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How we attend to our thoughts affects how we attend to our environment. Holding information in working memory
can automatically bias visual attention toward matching information. By observing attentional biases on reaction
times to visual search during a memory delay, it is possible to reconstruct the source of that bias using machine
learning techniques and thereby behaviorally decode the content of working memory. Can this be done when
more than one item is held in working memory? There is some evidence that multiple items can simultaneously
bias attention, but the effects have been inconsistent. One explanation may be that items are stored in different states
depending on the current task demands. Recent models propose functionally distinct states of representation for items
inside versus outside the focus of attention. Here, we use behavioral decoding to evaluate whether multiple memory
items—including temporarily irrelevant items outside the focus of attention—exert biases on visual attention. Only
the single item in the focus of attention was decodable. The other item showed a brief attentional bias that dissipated
until it returned to the focus of attention. These results support the idea of dynamic, flexible states of working
memory across time and priority.
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Introduction only a single representation is capable of biasing
attention.””?° These findings have recently been
challenged by studies reporting attentional capture
from multiple working memory items.?’~>! How-
ever, there is no clear consensus on this issue.
Notably, these studies vary in their experimen-
tal procedures and definitions of what constitutes
“multiple items” in working memory. Some use a
single memory item and a search target that varies by
trial’>?* and is therefore considered to be in working
memory.>>¥ Others use the same logic with equal-
priority search targets,””*® while still others use two
working memory items of equal priority.2***3
While much theoretical debate is devoted to
working memory capacity limitations,**>® there is
. . also emphasis on dynamic representational states
held to a single item (although see Refs. 16 and 17), 30 cmphas Y prese .
) . . . within working memory that are differentiated not
which has spurred important discussions about the o .
. . 1821 only by capacity limits but also by priority and goal
overlap of working memory and attention. 3741 . .
. . . ,,  relevance. Indeed, neuroimaging work suggests
Previous models of visual working memory

. . . that high-priority, task-relevant working mem-
have been built around experiments suggesting that . o . .
ory representations are maintained via sustained

What is on our mind influences what we attend
to in our environment. Evidence for this comes
from findings in which external attention is auto-
matically biased toward information matching the
contents of working memory. People are slower to
respond on a visual search task when an item match-
ing an item held in working memory is presented as
adistractor! (attentional capture). A broad range of
mental states and processes can bias our attention,
including visual working memory,>* verbal work-
ing memory,*” long-term memory,3!! associative
knowledge,'>!* implicit memory,'* and reward.'
Studies have found converging evidence for atten-
tional capture when the working memory load is
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internal attention with persistent neural firing,
while lower priority representations are maintained
via alternative storage mechanisms (e.g., possibly
synaptic weight changes).*>** To date, there have
been few instances’®** of investigating attentional
bias effects across these different states of work-
ing memory representations. Van Moorselaar et al.*®
found that memory for two items did not bias visual
search as did memory for one item; however, if one
of those two items was prioritized with a cue after
encoding, only that item once again affected visual
search. Greene et al.** manipulated item priority
with an n-back task and concluded that the lower
priority representation (the 1-back item) did not
show attentional capture, while the higher priority
item (2-back) did.

Recently, Dowd et al.*>* devised an approach
to leverage sustained attentional capture effects in
order to successfully decode the contents of working
memory during a memory delay. The authors devel-
oped a method of “behavioral decoding” that aggre-
gates small attentional biases in responses times
(RTs) across a series of 12 visual search trials and
uses machine learning to predict the identity of the
working memory item responsible for the observed
pattern of RTs. Here, we extend this approach to
investigate whether items outside the focus of atten-
tion in working memory could be decoded from the
pattern of attentional biases during visual search.
Our task used retro-cues*’ to manipulate the pri-
ority of items such that they are either inside the
focus (cued as relevant for the upcoming memory
test) or outside the focus (cued as irrelevant for
the first test, but potentially relevant for a second
test) of attention.*>** Indeed, neuroimaging work
has used this paradigm to emphasize the degree to
which these representations are differentiable?*~>?
and also observed that lower priority representa-
tions are latent but still have different response prop-
erties than permanently irrelevant items.>>>

