al., 2015; Pastötter et al., 2011). The leading theoretical 
account of PI is based on temporal distinctiveness (Crowder, 
1976; Glenberg & Swanson, 1986). According to this theory, 
during retrieval, when similar but no-longer-relevant repre-
sentations compete with currently relevant representations, 
the difficulty lies in recalling the memory with the correct 
“timestamp” (“Did I take my medicine today or was that 
yesterday morning?”). The temporal distinctiveness account 
has been supported by multiple studies (Brown et al., 2007; 
Souza & Oberauer, 2015).

The neural mechanisms of proactive interference resolu-
tion have been studied for more than 25 years. In a classic 
functional magnetic resonance imaging (fMRI) study, Jon-
ides et al. (1998) showed that the inferior frontal gyrus is 
more activated when PI is present in a verbal working mem-
ory task. More recently, it was shown that the medial tempo-
ral lobe responds differentially in a PI task when retrieval is 
correct versus incorrect (Öztekin et al., 2009). This provided 
important mechanistic evidence for the retrieval account of 
PI resolution. The current view is that an extended network 
of brain areas is involved in PI resolution, including the infe-
rior frontal gyrus (and other areas in the frontal cortex such 
as the dorsolateral prefrontal cortex) and areas in the medial 
temporal lobe and the posterior parietal cortex (for reviews, 
see Hamilton et al., 2022; Kliegl & Bäuml, 2021).

Oberauer and Lin’s recent Interference Model of WM 
provides a computational account of interference and its 
resolution (Oberauer & Lin, 2023, 2017). In that account, 
to-be-remembered items (e.g., colors) are bound to contexts 
(e.g., locations) in a two-dimensional (2D) space. Retrieval 
cues activate specific locations in a memory space that trig-
ger neighboring, relevant to-be-remembered information. 
However, there is a degree of imprecision for each item’s 
location and other to-be-remembered information, such 
that a specific retrieval cue can generate false hits that cause 
interference between multiple item-location bindings. The 

model better predicts behavioral results than other models 
(Oberauer & Lin, 2023, 2017).

Taken together, both behavioral and neurophysiological 
results support that PI manifests as a result of conflict resolu-
tion during memory retrieval. A recent Interference Model 
of WM (Oberauer & Lin, 2023, 2017) clarifies the role of 
context on interference levels during memory retrieval, pro-
viding a much-needed framework for predicting interference.

Pupillometric studies of PI resolution

According to Kahneman (1973), pupil diameter indexes an 
intensive aspect of attention, a kind of special case of sym-
pathetic arousal (Bruya & Tang, 2018). Classic studies show 
that pupil diameter increases monotonically with increasing 
memory load until a critical threshold is reached, thought 
to correspond to the individual’s working memory capac-
ity (Kahneman & Beatty, 1966; Peavler, 1974). Similarly, 
pupil diameter has been shown to increase with increasing 
task demand until observers reach their processing limit 
(for a recent review, see van der Wel & van Steenbergen, 
2018). It is important to note that interpreting pupil diameter 
changes in terms of cognitive constructs is a form of reverse 
inference (Poldrack, 2006); however, given the ample neu-
rophysiological evidence, the literature has converged on 
accepting this as a valid causal link (Joshi & Gold, 2020; 
Strauch et al., 2022).

In 1975, Engle was the first to assess pupillary correlates 
of PI during encoding in a VWM task (Engle, 1975). Inter-
estingly, some early studies have investigated other physio-
logical sympathetic arousal correlates such as heart rate and 
skin conductance of PI (Morin et al., 1982; Wilson, 1984). 
To our knowledge, Johansson and colleagues (2018) were 
the first to explicitly test the relationship of pupil diameter, 
as a measure of cognitive effort, with PI during retrieval. 
They asked participants to learn lists of words from a par-
ticular semantic category and later tested the participants 
on free recall of the lists. This was repeated within the same 
semantic category for three trials, and then the fourth trial 
either (i) continued the same semantic category (continu-
ing to induce PI) or (ii) changed the category (releasing the 
participant from PI). The authors demonstrated the classic 
monotonic decrease in performance across subsequent word 
lists as PI built up, as well as a rebound in performance 
when PI was released by changing the semantic category 
of the word list (a classic manipulation in verbal PI stud-
ies: release from PI; Kincaid & Wickens, 1970). Critically, 
the same pattern was found in the pupil diameter signal: 
pupil diameter increased as a function of PI accumulation 
and returned to baseline levels when PI was released. PCA 
analysis further supported a relationship between partici-
pants’ ability to handle interference and more effort (higher 
pupil diameter) during retrieval (there was no difference in 
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pupil diameter during encoding). They reported a behavioral 
PI effect size of d = 1.66 and a pupillary PI effect of d = 
0.60. No studies to date have examined these processes in 
VWM. Our study aimed to address this gap and broaden the 
understanding of PI resolution across memory modalities. 
Critically, though, we do not use the classic release from 
PI paradigm described above: we use a paradigm that dis-
tributes interference continuously across both PI and NoPI 
conditions, so that participants cannot develop condition-
specific strategies.

The current study

We used a modified Delayed Match Retrieval (DMR) four-
alternative forced-choice location recognition task to test 
item-location binding in VWM (Kaldy et al., 2016). Experi-
ment 1 served as a proof of concept that PI can be induced in 
this VWM task. In Experiments 2A and 2B (preregistered), 
we used this task with minor modifications to quantify PI 
and test whether the cognitive effort required for PI resolu-
tion can be detected using pupillometry. Finally, we com-
bined the data from Experiments 2A and 2B and applied the 
same analytic framework to increase power and reconcile 
discrepancies between the single-study results.

DMR is a reinterpretation of the classic Delayed-Match-
to-Sample paradigm and is inspired by the game Memory 
(see Fig. 1). During a trial, a set of four real-world, to-be-
remembered items is shown, then hidden, and then a “sam-
ple” (that matches one of the items) is revealed. The partici-
pant is asked to indicate which of the (now hidden) items 
was the match to the sample.

Our paradigm has three important features. First, it side-
steps concerns about differential strategies during encod-
ing. Critically, two of the four to-be-remembered items are 
repeated (PI items) from trial to trial, while the other two are 
unique (NoPI items; see Fig. 1A). Since participants do not 
know which of the four items they will be tested on until the 
cue (the “sample”) appears, they are unaware of the condi-
tion (PI vs. NoPI) until the final test phase of the trial. Thus, 
they should equally encode all of the items (NoPI and PI). 
When participants know which condition they are in (e.g., 
in a blocked design), that could influence how they allocate 
their effort, which could be reflected in the pupil.

