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Abstract
Phasic pupillary responses were used to track the active maintenance of information in working memory (WM). In seven
experiments participants performed various change detection tasks while their pupils were continuously recorded. Across the
experiments phasic pupillary responses increased as the number of maintained items increased up to around 4–5 items consistent
with behavioral estimates of capacity. Combining data across experiments demonstrated that phasic pupillary responses were
related to behavioral estimates of capacity. Furthermore, phasic pupillary responses demonstrated WM load-dependent relations
only when active maintenance was required. When instructed to passively stare at the items or to drop items fromWM, the pupil
remained near baseline levels. These phasic pupillary responses also tracked the time course of maintenance demonstrating
sustained responses early in the delay period, but declined thereafter. Finally, phasic pupillary responses tracked selection
processes at encoding (filtering and pre-cues), but did not suggest evidence for item removal following retro-cues. These results
are consistent with the notion that maintaining items in WM requires the allocation of effortful attention and further suggest that
phasic pupillary responses can be used to track the active maintenance of items in WM.

Keywords Workingmemory

Working memory is a system responsible for active mainte-
nance and on-line manipulation of information. In our view,
workingmemory (WM) consists of a subset of activated traces
above threshold, some of which are highly active, strategies
for maintaining activation of those traces, attention control
processes to protect traces from interfering internal and exter-
nal information, and controlled search processes to reactivate
traces that could not be actively maintained. This view, like
others, emphasizes the interaction of attention and memory in
the service of complex cognition (Cowan, 2005; Engle &
Kane, 2004; Unsworth & Engle, 2007). WM impairments
have been demonstrated in psychiatric and neurological dis-
orders associated with problems of disordered thought and
forgetfulness such as schizophrenia, Alzheimer's, and
Parkinson's (Gold et al., 2003; Lee et al., 2010; Parra et al.,
2010). Even within a healthy population, WM ability reflects
a core cognitive trait given its strong relations with higher-
order cognition including intelligence and performance on

measures of scholastic aptitude (Engle et al., 1999;
Unsworth et al., 2014).

An important aspect of WM is that it is thought to be
capacity limited such that only roughly four items on average
can be actively maintained (Cowan, 2001; Luck & Vogel,
2013). A great deal of recent research has demonstrated that
there are important individual differences in the number of
items that can be maintained in WM and variation in WM
capacity is related to a number of cognitive abilities (e.g.,
Cowan et al., 2005; Vogel & Machizawa, 2004; Unsworth
et al., 2014). For example, estimates of capacity are related
to other WMmeasures and are related to broader measures of
cognitive abilities such as fluid intelligence, attention control,
and long-term memory abilities (Cowan et al., 2005; Fukuda
et al., 2010; Shipstead et al., 2014; Unsworth et al., 2014).
Recent research has also demonstrated that delay activity dur-
ing visual WM tasks provides a neural correlate of WM ca-
pacity (e.g., Todd & Marois, 2004; Vogel & Machizawa,
2004). For example, Todd and Marois (2004) found that the
delay signal in the intraparietal sulcus increased as set size
increased, reaching asymptote around 3–4 items.
Furthermore, Todd and Marois (2005) found that the delay
activity was correlated with behavioral estimates of WM ca-
pacity. Similarly, Vogel and Machizawa (2004; Vogel,
McCollough, & Machizawa, 2005) demonstrated that
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sustained activity over posterior parietal electrodes during the
delay (the contralateral delay activity) of a visual WM task
increased as set size increased and reached asymptote around
3–4 items. Importantly, the contralateral delay activity was
strongly correlated with individual differences in behavioral
estimates of WM capacity (see also Unsworth et al., 2015).
These and other studies suggest that WM delay activity is a
strong correlate of behavioral estimates of WM capacity.

Theoretically, the capacity limit arises because only four or
so items can be individuated and maintained through the con-
tinued allocation of attention (Craik & Levy, 1976). Given this
sharp capacity limit, it is critically important to encode and
actively maintain only task relevant information to ensure fast
and accurate responding. That is, given that only a few items
can be maintained in WM at any given time, it is important to
ensure that those items that are important for task performance
are adequately encoded into WM and are actively maintained
inWMduring a delay. As such, the ability to activelymaintain
items in WM is critically dependent on the ability to allocate
attention to items withinWM. For example, research suggests
that attention-based rehearsal processes may be needed to ac-
tively maintain information in visualWM via covert (or overt)
shifts of attention to prioritized locations (Awh & Jonides,
2001; Awh, Vogel, & Oh, 2006). If attention is captured by
distracting internal or external information, the representations
will not be maintained and performance will suffer (see Allen
et al., 2017 for recent evidence). Thus, it is important to con-
sistently allocate attention to items in WM to prevent atten-
tional capture from potent internal (e.g., mind-wandering) and
external distraction. Although many theories suggest that at-
tention is needed to actively maintain items in WM, the evi-
dence supporting such a claim is mixed. Some studies have
found dual-task costs when participants have to perform an
attention demanding secondary task while maintaining items
inWM (e.g., Allen et al., 2017; Morey & Bieler, 2013; Morey
& Cowan, 2004, 2005), whereas others have found that par-
ticipants can perform both tasks with little to no cost to WM
performance (e.g., Belopolsky & Theeuwes, 2009; Fougnie,
2009; Fougnie & Marois, 2006; Hollingworth & Maxcey-
Richard, 2013). Thus, it is not clear whether maintenance in
WM is an active effortful process that requires the allocation
of attention, or whether it is a passive effortless process that
requires little attention (e.g., Fougnie, 2009).

In the present study we suggest that pupil diameter can be
used as a means to track effortful attention allocation and task
engagement while performingWM tasks.Much prior research
has shown that the pupil dilates in response to the cognitive
demands of a task (Beatty, 1982). These effects reflect task-
evoked phasic pupillary responses in which the pupil dilates
relative to baseline levels due to increases in cognitive pro-
cessing load. For example, Hess and Polt (1964) demonstrated
that the pupils dilated as math problems became more diffi-
cult. A number of studies have demonstrated similar phasic

pupillary responses in a variety of tasks (Beatty & Lucero-
Wagoner, 2000; see also Goldinger & Papesh, 2012; Laeng
et al., 2012 for recent reviews). These and other results led
Kahneman (1973) and Beatty (1982) to suggest that these
phasic pupillary responses are reliable and valid psychophys-
iological markers of effortful attentional allocation (see also
Alnaes et al., 2014; Daniels et al., 2012; Naber, Alvarez, &
Nakayama, 2013). That is, phasic pupillary responses corre-
spond to the intensive aspect of attention and provide an on-
line indication of the utilization of capacity (Kahneman, 1973;
Just & Carpenter, 1993).

Several studies have examined task-evoked pupillary re-
sponses during verbalWM tasks and have found that pupillary
responses increase as the amount of information in WM in-
creases (e.g., Heitz et al., 2008; Johnson, 1971; Johnson et al.,
2014; Kahneman & Beatty, 1966; Peavler, 1974; Tsukahara
et al., 2016). Recent research has also begun to examine pu-
pillary responses in visual WM tasks where verbalization and
rehearsal are less likely to influence estimates of WM
capacity. For example, Unsworth and Robison (2015) had
participants (N = 70) perform a WM change detection task
where the number of items to be maintained varied from 1 to 8
and the participants’ pupils were measured continuously
throughout the task. Specifically, participants were briefly pre-
sented with an array of colored squares followed by a delay
period of 4,000 ms and then the test array. The participant’s
task was to indicate whether the circled item in the test array
had changed its color from the memory array. Consistent with
prior research, participants’ WM capacity was estimated at
close to four items (Cowan, 2001). Importantly, phasic pupil-
lary responses (baseline corrected for each individual and each
trial) increased as set size increased and then plateaued be-
tween four and five items consistent with the estimate of
WM capacity. Furthermore, changes in the phasic pupillary
response predicted individual estimates of capacity, suggest-
ing that phasic pupillary responses provide a pupillary corre-
late of WM capacity similar to that found with contralateral
delay activity (Vogel & Machizawa, 2004) and the fMRI sig-
nal in the intraparietal sulcus (Todd & Marois, 2004). The
phasic responses also allowed us to track how participants
effortfully allocated attention during the delay period.
Specifically, when participants were required to maintain
items below their capacity the pupil showed little dilation
suggesting that individuals were allocating few attentional re-
sources to maintain the items. When participants were asked
to maintain a number of items at or above their capacity, how-
ever, the pupil ramped up and peaked early and then tended to
maintain that level throughout the delay period suggesting that
attention was being allocated in a more continuous manner to
maintain the items in an active state. Similarly, Kursawe and
Zimmer (2015) found that phasic pupillary responses in-
creased as participants needed to maintain one, two, or four
items and this did not seem to differ in terms of whether the
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color, shape, or both were to-be-remembered. Additionally, in
a luminance control condition, Kursawe and Zimmer present-
ed participants with the same arrays, but participants were not
required to remember them. In this task, phasic pupillary re-
sponses did not change as a function of the number of items in
the array with very little dilation overall, suggesting that the
phasic pupillary results were not simply due to the number of
items being presented, but rather were due to the number of
items that had to be actively maintained in WM. Collectively,
these results suggest that it is possible to use phasic pupillary
responses to track how participants actively maintain items in
WM over short delays.