In experiment 1, we replicated the findings of
Dowd et al.*® using a smaller sample of in-laboratory
participants (N = 16 in laboratory versus N = 100
online). In experiment 2, we extended this proce-
dure to include multiple memory items with a dou-
ble retro-cue manipulation, and we investigated the
existence of attentional capture from items that are
inside versus outside the focus of attention. We used
the patterns of RTs during two sets of visual searches
from the first and second memory delays of each trial
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to decode the identities of the two memory items,
and we also explored the time course of attentional
capture across each delay period. Our data show
that a single item in the focus of attention can bias
visual attention toward matching perceptual items
for quite a while (at least 24 s), whereas a memory
item that is cued as (temporarily) task irrelevant
shows only brief attentional capture effects (up to
~ 3s) while it is being removed to a lower priority
state outside the focus of attention. At this point,
it becomes behaviorally silent (i.e., it no longer sys-
tematically biases visual attention so as to be behav-
iorally decodable), unless it is cued as task relevant
and re-enters the focus of attention, shortly after.

Experiment 1

The purpose of experiment 1 was to replicate the
recent findings of Dowd et al,*® which demon-
strated the ability to decode the contents of work-
ing memory from attentional biases on RTs across
multiple visual search trials during a memory delay.
Successful behavioral decoding of a working mem-
ory item indicates that it was systematically bias-
ing visual attention. While their study used a
large online participant sample from an Amazon
Mechanical Turk population (N = 100), we sought
to replicate their results with a smaller laboratory
sample.

Materials and methods

Participants. Sixteen participants between the
ages of 18 and 21 (five males) were recruited from
the undergraduate student body of the University
of Texas (UT) at Austin using the SONA system
provided by the Department of Psychology. Par-
ticipants were compensated with course credit for
their participation in the 60-min experiment. Writ-
ten informed consent was obtained in a manner
approved by the UT Austin Institutional Review
Board. Participants with overall memory accuracy
below 2 SD of the mean were excluded (n = 1).
No participants fell below 2 SD of the mean of
visual search accuracy, and so no additional exclu-
sions were made. All analyses were conducted on
the remaining participants (N = 15).

Stimuli and procedure.
the dual-task procedure from Dowd et a
(Fig. 1A). Participants performed a simple mem-
ory recognition task including four colors. Each
color was presented as the memory target 20 times,

Experiment 1 replicated
145,46
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Figure 1. Task procedures. (A) Experiment 1 was a replication of an experiment performed by Dowd et al.*® that required
participants to hold a single item in working memory while performing an intervening sequence of 12 visual search trials. (B)
Experiment 2 extended this paradigm to include two memory delays with retro-cues selecting which of two memory items would
be tested after the delay (cue 1: a vertical line either left or right of center, which selected the item that had appeared on that side;
cue 2: “STAY” or “SWITCH”). During each delay period, participants performed a randomized sequence of 12 visual search trials

(identical to procedure in experiment 1).

shuffled across all blocks. Embedded within the
delay period of each memory trial was a series of
12 visual search probes, where participants were
asked to choose the direction (left or right) of a
tilted line. Each search display consisted of one of
12 two-color combinations. This allowed, in every
search set, for each of the four colors to surround
the search target (three valid trials), to surround
the distractor (three invalid trials), and to be absent
from the search display (six neutral trials). The same
combination of search displays was presented on
each trial in randomized order, with the location
(top/bottom) and tilt direction (left/right) of the tar-
getalso randomized such that three targets appeared
in each of the four combinations of top/bottom
and left/right. Importantly, this randomization
allowed for an equal amount of search targets pre-
sented within each of the four colors.

