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A B S T R A C T

Attention turns looking, into seeing. Yet, little developmental research has examined the interface of attention
and visual working memory (VWM), where what is seen is maintained for use in ongoing visual tasks. Using the
task-evoked pupil response – a sensitive, real-time, involuntary measure of focused attention that has been
shown to correlate with VWM performance in adults and older children – we examined the relationship between
focused attention and VWM in 13-month-olds. We used a Delayed Match Retrieval paradigm, to test infants’
VWM for object-location bindings – what went where – while recording anticipatory gaze responses and pupil
dilation. We found that infants with greater focused attention during memory encoding showed significantly
better memory performance. As well, trials that ended in a correct response had significantly greater pupil
response during memory encoding than incorrect trials. Taken together, this shows that pupillometry can be
used as a measure of focused attention in infants, and a means to identify those individuals, or moments, where
cognitive effort is maximized.

1. Introduction

In the first two years of life, infants actively interact with the en-
vironment, rapidly picking up new skills through observation and
reasoning (Gweon and Schulz, 2011; Stahl and Feigenson, 2015; Téglás
et al., 2011; Xu et al., 2005). A critical system supporting this is visual
working memory (VWM) – a mechanism that allows for the storage and
manipulation of visual information during cognitive tasks (Baddeley
and Hitch, 1974). Alongside this, abundant evidence has suggested that
focused attention is a critical component underlying VWM in adults
(Baddeley, 1996; Kane and Engle, 2002). Pupillometry has emerged as
a sensitive, fast, non-intrusive method to quantify the relationship be-
tween focused attention and VWM. Studies have settled on the ‘task-
evoked’ pupil response - phasic dilations before or during stimulus
presentation - as a marker of greater focused attention that can dis-
tinguish correct versus incorrect responses, and high and low perfor-
mers, in visual working memory tasks (Klingner et al., 2011; Porter
et al., 2007; Unsworth and Robison, 2015, 2017). So far, this connec-
tion between focused attention and VWM has been missing in infant
work. This means that we are both missing insight into the development
of the frontal circuitry connecting attention and memory (Colombo and
Cheatham, 2006), but also that we may be systematically under-
estimating VWM ability in infants (in those epochs, or individuals,

when attention is focused on task-relevant stimuli and events, estimates
of VWM capacity, and/or fidelity, should be maximized). Here we use
pupillometry similarly to how it is used in adult work, to isolate mo-
ments of focused attention and quantify their effect on VWM.

1.1. The emergence of focused attention

Visual attention is defined as the selection of behaviorally relevant
information, prioritizing its processing, while inhibiting irrelevant in-
formation (Treue, 2003); the mechanism that “turns looking into
seeing” (Carrasco, 2011). Posner and Petersen (Petersen and Posner,
2012; Posner and Petersen, 1990) described three systems of attention:
(1) orienting/arousal, (2) selective attention, and (3) executive atten-
tion. Development of orienting/arousal appears from birth to 2 months,
while selective attention starts to emerge from 2 to 6 months. Executive
attention comes online latest, developing across infancy and toddler-
hood (Colombo and Cheatham, 2006; Courage and Richards, 2008;
Martinez-Alvarez et al., 2017). Attention goes through a qualitative
shift from infancy to early childhood, from being driven by exogenous
cues to being driven in a more proactive, purposeful manner (Martinez-
Alvarez et al., 2017; Wright and Vlietstra, 1975).

The emergence of attentional control is a critical step in the de-
velopment of the child as an active seeker of information. To capture
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this, we use the term ‘focused attention’ (Ruff, 1986) similarly to Kah-
neman: “[The] intensive aspects of attention (…) must be distinguished
from arousal. Thus, the schoolboy who pays attention… is performing
work, expending his limited resources, and the more attention he pays,
the harder he works.” (Kahneman, 1973, p. 4). (Attentional control
(Astle and Scerif, 2011), and the regulation of cognitive resources in
sustained attention (Karatekin et al., 2007) are overlapping concepts.)
Focused attention is driven endogenously and directed proactively
(Colombo and Cheatham, 2006).

1.2. The role of focused attention in memory

VWM is a central cognitive mechanism that is intimately tied to
attentional processes (A. Baddeley, 1996; Chun et al., 2011; Cowan
et al., 2005; Kane and Engle, 2003). It has been proposed that the in-
tegration of memory and attention system emerges between 6–15
months of age, as a result of the maturation of frontal circuitry
(Colombo and Cheatham, 2006). To measure attention behaviorally,
developmental researchers have relied on gaze data, particularly fixa-
tion latencies and looking duration, reflecting how a stimulus can at-
tract and hold visual attention, respectively (Cohen, 1972; Frick et al.,
1999).