The goal of the current study was to use pupillary responses
as an online measure of attentional allocation to better exam-
ine how attention is effortfully allocated to items in WM.
Specifically, if phasic pupillary dilations provide an online
measure of attentional allocation and capacity limits in WM
reflect the number of items that can be maintained through the
continued allocation of attention, then we should find that the
pupil dilates up to around four items and then plateaus as more
items are presented consistent with prior electrophysiological
and fMRI research (Todd & Marois, 2004; Vogel &
Machizawa, 2004) and prior pupillometry research (Kursawe
& Zimmer, 2015; Unsworth & Robison, 2015). Furthermore,
phasic pupillary responses should track the number of items
being actively maintained in WM, but not necessarily track
the number of items presented. That is, only when participants
are required to hold onto and remember the items should the
pupil track the number of items being maintained. In condi-
tions where maintenance is not required, pupillary phasic re-
sponses should not change as a function of the number of
items presented and should show very little dilation overall.
Furthermore, in situations where only some (but not all) items
need to be maintained, we should see that the pupil tracks the
number of items to be maintained but not necessarily all pre-
sented items. Finally, assuming that attention needs to be con-
tinuously allocated to maintain items in WM, we can track the
time course of the phasic dilations to determine if dilation
maintains throughout the delay period. To examine these is-
sues we conducted seven experiments where participants per-
formed a number of WM change detection tasks while their
pupils were measured continuously throughout the task.
Using phasic pupillary dilations during the delay period of
WM tasks as an index of effortful attention we should be able
to track the allocation of attention to items inWM and provide
a means of tracking the number of items held in WM on a
moment-by-moment basis.

Experiment 1

In Experiment 1, we examined whether the pupillary response
during the delay period in prior research (e.g., Unsworth &

Robison, 2015) is due to active or passive maintenance. We
have argued that maintaining items in WM is an active effort-
ful process and this is the reason for the increase in pupil
dilation as a function of set size. However, it is also possible
that part of this response reflects a sensory load whereby the
pupil is responding to changes in the sample array. Therefore,
to examine whether the effects are due to active processes or
due to passive maintenance of sensory responses participants
performed the same visual arrays change detection task from
Unsworth and Robison (2015). Prior to each trial participants
were told whether the trial is an active trial or a passive trial.
For active trials participants were told that they need to decide
if the patterns were the same or different. On the passive trials
they were told that they do not need to do anything, but just
stare at the screen and simply press the space bar during the
test screen. Thus, on active trials participants will theoretically
have to maintain the array in WM until a response is required.
On passive trials the array will not need to be maintained in
WM. If the pupillary response is due to active effortful main-
tenance we should see the results in the active condition rep-
licate prior research, but that in passive condition there should
be no set size effect and no increase in pupil dilation (e.g.,
Kursawe & Zimmer, 2015). Furthermore, comparing set sizes
in the two conditions it is possible that for small set sizes there
will be no differences across conditions suggesting that when
maintaining only one or two items this can be done passively.
However, as the number of items increase up to one’s capacity
maintenance becomes more effortful leading to differences in
the pupillary response for larger set sizes.

Method

Participants

Participants were 39 undergraduate students recruited from
the subject pool at the University of Oregon. Participants were
between the ages of 18 and 35 years and received course credit
for their participation. Data from two participants were ex-
cluded from analyses because of data collection problemswith
the eye-tracker leaving a final sample of 37 participants.

Procedure

Participants were tested individually in a dark room. Pupil
diameter was continuously recorded binocularly at 120 Hz
using a Tobii T120 eye-tracker. Participants were seated
60 cm from the monitor. After providing informed consent
and after calibrating the eye-tracker, participants performed a
change detection task. In this task participants were first pre-
sented with a black fixation cross in the middle of the screen
on a gray background for 2,000 ms. Next participants were
presented with arrays of 1–8 colored squares (0.65° × 0.65°)
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for 250 ms. The arrays were arranged randomly on a neutral
gray background with each color randomly selected from one
of seven easily discriminable colors (red, blue, violet, green,
yellow, black, or white). The items in the arrays were separat-
ed by at least 2° of visual angle measured from the centers of
the square. The presentation of the arrays was followed by a
delay period of 4,000 ms and finally the test array reappeared
with one of the items circled. Participants responded as to
whether or not the circled item had changed color. Half of
the trials were change trials. Twenty trials of each array size
were randomly presented for a total of 160 trials. Prior to each
trial participants were told whether the trial was an active trial
or a passive trial. Specifically, the word Active or the word
Passive appeared onscreen for 1,500 ms. Half of the trials
were active and half were passive, with trial type randomly
intermixed. For active trials participants were told that they
need to decide if the patterns are the same or different. On the
passive trials they were told that they do not need to do any-
thing, but just stare at the screen and when the test array
appears press the space bar.

Pupil data analysis

Data from each participant’s left eye was used (left and right
eye pupil diameter were highly correlated r = .95). All trials
(correct and error trials) were examined. Missing data points
due to blinks, off-screen fixations, and/or eye-tracker malfunc-
tion were removed (roughly 16.5 % of the overall data with
roughly equal amounts of data loss across conditions and set
sizes). The relevant period of missing data was not included in
the averaging. Phasic responses were baseline corrected by
subtracting out the last 500 ms of the baseline pupil diameter
during fixation on a trial-by-trial basis for each participant.
During the delay period the pupil data were averaged into a
series of 200-ms time windows for each trial and each 200-ms
window was baseline corrected.

Results and discussion

Accuracy and K estimates

First we examined accuracy as a function of set size. As
shown in Table 1, accuracy was high when four or fewer items
were present, but steadily decreased with larger set sizes, F(7,
252) = 20.25, MSE = .02, p < .001, partial η2 = .36. K was
estimated using Cowan’s (2001) formula for each set size and
each individual. The values for set sizes 4–8 were then aver-
aged to get an estimate of capacity. Across all individuals the
K estimate was 3.4 (SD = 1.46), which was significantly dif-
ferent from zero, t(36) = 13.54, p < .001.

Pupillary responses

Next we examined phasic pupillary responses for the active and
passive conditions. Phasic pupillary responses were submitted
to a 2 (Active vs. Passive) × 8 (Set Size) × 20 (200 ms Bin)
repeatedmeasures ANOVA. TheANOVAyielded amain effect
of type, F(1, 36) = 16.49,MSE = .27, p < .001, partial η2 = .31,
with greater dilation for the active than the passive condition.
There was a main effect of set size, F(7, 252) = 3.53, MSE =
.06, p = .001, partial η2 = .09, with larger dilations for larger set
sizes. There was also a main effect of bin, F(19, 684) = 6.58,
MSE = .01, p < .001, partial η2 = .16. The type × set size
interaction approached conventional levels of significance,
F(7, 252) = 1.91, MSE = .06, p = .069, partial η2 = .05. The
type × bin interactionwas significant,F(19, 684) = 4.54,MSE =
.004, p < .001, partial η2 = .11, as was the set size × bin inter-
action, F(133, 4788) = 2.35,MSE = .003, p < .001, partial η2 =
.06. Importantly, the type × set size × bin interaction was sig-
nificant,F(133, 4788) = 1.96,MSE = .005, p < .001, partial η2 =
.05. Decomposing this interaction suggested that in the Active
condition there was a significant main effect of set size, F(7,
252) = 4.42,MSE = .06, p < .001, partial η2 = .11, and a set size
× bin interaction, F(133, 4788) = 2.64, MSE = .003, p < .001,
partial η2 = .07. As seen in Fig. 1a, in the Active condition pupil
diameter increased as set size increased and then plateaued at
four items consistent with prior research (Unsworth & Robison,
2015). That is, there was no effect of set size for set sizes 4–8,
F(4, 144) = .72, MSE = .055, p = .58, partial η2 = .02.
Furthermore, as shown in Fig. 1b, there were clear differences
in the phasic pupillary responses for small versus large set sizes
with the small set sizes demonstrating little dilation during the
delay period whereas the larger set sizes demonstrated larger
dilations that maintained throughout the delay period replicat-
ing prior research (Unsworth & Robison, 2015). Specifically,
examining set sizes 1 and 2 compared to set sizes 7 and 8 in the
Active condition suggested an overall main F(1, 36) = 13.95,
MSE = .076, p = .001, partial η2 = .28, with the larger set sizes
demonstrating larger overall changes in pupil dimeter (M =
.042, SE = .01) than the smaller set sizes (M = .004, SE =
.01). There was also an interaction, F(19, 684) = 8.93, MSE =

Table 1 Proportion correct as a function of set size and experiment

Experiment Set Size

1 2 3 4 5 6 7 8

E1 active condition .94 .91 .89 .89 .85 .79 .74 .69

E2 hold condition .94 .93 .91 .90 .85 .81 .77 .68

E3a 4,000-ms delay .95 .95 .92 .91 .87 .83 .75 .75

E3a 8,000-ms delay .97 .93 .90 .90 .82 .81 .74 .67

E3b 4,000-ms delay .97 .92 .95 .93 .87 .84 .78 .71

E3b 8,000-ms delay .96 .98 .98 .95 .91 .87 .80 .81
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.003, p < .001, partial η2 = .20, indicating larger phasic re-
sponses for the larger set sizes compared to the small set sizes.
For the Passive condition, however, there was no main effect of
set size, F(7, 252) = 0.90,MSE = .06, p = .50, partial η2 = .02.
As shown in Fig. 1a, there was no set size effect for the Passive
condition. For the Passive condition there was a set size × bin
interaction, F(133, 4788) = 1.61,MSE = .002, p < .001, partial
η2 = .04. As shown in Fig. 1c, all of the set sizes demonstrated
similar phasic responses that were small and resembled the
phasic responses for small set sizes in the Active condition.
The interaction seemed to be mainly driven by the larger con-
striction response for Set Size 1 compared to the other set sizes.
No other effects were significant.