Participants practiced on one block of four mem-
ory trials before performing 10 blocks of eight trials
in the experiment. For each memory trial, a central
fixation cross was presented for 500 ms, followed
by central presentation of the memory target for
1000 ms, with text above the target saying “Remem-
ber this color!” After a 1000-ms delay, the search
task was presented, followed by another 1000-ms
delay before the memory probe. The probe con-

sisted of a four-alternative forced-choice task with
four colored rings, one of each color, in which par-
ticipants were to choose the color of the memory
item that was presented at the beginning of the
trial. The probe was presented for 3000 ms (until
response), and feedback was presented (“Correct!”
or “Incorrect.”) for 1000 milliseconds.

Within a search set, each search probe began with
a central fixation dot for 500 ms, followed by a search
display with two potential search targets separated
vertically (the center of each search target was 2.34°
from center). One search display item contained
the search target (a white line tilted 45° from verti-
cal), and the other contained the distractor (a verti-
cal line). Participants were instructed to respond as
quickly as possible by choosing left or right as the
direction of the tilted line. They could respond at any
point during the 300-ms search display or following
the 1200-ms blank delay period. Only negative feed-
back was provided (“Incorrect.”). Stimuli were pre-
sented on a 21.5” iMac using Matlab 2014a and the
Psychophysics Toolbox 3 extensions.”® Responses
to the search task were made using the left and
right arrow keys with the right hand, and memory
responses were made using the 1, 2, 3, and 4 keys
with the left hand. All responses were collected using
a standard USB keyboard. Stimuli were presented
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on a black background, and all text was presented
in white. All fixations and search target lines were
also white. Memory and search display rings were
either red (RGB = 277, 2, 24), blue (48, 62, 152),
green (95, 180, 46), or yellow (251, 189, 18). All
rings (memory target, search displays, and memory
probes) had a diameter of 2.34° (to outer edge) with
aline thickness of 0.16°. All fixations had a diameter
of 0.47°, and the search target lines had a diameter
of 1.41° with a thickness of 0.16°.

Analysis

Multivariate behavioral classification. Multi-
variate classification methods were modeled after
Dowd et al*¢ Before training the classification
algorithm, RTs were preprocessed across all par-
ticipants simultaneously. After removal of incorrect
memory trials (8.1% of all trials), we replaced all RTs
to inaccurate search probes (7.85% of all probes)
with the mean RT of accurate search responses
to effectively remove the influence of incorrect
responses on the classifier. We also accounted for
minor differences between colors by removing each
color’s deviation from the mean (M = 0.01 ms) to
aid the normalization process. Next, we detrended
all RTs run-wise, and finally all RTs were rescaled to
[0:1]. We report results here without the addition of
polynomial features based on the original 12 RTs on
each trial, as was done by Dowd et al.*> Our results
were not affected by the addition of these features,
and therefore they were excluded. After preprocess-
ing, a multinomial logistic regression classifier with
L2 regularization (implemented via sci-kit learn®”)
was trained and tested using a leave-one-subject-
out cross-validation procedure. To gauge the statis-
tical significance of classifier performance, we used
a permutation test (10,000 iterations) to derive the
empirical null distribution, in which we randomly
shuffled the labels in our sample and recomputed
classifier accuracy for each iteration. We reported
P values as the proportion of shuffled scores that
were higher than our observed score. To assess the
population-level reliability of the classifier perfor-
mance, we also ran a bootstrap resampling test
(10,000 iterations) in which we resampled data from
participants with replacement and recomputed clas-
sifier accuracy for each sample.

Time course of attentional capture. Search
probes where the memory target surrounded the
distractor in the search display are referred to as
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invalid probes (which should produce longer RTs),
and valid probes are those where the memory
target surrounded the search target (which should
produce shorter RTs). We quantified the effect of
attentional capture by calculating the difference
metric d for each participant by subtracting the
mean RT on valid probes from the mean RT on
invalid probes. Before this difference calculation,
the RTs were first preprocessed as described in the
previous section, but without rescaling (to maintain
temporal interpretation). If there was no attentional
capture effect present, this metric would be close
to zero. We evaluated the statistical significance
of attentional capture across the entire search set
using a one-sample -test against zero (where each
participant contributed a single difference metric
d). To investigate the time course of the effect, we
repeated this difference metric calculation, testing
separately for each quartile of the search set with
false discover rate (FDR) multiple-comparison cor-
rection applied. Each quartile was an amalgamation
of nearby search responses (Q1: searches 1-3, Q2:
4-6,Q3: 7-9, and Q4: 10-12).