In “blocked” approaches, PI items are encoded during 
entirely separate phases than NoPI or unique items. This is 
true for classic release from PI paradigms (e.g., Johansson 
et al., 2018), where PI is built up within one condition-spe-
cific block, as opposed to across blocks of both conditions. 
Similarly, visual memory PI studies such as those by Endress 
and Potter (2014) and Shoval and colleagues (2020) also 
separate the buildup of PI from the unique condition (no 

unique images are shown during the PI encoding phase). 
This design results in two distinct tasks that a participant 
may develop differential strategies to deal with (remember 
repeated items; remember unique items). In our design, like 
recent probes tasks (see, e.g., Jonides & Nee, 2006), the 
buildup of PI occurs while unique items are presented and 
tested. This distributed form makes it impossible to see any 
differential effort deployment prior to the response phase, as 
PI is present in every trial. This limits the ability to detect 
differences in vigilance between conditions, but is also a 
strength as participants cannot develop condition-specific 
strategies that may ultimately bias their effortful engage-
ment, providing a relatively pure measure of PI resolution 
during recognition.

Second, there have been many recent calls for turning 
toward more naturalistic tasks in cognitive science (Ibanez, 
2022; Nastase et al., 2020; Sonkusare et al., 2019), including 
memory research (Kristjánsson & Draschkow, 2021; Magu-
ire, 2022). Unlike PI designs that are built on the logic of 
change detection paradigms (“Was this item in the previ-
ous set? yes/no”), our paradigm is a four-alternative forced-
choice task requiring remembering a specific item-location 
binding (“Where was this one?”). We believe that this type 
of task is more naturalistic, better capturing competencies 
central to everyday life: Where did I leave my keys? Where 
was the best food source? (Pertzov et al., 2012; Postma 
et al., 2008). This is consistent with the emerging view 
of VWM that shifts the focus from change detection-type 
tasks to tasks that more closely model everyday situations, 
such as making coffee, finding your personal items – keys, 
wallet, phone – before leaving the house (Kristjánsson & 
Draschkow, 2021). We embrace this view and are actively 
developing paradigms that focus on aspects of in-the-
moment information processing in service of ongoing tasks 
(Hamilton et al., 2024; Liang et al., 2023).

Finally, we have added a verbal filler task between encod-
ing and retrieval to minimize the opportunity for verbal 
rehearsal. This is a factor that is often neglected in recent 
PI study designs in VWM (for an exception, see Endress & 
Siddique, 2016).

Experiment 1

This experiment was designed to test the effect of PI in 
a what-was-where VWM task. Our first prediction was 
that overall accuracy would be lower in the PI condition 
than in the NoPI condition. Our second prediction was that 
accuracy would decrease across trials within each epoch 
to a greater extent in the PI condition compared to the 
NoPI condition.
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Methods

Participants

Forty-three participants were recruited via Prolific, an 
online research recruitment platform. Participants com-
pleted the study at home on their personal computers and 

entered answer choices via keypress. Nine participants were 
excluded (see Exclusion criteria below), leaving 34 partici-
pants’ data for final analyses. Participants’ average age was 
26 years old, ranging from 20 to 34 years, and 11 identi-
fied as female. All participants were fluent in English and 
reported normal or corrected-to-normal vision. Participants 
were recruited from various countries including Poland, 

Fig. 1   (A) Trials within an epoch. Two images during encoding 
(here, the watch and the stroller) are repeated across successive trials 
within an epoch (but not across epochs) accompanied by two items 
that are always unique, with locations randomized. When a unique 
image is tested, the trial is a NoPI trial (here, trial N), and when a 
repeated image is tested, the trial is a PI trial (here, trial N+1). In 
subsequent epochs, the two repeating images are replaced with a new 

set of repeating images. (B) Test trial sequence. This figure shows 
the sequence of events of a typical trial (here, using trial N+1 from 
Fig. 1A). Participants were not provided with feedback. The duration 
of each period depended on the experiment. The to-be-remembered 
set of items is shown enlarged for clarity in the inset panel. Note: Fig-
ures are not to scale
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Chile, Portugal, Mexico, and the UK. Fifteen participants 
identified as White, five as Asian, eight as more than one 
race, and six as “other.” Each participant was compensated 
$5 for their participation.

Materials
Images of everyday objects were selected from a collection 
of 2,400 unique stimuli (Brady et al., 2008). Our final set of 
232 items contained only common, nameable objects with 
no words or letters. We used an in-house MATLAB script to 
convert items to grayscale and impose a common luminance 
histogram across all images (function imhistmatch), equal 
to the average luminance histogram of all images, to ensure 
that the pupillary light reflex was minimized. (Although 
pupil diameter was not measured in Experiment 1, we 
wanted to ensure that behavioral results would be compara-
ble to subsequent experiments involving pupillometry.) Our 
study was built in lab.js and hosted through open-lab.online 
(Henninger et al., 2022; Shevchenko, 2022).

The four to-be-remembered images were arranged along a 
virtual arc, with the center of the target item equidistant from 
those image locations and 30° separating the center of each 
to-be-remembered image (see Fig. 1A and B). While we did 
not control viewing distance or device, on an average laptop 
screen (~35 x 20 cm) at a typical arm’s-length viewing dis-
tance (~57 cm) the target scene subtended approximately 34 
x 20 degrees of visual angle.

Procedure

We used a modified Delayed Match Retrieval (DMR) four-
alternative forced-choice location recognition task (Kaldy 
et al., 2016). As described above, the condition was deter-
mined by the test item at the end of the trial: the participant 
was either tested on a repeated item (PI condition) or a 
unique item (NoPI condition; see Fig. 1A). We grouped 
trials into ten epochs of ten trials per epoch: five NoPI 
trials and five PI trials in a random sequence. Each trial 
consisted of four periods: fixation (2,000 ms), encoding 
(2,000 ms), verbal filler task (5,000 ms), and the response 
period (5,000 ms; see Fig. 1B). During encoding, the four 
to-be-remembered items were shown: two different items 
were repeated on each trial within a given epoch, but not 
across epochs (PI items), and two unique items were never 
repeated within or across epochs (NoPI items). The total 
number of PI items was 20 (two per epoch x 10 epochs), 
and the total number of NoPI items was 200 (20 per epoch 
x 10 epochs). The additional 12 stimuli noted in the Stimuli 
section were used in the practice trials. During each ver-
bal filler task period, a question and two answer choices 
were presented on the screen in English, and the participant 
answered the question by keypress. Examples of the verbal 