Overall, the results from the Active condition replicate pri-
or research demonstrating that phasic pupillary responses
track the number of items being maintained in WM. Results
from the Passive condition replicated prior research suggest-
ing that when the same arrays of items are presented, but there
is no requirement for maintenance, there is little phasic dila-
tion and little to no differences across set size (Kursawe &
Zimmer, 2015). Furthermore, for small set sizes similar phasic
responses were seen in the Active and Passive condition sug-
gesting that when the number of items that need to be main-
tained is small (only one or two items), there is little effort
invested in maintaining these items. For example, examining
set sizes 1 and 2 in the Active and Passive conditions sug-
gested no condition × bin interaction, F(19, 684) = 0.50,MSE
= .005, p = .97, partial η2 = .01, indicating overall similar
phasic responses. Although it should be noted that there was
a main effect of condition, F(1, 36) = 4.20, MSE = .007, p =
.048, partial η2 = .10, with the Active condition demonstrating
larger overall changes in pupil dimeter (M = .004, SE = .009)
than the Passive condition (M = -.016, SE = .010).
Collectively, these results are consistent with the notion that
phasic pupillary responses track the number of items that are
actively maintained inWMduring the delay period and do not
simply provide an index of sensory load carrying over from
the presentation of the arrays.

Experiment 2

Experiment 2 examined whether it is possible to start out ac-
tively trying to maintain items in WM, but then dropping those
items if requested to do so. Furthermore, we examined whether
phasic pupillary responses would track this change in mainte-
nance. Participants performed the same visual arrays task as
before. On half of the trials halfway through the delay period
participants heard Bhold^ indicating that they needed to main-
tain the array throughout the whole delay. On the other half of
trials halfway through the delay period participants heard
Bdrop^ indicating that they do not need to remember the array.
For the Hold trials we should see that the pupil dilates early in

the delay period and remains dilated throughout the delay con-
sistent with Experiment 1 and prior research. On the Drop trials,
however, the pupil should ramp up early and maintain for the
first part of the delay, but following the drop signal the pupil
should decrease back to baseline levels indicating that the items
were no longer being actively maintained in WM.

Method

Participants

Participants were 48 undergraduate students recruited from
the subject pool at the University of Oregon. Participants were
between the ages of 18 and 35 years and received course credit
for their participation. Data from 11 participants were exclud-
ed from analyses because of data collection problems with the
eye-tracker and data from three participants were excluded
due to having accuracy below 50 % leaving a final sample
of 34 participants.

Procedure

This was the same as for Experiment 1 with the following
exceptions. On half of the trials halfway through the delay
period (2,500 ms) participants heard Bhold^ indicating to
maintain the array throughout the whole delay. On the other
half of trials halfway through the delay period (2,500 ms)
participants heard Bdrop^ indicating that they could drop the
array. In both trial types the overall delay period was 5,200 ms
including the time taken to hear Bhold^ or Bdrop.^ For Hold
trials participants were told that they needed to decide if the
patterns are the same or different. On the Drop trials they were
told that they do not need to do anything, but just stare at the
screen and when the test array appears press the space bar.
Half of the trials were change trials. Sixteen trials of each array
size were randomly presented for a total of 128 trials.

Pupil data analysis

This was the same as for Experiment 1. Missing data points due
to blinks, off-screen fixations, and/or eye-tracker malfunction
were removed (roughly 20.3 % of the overall data with roughly
equal amounts of data loss across conditions and set sizes).

Results and discussion

Accuracy and K estimates

As shown in Table 1, accuracy was high when four or fewer
items were present, but steadily decreased with larger set sizes,
F(7, 231) = 16.59,MSE = .02, p < .001, partial η2 = .33. Across
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all individuals the K estimate was 3.26 (SD = 1.59), which was
significantly different from zero, t(33) = 11.98, p < .001.

Pupillary responses

Next we examined phasic pupillary responses for the Hold
and Drop conditions. Phasic pupillary responses were submit-
ted to a 2 (Hold vs. Drop) × 8 (Set Size) × 26 (200 ms Bin)
repeated measures ANOVA. There was a main effect of set
size, F(7, 231) = 7.52, MSE = .18, p < .001, partial η2 = .19.
Consistent with Experiment 1 and prior research, pupil dila-
tion increased up to set size four and then plateaued. There
was also a main effect of bin,F(25, 825) = 14.42,MSE = .02, p
< .001, partial η2 = .30. There was also a set size × bin inter-
action,F(175, 5775) = 4.84,MSE = .005, p < .001, partial η2 =
.13, consistent with Experiment 1 and prior research.
Importantly, the type × bin interaction was significant, F(25,
825) = 7.59,MSE = .008, p < .001, partial η2 = .19. No other
effects were significant. As shown in Fig. 2, the Hold and
Drop trials were similar until the auditory signal to Hold or
Drop the array. For Hold trials phasic pupil response main-
tained after the signal, but for Drop trials the phasic pupil
response dropped back to baseline levels following the signal.
Examining the last time bin suggested that Hold and Drop
trials differed significantly from each other, t(33) = 3.31, p =
.002, d = .57. Furthermore, Hold trials differed significantly
from baseline, t(33) = 5.22, p < .001, but Drop trials did not,
t(33) = .89, p = .379. Additionally, note that the response to the
Drop signal is initially larger than the response to the hold

signal, t(33) = 2.19, p = .035, d = .39. This could reflect an
active process of removing the items, which presumably re-
quires effort, or it could reflect differences in the pupil re-
sponse to the slightly different words. Additional research is
required to better examine potential pupillary correlates of
active removal processes.

Similar to Experiment 1, the results from Experiment 2
suggest that phasic pupillary responses track the number of
items being actively maintained in WM. When told to hold
onto items, phasic pupillary responses maintained throughout
the delay period. However, when told to drop items, the phasic
pupillary response dropped back to baseline levels suggesting
that participants were no longer using attentional effort to
maintain the items in WM. These results are similar to the
unloading function described by Kahneman and Beatty
(1966) and what happens following a directed forgetting cue
(Johnson, 1971), suggesting that the load on WM is being
reduced. Consistent with Experiment 1 these results suggest
that phasic pupillary responses not only track the number of
items being maintained in WM, they also track whether and
when participants are actively maintaining items in WM.

Experiment 3a

The prior experiments suggested that the pupil sustained dila-
tion throughout the delay period as if participants were actively
maintaining the items throughout the entire delay. However, it
is not known how long participants can actively maintain the
information. Prior pupillary research with sustained tasks like
multi-object tracking (which is closely related to WM; e.g.,
Drew & Vogel, 2008) has shown that the pupil response can
be maintained for several seconds as long as participants are
still actively using the information (Alnaes et al., 2014; Wright,
Boot, & Morgan, 2013). However, in such tasks attention is

�Fig. 1 Experiment 1. (a) Change in pupil diameter during the delay as a
function of set size andActive vs. Passive condition. Error bars reflect one
standard error of the mean. (b) Change in pupil diameter as a function of
set size and time point during the delay in the Active condition. (c)
Change in pupil diameter as a function of set size and time point during
the delay in the Passive condition
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directed to perceptual stimuli that are still present. For WM,
attention is directed inward to memory representations that are
no longer present in the environment. Experiment 3 examined
whether participants can continuously allocate attention to
items in WM over longer delays than previously used.
Participants performed the visual arrays task as before. On half
of the trials participants maintained items over a 4,000-ms delay
and on the other half of trials participants were required to
maintain the items over an 8,000-ms delay. The 4,000-ms delay
condition should replicate the prior experiments. For the 8,000-
ms condition it is possible that participants can continue to
maintain the items leading to a sustained pupillary response or
it is possible that during some time point the pupil will return to
baseline indicating that participants could no longer effortfully
maintain the items in WM.

Method

Participants

Participants were 24 undergraduate students recruited from
the subject pool at the University of Oregon. Participants were
between the ages of 18 and 35 years and received course credit
for their participation. Data from one participant were exclud-
ed from analyses because of data collection problems with the
eye-tracker leaving a final sample of 23 participants.

Procedure

This was the same as for Experiment 1 with the following ex-
ceptions. On half of the trials the delay period was 4,000 ms and
on the other half of trials the delay period was 8,000ms. The two
delay intervals were randomly intermixed within participants.
Half of the trials were change trials. Twenty trials of each array
size were randomly presented for a total of 160 trials.

Pupil data analysis

This was the same as for Experiment 1. Missing data points due
to blinks, off-screen fixations, and/or eye-tracker malfunction
were removed (roughly 17.3 % of the overall data with roughly
equal amounts of data loss across conditions and set sizes).

Results and discussion

Accuracy and K estimates

As shown in Table 1, accuracy was high when four or fewer
items were present, but steadily decreased with larger set sizes,
F(7, 154) = 29.86, MSE = .01, p < .001, partial η2 = .58, and
this did not change as a function of delay interval, F(7, 154) =

.751, MSE = .01, p = .629, partial η2 = .03. There were no
differences between the two conditions in terms of overall
accuracy, F(1, 22) = 2.93, MSE = .02, p = .101, partial η2 =
.12. K estimates were similar for the 4,000-ms 3.72 (SD =
1.63) and 8,000-ms conditions, 3.23 (SD = 1.65), t(33) =
1.68, p = .106, d = .35.