Results

Behavioral performance. Participants per-
formed the tasks well, with a memory accuracy of
91.9 £ 1.6% SEM and a visual search accuracy of
92.2 £ 1.0% SEM across all trials.

Multivariate behavioral classification. The clas-
sifier was able to aggregate small deflections in
RTs that arise from attentional capture effects from
the item in working memory throughout the delay
period. The memory target from experiment 1 was
classified correctly across participants with an accu-
racy of 35.1% (Fig. 2). This accuracy was significant
against shuffled-label permutation tests (P < 0.001).
These results successfully replicate the findings of
Dowd et al.,*® who decoded working memory items
with 36.5% accuracy under similar conditions.

Time course of attentional capture. To
investigate the time course of attentional cap-
ture throughout the search set during the memory
delay, we analyzed each quartile of the search set
separately. There was an attentional capture effect
when averaging the RTs across all search probes
(Fig. 3A). This effect was also present at each
quartile of the search set (Fig. 3B, all P values <
0.01). Notably, the effect of attentional capture
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Figure 2. Behavioral decoding accuracy. Data with error bars
represent the mean and 95% bootstrapped confidence inter-
vals of classifier accuracy from leave-one-subject-out cross-
validation analysis. Experiment 1 had only a single (cued)
memory item, whereas experiment 2 had both a cued and uncued
item in both the first delay period (del. 1) and the second delay
period (del. 2). The dashed line represents theoretical chance
accuracy (25%). Colored bars along the top indicate significant
classification performance (P < 0.001).

decreased across the search set (R2 = 0.19, P <
0.001).

Experiment 2

The purpose of experiment 2 was to use the
behavioral-decoding procedure from experiment 1
to test for potential attentional bias effects from
lower priority, temporarily irrelevant items outside
the focus of attention in working memory.*’ We
used a modified Sternberg task with two retro-cues®
to experimentally manipulate the state of working
memory items to be either inside or outside the
focus of attention. Experiment 2 included two mem-
ory items per trial, with retro-cues selecting which
item would be tested in the subsequent delay period.
The 12-trial visual search task from experiment 1
was inserted into each delay period, and we used
behavioral decoding to test whether an attentional
bias could be detected from the relevant item in the
focus, as well as from the irrelevant item outside the
focus.

Materials and methods

Participants. Thirty participants between the
ages of 18 and 34 (13 males) were recruited from
the undergraduate student body of UT Austin using
the SONA system provided by the Department
of Psychology. Participants were compensated
with course credit for their participation in the
90-min experiment. Written informed consent
was obtained in a manner approved by the UT
Austin Institutional Review Board. Participants
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were excluded if they had memory accuracy below
2 SD of the mean (n = 3), or visual search accuracy
below 2 SD of the mean (n = 2). All analyses were
conducted on the remaining participants (N = 25).

Stimuli and procedure. Experiment 2 modified
the task from experiment 1 to include two memory
delay periods with retro-cues (Fig. 1B). Retro-cue
paradigms are used in working memory research as
a tool to manipulate the priority of working mem-
ory items.*” Two memory items were presented on
each trial, followed by a first retro-cue that indicated
(with 100% validity) which item would be tested by
the first memory probe. After this test, a second
retro-cue indicated which item would be tested by
a second memory probe (again, with 100% valid-
ity). Specifically, the cue indicated whether the par-
ticipant should stay with the same memory item
or switch to the other item for this second test,
with equal likelihood of receiving each cue across
the experiment. This procedure produces a situa-
tion in which, during the first memory delay, the
uncued item is only temporarily irrelevant, because
it is potentially relevant for the second memory test.
This item can be temporarily removed™ from the
focus of attention into an operationally defined low-
priority state sometimes referred to as unattended,®
secondary or accessory,?? or activity-silent.*! The
uncued item during the second delay period, in con-
trast, is no longer needed and can be permanently
removed from working memory.