task questions include: “How many things are in a pair? 
choose: (a) 60 or (b) 2” and “What kind of animal is a 
dove? choose: (a) Bird or (b) Dinosaur.” As a filler task, 
these questions were designed to be as easy to answer as 
possible, providing a check to ensure that participants were 
on-task (everyone was expected to score at or near ceil-
ing) and acting to limit verbal rehearsal during the delay. 
After the 5,000-ms period for reading and answering the 
filler question, the actual response period began, with the 
target item appearing in the top center location. During 
this period, the participant indicated (via keypress: one, 
two, three, four, for each of the four locations) where the 
target had been located during encoding. The response 
period was a fixed length (5,000 ms) to mitigate a speed-
accuracy tradeoff. Importantly, the potential for any dif-
ferential encoding or other task strategies between PI and 
NoPI items (as might occur when PI and NoPI trials are 
blocked) was minimized, since PI and NoPI items were 
mixed within each trial.

A testing session began with instructions and three prac-
tice trials to acquaint participants with the pace of presenta-
tion and the response procedure. No performance-related 
feedback was offered during the practice trials and the data 
were not included in the final analysis. Following practice, 
the ten epochs of ten trials each began. The order of trial 
presentation within an epoch and the order of epochs across 
the experiment was randomized for each participant.

Exclusion criteria  First, participants who had more than 
two missed responses out of ten possible responses in one 
or more epochs were removed (n = 8). Then, participants 
were excluded if their overall accuracy on the verbal filler 
questions was below 70% (n = 0). Next, trials that did not 
have a valid response, or where the response occurred too 
early (< 250 ms) were removed. After these trial-based 
exclusions, any participants who had accuracy lower than 
chance (for the NoPI condition only) were removed (n = 
1). Overall, data from nine of the 43 online participants 
were excluded.

Results

Where relevant, throughout all of our reported analyses, 
inspection of the residuals did not reveal any substantive 
deviations from normality.

To test for a PI effect, we compared mean accuracy for 
each participant between the PI and NoPI conditions with 
a paired-samples t-test. We found a significant effect of 
condition (PI, NoPI) on accuracy: t(33) = 4.33, p < 0.001, 
Cohen’s dz = 0.741 (Table 1, Fig. 2). Participants’ accuracy, 
on average, was 4.9% lower in the PI condition compared to 
the NoPI condition.



Attention, Perception, & Psychophysics	

To test for PI accumulation within an epoch, we created 
an order factor that corresponds to whether a trial occurred 
in the first half of an epoch or in the second half. Perfor-
mance was calculated as mean accuracy over all trials for 
order (first half, second half of the epoch), condition (PI, 
NoPI), and participant. Confirming the result of the paired 
t-test, the two-way repeated-measures ANOVA showed there 
was a significant main effect of condition (PI, NoPI): F(33) 
= 16.5, p < 0.001, η2

p = 0.333. There was no main effect 
of order (first half, second half of the epoch): F(33) = 2.42, 
p = 0.129, η2

p = 0.068. We did not find any evidence for 
PI accumulation across trials with the two-way repeated-
measures ANOVA: there was no statistically significant 
interaction between the effects of order (first half, second 
half of the epoch) and condition (PI, NoPI) on accuracy: 

F(33) = 0.117, p = 0.735, η2
p = 0.004 (Table S1, Online 

Supplementary Material (OSM)). A visualization of average 
accuracy across trials per epoch in each condition is shown 
in Fig. S1 (OSM).

Discussion

Using our novel DMR paradigm, we showed that spatially-
distributed visual stimuli are not immune to PI: participants’ 
accuracy was significantly lower in the PI condition com-
pared to the NoPI condition. However, we did not observe 
an increase in the PI effect across the successive repetition 
of stimuli or a subsequent release from PI at the beginning 
of the new epoch that has been observed with verbal stimuli 
(Johansson et al., 2018; Kahneman & Beatty, 1966).

Table 1   Descriptive statistics and results of paired t-tests comparing mean accuracy within participants between condition (PI, NoPI) for all 
studies

M mean, SD standard deviation
Values in square brackets indicate the 95% confidence interval around the mean. Cohen’s dz values were calculated using G*Power 3.1 using the 
difference between two dependent means
* p < 0.05, **p < 0.01, *** p < 0.001

NoPI PI

Experiment M 95% CI SD M 95% CI SD df t p Cohen’s dz

1 0.673 [0.607, 0.739] 0.189 0.624 [0.561, 0.687] 0.181 33 4.318 < 0.001 *** 0.741
2A 0.617 [0.563, 0.671] 0.160 0.576 [0.522, 0.631] 0.161 35 2.664 0.0116 * 0.444
2B 0.680 [0.630, 0.730] 0.180 0.648 [0.601, 0.696] 0.171 51 2.265 0.0278 * 0.314
2A + 2B 0.654 [0.617, 0.691] 0.174 0.619 [0.583, 0.655] 0.170 87 3.420 < 0.001 *** 0.365

Fig. 2   The effect of condition (PI, NoPI) on accuracy. Panels show 
accuracy in the PI versus NoPI conditions across all experiments, and 
reflect the data shown in Table  1. Light grey lines connect individ-

ual participants’ data across condition (PI, NoPI). Large data points 
indicate the mean and error bars the 95% confidence interval. Chance 
level is shown at 25%
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Experiment 2A

Experiment 2A used the same paradigm as Experiment 
1 (with some minor modifications), and was run in our 
laboratory using an eye-tracker to monitor eye move-
ments and pupil diameter. Here, we sought to replicate the 
results from Experiment 1 and assess whether pupil diam-
eter indexes PI during the response period. In addition, if 
the pupil diameter reflects task-relevant cognitive effort to 
resolve PI, then we expect pupil diameter to be positively 
related to accuracy: participants who showed greater pupil-
lary PI effects should also show greater behavior-based PI 
effects. Our final prediction was that, after categorizing 
all trials as correct (score = 1) or incorrect (score = 0), 
success would be related to higher pupil diameter during 
retrieval.

Methods

Participants

Forty participants were recruited by convenience sampling 
on the University of Massachusetts Boston campus. One par-
ticipant was excluded due to missing data, two participants 
were excluded for having accuracy below chance, and one 
participant was removed due to low accuracy on the verbal 
filler task questions (see Exclusion criteria below). Thirty-
six participants’ data were included in the final analyses. 
Participants’ average age was 20 years, ranging from 18 to 
30 years, and 22 participants identified as female. All par-
ticipants were fluent in English and had normal or corrected-
to-normal vision. Due to an error, no race or ethnicity data 
were recorded. Each participant was compensated $10 cash 
for their participation.