Pupillary responses

Next we examined phasic pupillary responses for the first
4,000 ms of the delay period for both the 4,000-ms and
8,000-ms delay conditions to see if differences arose as a
function of delay condition. Consistent with the prior experi-
ments there was a main effect of set size, F(7, 154) = 13.00,
MSE = .19, p < .001, partial η2 = .37, in which the pupil dilated
up to set size four and five and then plateaued. There was also
a main effect of bin, F(19, 418) = 6.58, MSE = .02, p < .001,
partial η2 = .23. There was also a set size × bin interaction,
F(133, 2926) = 5.90, MSE = .005, p < .001, partial η2 = .21,
consistent with the prior experiments and prior research. For
example, shown in Fig. 3a are the phasic pupillary responses
for each set size across the delay period in the 4,000-ms delay
condition. As can be seen, the phasic pupillary responses in-
creased across set size stabilizing around Set Size 5 and these
dilations maintained throughout the delay period consistent
with the prior experiments and prior research. The only effect
involving delay interval to approach conventional levels of
significance was the delay × bin interaction, F(19, 418) =
1.49, MSE = .003, p = .085, partial η2 = .06.

Next, we specifically examined the phasic pupillary re-
sponses across the entire 8,000 ms delay for the 8,000-ms
condition. There was a main effect of set size, F(7, 154) =
3.74,MSE = .37, p = .001, partial η2 = .15. There was a main
effect of bin, F(39, 858) = 4.49,MSE = .02, p < .001, partial
η2 = .17. There was also a set size × bin interaction, F(273,
6006) = 4.12, MSE = .005, p < .001, partial η2 = .16. As
shown in Fig. 3b, most of the set sizes (except Set Size 1)
showed sustained dilation for the first 4,000 ms or so.
However, following that all of the set sizes demonstrated
significant reductions in the phasic responses such that by
the end of the delay period all of the phasic responses were
back near baseline. In fact, in all set sizes the last time bin
was not significantly different from baseline, all t’s < 1.5, all
p’s > .15.

These results suggest that unlike for multi-object track-
ing (Alnaes et al., 2014; Wright, Boot, & Morgan, 2013),
phasic pupillary responses were not sustained over longer
delay periods when maintaining items in WM. Rather af-
ter 4,000 ms or so the phasic pupillary response begins to
decline, reaching baseline levels near the end of the delay
period. This suggests that participants are no longer using
attentional effort to actively maintain the items in WM.
This could be because the items have been transferred to
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long-term memory, the items are decaying in WM are and
are no longer being maintained (although the accuracy
results suggested no differences between conditions), par-
ticipants switch strategies in how they are maintaining the
items, or the items are being held in a more passive fash-
ion. The current results cannot speak to which of these
possibilities are correct, but they do indicate that partici-
pants are no longer engaging in active effortful processes
to maintain the items in WM. Whether this effect repre-
sents a limitation of the system or a strategic decision on
the part of the participant is unclear and suggests future
research is needed to better examine this effect.

Experiment 3b

Experiment 3a suggested that phasic pupillary responses
were not sustained over the entire delay in the 8,000-ms
condition, but rather started to decline after approximately
4,000 ms. One problem with these results is that the 4,000-
ms and 8,000-ms delay conditions were intermixed, and
thus participants did not know what delay interval they
would be receiving on each trial. This could have resulted
in participants treating each trial as a 4,000-ms delay trial. In
Experiment 3b the delay conditions were blocked to deter-
mine if knowing the delay duration influences the results in
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Fig. 3 Experiment 3a. (a) Change in pupil diameter as a function of set size and time point during the delay in the 4,000-ms delay condition. (b) Change
in pupil diameter as a function of set size and time point during the delay in the 8,000-ms delay condition
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terms of whether the phasic pupillary response can be
sustained in the longer 8,000-ms condition.1

Method

Participants

Participants were 30 undergraduate students recruited from
the subject pool at the University of Oregon. Participants were
between the ages of 18 and 35 years and received course credit
for their participation.

Procedure

This was the same as for Experiment 3a except that delay
condition was blocked and the order of delay conditions was
counterbalanced across participants. Sixteen trials of each ar-
ray size were randomly presented for a total of 128 trials.

Pupil data analysis

This was the same as for Experiment 1. Missing data points due
to blinks, off-screen fixations, and/or eye-tracker malfunction
were removed (roughly 9.3 % of the overall data with roughly
equal amounts of data loss across conditions and set sizes).

Results and discussion

Accuracy and K estimates

As shown in Table 1, there was an effect of set size, F(7,
203) = 31.42,MSE = .01, p < .001, partial η2 = .52, and this
did not change as a function of delay interval, F(7, 203) =
1.49, MSE = .009, p = .173, partial η2 = .05. There was,
however, a main effect of delay, F(1, 29) = 8.39, MSE =
.02, p = .007, partial η2 = .22, suggesting that accuracy in
the 8,000-ms condition (M = .91, SE = .01) was higher than
in the 4,000-ms condition (M = .87, SE = .02). Similarly, K
estimates were higher for the 8,000-ms condition (M = 4.35,
SE = .24) than for the 4,000-ms condition (M = 3.62, SE =
.24), t(33) = 2.57, p = .016, d = .47.

Pupillary responses

Next we examined phasic pupillary responses for the first
4,000 ms of the delay period for both the 4,000-ms and
8,000-ms delay conditions to see if differences arose as a
function of the delay condition. There was a main effect of
set size, F(7, 203) = 14.34, MSE = .14, p < .001, partial η2 =
.33. There was a main effect of bin, F(19, 551) = 19.88,MSE
= .01, p < .001, partial η2 = .41. There was a main effect of
delay, F(1, 29) = 4.47,MSE = .23, p = .043, partial η2 = .13, in
which phasic responses were larger for the 8,000-ms condition
(M = .09, SE = .01) than for the 4,000-ms condition (M = .07,
SE = .01). There was also a set size × bin interaction, F(133,
3857) = 8.68, MSE = .003, p < .001, partial η2 = .23. There
was also a delay × bin interaction, F(19, 551) = 6.28, MSE =
.005, p < .001, partial η2 = .18. As shown in Fig. 4a, there was
a bigger ramp up early on in the phasic pupil response for the
8,000-ms condition compared to the 4,000-ms condition.
Finally, there was a significant delay × set size × bin interac-
tion, F(133, 3857) = 1.36, MSE = .002, p = .005, partial η2 =
.05. As shown in Figs. 4b and c, the larger ramp up in phasic
dilation in the 8,000-ms condition compared to the 4,000-ms
condition was primarily due to a larger increase in phasic
dilation for smaller set sizes. Specifically, for set sizes 1–5
there was a significant delay × bin interaction suggesting a
larger ramp up in the phasic response for the 8,000-ms condi-
tion than the 4,000-ms condition, all F’s > 2.5, all p’s < .001.
However, for set sizes 6–8 there were no delay × bin interac-
tions suggesting similar phasic responses for the 8,000- and
4,000-ms conditions, all F’s < .68, all p’s > .64.

Next, we specifically examined the phasic pupillary re-
sponses across the entire 8,000-ms delay for the 8,000-ms
condition. There was a main effect of set size, F(7, 203) =
3.42,MSE = .24, p = .002, partial η2 = .11. There was a main
effect of bin, F(39, 1131) = 22.55,MSE = .01, p < .001, partial
η2 = .44. There was also a set size × bin interaction, F(273,
7917) = 4.29,MSE = .004, p < .001, partial η2 = .13. As shown
in Fig. 4c, and consistent with Experiment 3a, most of the set
sizes (except Set Size 1) showed increased dilation early,
followed by significant reductions in the phasic responses
such that by the end of the delay period all of the phasic
responses were back near baseline. Consistent with
Experiment 3a in all set sizes the last time bin was not signif-
icantly different from baseline, all t’s < 1.3, all p’s > .23.

Consistent with Experiment 3a, the results of Experiment
3b suggest that the phasic pupillary responses were not
sustained over longer delay periods when maintaining items
in WM. In the blocked 4,000-ms condition, the phasic re-
sponse sustained during the delay period consistent with prior
results. In the blocked 8,000-ms condition, the initial phasic
response was greater than for the 4,000-ms condition (espe-
cially for smaller set sizes). This suggests that knowing the
delay interval allows participants to allocate more attentional1 We thank Keisuke Fukuda for suggesting this experiment.

�Fig. 4 Experiment 3b. (a) Change in pupil diameter as a function of delay
condition and time point during the delay. (b) Change in pupil diameter as
a function of set size and time point during the delay in the 4,000-ms
delay condition. (c) Change in pupil diameter as a function of set size and
time point during the delay in the 8,000-ms delay condition
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effort early in the delay period, perhaps in an attempt to over-
come any loss over the longer delay. However, in the 8,000-
ms blocked condition, soon after peaking the phasic pupillary
response began to decline, reaching baseline levels near the
end of the delay period. This suggests that participants are not
sustaining attentional effort to actively maintain the items
throughout the entire long delay interval.

Experiment 4

Experiment 4 examined the extent to which participants
can select which items are encoded into WM and whether
the pupillary response reflects the number of relevant

items being maintained or the overall number of items
presented. Participants performed a visual arrays task in
which red and blue rectangles of different orientations
were presented. Participants were told to remember the
orientations of the red rectangles and ignore the blue rect-
angles. Thus, participants had to select the relevant cate-
gory and filter out the irrelevant items. Prior research with
this task has suggested that participants can indeed select
the target items (Vogel et al., 2005). The question here is
whether the phasic pupillary response will reflect the
number of target representations to be maintained.
Participants will be presented with two targets alone, four
targets alone, two targets and two distractors, or four tar-
gets and two distractors. If participants can effectively
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filter out the distractors we should see that the pupillary
response is the same for conditions with targets alone and
with targets and distractors. If participants cannot filter
out the distractor, then the pupillary response should re-
flect the total number of items presented rather than the
number of targets presented.