A challenge to relying on gaze data to infer attention is that looking
and attending are partially separable (Kowler et al., 1995); one may
look without attending, or attend without looking. Early developmental
work established heart rate as a marker of attentional focus: when in-
fants’ heart rate decelerated from a pre-trial baseline, they were less
likely to get distracted from a fixated stimulus by the presentation of a
second stimulus; researchers defined this period as “sustained attention
phase” (Richards, 1985, 1987). Contrarily, when infants’ heart rate
accelerated back to prestimulus baseline, infants were more easily
distracted. Using heart rate fluctuation then to define attentional
phases, Richards found that the quality of recognition memory was
affected by these phases: when 4-6-month-olds were shown a stimulus
for 5 s during sustained attention phase (as indexed by reduced heart
rate versus the pre-trial baseline), it was sufficient to elicit a novelty
preference equivalent to an exposure time of 20 s when stimulus pre-
sentation was not targeted to phases of sustained attention (Richards,
1997).

This link was demonstrated using electrophysiological measures as
well: greater amplitude of Negative central (Nc) responses were asso-
ciated with sustained attention (as defined by heart rate deceleration)
(Richards, 2003), and differences in object exploration (as indexed by
frontal theta band) could predict subsequent object recognition per-
formance in 11-month-olds (Begus et al., 2015). Interestingly, this re-
lationship between focused attention and recognition memory can help
explain the result that infants who fixate for less time during familiar-
ization show evidence of better recognition memory (Colombo and
Mitchell, 1990): short-looking 6–7.5-month-old infants showed greater
late slow wave ERP responses to novel (as opposed to familiar) stimuli,
while longer-lookers did not (Reynolds et al., 2011).

1.3. Pupillometry as a measure of focused attention

Recent neurophysiological research has elucidated the mechanisms
involved in the control of focused attention. In particular, the locus
coeruleus–noradrenergic (LC-NE) neuromodulatory system plays a
causal role in regulating task engagement and optimizing performance
(Aston-Jones and Cohen, 2005; Sara, 2009). The LC is a small nucleus in
the brainstem and is the sole source of cortical noradrenaline (NE). It
projects to widely distributed areas of the brain, most prominently, the
frontal cortex (Aston-Jones et al., 1986). The causal linkage between
LC-NE system activity and task performance was best established
through direct manipulation of the LC (Usher et al., 1999). In monkeys,
local microinfusion of clonidine to increase LC phasic activity increases

performance on a visual task, while a suppressive agent (pilocarpine)
has the opposite effect (Aston-Jones and Cohen, 2005). In humans,
administration of modafinil to increase LC activity yields task-related
activity in cognitive control areas (shown by fMRI), and improves
performance on a cognitive task (Minzenberg et al., 2008). According to
Aston-Jones and Cohen’s (2005) integrative theory of adaptive gain
control, in the phasic mode, LC cells exhibit activation when processing
task-relevant stimuli, and this mode is associated with high levels of
task performance (Aston-Jones et al., 1994; Bouret et al., 2003).

Importantly, for our purposes, through the release of NE, the LC
regulates the pupil (Koss, 1986; Samuels and Szabadi, 2008). Single-cell
recordings in primates provided evidence of a strong relationship be-
tween pupil responses and LC activity (Joshi et al., 2016; Rajkowski
et al., 1994). More recently, the same coupling has been demonstrated
in humans as well: two fMRI studies found that pupil diameter tightly
co-varied with BOLD activity in the LC (Alnæs et al., 2014; Murphy
et al., 2014). The pupil therefore provides an online, non-invasive
window into the activity of the LC-NE system, and therefore attentional
state (Eldar et al., 2013; Gilzenrat et al., 2010; Malecek and Poldrack,
2013). Indeed, models of infants’ attentional development have in-
corporated the role of the LC-NE system (Colombo and Cheatham,
2006; Richards, 2001).

1.4. Measuring the relationship between focused attention and VWM

Given that pupil dilation is synchronized to changes in cognitive
effort due to real-time variation in task demands (the ‘task-evoked pupil
response’, TEPR) (Aston-Jones and Cohen, 2005; Beatty, 1982; Laeng
et al., 2012), pupillometry has a long history in cognitive psychology.
Hess and Polt were the first to show that the pupil dilated as a function
of task difficulty with higher peak dilation in more difficult mental
multiplication tasks (Hess and Polt, 1964). The TEPR can also signal
surprise that is generated as the result of detecting a mismatch between
expectations and the perceived world (O’Reilly et al., 2013; Preuschoff
et al., 2011). This is true in infants as well (Hepach and Westermann,
2016; Laeng et al., 2012). For instance, infants showed higher pupil
dilation to implausible physical events (Jackson and Sirois, 2009; Sirois
and Jackson, 2012), or unexpected outcomes in social situations
(Geangu et al., 2011; Gredebäck and Melinder, 2010).