Materials
Stimuli generation followed the same procedure as Experi-
ment 1. In the lab setup, viewing distance was maintained at 
approximately 65 cm. The size of the images was 3.5° x 3.5°, 
and the radius of the annulus was approximately 15°. Rela-
tive positions of the stimuli were the same as Experiment 1, 
spaced at approximately 30° center-to-center (see Fig. 1).

Procedure

Trial design in Experiment 2A largely followed Experiment 
1, with three minor modifications. In Experiment 2, the 
fixation period was increased to 2,500 ms, while the verbal 
filler task and response periods were reduced to 3,000 ms 
each. The verbal filler task was reduced to constrain the time 
between encoding and response in an attempt to limit verbal 
rehearsal further. In addition, to provide a quiet period for 

pupillometric measures, we introduced a response lockout 
period: for 1,000 ms prior to the response period, the target 
item was shown to the participant, but answer choices (one, 
two, three, and four) were occluded (see Fig. 1B). During the 
final 2,000 ms of the response period, the participant could 
enter their response. There were 103 trials in total: three 
practice trials followed by 100 test trials.

Tests were conducted in a moderately-lit testing room. All 
experimental stimuli were presented on the 23-in. display 
of a Tobii TX300 eye tracker running Tobii Studio (Tobii 
Technology, Stockholm, Sweden). The TX300 provides 
approximately 1° of spatial and 300-Hz temporal resolu-
tion while recording gaze and pupil diameter. During test-
ing, participants sat approximately 65 cm from the display. 
Participants were instructed not to move from this position, 
not to interact with any devices, and not to interact with the 
experimenter during the testing phase. Testing began imme-
diately following instruction and practice trials. Participants 
entered their responses during the verbal task and response 
periods using keypresses.

As in Experiment 1, participants completed three practice 
trials before beginning test trials. Participants were given 
one 2-min break after the first 50 test trials of the 100-trial 
block. Counterbalancing of blocks and trials was the same 
as in Experiment 1.

Analysis

Pupil diameter data processing  To correct for any potential 
variability in the sampling rate, we synchronized the data to 
a fixed, 300-Hz timeline. The data were then preprocessed 
using the pupillometryR pipeline (Forbes, 2020): first, we 
smoothed the data using linear regression of the left pupil 
diameter against the right pupil diameter and the right pupil 
diameter against the left pupil diameter for every participant 
and every trial (Jackson & Sirois, 2009). Then we calculated 
the average of the left and right pupil diameters to obtain a 
single pupil diameter per time point. Data were then down-
sampled to 50 ms and filtered with a moving window (win-
dow width was set to five samples, 250 ms) median filter. We 
then performed linear interpolation followed by subtractive 
baseline correction to the mean pupil diameter across the 
fixation period (Mathôt et al., 2018). All further references 
to pupil diameter refer to these final, baseline-corrected val-
ues. (There are many analytic pipelines currently in use for 
pupillometry (see Mathôt et al., 2018; Sirois et al., 2023) 
– we made our choices based on best practices in the field.)

Exclusion criteria  First, trials with more than 75% of pupil 
diameter data missing were removed. Then, trials were 
removed if there was no fixation on the central region con-
taining all to-be-remembered items during the encoding 
phase. Next, we removed trials that did not have a valid 
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response. After completing these trial-based exclusions, we 
performed participant-level exclusions. Participants who had 
accuracy lower than chance (for the NoPI condition only) 
were excluded (n = 2). Finally, participants were excluded 
if their overall accuracy on verbal filler questions was below 
70% (n = 1).

Pupil diameter measures  The phasic, task-evoked pupillary 
response – what we seek to assess in the current study – 
is fast-changing, responding to task demands as quickly as 
220 ms (see Mathôt et al, 2018) with a typical window of 
500–3,000 ms (see Laeng et al., 2012; Rondeel et al., 2015). 
(The time between subsequent response periods in our 
study is 7.5 s, more than adequate time for the task-evoked 
response to subside.) We expected that pupil diameter dur-
ing retrieval would be higher in the PI condition compared 
to the NoPI condition. To test this, we calculated the mean 
pupil diameter over the last 500 ms of the lockout period 
plus the entire response period (2,000 ms) for each partici-
pant and each condition and compared the means between 
conditions (NoPI vs. PI) using a paired t-test. (In a separate 
exploratory analysis, we also examined the 1,000-ms period 
preceding each trial’s response. Results based on this vari-
able, response time tailored period, were the same as those 
in the main analyses, and are presented in the OSM). We 
also expected that the response period pupil diameter would 
increase across trials within an epoch in the PI condition. To 
test this, a two-way ANOVA was performed to assess the 
effect of order (first half, second half of the epoch) and con-
dition (PI, NoPI) on response period pupil diameter. Where 
relevant, throughout all of our reported analyses, inspection 
of the residuals did not reveal any substantive deviations 
from normality.

Results

Accuracy  Just as in Experiment 1, a paired-samples t-test 
comparing the mean accuracy between the PI and NoPI con-
ditions showed a significant effect t(35) = 2.66, p = 0.012, 
Cohen’s dz = 0.444 (Table 1, Fig. 2), such that participants’ 
accuracy was 4.1% lower in the PI compared to the NoPI 
condition. Confirming the results of the paired-samples 

t-test, a two-way repeated-measures ANOVA showed there 
was a significant main effect of condition (PI, NoPI): F(35) 
= 6.72, p = 0.014, η2

p = 0.161. There was also a significant 
main effect of order (first half, second half of the epoch): 
F(35) = 5.42, p = 0.026, η2

p = 0.134. Similar to Experiment 
1, we did not find any evidence for PI accumulation across 
trials: the two-way repeated-measures ANOVA showed that 
the interaction between the effects of order (first half, sec-
ond half of the epoch) and condition (PI, NoPI) on accuracy 
was not significant: F(35) = 0.161, p = 0.702, η2

p = 0.004 
(Table S2, OSM). A visualization of average accuracy ver-
sus trial number is shown in Fig. S2 (OSM).