Method

Participants

Participants were 49 undergraduate students recruited from
the subject pool at the University of Oregon. Participants were
between the ages of 18 and 35 years and received course credit
for their participation. Data from nine participants were ex-
cluded from analyses because of data collection problemswith
the eye-tracker and data from three participants were excluded
due to having accuracy of approximately 50 % leaving a final
sample of 37 participants.

Procedure

Participants performed a change detection task modeled after
Vogel et al. (2005). In this task participants were first presented
with a black fixation cross in the middle of the screen on a gray
background for 2,000 ms. Next participants were presented
with arrays of two, four, or six red and/or blue rectangles for
250 ms. Arrays consisted of two red rectangles alone, two red
rectangles and two blue rectangles, four red rectangles alone, or
four red rectangles and two blue rectangles. Participants were
instructed to remember the orientations of the red rectangles
and ignore the blue rectangles. Items were presented within a
gray 19.1° × 14.3° field. Items were separated from one another
by at least 2° and were all at least 2° from central fixation. The
presentation of the arrays was followed by a delay period of
4,000 ms and finally the test array reappeared with a white dot
appearing in the middle of the one of the items. Participants
responded as to whether or not the orientation of the itemwith a
white dot had changed. Participants completed 160 total trials
with 40 trials per condition. Trials were randomly presented.
Half of the trials were change trials.

Pupil data analysis

This was the same as for Experiment 1. Missing data
points due to blinks, off-screen fixations, and/or eye-
tracker malfunction were removed (roughly 16.7 % of
the overall data with roughly equal amounts of data loss
across conditions and set sizes).

Results and discussion

Accuracy

First we examined accuracy as a function of each target set
size (2 vs. 4) and presence of distractors (0 vs. 2). Shown in
Fig. 5a is proportion correct for each condition. There was a
main effect of target set size, F(1, 36) = 124.25,MSE = .003, p
< .001, partial η2 = .78, suggesting that performance decreased
with larger set sizes (M = .90, SE = .01 vsM = .80, SE = .02).
There was also a main effect of distractor presence, F(1, 36) =
9.00, MSE = .002, p = .005, partial η2 = .20, suggesting that
performance decreased when distractors were present (M =
.86, SE = .01 vs M = .83, SE = .02). The interaction between
these twowas not significant,F(1, 36) = 2.79,MSE = .009, p =
.104, partial η2 = .07. Thus, consistent with prior research
performance was reduced when distractors were presented
and participants were required to filter them out (e.g.,
Robison, Miller, and Unsworth, 2017; Unsworth & Robison,
2016a; Vogel et al., 2005).

Pupillary responses

Next we examined phasic pupillary responses as a function of
target and distractor items. Phasic pupillary responses were
submitted to a 2 target set size (2 vs. 4) × 2 distractor presence
(0 vs. 2) × 20 (200 ms Bin) repeated measures ANOVA. There
was a main effect of target set size, F(1, 36) = 18.61, MSE =
.045, p < .001, partial η2 = .34, with larger phasic responses for
set size 4 compared to set size 2 (M = .09, SE = .01 vsM = .05,
SE = .01). There was also a main effect of bin, F(19, 684) =
9.52, MSE = .006, p < .001, partial η2 = .21. There was also a
target set size × bin interaction, F(19, 684) = 20.37, MSE =
.001, p < .001, partial η2 = .36. Consistent with the prior exper-
iments larger set sizes demonstrated a stronger phasic response
early in the delay period. Furthermore, and consistent with the
prior experiments, the phasic responses associated with set size
2 increased throughout the delay period coming close to the
phasic responses for set size 4 by the end of the delay period
(see Fig. 5b). Finally, there was a distractor presence × bin
interaction, F(19, 684) = 2.70, MSE = .001, p < .001, partial
η2 = .07. As shown in Fig. 5b, there was no difference in the
phasic responses between four red targets alone and four red
targets with two blue distractors, F(19, 684) = 1.02, MSE =
.001, p = .431, partial η2 = .03. However, there were differences
in the phasic responses for two red targets alone and two red
targets with two blue distractors, F(19, 684) = 2.41, MSE =
.001, p = .001, partial η2 = .06. None of the other effects in
the main ANOVAwere significant.

These results suggest that for the most part phasic pupillary
responses are tracking the number of items being maintained in
WM, rather than the number of items presented. Consistent
with the prior experiments phasic responses were bigger for
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larger target set sizes. Additionally, when presented with four
targets alone or four targets and two distractors, the phasic
responses were the same suggesting that participants effectively
filtered out the distractors. However, when presented with two
targets alone or two targets and two distractors, the phasic re-
sponse was larger for the two targets and two distractors condi-
tion. This suggests that participants were not necessarily filter-
ing out the distractor items. Note, however, that the phasic
response for this condition was smaller than the phasic response
for the four targets alone condition suggesting that participants
were not necessarily maintaining all four items. These differ-
ences could be due to some participants (high capacity partici-
pants) attempting to maintain all items given that the number of
items presented (targets and distractors) are within their capac-
ity. Thus, some participants might be filtering out items on the
smaller target set sizes, whereas other participants decide to
hold onto all items within their capacity and not do the addi-
tional work to filter out the distractors. Additionally, they could
result from a subset of low capacity individuals who cannot
effectively filter out the items. Overall these results are broadly
consistent with prior research using the contralateral delay ac-
tivity to track the number of items beingmaintained inWM and
for tracking the ability to filter out distractors (Vogel &
Machizawa, 2004, 2005).

Experiment 5a

Experiment 4 suggested that phasic pupillary responses in a
visual WM task track the ability to select target items and
filter out distractors at encoding. In Experiment 5 we further
examined whether these phasic responses would track se-
lection at both encoding and during maintenance.
Participants performed a version of the visual arrays task
with pre-cues, retro-cues, and neutral cues (Griffin &
Nobre, 2003). Prior research with this task has shown per-
formance increases in the cued conditions compared to the
neutral cue conditions suggesting that participants can se-
lect the cued item and potentially drop the other items from
WM (Kuo et al., 2012; Souza et al., 2014). If this is the case
then in the pre-cue condition, the results should replicate
Experiment 4 showing that phasic response is smaller for
the pre-cued condition than for the neutral cue condition
because only one item is being maintained rather than four
items. In the retro-cue condition we should see that the pha-
sic response early in the delay period is similar to the neutral
cue condition (holding four items in both cases), but follow-
ing the cue the phasic response should drop to levels similar
to holding only one item (i.e., the pre-cue condition). In the
neutral cue condition the phasic response should continu-
ously stay at the level of four items. This would suggest that
participants can dynamically select items during both
encoding and maintenance and drop other items that no

longer need to be maintained. Of course it should also be
noted that there are several explanations for the retro-cue
effect (see Souza &Oberauer, 2016 for a review), and thus it
is possible that the retro-cue will not lead to a reduction in
the phasic response compared to neutral trials.

Method

Participants

Participants were 44 undergraduate students recruited from
the subject pool at the University of Oregon. Participants were
between the ages of 18 and 35 years and received course credit
for their participation. Data from ten participants were exclud-
ed from analyses because of data collection problems with the
eye-tracker and data from two participants were excluded due
to having accuracy of approximately 50 % or less leaving a
final sample of 32 participants.

Procedure

Participants performed a change detection task modeled after
one used by Berryhill et al. (2012; see also Robison &
Unsworth, 2017). Participants completed a four-item change
detection task with three types of trials: neutral, pre-cue, and
retro-cue. Each trial started with a 2,000-ms fixation screen
with a white cross centered on a black background. After a
200-ms blank screen, the pre-cue appeared for 100 ms. On
neutral and retro-cue trials, the pre-cue was a white X. On
pre-cue trials, the cue was a white directional arrow pointing
to one of the four locations. After a 400-ms blank screen, the
memory array appeared for 300 ms. The array consisted of
four colored circles. After a 2,000-ms delay, the retro-cue
appeared and remained on-screen for 100 ms. On neutral
and pre-cue trials, the retro-cue was a white X. On retro-cue
trials, the cue was a white directional arrow pointing to one of
the four locations. Cues were 100 % valid, and pre- and retro-
cues did not appear on the same trials. After another 2,000-ms
delay, the tested item reappeared and remained on-screen until
the participant made a same/different judgment about the col-
or of the item. Trials were presented in a random order (40 pre-
cue, 40 retro-cue, and 40 neutral) for a total of 120 trials. The
stimulus was equally likely to appear in each of the four loca-
tions. The color of the tested item changed on 50 % of trials.

Pupil data analysis

This was the same as for Experiment 1. Missing data points due
to blinks, off-screen fixations, and/or eye-tracker malfunction
were removed (roughly 27.3 % of the overall data with roughly
equal amounts of data loss across conditions and set sizes).
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Results and discussion

Accuracy

First we examined accuracy as a function of cue type. There
was an overall main effect of cue type, F(2, 62) = 22.12,MSE =
.002, p < .001, partial η2 = .42. Pre-cue trials (M = .95, SE = .01)
trials were more accurate than neutral (M = .88, SE = .02), t(31)
= 5.22, p < .001, d = 1.01, and retro-cue trials (M = .89, SE =
.01), t(31) = 6.03, p < .001, d = 1.07. Interestingly, neutral and
retro-cue trials were not significantly different, t(31) = 1.42, p =
.166, d = .29, suggesting no retro-cue benefit in the current data.