Software, stimulus dimensions, and stage timings
were identical to those of experiment 1 unless oth-
erwise noted. Experiment 2 started with a practice
block of four trials, followed by 12 blocks of eight
memory trials each. After initial fixation, two mem-
ory targets were presented simultaneously on alter-
nate sides of the central fixation cross (2.34° from
center). Memory cues were presented such that each
color combination (e.g., green and yellow) was pre-
sented equally often and balanced across the exper-
iment as to whether a color was cued or uncued on
the left or right. A fixation cross immediately fol-
lowed encoding for 500 ms, and then a retro-cue
appeared on either the left or right side of fixation
for 1000 ms, indicating which of the two mem-
ory targets would be tested first. After a 1000-ms
blank delay, the first search set began, followed by
a delay and the first memory probe. Immediately
afterward, a fixation cross was shown for 500 ms,
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Figure 3. Attentional capture effects. RT differences between valid and invalid search probes are shown for both experiments 1
and 2, averaged across the entire delay period (A), and separated into quartiles (three searches) of the 12-trial visual search set
(B, C, D). Data and error bars represent mean and SEM. Colored bars along the top indicate significant effects (P < 0.05 (FDR

corrected)).

followed by a second retro-cue: centrally fixated
text that read either “STAY” or “SWITCH.” After a
1000-ms blank delay, the second search set was pre-
sented, and the trial was concluded with the second
(and final) memory test of the trial.

Analysis

All analyses from experiment 1 were repeated for
experiment 2. Each analysis was performed sep-
arately for the four conditions of delay (first/
second) x cue (cued/uncued). We excluded trials
if the response was incorrect on either the first or
second memory probe (16.63% of trials).

Multivariate behavioral classification. The same
classification procedures were used as described in
experiment 1, with an added modification of using

different labels for each trial depending on which
item (cued or uncued) was being decoded. For
example, the pattern of RTs from a given search
set would be labeled green if the green ring was cued
for that delay period and we were training a clas-
sifier to decode all cued items. However, the same
data from that trial would be labeled yellow in a
separate classifier if the yellow ring was uncued for
that delay period and we were training a classifier to
decode all uncued items. This cue-dependent label-
ing procedure allowed us to independently investi-
gate cued and uncued items. During preprocessing
of the visual search RTs, 6.86% of incorrect search
probe RTs from the first delay period and 7.03%
from the second delay period were replaced with
mean search RTs. The mean RT deviation from the
mean by color was 0.02 milliseconds.
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Time course of attentional capture. To compute
the difference measure d to quantify attentional
capture (see experiment 1 for details), we wanted
to account for the potentially counteractive bias
effect of the other memory item when both mem-
ory targets were present on a search trial (e.g., when
a green cued ring contained the distractor and a
yellow uncued ring contained the target, or vice
versa). Therefore, we removed any search trials that
included both memory items (50% of all search tri-
als) from the calculation of attentional capture (d)
separately for each memory item.

Results

Behavioral performance. Overall memory accu-
racy was at 93.9 £ 1.0% SEM, and overall search
accuracy was at 94.5 = 0.7% SEM. Memory accu-
racy between the first delay (95.5 & 0.8% SEM) and
the second delay (92.3 &+ 1.3% SEM) differed sig-
nificantly (#24) = 3.46, P < 0.01), as did accuracy
between stay trials (95.5 & 1.13% SEM) and switch
trials (89.17 £ 1.8% SEM) after the second delay
period (#(24) = 4.01, P < 0.001).

Multivariate behavioral classification. Classifier
results are presented in Figure 2. During the first
delay period, classification accuracy was 31.1% for
the cued item, indicating significant decodability of
this memory item in the focus of attention (P <
0.001). However, we were unable to behaviorally
decode the uncued item (24.6%), putatively outside
the focus of attention, during the first delay period
(P=10.49). In the second delay period, as in the first
delay period, the cued item was successfully classi-
fied, with a mean accuracy of 31.8% (P < 0.001).
Once again, however, the uncued item was unde-
codable during the second delay period (24.7%;
P=0.48).