In the memory domain, Kahneman and Beatty demonstrated that
adults’ pupil dilation gradually increased with the number of items
needed to be retained in a verbal short-term memory task (Kahneman
and Beatty, 1966). This relationship has been shown in visual WM tasks
as well (Klingner et al., 2011). Just as in verbal WM tasks, increases in
attentional demand, associated with greater VWM load, lead to larger
pupil dilation. As well, individual differences in adults’ VWM capacity
were found to correlate with online attentional allocation and fluc-
tuations in attention, as indexed by the pupil response (Unsworth and
Robison, 2015).

In memory development, pupillometry has been identified as a rich
measure (see Eckstein et al. (2017) for a review). For instance, a recent
study demonstrated that differences in VWM capacity between 10-year-
olds and adults were related to differences in task engagement during
encoding as shown by pupil dilation (Johnson et al., 2014). In this
study, just as in adults, children’s pupil diameter increased with the
number of to-be-encoded items (unlike adults though, when VWM ca-
pacity limit was exceeded the pupil started to constrict, suggesting that
when children met their cognitive limit they began to disengage from
the task). As well, a recent study showed that TEPR can reflect novelty
versus familiarity in 7-month-olds, similarly to adults, in a long-term
memory task (Hellmer et al., 2016). Yet, to our knowledge, beyond
preliminary work from our group (Cheng et al., 2016), a direct study of
the relationship between focused attention and VWM in infants using
pupillometry has not been conducted.
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2. Method

2.1. Participants

Twenty-two full-term, healthy 13-month-old infants (12 girls) were
recruited from the Greater Boston area, and tested at University of
Massachusetts Boston (M=13.3 months, SD=1.26, age range: 11 months
6 days to 14 months 26 days). Caregivers received a small gift and $20
compensation for their time and travel expenses. All parents gave informed
consent before the experiment and the protocol was approved by the
Institutional Review Board of the University of Massachusetts Boston.

To be included in subsequent analyses, each participant had to have at
least 3 trials (from the block of 12 total) where they looked at both of the
to-be-remembered cards during the ‘encoding phase’, and had a valid
response (i.e., looked at one of those two cards) during the ‘response
phase’. All 22 infants met this requirement for performance analyses.
Pupil analyses further required that pupil data were of sufficient quality
(see Data Analysis). Two infants did not have at least three trials that met
these requirements, and were excluded from pupil analyses.

2.2. Apparatus and stimuli

Parents sat in a chair holding their infants in their laps in front of a
Tobii T120 eye-tracker (Tobii Technology, Stockholm, Sweden) in a
dimly lit testing room. Parents were asked to wear a visor to cover their
eyes and not to interact with their infants during the study. A standard
Tobii 5-point infant calibration was used. The experimental stimuli
were virtual ‘cards’ that could be shown face up, revealing a familiar
object (car, ball, cat, dog), or be flipped face-down, occluding the ob-
ject. In each trial, two of the four objects were randomly chosen
(Fig. 1a). Cards each subtended 5× 5 deg and were arranged symme-
trically with their centers 5 deg from the center of the screen.

2.3. Design and Procedure

The procedure was a variant of our Delayed Match Retrieval task
(Kaldy et al., 2016). Each trial began with the display of an empty
background (1 s) after which three cards (the Match, Non-Match, and
Sample) entered the screen, face-down, forming a triangular arrange-
ment. The Match and Non-Match were at the bottom corners of the
triangle, and the Sample was always on the top. During the encoding
phase of the trial, the Match and Non-Match were flipped face up, se-
quentially. First, one of the two cards, randomly chosen, was exposed,
then, after 1.75 s, the other card was exposed, then, after another 1.75 s,
they both were flipped face-down at the same time and remained face-
down for 1 s (comprising a total encoding phase of 4.5 s). Following
that, the Sample card, which had an identical face to the Match card,

was flipped face up marking the end of encoding phase and the be-
ginning of the 2.75 s response phase, during which anticipatory gaze
responses were recorded. After the response phase, the Match card was
exposed, accompanied by a brief reward/feedback animation at its lo-
cation (e.g., a colorful burst of fireworks). The Match then moved next
to the Sample, touched it, then all three cards flew off screen (Fig. 1b).
To maintain engagement, we added unique sounds to on-screen events
(e.g., flipping, moving, and touching) and alternated between three
different reward animations (fireworks, sparkles, flashbulbs). (See
Supplementary Movie 1.)