Physiological response variable: Response period pupil 
diameter  A paired-samples t-test comparing the mean 
response period pupil diameter between PI and NoPI condi-
tions was significant: t(35) = -2.58, p = 0.014, Cohen’s dz = 
-0.511 (Table 2, Figs. 3 and 4). Participants’ pupil diameter 
was 0.016 mm higher in the PI condition compared to the 
NoPI condition.1 Confirming the results of the paired t-test, 
a two-way repeated-measures ANOVA showed that there 
was a significant main effect of condition (PI, NoPI): F(35) 
= 5.87, p = 0.021, η2

p = 0.144. There was no significant 
main effect of order (first half, second half of the epoch): 
F(35) = 0.807, p = 0.375, η2

p = 0.023. We did not find any 
evidence for pupillary PI accumulation across trials: the two-
way repeated-measures ANOVA showed that the interaction 
between order (first half, second half of the epoch) and con-
dition (PI, NoPI) on response period pupil diameter was not 
significant: F(35) = 0.323, p = 0.573 (Table S3, OSM).

Relationships between pupil diameter and accuracy  To test 
whether participants who showed greater pupillary PI effects 
also show greater behavioral PI effects, we performed a Ken-
dall correlation between the pupillary effect (PI response 
period pupil diameter – NoPI response period pupil diam-
eter) and the behavioral PI effect (NoPI accuracy – PI accu-
racy) for each participant. We did not find evidence that the 

Table 2   Descriptive statistics and results of paired t-tests comparing mean response period (6,000–8,500 ms after trial onset) pupil diameter 
(mm) within participants and between conditions (PI, NoPI) for all studies

* p < 0.05, **p < 0.01, *** p < 0.001

NoPI PI

Experiment M 95% C SD M 95% CI SD df t p Cohen’s dz

2A 0.0895 [0.0607, 0.118] 0.0825 0.105 [0.0775, 0.133] 0.0789 35 -2.58 0.0142 * -0.511
2B 0.0907 [0.0687, 0.113] 0.0775 0.0851 [0.133, 0.106] 0.0745 51 0.947 0.348 0.142
2A + 2B 0.0902 [0.0730, 0.107] 0.0791 0.0933 [0.0767, 0.110] 0.0765 87 -0.654 0.515 -0.0813

1  To mitigate the influence of potential outliers, we confirmed the 
results of the original analysis with a non-parametric t-test (Wilcoxon 
signed-rank test: W = 177, p = 0.013).
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two were related: τ = -0.146, p = 0.217 (Table 3). To test 
whether there was a relationship between individual trial-by-
trial success (correct; incorrect) on response period pupil 
diameter, we conducted a paired t-test to compare partici-
pants’ average response period pupil diameter in their correct 
versus incorrect trials. We did not find a significant differ-
ence t(35) = -1.14, p = 0.262, Cohen’s dz = -0.206 (Table 4).

Fig. 3   The effect of condition (PI, NoPI) on response period pupil 
diameter. Panels show pupil diameter during retrieval in the PI versus 
NoPI conditions in Experiments 2A, 2B, and in the combined analy-
sis (2A+2B), and reflect the data shown in Table 3. Light grey lines 

connect individual participants’ data across condition. Large black 
data points indicate the mean and error bars are 95% confidence inter-
vals

Fig. 4   Pupil diameter averaged across all trials/participants by condition (PI, NoPI). Pupil traces in the combined Experiments 2A + 2B analysis. 
Data were averaged across all participants and all trials. Error ribbons indicate 95% confidence intervals

Table 3   Kendall correlations between participants’ average pupillary 
and behavioral PI effects

Experiment Kendall’s tau p

2A -0.146 0.217
2B -0.0935 0.328
Combined -0.0893 0.218
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Discussion

Consistent with Johansson and colleagues (2018), we 
found that participants exerted greater effort when the task 
involved the resolution of interference during retrieval, but 
shown here, for the first time, in a VWM task. We repli-
cated the behavioral PI effect observed in online Experi-
ment 1 in the laboratory: accuracy was significantly lower 
in PI trials compared to NoPI trials, and pupil diameter 
during the response period was significantly higher. That 
said, we were not able to observe PI accumulation across 
trials for either the behavioral or pupil diameter outcomes. 
Since we had observed an overall behavioral effect and an 
overall pupil effect interference was induced, it may be that 
our study was not sufficiently powered to detect the time 
course of accumulation. Additionally, we had expected to 
see participants with greater interference showing greater 
effort during retrieval (and vice versa). However, we were 
not able to discern a relationship between the behavioral PI 
effect (NoPI accuracy – PI accuracy) and the pupillary PI 
effect (PI response period pupil diameter – NoPI response 
period pupil diameter), nor between success (correct, incor-
rect) and response period pupil diameter. Again, it may be 
that our study was not sufficiently powered to detect this 
relationship.

Experiment 2B

In Experiment 2B, our goal was to replicate Experiment 2A 
with a larger sample and with preregistered analyses (nearly 
identical to those in Experiment 2A).

Methods

Preregistration

We preregistered a replication of Experiment 2A with a 
larger sample size and adjustments to the number of trials. 
Experiment 2B was preregistered at the Center for Open 
Science through the Open Science Framework (Donenfeld, 
Blaser, & Kaldy, 2023, May 15).

Sample size rationale

Our G*Power sample size estimate (Faul et al., 2007) for 
the behavioral main effect (d = 0.444) with power = 0.8 and 
alpha = 0.5 was N = 42, and for the pupillary main effect 
(d = -0.511) it was N = 33. To allow for exclusions, we col-
lected data from 60 participants.

Participants

Sixty participants were recruited using convenience sam-
pling on the University of Massachusetts Boston campus. 
Seven participants were excluded for performing at or below 
chance, and one was removed due to low accuracy on the 
verbal filler task questions. Thus, a total of 52 participants 
were included in the final analysis. Participants’ average 
age was 20 years, ranging from 18 to 30 years, and 35 par-
ticipants identified as female. All participants were fluent in 
English and reported normal or corrected-to-normal vision. 
Twenty-four individuals identified as White and Non-His-
panic, nine individuals identified as White and Hispanic, 
six individuals identified as Black, eight individuals identi-
fied as Asian, and five individuals identified as belonging to 
more than one race. Each participant was compensated $10 
cash for their participation.

Materials

Stimuli were the same as in Experiment 2A.