Pupillary responses

Next we examined phasic pupillary responses as a function of
cue type. Phasic pupillary responses were submitted to a 3
(Cue Type: pre-cue, neutral cue, and retro-cue) × 21 (200 ms
Bin) repeated measures ANOVA. There was a main effect of
cue type, F(2, 62) = 11.21,MSE = .082, p < .001, partial η2 =
.27, with larger phasic responses for neutral and retro-cues
than for pre-cues. There was also a main effect of bin, F(20,
620) = 202.54, MSE = .029, p < .001, partial η2 = .87. There
was also a cue type × bin interaction,F(40, 1240) = 5.21,MSE
= .001, p < .001, partial η2 = .14. As shown in Fig. 6, neutral
and retro-cues had larger phasic responses from the beginning
than pre-cues, both F’s > 10.00, both p’s < .001. However,
there were no differences in the phasic responses for neutral
and retro-cues, F(1, 31) = .74,MSE = .034, p = .397, partial η2

= .02. The only difference between neutral and retro-cues
occurred briefly after the appearance of the cue in which
retro-cues showed more constriction than the neutral cues,
t(31) = 5.07, p < .001, d = .91. This is likely due to differences
in luminance for the two cues (i.e., neutral cues were an X and
retro-cues were an arrow). Furthermore, note that the reason

that the pupil response starts off negative is because there are
several large changes in luminance (presentation of pre-cues,
presentation of stimuli) that occur between the fixation screen
where baseline is computed and the delay screen. Computing
baseline as the first 200 ms of the delay period leads to overall
more positive values, but does not change any of the results.

Consistent with Experiment 4 the current results sug-
gest that when required to select items at encoding, the
phasic response tracks the number of items being main-
tained, rather than the number of items presented. That is,
pre-cue trials showed smaller phasic responses than neu-
tral trials even though the same numbers of items were
presented. These results suggest that participants were
able to effectively select only the pre-cued item and main-
tain that item during the delay. For retro-cues the results
are a little less clear. Specifically, we were unable to find
a behavioral retro-cue benefit. This is surprising given
that prior research has used a similar task and found ro-
bust retro-cue effects (Berryhill et al., 2012; Robison &
Unsworth, 2017). However, there are a few notable dif-
ferences between the tasks that could have influenced the
results. Specifically, Berryhill et al. (2012) had partici-
pants engage in an articulatory suppression task to prevent
verbal coding of the items. In the current version of the
task we did not. Thus, it is possible that no difference
between neutral and retro-cue trials could have been due
to similar use of verbal rehearsal to maintain the items.
Although it should be noted that we (Robison &
Unsworth, 2017) used the same task as Berryhill et al.
(2012) with no articulatory suppression and found robust
retro-cue effects. An additional difference is that in both
Berryhill et al. (2012) and Robison and Unsworth (2017)
the delay period was much shorter than what was used
here. The use of a much longer delay period could have
changed how participants rely on the retro-cues. Given
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that no behavioral retro-cue benefit was found, it is per-
haps not surprising that the pupillary responses also
showed no difference between neutral and retro-cue trials.
Both the neutral and retro-cue trials demonstrated phasic
responses larger than the pre-cued trials suggesting that
more items were being maintained in the neutral and
retro-cue trials than in the pre-cue trials.

Experiment 5b

As noted above, an obvious limitation of Experiment 5a
was the inability to find a behavioral retro-cue effect. In
Experiment 5b we changed the WM task to one in which
four white bars of different orientation were presented.
This was done in order to attempt and replicate
Experiment 5a with slightly different stimuli as well as
to use stimuli that are not as easily verbalized to see if a
behavioral retro-cue effect could be found.

Method

Participants

Participants were 40 undergraduate students recruited
from the subject pool at the University of Oregon.
Participants were between the ages of 18 and 35 years
and received course credit for their participation. Data
from seven participants were excluded from analyses be-
cause of data collection problems with the eye-tracker and
data from two participants were excluded due to having
accuracy of approximately 50 % or less leaving a final
sample of 31 participants.

Procedure

Participants completed a four-item change detection task
with three types of trials: neutral, pre-cue, and retro-cue.
Each trial started with a 2,000-ms fixation screen with a
white cross centered on a black background. After a 200-
ms blank screen, the pre-cue appeared for 100 ms. On
neutral and retro-cue trials, the pre-cue was a white X.
On pre-cue trials, the cue was a white directional arrow
pointing to one of the four locations. After a 400-ms
blank screen, the memory array appeared for 300 ms.
The array consisted of four white bars of different orien-
tations. The bars were presented in one of four different
orientations (vertical, horizontal, diagonal right, diagonal
left). After a 2,000-ms delay, the retro-cue appeared and
remained on-screen for 100 ms. On neutral and pre-cue
trials, the retro-cue was a white X. On retro-cue trials, the
cue was a white directional arrow pointing to one of the
four locations. Cues were 100 % valid, and pre- and retro-
cues did not appear on the same trials. After another
2,000-ms delay, the tested item reappeared and remained
on-screen until the participant made a same/different judg-
ment about the orientation of the item. Trials were pre-
sented in a random order (40 pre-cue, 40 retro-cue, and 40
neutral) for a total of 120 trials. The stimulus was equally
likely to appear in each of the four locations. The orien-
tation of the tested item changed on 50 % of trials.

Pupil data analysis

This was the same as for Experiment 1. Missing data
points due to blinks, off-screen fixations, and/or eye-
tracker malfunction were removed (roughly 24.8 % of
the overall data with roughly equal amounts of data loss
across conditions and set sizes).
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Results and discussion

Accuracy

First we examined accuracy as a function of cue type. There
was an overall main effect of cue type, F(2, 60) = 10.99,MSE
= .004, p < .001, partial η2 = .27. Pre-cue trials (M = .89, SE =
.01) trials were more accurate than neutral trials (M = .82, SE =
.02), t(30) = 3.85, p = .001, d = .73, but were not more accurate
than retro-cue trials (M = .88, SE = .01), t(30) = 1.24, p = .23, d
= .15. Importantly, retro-cue trials were more accurate than
neutral trials, t(30) = 3.46, p = .002, d = .75, suggesting the
presence of a retro-cue benefit in the current data.

Pupillary responses

Next we examined phasic pupillary responses as a function of
cue type. Phasic pupillary responses were submitted to a 3
(Cue Type: pre-cue, neutral cue, and retro-cue) × 21 (200 ms
Bin) repeated measures ANOVA. There was a main effect of
cue type, F(2, 60) = 8.92,MSE = .10, p < .001, partial η2 = .23,
with larger phasic responses for neutral and retro-cues than for
pre-cues. There was also a main effect of bin, F(20, 600) =
412.34,MSE = .031, p < .001, partial η2 = .93. There was also
a cue type × bin interaction,F(40, 1200) = 9.63,MSE = .003, p
< .001, partial η2 = .24. As shown in Fig. 7, neutral and retro-
cues had larger phasic responses than pre-cues, both F’s >
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6.80, both p’s < .02. However, there were no differences in the
phasic responses for neutral and retro-cues, F(1, 30) = 2.24,
MSE = .08, p = .145, partial η2 = .07. The only difference
between neutral and retro-cues occurred briefly after the ap-
pearance of the cue in which retro-cues showedmore constric-
tion than the neutral cues, t(30) = 3.40, p = .002, d = .61.
Similar to Experiment 5a, this is likely due to differences in
luminance for the two cues (i.e., neutral cues were an X and
retro-cues were an arrow).

Overall the results from Experiment 5b were strikingly
similar to Experiment 5a. Pre-cue trials were associated
with higher accuracy and smaller phasic pupillary responses
than neutral trials suggesting that participants were able to
select and maintain one target item, rather than maintain all
four target items. For retro-cue trials there was a retro-cue
effect (unlike Experiment 5a) in which retro-cue trials were
associated with higher accuracy than neutral trials.
However, similar to Experiment 5a there were really no
differences in the phasic pupillary responses for retro-cue
and neutral trials. These results are inconsistent with the
notion that following a retro-cue participants drop the irrel-
evant items from WM. If this were the case we would have
expected that the following the retro-cue the phasic pupil-
lary response would have dropped to the same levels as the
pre-cue. Thus, it seems unlikely in the current data that
participants are removing items from WM following a ret-
ro-cue. Rather, these results are more consistent with other
accounts of retro-cue effects which suggest that the items
are not dropped from WM, but rather the retro-cued items
receives additional strengthening of item-context bindings,
or a head start at retrieval operations (e.g., Souza &
Oberauer, 2016). Future research is needed to better exam-
ine potential pupillary correlates of retro-cue effects.