Time course of attentional capture. Averaging
across all search trials in the first delay period,
we found evidence for significant attentional cap-
ture for both cued and uncued items (Fig. 3A).
These effects were strongest during the beginning of
the search set for both items (Fig. 3C). For the cued
item, there was significant attentional capture dur-
ing the first three quartiles (all Pvalues < 0.001), but
not in the final quartile (P = 0.79). For the uncued
item, there was evidence of significant attentional
capture in the first quartile (P < 0.01), similar in
strength to the effect from the cued item (P = 0.27),
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but this effect was absent for the remainder of the
delay period. In the second delay period (Fig. 3D),
we observed significant attentional capture for the
cued item averaged across the entire delay period,
and also separately for each quartile. No significant
attentional capture was observed for the uncued
item during the second delay period.

Discussion

The primary goal of the current study was to inves-
tigate whether unattended items held in working
memory exert a bias on visual attention. To test
this, we combined a novel behavioral decoding
method*>**® that analyzes patterns of response time
biases during visual search to decode the contents of
working memory, with a retro-cueing paradigm’*>®
that manipulates whether an item is inside or out-
side the internal focus of attention in working mem-
ory. If a memory item (here, a colored circle) biases
attention during visual search, that item (i.e., its
color) should be decodable using this procedure.
Our results indicate that, when two items are held
in working memory, only the item inside the focus
of attention consistently biases visual attention and
is behaviorally decodable, whereas an item outside
the focus does not bias attention sufficiently to be
decoded. However, if that item is cued as relevant
for a second memory test, it re-enters the focus and
exerts an attentional bias, while the formerly rele-
vant but now irrelevant item no longer does. These
results provide further evidence for a functional dis-
tinction between items held inside and outside the
focus of attention, and they demonstrate how pre-
serving the richness of behavioral data by aggre-
gating rather than averaging across responses can
corroborate findings from neuroimaging studies of
working memory, #30:5360.61

In experiment 1, our ability to behaviorally
decode the identity of a single item held in working
memory replicates recent findings from Dowd
et al*® and is consistent with a large body of work
pointing to an automatic capture of attention for
items matching the contents of working memory.'
Further analysis of our data revealed a decrease in
this automatic attentional capture over the time
course of the visual search trials (Fig. 3B), suggest-
ing that there was some attenuation of the memory
representation during the delay period. This
attenuation is consistent with recent neuroimaging
findings®* showing the attenuation of the neural
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trace of working memory items and slowed response
times across a filled delay period. This attenuation
was even more pronounced when the delay-period
task was more demanding on visual attention.
These data suggest that both time and concurrent
attentional demands influence the representational
strength and the resulting attentional biases of a
single task-relevant item in working memory. In
experiment 2, we replicated the results from experi-
ment 1 using a retro-cue to select, from a set of two
memory items, a single item that was relevant for
a first memory test. After this cue, the conditions
were identical between the two experiments, except
for the addition of a second memory item (in exper-
iment 2) that could become relevant for testing after
the first delay period. The cued item was behav-
iorally decodable during this delay period (Fig. 2)
and showed a similar time course and attenuation of
attentional bias throughout the delay as did a single
memory item in experiment 1 (Fig. 3B and C). The
uncued item, however, was not behaviorally decod-
able during this delay. We did find a brief attentional
capture effect from this item early in the search set
(across the first three search trials, lasting about 3 s),
but this dissipated quickly and did not return. This
suggests that the item was removed from the focus
of attention, at which point it ceased to actively
bias visual attention. The removal time for this
item is consistent with behavioral®® and neural
estimates® of removing information from working
memory.