Procedure

The procedure followed the procedures in Experiment 2A (see 
Fig. 1), with one change. We had noted an increase in overall 
performance in Experiment 2A during the first 40 trials, so 
in Experiment 2B we added 40 training trials, followed by 
the usual 100 test trials. Participants were unaware that the 
data from the training trials would not be included in the final 
data analysis. Practice trials preceded the block (three prac-
tice trials preceded a question period, where participants had 
an opportunity to ask the experimenter questions, then three 
additional practice trials followed). In total, participants were 

Table 4   Descriptive statistics and results of paired t-tests comparing mean response period (6,000–8,500 ms after trial onset) pupil diameter 
(mm) within participants and between success levels (correct, incorrect) for all studies

Success = incorrect Success = correct

Experiment M 95% C SD M 95% CI SD df t p Cohen’s dz

2A 0.0934 [0.0696, 0.117] 0.0694 0.103 [0.0725, 0.134] 0.0874 35 -1.14 0.262 -0.206
2B 0.105 [0.0764, 0.134] 0.101 0.0872 [0.0662, 0.108] 0.0730 51 1.92 0.0602 0.253
2A + 2B 0.100 [0.0808, 0.119] 0.0888 0.0937 [0.0764, 0.111] 0.0791 87 1.12 0.265 0.101
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given three 2-min breaks. The first break occurred after the 
practice trials, the second after the 40th test trial, and the third 
after the 80th test trial. Breaks concluded with a 5-s count-
down to prepare participants for the upcoming trial.

Analysis

Our preregistered exclusions, predictions, and main statistical 
analyses were identical to those outlined in Experiment 2A, 
except the response time tailored analysis was preregistered 
as a potential exploratory analysis (not part of the main analy-
sis; see OSM). The only analyses that were not listed in the 
preregistration were those assessing the relationship between 
encoding period pupil diameter and performance. Where rel-
evant, throughout all of our analyses, inspection of the residu-
als did not reveal any substantive deviations from normality.

Results

Accuracy

All accuracy analyses were pre-registered. Similar to our 
findings in Experiments 1 and 2A, a paired-samples t-test 
comparing the mean accuracy between the PI and NoPI con-
ditions was significant: t(51) = 2.27, p = 0.028, Cohen’s dz 
= 0.314 (Table 1, Fig. 2). Participants in the PI trials per-
formed 3.2% lower than in the NoPI trials. Confirming the 
results of the paired t-test, the two-way repeated-measures 
ANOVA showed that there was a significant main effect of 
condition (PI, NoPI): F(51) = 6.05, p = 0.017, η2

p = 0.106. 
There was also a significant main effect of order (first half, 
second half of the epoch), with the first half of epochs hav-
ing lower average accuracy: F(51) = 4.08, p = 0.049, η2

p = 
0.074. As with Experiments 1 and 2A, we were unable to 
discern an accumulation of PI within epochs: the two-way 
repeated-measures ANOVA did not show evidence of an 
interaction between the effects of order (first half, second 
half of the epoch) and condition on accuracy: F(51) = 3.26, 
p = 0.077 (Table S4, OSM). A visualization of average accu-
racy versus trial (1–10, collapsed across epochs) is shown 
in Fig. S3 (OSM).

Physiological response variable: Response period pupil 
diameter

All retrieval-period pupil diameter analyses were pre-regis-
tered. Unlike the results of Experiment 2A, a paired-samples 
t-test comparing the response period pupil diameter means 
between PI and NoPI conditions did not show a significant 
effect: t(51) = 0.947, p = 0.348, Cohen’s dz = 0.142 (Table 2, 
Figs. 3 and 4). Pupil diameter in the PI trials was 0.006 mm 

lower than in the NoPI trials.2 Confirming the results of the 
paired t-test, the two-way repeated-measures ANOVA did not 
show a main effect of condition: F(51) = 1.26, p = 0.267, η2

p 
= 0.024. The main effect of order was also non-significant: 
F(51) = 0.190, p = 0.665, η2

p = 0.004. We did not find any 
evidence for pupillary PI accumulation across trials in the 
two-way repeated-measures ANOVA: the interaction between 
the effects of order (first half, second half of the epoch) and 
condition (PI, NoPI) on response period pupil diameter was 
not significant: F(51) = 0.0376, p = 0.847, (Table S5, OSM).

Relationships between pupil diameter and accuracy

The result of the Kendall correlation between the pupillary 
effect (PI response period pupil diameter – NoPI response 
period pupil diameter) and the behavioral PI effect (NoPI 
accuracy – PI accuracy) for each participant did not show 
a relationship: τ = -0.0935, p = 0.328 (Table 3). To test 
whether there was an effect of trial-by-trial response period 
pupil diameter on success (correct, incorrect), we conducted 
a paired t-test to compare the average response period pupil 
diameter between each participant’s set of correct trials ver-
sus their set of incorrect trials. We found that the effect of 
success (correct, incorrect) on response period pupil diame-
ter was not statistically significant: t(51) = 1.92, p = 0.0602, 
Cohen’s dz = 0.253 (Table 4).

Discussion

In our preregistered Experiment 2B, we replicated our 
behavioral results from Experiments 1 and 2A, providing 
more evidence that PI decreases VWM performance in spa-
tially distributed visual arrays. While we expected to find 
evidence of an effortful PI resolution mechanism at work 
during retrieval, we did not replicate our pupillary PI effect 
from Experiment 2A. As in Experiments 1 and 2A, there was 
no evidence of PI accumulation across the ten-trial epoch, in 
either behavioral or pupillary modalities.

Combined analysis (Experiment 2A 
and Experiment 2B)

Overall, while results between the studies were not con-
tradictory, there were differences in the patterns of sig-
nificance and effect sizes among the analyses. In order to 
address this, we combined data from studies 2A and 2B 
to increase power and applied the same set of analyses. 
Since participants in Experiments 2A and 2B were drawn 

2  To mitigate the influence of potential outliers, we confirmed the 
results of the original analysis with a non-parametric t-test (Wilcoxon 
signed-rank test: W = 753, p = 0.563).
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from the same population and the procedures were largely 
identical, data from the 100 test trials (consisting of Trials 
1–100 for Experiment 2A and Trials 41–140 for Experi-
ment 2B – skipping the first 40 trials that had been pre-
registered as training trials) were entered into a combined 
analysis. There were a total of 88 participants: 36 Experi-
ment 2A participants + 52 Experiment 2B participants = 
88 combined participants; 100 trials per participant. The 
dataset was analyzed according to the analysis described 
for Experiment 2B.