Individual differences

For our final set of analyses we examined individual differ-
ences to see if behavioral estimates of capacity (K) would
correlate with the phasic pupillary responses. In prior research
we found that Low K individuals had larger phasic responses
for Set Size 1 than High K individuals, but the opposite was
true for larger set sizes (Unsworth & Robison, 2015).
Furthermore, we found that changes in the phasic response
across set size (specifically the difference in the change in
phasic responses from Set Size 1 to Set Size 8) correlated with
behavioral estimates of capacity (r = .43; Unsworth &
Robison, 2015). To see if similar individual differences rela-
tions were present in the current results we combined data
from Experiments 1–3, which used the same change detection
task as Unsworth and Robison (2015). Specifically, we com-
bined data from Experiment 1 Active condition, Experiment 2
Hold condition, Experiment 3a 4,000-ms condition, and
Experiment 3b 4,000-ms condition. No participants

performed in more than one experiment. This resulted in 124
participants available for analysis. First, we examined differ-
ences in phasic responses across set sizes. There was a main
effect of set size, F(7, 861) = 13.13, MSE = .004, p < .001,
partial η2 = .10. As shown in Fig. 8a, phasic pupillary re-
sponses increased from Set Size 1–5 and then plateaued.
The average K estimates were 3.32 (SD = 1.20) suggesting
that the pupillary responses plateaued at a slightly higher level
than the behavioral estimates of capacity. Next, we examined
this as a function of individual differences with each individ-
ual’s K as a covariate in an ANCOVA. Importantly, there was
also a significant set size × K interaction, F(7, 854) = 4.74,
MSE = .004, p < .001, partial η2 = .04. In order to illustrate the
effects of interest we present mean changes in pupil diameter
by K, via a quartile split and participants classified into Low
(bottom 25%) and High (top 25 %) K groups. Note, however,
that all K analyses treated the variable as continuous, rather
than as arbitrary, discrete groups. As can be seen in Fig. 8b,
Low K individuals’ pupil responses peaked at a lower set size
than High K individuals, and High K individuals peaked at
higher set sizes. Furthermore, and consistent with prior re-
search, Low K individuals demonstrated larger pupil re-
sponses at Set size 1 compared to High K individuals (Heitz
et al., 2008; Unsworth & Robison, 2015). Specifically, at Set
Size 1 K was negatively correlated with the phasic pupillary
response (r = -.23), however, at Set Size 8 K was positively
correlated with the phasic pupillary response (r = .27).

We also examined changes in the phasic response as a
function of set size (i.e., the difference in the change in
phasic responses from Set Size 1 to Set Size 8).
Consistent with prior research (Unsworth & Robison,
2015) this value was related to overall behavioral esti-
mates of K (r = .47).2 Collectively, these results are con-
sistent with prior research suggesting that individual

2 Note, in prior research we found that not only did the change in phasic
responses across set size correlate with K, but so did the coefficient of variation
in pre-trial pupil diameter (Unsworth & Robison, 2015). Coefficient of varia-
tion of pre-trial pupil diameter was taken as an index of trial-to-trial fluctua-
tions of attention. Furthermore, we found that these two were not correlated
with each other and both accounted for unique variance in K. We suggested
that both the amount of attention allocated to actively maintaining items in
WM (phasic pupillary responses) and lapses of attention (fluctuations in pre-
trial pupil diameter) accounted for individual differences in WM capacity. To
see if similar results were obtained in the current data we computed the coef-
ficient of variation for pre-trial pupil diameter in the combined data set.
Consistent with prior research the coefficient of variation of pre-trial pupil
diameter correlated with K (r = -.20), but was not correlated with the phasic
pupillary response (r = -.07). Entering both values into a simultaneous regres-
sion suggested that 22% of the variance in K was accounted for and both
phasic pupillary responses (β = .43, t = 5.26, p < .001), and fluctuations in
pre-trial baseline pupil diameter (β = .-18, t = -2.16, p = .033), accounted for
unique variance in K. Consistent with prior research these results suggest that
individual differences in WM are due to both differences in the amount of
attention that can be allocated to items (capacity) and to differences in the
susceptibility to lapses of attention (Unsworth & Robison, 2015; see also
Adam et al., 2015; Unsworth & Robison, 2016b).
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differences in phasic pupillary responses are related to
behavioral estimates of capacity.

General discussion

In seven experiments we replicated and extended prior re-
search examining the extent to which phasic pupillary re-
sponses track active maintenance of information in WM.
The current results suggest that phasic pupillary responses
track the number of items that can bemaintained inWM, track
when attentional effort is used to maintain items in WM, track
the time course of attentional effort, and track the selection of
items that are subsequently maintained in WM. Each of these
are discussed in turn.

Capacity

Consistent with prior research (Unsworth & Robison, 2015),
the current results demonstrated that phasic pupillary dilations
during the delay of a WM task increased and reached an as-
ymptote around 4–5 items, suggesting a pupillary correlate of
WM capacity similar to that found with contralateral delay
activity (Vogel & Machizawa, 2004) and the fMRI signal in
the intraparietal sulcus (Todd & Marois, 2004). This same
overall pattern was seen in Experiments 1–3 using the same
change detection task. Indeed, shown in Fig. 8a, are the com-
bined results demonstrating that the phasic pupillary response
increased up to around five items and then plateaued. These
results suggest that phasic pupillary responses during a delay
track the number of items being maintained in WM, and thus
provide a physiological correlate of the capacity of WM. At
the same time it is important to note that the pupillary re-
sponses sometimes plateaued at a somewhat higher level than
what the behavioral estimates of capacity demonstrated. For
example, in Experiment 1 the average estimate of K was 3.4
and the pupil plateaued at set size four. In the combined indi-
vidual differences analyses the average estimate of K was 3.2
and the pupil plateaued at set size five. Thus, the two estimates
are not exactly identical, but as suggested by the correlational
analyses they are strongly related.

Examining the phasic responses across the delay suggested
not only differences in the magnitude of dilation across set
sizes, but also differences in the overall waveforms.
Specifically, when maintaining items below capacity, the pha-
sic response tended to be small throughout, but showing some
increases towards the end of the delay (Experiments 1–4).
However, when maintaining items at or above capacity, the
phasic response peaked early and tended to maintain that level
throughout the delay period (Experiments 1–4; at least for
delays of 4,000 ms, see below on time course). As discussed
below, these results are consistent with the notion that atten-
tional effort was being allocated in a more continuous manner

to maintain the items in an active state. Importantly, the same
amount of attentional effort was allocated to set sizes at or
greater than capacity, suggesting that the phasic responses
were tracking the number of items being maintained, rather
than the number of items presented. This was true when ma-
nipulating not only set size (Experiments 1–4), but also ma-
nipulating whether or not those items had to be maintained
(Experiments 1–2), and whether or not only a subset of items
needed to be maintained (Experiments 4 and 5).

Furthermore, consistent with prior research, we found that
individual differences in estimates of behavioral capacity were
related to the pupillary estimates of capacity. Specifically, pri-
or research found that phasic pupillary responses during the
delay were related to behavioral estimates of capacity (r = .43;
Unsworth & Robison, 2015) and a similar correlation (r = .47)
was found in the current study when combining data from
several experiments. As such, the current results suggest that
items in WM are maintained via the continued allocation of
attention effort and individual differences in the capacity of
WM are partially due to differences in the amount of attention
that can be allocated to actively maintain items in WM
(Cowan, 2001; Craik & Levy, 1976; Unsworth & Engle,
2007). Collectively, the current results strongly suggest that
phasic pupillary responses track the number of items being
maintained during a delay in WM.

Active versus passive maintenance

The current results also suggest that maintaining items in WM
is an active effortful process. Specifically, in Experiment 1
participants were instructed on a trial-by-trial basis to either
maintain the items (Active trials) or a later test or simply stare
at the screen (Passive trials). The results suggested clear pha-
sic pupillary responses that differed as a function of set size for
the Active trials replicating prior research and the other exper-
iments. On Passive trials, however, there was little dilation
overall and no systematic effects as a function of set size,
suggesting that the phasic pupillary responses were tracking
the number of items that are actively beingmaintained inWM,
rather than indexing sensory load or passive maintenance (see
also Kursawe & Zimmer, 2015; and Alnaes et al., 2014 for
similar results in multi-object tracking). Additionally, consis-
tent with the notion that the phasic responses are tracking
attentional effort and capacity limits of WM, the current re-
sults demonstrated similar phasic responses when maintaining
only one (or two) items as when passively staring at multiple
items. That is, as shown in Fig. 1b, whenmaintaining only one
(or two) items, the phasic response demonstrated a slight early
dilation followed by constriction, and then a slight increase in
dilation towards the end of the delay period (see also
Unsworth & Robison, 2015). As shown in Fig. 1c, similar
overall phasic responses were seen when passively staring at
1–8 items, suggesting that maintaining only one (or two) items
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can be done with little effort, but maintaining more items
requires additional effort. It should also be noted that this
differs as a function of individual differences, with low capac-
ity individuals having to allocate more attentional effort to
maintaining one item than high capacity individuals (see
Fig. 8b). Thus, holding items in WM at or near one’s capacity
requires a great deal of continuous attentional effort.

Furthermore, in Experiment 2 participants were required to
maintain items for the first half of the delay and then were
given an auditory cue to either hold onto the items (Hold
trials) or to drop the items (Drop trials). For the Hold trials
the phasic response maintained the same level of dilation sug-
gesting the items were still being maintained. However, on
Drop trials the phasic response decreased after the drop signal
and was not significantly different from baseline levels at the
end of the delay. These results are consistent with prior re-
search by Johnson (1971), in which participants performed
an auditory serial recall task. In the experimental group on
some trials participants heard a change in a background tone
and were told that when they hear the tone change they can
forget those items (directed forgetting). The control group also
heard a tone, but were told that the change was meaningless.
Johnson (1971) found that in the directed forgetting condition
following the tone change the pupil tended to drop back to
baseline levels, but in the control group the pupil continued to
dilate. Thus, consistent with the prior results when told to drop
items fromWM, the phasic pupillary responses tend to decline
back to baseline levels suggesting that they are no longer
being actively maintained. Collectively, these results suggest
that maintaining items in WM is an active effortful process
(that occurs throughout most of the delay).