Our finding of (albeit brief) attentional capture
due to the uncued memory item contrasts with ear-
lier investigations of multiple template representa-
tions in working memory that found an attentional
bias limited to only one of two items.?>~24 They
converge, however, with more recent results that
show a bias from multiple items during increased
loads.””! These studies all have in common the
investigation of attentional capture when multiple
items are in working memory. But, importantly,
there are often subtle task differences. For exam-
ple, the finding that only a single representation
can bias attention comes mostly from studies using
a single memory item and an independently vary-
ing search template (Refs. 23 and 24 but not 26).
In contrast, studies that involve two simultaneous
working memory?*?? or search items*”*® typically
find an effect of attentional capture of both items.
When a search target changes from trial to trial,
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participants typically maintain an active represen-
tation, or template, of the search target in sen-
sory regions,’>**% similar to models of “sensory
recruitment” storage for working memory items.®
Yet, when the search target remains constant across
trials, the target representation is thought to be
stored in long-term memory.>**-% Indeed, active
search templates and working memory representa-
tions are largely similar, although they possibly dif-
fer in the effort required for their maintenance.”%”!
Our paradigm is most similar to previous studies
that have explicitly assigned a higher priority to one
of two memory items (and thus a lower priority
to the other item).?>?%** Results from these stud-
ies are consistent with a model of visual working
memory that proposes that attentional bias is lim-
ited to a single mnemonic representation.”> While
our behavioral decoding results support this model,
our results showing a brief effect of attentional cap-
ture from low-priority items do not (at least on
the surface). We address each of these past results
separately.

Greene et al** had participants respond to a
2-back memory task and found that the higher
priority memory target that was 2-back biased atten-
tion, while the 1-back target did not. Stimuli used
were similar to those in the current study (this has
been suggested as the cause of previous conflict-
ing results’?). The different results likely can be
attributed to different task paradigms: our retro-
cue task versus their n-back task. The n-back task is
a significantly more demanding task requiring con-
tinual updating of working memory contents, and
its convergent validity with established tests of work-
ing memory has been challenged.”” The increased
cognitive load of the n-back task may have obscured
attentional biases that are captured in our retro-
cueing paradigm.

Results from van Loon et al?* come from
a paradigm that explicitly manipulates priority,
although there is no memory task per se, but rather
both targets are retained for search (i.e., as atten-
tional templates). Using metrics of eye movements
rather than RTs, they found that a lower priority
(search) target does not bias attention. The sensi-
tivity of their metrics provides compelling results,
yet there are no directly comparable investigations
using memory tasks. Experiment 4 by van Moorse-
laar et al.?® is largely similar to the current paradigm,
and they found no attentional capture from a lower
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priority (memory) item. The task employed by van
Moorselaar et al.*® (as well as van Loon et al.?®) used
a continuous probe to promote the use of visual
working memory. In contrast, our design was a
four-choice categorical color decision, which might
have allowed for subjects to recode one (or both)
items into verbal working memory, as recoding is
sometimes performed strategically.! Verbal work-
ing memory representations have been shown to
bias attention,*” and thus visual-to-verbal recoding
(of either item) could underlie our finding of brief
attention biases from both high- and low-priority
memory items, while also remaining consistent with
recent models of a single biasing representation in
visual working memory.??

Returning to our discussion of experiment 2 in
the present study, we now consider the effects from
the second delay period. After the first delay period,
aretro-cue selected which of the two memory items
would be tested by the second (and final) mem-
ory test of that trial. The cued item—regardless of
whether it was the same item or a different item
than was selected by the first cue—was behaviorally
decodable during this delay period. Not only did
a task-relevant item in working memory main-
tain its automatic attentional bias across a second
filled-delay period (for an additional ~ 12 s), but
a task-irrelevant item that lost its attentional bias
during the first delay regained it and retained it
throughout the second delay period. This reload-
ing of the unattended item into the focus of atten-
tion, which has been shown to reinstate its active
neural trace,*=! also reinstates its biasing influence
on visual attention. The consequences of this flexi-
ble unloading and reloading of task-relevant items
in working memory’* support the idea of an over-
lap between internal and external attention, where
not only does the demand on external attention
influence the quality of representations in working
memory,®® but the focus of attention in working
memory also influences the automatic biasing of
external attention.