Analysis

Our analytic focus for Experiments 2A and 2B has been on 
within-subjects assessments of pupil diameter differences 
in the PI versus NoPI conditions during retrieval. However, 
there is ample evidence that effort during encoding affects 
subsequent memory performance in WM tasks in general 
(Miller & Unsworth, 2021). In our paradigm, trial-by-trial 
fluctuations in effort during encoding were not manipulated; 
nevertheless, they may vary with the participant’s momentary 
attentional state (Unsworth et al., 2018). Taking advantage of 
the increased sample size (N = 88) in this combined analysis, 
we assessed this “ground truth” relationship between individ-
ual differences in effort during encoding to performance by 
comparing the encoding pupil diameter of participants whose 
accuracy was above median to participants who performed 
below the median. Mean pupil dilation during the 2,000-ms 
encoding period was calculated for each condition (PI, NoPI) 
and each subject. Upper and lower median performers’ pupil 
diameter during the encoding period were compared using 
an independent-samples t-test. Where relevant, throughout 
all analyses, inspection of the residuals did not reveal any 
substantive deviations from normality.

Results

Accuracy

The paired-samples t-test comparing mean accuracy between 
the PI and NoPI conditions was significant: : t(87) = 3.42, p 
< 0.001, Cohen’s dz = 0.365, consistent with our prediction 
(Table 1, Fig. 2). Participants performed 3.5% lower in the 
PI condition compared to the NoPI condition.3 Confirming 

the result from the paired-samples t-test, a two-way ANOVA 
showed a significant main effect of condition (PI, NoPI): 
F(87) = 12.5, p < 0.001, η2

p = 0.126. The main effect of 
order (first half, second half of the epoch) was non-signifi-
cant: F(87) = 9.41, p = 0.3, η2

p = 0.098. We did not find any 
evidence for behavioral PI accumulation across trials: the 
two-way repeated-measures ANOVA showed that the inter-
action between the effects of order (first half, second half 
of the epoch) and condition (PI, NoPI) on accuracy was not 
statistically significant: F(87) = 0.961, p = 0.330 (Table S6, 
OSM). A visualization of average accuracy versus trial num-
ber is shown in Fig. S4.

Physiological response variable: Response period pupil 
diameter

The paired-samples t-test comparing response period pupil 
diameter between PI and NoPI conditions was non-sig-
nificant:: t(87) = -0.654, p = 0.515, Cohen’s dz = -0.081 
(Table 2, Figs. 3 and 4). Pupil diameter was 0.003 mm higher 
in the PI condition compared to the NoPI condition.4,5 Con-
firming the paired t-test result, the two-way ANOVA showed 
that there was no significant main effect of condition (PI, 
NoPI): F(87) = 0.175, p = 0.677, η2

p = 0.002. There was 
also no significant main effect of order (first half, second 
half of the epoch): F(87) = 0.751, p = 0.389, η2

p = 0.009.
We also did not find any evidence for pupillary PI 

accumulation across trials within an epoch: the two-way 
repeated-measures ANOVA showed that the interaction 
between the effects of order (first half, second half of the 
epoch) and condition (PI, NoPI) on response period pupil 
diameter was not significant: F(87) = 0.244, p = 0.622 
(Table S7, OSM).

Relationships between response pupil diameter and accuracy

We did not find evidence that response period pupil diam-
eter and their PI effect were related: τ = -0.0893, p = 
0.218 (Table 3). We also did not find evidence of an effect 
of success (correct, incorrect) on response period pupil 
diameter: t(87) = 1.12, p = 0.265, Cohen’s dz = 0.101 
(Table 4).

3  At a reviewer’s request, we also conducted our core analyses on 
Trials 1–100 from Experiment 2A combined with Trials 1–100 from 
Experiment 2B (40 training trials + 60 test trials). Since we observed 
a practice effect in Experiment 2A, the reviewer suggested that this 
may be a fairer comparison. For this comparison (Trials 1–100 of 
Experiment 2A and Trials 1–100 of Experiment 2B), we also found 
a significant main effect of condition on accuracy: t(88) = 2.44, p < 
0.05, consistent with our original analysis.

4  A reviewer requested a comparison of Trials 1–100 of Experiment 
2A and Trials 1–100 of Experiment 2B (see Footnote 3). Similar to 
our analyses in the main text, we did not find a significant main effect 
of condition (PI, NoPI) on response period pupil diameter: t(88) = 
-1.59, p < 0.12.

5  To mitigate the influence of potential outliers, we confirmed the 
results of the original analysis with a non-parametric t-test (Wilcoxon 
signed-rank test; W = 1715, p = 0.313).
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Relationships between encoding pupil diameter 
and accuracy

However, we did find that encoding period pupil diameter 
was higher in upper median performers compared to lower 
median performers: t(86) = -2.09, p = 0.039, Cohen’s dz 
= 0.475 (Table 5, Figs. 5 and 6).6 At a reviewer’s request, 
additional robustness checks are reported in the OSM. 

Summary of results

A summary of all of our results (the observed effect sizes 
and significance of tests in all three studies and the com-
bined analysis) can be found in Table 6. At a reviewer’s 
request, we also computed adjusted likelihood ratios for our 
four main predictions for the combined Experiment 2A + 
2B data. These are reported in the OSM. 

General discussion

Proactive interference (PI) occurs when now-irrelevant 
memories intrude on current, task-relevant ones. Here we 
used a naturalistic, what-was-where task to test the effect 
of PI in visual working memory (VWM) and pupillome-
try to investigate the mechanism of PI resolution. Overall, 
we observed a robust behavioral PI effect in item-location 
VWM across three studies (one online, two in-lab studies, 
one of them preregistered; overall N = 122), showing that 
even spatially distributed stimuli are not immune to PI. How-
ever, contrary to our expectations, we did not find consistent 
evidence that PI induces increased cognitive effort during 
memory retrieval.

Our novel paradigm combines three important design ele-
ments. First, our task minimizes the possibility that differ-
ent encoding strategies for unique and repeated items could 
influence the PI effect. Unlike previous work that used a 
blocked design (Endress & Potter, 2014; Makovski, 2016), 
in our paradigm, the condition (PI, NoPI) is not defined until 
the response period, when the participant’s memory is either 
tested on one of the repeated items (PI condition) or one of 
the unique items (NoPI condition). We accomplished this by 
presenting both unique and repeated items in each trial. Sec-
ond, our paradigm required participants to go beyond simple 
change detection, instead requiring four alternative forced-
choice recognition of item-location bindings, which is con-
sistent with a move toward tasks that better model everyday 
situations (Kristjánsson & Draschkow, 2021; Postma et al., 
2008). Finally, we added a verbal filler task between encod-
ing and response to protect against verbal rehearsal, which 
has often been neglected in PI study designs in VWM (for 
an exception, see Endress & Siddique, 2016). Our behavioral 
results are quite comparable to Makovski’s (2016) existing 
evidence that PI affects spatial VWM with real-world, rec-
ognizable stimuli. They also expand on existing evidence 
that VWM is sensitive to PI in a variety of retrieval contexts 
and timescales.