Time course

Examining the time course of maintenance revealed several
interesting findings. For example, in each experiment using a
4,000-ms delay it seemed that the phasic pupillary responses
were sustained throughout the entire delay period. However,
in Experiments 3a and 3b when an 8,000-ms delay was used,
the phasic pupillary response declined and reached baseline
levels by the end of the delay period. This suggests that
participants were unable to sustain attentional effort over the
entire delay period. Recently, Fabius et al. (2017) reported a
similar result when examining the pupillary light response.
Specifically, Fabius et al. found that the pupillary response
tended to decrease after approximately 4,000 ms. Thus, the
current results are consistent with similar results from a slight-
ly different paradigm. However, as noted previously, these
results are inconsistent with prior research examining multi-
object tracking (which is closely related to WM; Drew &
Vogel, 2008) which demonstrated that phasic pupillary re-
sponses seemed to increase up to capacity limits (and then
plateau) and these phasic responses sustained throughout the

entire 10-s tracking period (Alnaes et al., 2014; Wright, Boot,
& Morgan, 2013). Thus, whereas the multi-object tracking
work suggests that attentional effort can be continuously allo-
cated to objects in the environment, the current results suggest
that this is not necessarily the case for items being maintained
in WM in the absence of additional environmental support.
Rather, the current results suggest that after 4 s or so phasic
pupillary responses begin to decline indicating that attentional
effort is not being allocated to the items to the same extent. As
noted previously, this could occur for a number of potential
reasons. It could be that items are no longer actively being
maintained inWM because they have successfully been trans-
ferred to long-term memory, it could be that the phasic re-
sponse is tracking decay inWM (although the accuracy results
suggest otherwise), it could be that participants are switching
strategies for how they are maintaining the items, or could be
due to changes in how the items are being held indicating a
switch to more passive maintenance Other alternatives are
also possible. None of the current results can speak to which
of these possibilities are correct, but the results do suggest that
participants are not sustaining active effortful processes to
maintain the items in WM. Future research is needed to better
understand what is occurring during these longer delays that
results in a decrease in phasic responses, but does not neces-
sarily lead to decreases in accuracy.

Selection

In terms of selection, the current results suggested that at
encoding participants could select which items to allow into
and subsequently maintain in WM and that the phasic pupil-
lary responses tracked this. Specifically, in Experiment 4 we
examined whether the phasic pupillary responses would track
filtering abilities in which participants were given both targets
and distractors on some trials. Consistent with prior research
utilizing the contralateral delay activity (Vogel et al., 2005) we
found that the phasic pupillary responses tracked the number
of target items being maintained rather than the number of
targets and distractors that were presented (although there
was evidence sometimes participants were maintaining both
targets and distractors when two targets and two distractors
were presented). Thus, for the most part, participants were
able to filter out distractor items and onlymaintain target items
and the phasic pupillary responses tracked this selection of
items. Furthermore, in Experiments 5a and 5b, when pre-
cues were used the phasic pupillary responses were smaller
than when neutral cues were used suggesting that only one
item was being maintained (the cued item) on pre-cue trials,
whereas four items were being maintained on neutral trials.
Thus, consistent with filtering, these results suggest that par-
ticipants were selecting only the target item resulting in re-
duced pupillary responses. For retro-cues, however, the accu-
racy results suggested that although participants could select
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the correct target item leading to a retro-cue benefit (in
Experiment 5b, but not 5a), this did not lead to a change in
the phasic pupillary response. Rather, the retro-cue and neutral
phasic responses were nearly identical, suggesting that partic-
ipants were not dropping or removing items fromWM. These
results are inconsistent with prior research using the CDA
which demonstrated that the CDA tended to drop with retro-
cues (Kuo et al., 2012). As noted previously, these results are
consistent with accounts of the retro-cue benefit that suggest
that the items are not removed fromWM, but rather the retro-
cued items receive additional strengthening of item-context
bindings, or the retro-cued item gets a head start at retrieval
operations (e.g., Souza & Oberauer, 2016). Future research is
needed to better examine the physiological correlates of the
retro-cue benefit and the possible mechanisms underlying the
retro-cue benefit. Collectively, the current results suggest that
phasic pupillary responses track the selection of a subset of
presented items resulting in only those few items being main-
tained in WM rather than all items that were presented.

Potential neural mechanisms

The current results are broadly consistent with the notion that
phasic pupillary responses are tracking the number of items
that are being actively maintained in WM. These results are
consistent with Kahneman’s (1973) suggestion that task-
evoked phasic pupillary responses are linked to the intensive
aspect of attention and provide an online indication of the
utilization of capacity (see also Just & Carpenter, 1993).
That is, the current results are consistent with the notion that
maintaining items in WM is an active effortful process and
that as the number of items that need to be maintained in-
creases the amount of attention that is allocated also increases
up to capacity limits.

One potential neural mechanism for interpreting the current
results is the locus coeruleus norepinephrine system (LC-NE). A
great deal of recent research suggests an important link between
pupillary responses and the LC-NE (Alnaes et al., 2014; Aston-
Jones&Cohen,2005;Eldar,Cohen,&Niv,2013;Gilzenrat et al.,
2010; Jepma&Nieuwenhuis, 2011; Joshi et al., 2016;McGinley
et al., 2015; Murphy et al., 2011; Murphy et al., 2014; Reimer
et al., 2016;Samuels&Szabadi, 2008;vandenBrink,Murphy,&
Nieuwenhuis, 2016; Unsworth & Robison, 2016a; Varazzani
et al., 2015).TheLC is abrainstemneuromodulatorynucleus that
is responsible for most of the NE released in the brain, and it has
widespread projections throughout the neocortex including
frontal-parietal areas (Berridge &Waterhouse, 2003; Samuels &
Szabadi, 2008; Szabadi, 2013). Recent research suggests that the
LC exhibit two general modes of firing: tonic and phasic (Aston-
Jones&Cohen, 2005;Usher et al., 1999). Tonic activity refers to
the overall baseline activity and phasic activity refers to the brief
increase in firing rate associated with salient stimuli. In terms of
pupillary responses, it is suggested that baseline pupil diameter

correspondstoLCtonic firingrate (andanoverall indicatorof task
engagement), and task-evoked dilations correspond toLCphasic
activity (and an indicator of attention allocation to task stimuli). 3

Thus, the phasic pupillary responses potentially reflect sustained
LC-phasic mode activity in which attention is continuously allo-
cated in order to actively maintain items inWM. Indeed, Alnaes
et al. (2014) found that activity in LC (as well as the frontal eye
fieldsandsuperiorcolliculus)correlatedwithpupillarychangesas
thenumberof items tobe tracked increased.Thus, consistentwith
the current results, this suggests a potential role of the LC-NE
system (specifically phasic activity) in attentional effort required
to activelymaintain items inWM.

Another potential neural mechanism for pupillary results
seen in the current study is the superior colliculus (SC). A
great deal of research suggests that the SC is important for
overt and covert shifts of attention (see Krauzlis, Lovejoy, &
Zenon, 2013; Corneil & Munoz, 2014 for reviews), and is a
potentially important reason for the connection between
WM and attention (Theeuwes, Belopolsky, & Olivers,
2009). Furthermore, recent research has shown that weak
microstimulation of the SC resulted in phasic pupillary re-
sponses similar to what is seen during cognitive processing
(Joshi et al., 2016; Wang et al., 2012; see also Lehmann &
Corneil, 2016 for similar pupil dilation results after
stimulating frontal eye fields). Wang and Munoz (2015)
further suggested that BSC-mediated pupil pathways could
provide the substrate required for pupil size modulation by
various cognitive processes^ (p. 139). Indeed, recent re-
search has found that the pupil (in particular the pupillary
light reflex) can be used to track covert shifts of attention
during WM maintenance (Fabius et al., 2017; Unsworth &
Robison, 2017). Additionally, as noted above, Alnaes et al.
(2014) found that SC activity correlated with pupillary
changes as the number of items to be tracked increased.
Thus, it is possible that the pupillary responses seen in the
current study are due to covert shifts of attention to selected
items in WM mediated via SC activity. This notion is con-
sistent with the attention-based rehearsal hypothesis which
suggests that items are maintained in WM via covert shifts
of attention to prioritized information during WM mainte-
nance (Awh & Jonides, 2001; Awh, Vogel, & Oh, 2006).
Thus, the current pupillary results could reflect not only
LC-NE mediated attention allocation as more items need
to be maintained in WM, but also SC mediated covert shifts
of attention to prioritized locations in order to use attention-
based rehearsal processes.

3 Although prior work is suggestive of a link between LC-NE functioning and
pupil diameter, it should be acknowledged that this relation is correlational in
nature and it could be due to the fact that both the LC and the sympathetic
nervous system are linked via a third system such as the nucleus
paragigantocellularis (Nieuwenhuis, de Geus, & Aston-Jones, 2011).
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Conclusions

The current study examined pupillary correlates ofWMmain-
tenance. In particular, the results suggested the phasic pupil-
lary responses increased as the number of items that needed to
be maintained increased up to around 4–5 items consistent
with behavioral estimates of capacity. These phasic pupillary
responses were related to capacity estimates at an individual
differences level. Furthermore, the phasic pupillary responses
demonstrated WM load dependent relations only when the
items needed to be actively maintained. When told to passive-
ly stare at the screen or drop the current items, the pupil
remained near baseline levels. The phasic pupillary responses
also tracked the time course of maintenance demonstrating
sustained responses for the first 4,000 ms, but declines there-
after. Finally, the phasic pupillary responses provided evi-
dence for selection processes at encoding in terms of tracking
both filtering abilities and the effect of pre-cues. Collectively
these results suggest that phasic pupillary responses can be
used to track the active maintenance of items in WM.

Author Notes This research was supported by Office of Naval Research
grant N00014-15-1-2790.
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