As found in the first delay period, the uncued
item in the second delay period did not systemat-
ically and reliably bias visual attention, and it was
therefore not behaviorally decodable. Interestingly,
whereas we found an early, brief (~ 3 s) attentional
bias for the uncued item during the first delay,
there was no such effect during the second delay
(Fig. 3D). There are two likely reasons for this. First,

Behavioral decoding of attended memory items

half of the trials had a second cue that matched the
first cue, and thus the uncued item from the first
delay (which was removed from the focus of atten-
tion and quickly lost any bias on visual attention)
remained outside the focus during the second delay
and never regained any attentional bias. Second, this
difference may reflect the outcome of two different
forms of removal after the first and second cues.”
During the first delay period, two potentially rele-
vant items in the (broad) focus of attention were
separated by the retro-cue into one relevant item
(that remained in the focus) and another item that
was (temporarily) removed from the focus. This
item was not forgotten and did not lose its binding
to the trial context, because it could be reinstated
into the focus if selected by the second retro-cue.
Following the second retro-cue, the item that was
uncued would never become relevant again, and was
therefore a candidate for permanent removal from
working memory.> If this process operates more
quickly than temporary removal (see Ref. 59), this
could diminish any attentional capture effects from
the removed item during the second delay period.

Indeed, using retro-cues that indicated the
uncued memory item could be dropped from mem-
ory, van Moorselaar et al.”> found that attentional
capture of the uncued (permanently irrelevant) item
was absent at stimulus onset asynchronies (SOAs)
as low as 100 milliseconds. The current work sug-
gests that, when the item is cued as only tem-
porarilyirrelevant, alow-priority representation has
an early effect of attentional capture. This con-
trast supports the separable processes of temporary
and permanent removal.””> However, other recent
work found no attentional capture effects from low-
priority items at SOAs ranging between 1000 and
1900 milliseconds.>>?® The SOA in the current study
(between the retro-cue and onset of the search task)
was 1000 ms, and it is possible that longer SOAs
might allow the process of temporary removal of
the low-priority item to complete, thus eliminating
its influence on visual attention. Future work inves-
tigating the effects of SOA on attentional capture
from low-priority items would be helpful to clarify
these inconsistencies.

We interpret our results according to models of
working memory that describe multiple representa-
tional states and invoke some notion of the “focus of
attention” to describe the most central, task-relevant
component.**7® Alternatively, we could attempt to
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reconcile our results with a model of visual working
memory”* that describes “attentional templates”
that guide visual search. The temporarily irrele-
vant, uncued items that briefly bias attention in our
study likely map onto either secondary or acces-
sory items in this model. However, it is impor-
tant to again highlight that our paradigm did not
require the visual storage of memory items per se.
The memory items could easily (and are likely to)
have been recoded into verbal forms,*>”” for exam-
ple, by remembering “red” instead of maintaining a
visual representation of the red circle that was pre-
sented as the memory item. Many forms of mental
representation beyond visual working memory have
been observed to bias attention. Of particular rel-
evance, biases can originate from verbal working
memory.*”’

The absence of evidence does not imply evidence
of absence. Without neuroimaging data, it is
impossible to draw any conclusions about how
the representation of temporarily irrelevant items
in working memory might be stored in the brain.
Even with brain data, the most we have been
able to accomplish to date is to identify brief
echoes of silent working memory items through
exogenous stimulation with transcranial magnetic
stimulation®® or perceptual perturbations.’*>
Despite the absence of a true smoking gun, it seems
plausible that these items are indeed stored in an
activity-silent fashion and retained for brief inter-
vals by short-term changes in synaptic plasticity*>**
(but see Ref. 78). In summary, our present findings
suggest that working memory representations
outside the focus of attention, which are known
to become (reversibly) neurally silent, also become
(reversibly) behaviorally silent in terms of not
exerting automatic biases on visual attention.
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