Based on Johansson and colleagues’ (2018) findings 
using verbal stimuli, we predicted that greater effort dur-
ing retrieval would be associated with better performance 
and that larger pupillary effects (difference between PI and 
NoPI pupil diameter) would correspond to a larger behavio-
ral PI effect (evidence of a struggle to resolve interference). 

Table 5   T-test results comparing upper and lower median performers’ encoding period pupil diameter in the Combined (2A + 2B) analysis

Lower Upper

Experiment M 95% CI SD M 95% CI SD df t p Cohen’s d

2A + 2B -0.0109 [-0.0248, 0.0030] 0.0442 0.0108 [-0.0038,
0.0254]

0.0468 86 2.09 0.0392 * 0.475

Fig. 5   Encoding period pupil diameter in the upper versus lower 
median performers in Experiment (2A + 2B). This figure shows 
upper/lower median performers’ pupil diameter during the encod-
ing period. The figure reflects the data shown in Table 5. Large data 
points indicate the mean and error bars the 95% confidence intervals

6  To mitigate the influence of potential outliers, we confirmed the 
results of the original analysis with a non-parametric t-test (Mann-
Whitney U test; W = 721, p = 0.04).
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Fig. 6   Pupil diameter averaged across all trials/participants split by median performance. Baseline corrected pupil diameter traces for the com-
bined analysis (Experiments 2A and 2B) in the upper versus lower median performers. Error ribbons indicate 95% confidence intervals

However, neither relationship was supported by our results. 
We speculate that the amount of interference in our task 
was not sufficient to trigger a substantive change in retrieval 
effort and/or consistently activate the mechanisms responsi-
ble for explicit interference resolution. Our mixed-condition 
trials, where repeated (PI) items were presented alongside 
unique (NoPI) items during encoding, meant that, by design, 
participants did not know what they would be tested on. If, 
instead, conditions had been blocked, there may have been a 
more robust apparent difference – i.e. increased generalized 
effort and/or stress in the PI block – reflected in performance 
and the pupil. Since our paradigm was designed to elimi-
nate these generalized, potentially explicit, effort/strategy 
changes that might accompany a putatively “harder” condi-
tion, it better isolates any interference-resolution processes 
that occur during retrieval. At the same time, this removes 
a potential source for pupillary effects that may arise in a 
design with more explicit/realizable differences between 
conditions. In other words, the magnitude of any pupillary 
effect, as an index of effort toward interference resolution, 
will be influenced by the magnitude of the interference itself 
(and, as reviewed in the Introduction, while PI effects for 
verbal stimuli have been consistently large, they are more 
variable in the visual domain). A higher-powered study may 
be able to detect the present design’s comparably more con-
strained pupillary differences between conditions.

Although we were primarily interested in pupillary cor-
relates of interference resolution during retrieval, effort 
during encoding affects subsequent memory performance 
in general (Cheng et al., 2019; Miller & Unsworth, 2021), 
and we wanted to verify this “ground truth” relationship in 
our paradigm. Since participants were naïve to the condition 
(PI or NoPI) during encoding, we did not induce nor expect 
any consistent condition-dependent encoding period pupil 
effects. However, participants’ moment-by-moment atten-
tional fluctuations in engagement may nevertheless affect 
encoding and therefore overall performance (Unsworth 
et al., 2018). Indeed, in our combined (Experiments 2A + 
2B) analysis, when participants were split by median per-
formance, upper median performers had significantly larger 
pupils during encoding than lower median performers.

In sum, we found PI in VWM using a what-was-where 
task. Our paradigm was designed to eliminate general-
ized, potentially explicit, effort/strategy changes that might 
accompany a putatively “harder” PI condition, to better iso-
late the implicit (not strategy-driven) interference resolution 
processes that occur during retrieval. While we did not find 
consistent evidence that PI induces increased cognitive effort 
during memory retrieval, we observed a robust behavioral PI 
effect in item-location visual working memory across three 
studies showing that even spatially distributed stimuli are 
not immune to PI.
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Table 6   Summary table. Effect sizes and significance of tests (*p < 0.05, **p < 0.01, ***p < 0.001) in our three studies and the combined Exp. 2A+2B analysis

PreR refers to preregistered, d refers to Cohen’s d, dz refers to Cohen’s dz (more appropriate for within-participant comparisons)

Question Analysis Exp. 1 Exp. 2A Exp. 2B
(PreR)

Exp. 2A+2B Effect size measure

Results (EFFECT SIZES)

Behavioral
  Does PI decrease accuracy? Mean performance in PI and NoPI trials compared with a 

paired-samples t-test
0.741*** 0.444* 0.314* 0.365* dz

  Does PI accumulate over trials? Condition (PI, NoPI) * order (first half of epoch, second 
half of epoch) interaction in 2*2 ANOVA

0.004 0.004 0.06 0.011 η2
p

Pupil
  Does PI increase effort during memory retrieval? Mean pupil dilation during the response period in the PI and 

NPI trials compared with a paired t-test
n/a -0.511* 0.142 -0.081 dz

  Does pupillary PI during retrieval accumulate over trials? Condition (PI, NoPI) * order (first half of epoch, second 
half of epoch) interaction in 2*2 ANOVA

n/a 0.009 0.001 0.003 η2
p

  Does PI increase effort during memory retrieval? (Using a 
response tailored retrieval period)

Tailored response period for each individual according 
to their response time (1,000 ms prior to response) and 
compared with a paired-samples t-test

n/a -0.261 0.358 0.030 dz
(See Suppl. Mat.)

Behavioral and Pupil
  Are the behavioral and effort (pupil diameter during 
retrieval) effects correlated?

Kendall correlation between participants’ overall behavioral 
PI effect (NoPI accuracy – PI accuracy) and the magnitude 
of the pupillary PI effect during the response period (PI 
pupil diameter – NoPI pupil diameter)

n/a -0.146 -0.094 -0.089 τ

  Do participants exert more effort during retrieval in cor-
rect trials?

Mean pupil diameter during the response period in the cor-
rect vs. incorrect trials compared with a paired t-test

n/a -0.206 0.253 0.101 dz

  Do participants who perform better (in general) exert 
more effort during encoding?

Mean pupil diameter during the encoding period in upper 
vs. lower median performers compared with an independ-
ent-samples t-test

n/a – – 0.475* d
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