Each participant was presented with a block of 12 trials. Within a
block, half of the trials had the left card exposed first (and the other
half, the right), half had the Match card exposed first (and the other
half, Non-Match), and there was an equal number of trials (4) for each
of three possible reward animations. The order of these trials was
randomized for each participant’s block, with the restriction that no
more than two consecutive trials presented the match card on the same
side. Each test trial was followed by an attention grabber (a cartoon sun
rotating in the center of the screen for 4 s, with a sound effect), to at-
tract infants’ gaze towards the screen. At the beginning of the block,
before the sequence of test trials, infants were presented with four brief
familiarization trials, during which a pair of matching cards entered the
screen, approached each other, jiggled, and then exited the screen (this
sequence was repeated once for each of the four object types).

2.4. Data analysis

2.4.1. Gaze data analysis
Each 5× 5 deg card was surrounded by a 7× 7 deg Area of Interest

(AOI), as larger AOI’s are recommended by Tobii to help make gaze
measurements robust against modest calibration errors (“Tobii Pro
Support,” 2016). Fixations were identified using the (default) Tobii
Fixation Filter1 . We measured performance based on whether the
Match or the Non-Match card received the first fixation within the
2.75 s response phase. Which card received the longer look (based on
the total accumulated looking time) was also analyzed. Analyses of gaze
data were done using custom MATLAB scripts.

Fig. 1. (a) Memory ‘card’ stimuli, face-up, showing to-be-
remembered objects. Two of the four cards were randomly
chosen on each test trial. One was used as both the Sample
and Match cards, and the other as the Non-Match card. (b).
Schematic of test trial events. Anticipatory gaze responses
were analyzed during the 2.5 s response phase, where VWM
performance was measured as the percentage of trials
where the infants’ first anticipatory look was to the Match
card. Areas of Interest (AOIs) for the Match, Non-Match,
and Sample cards are indicated by red frames (not shown
during testing). Pupil diameter was measured throughout
the trial, and the task-evoked pupil response (TEPR)
during the encoding phase was evaluated as a predictor of
task performance.

1 Gaze position for each eye is collected at 60 Hz, and averaged between the
two eyes to reduce noise. Then, missing data is interpolated (if the gap is under
100 ms). Following this, velocity peaks, within a sliding temporal window (of 5
frames @ 60 Hz, i.e. 83.8 ms), are identified. If a peak exceeds a set threshold
value (0.42 pixels/ms) it is recorded as a new fixation (but if the distance be-
tween two candidate fixations is less than 35 pixels (< 1 deg), they are
merged). The duration of a fixation, then, is the elapsed time between peaks,
and the position of the fixation is the median of the gaze coordinates during that
interval (“Tobii Pro Support,” 2016).
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2.4.2. Pupil data analysis
Pupil data were collected from the Tobii T120 eye-tracker, sampled

at 60 Hz from each eye. The eye-tracker adjusted pupil measurements
according to the distance between the eye and the sensor, and the po-
sition of the eyes, to estimate the actual, external physical pupil size
throughout the trial. Analyses on this output, including functional data
analyses, were done using custom MATLAB scripts adapted from
Jackson and Sirois (2009). Permutation analyses used scripts developed
by Mohinish Shukla, based on the analysis described in (Oakes et al.,
2013). Preprocessing of pupil data consisted of the following steps: 1)
trials where the participants did not fixate both of the cards during the
encoding phase were discarded (this helps to equalize gaze behavior
and retinal illumination across trials and participants; 8% of trials were
excluded in this way); 2) raw pupil dilation values from the two eyes
were averaged (if both were present); 3) outlier values (e.g., spurious
spikes in pupil estimates due to blinks) based on median absolute de-
viation from the local median within a sliding, 500ms window, were
discarded and replaced with nearest-neighbor values; 4) missing data
were interpolated with nearest-neighbor values; 5) the trace was
smoothed using a robust quadratic regression over 500ms windows; 6)
subtractive baseline correction was done by determining the median
pupil size during the initial 500ms of each trial (i.e. during the initial
phase of the trial when only an empty background was displayed), and
then subtracting that value from the trace (Mathôt et al., 2018); 7) the
encoding phase of the trace was isolated (i.e. the 4.5 s period beginning
with the reveal of the first to-be-remembered Match/Non-Match card to
just before the reveal of the Sample); and, 8) the trace was discarded if
there had been a gap of missing data that exceeded a threshold (here,
instead of an arbitrary data quality threshold, we used a biologically
plausible one corresponding to a pupillary response latency of 220ms,
i.e. the minimal time window in which a task-evoked change in pupil
could be expected to occur (Mathôt et al., 2015); any trace with a gap of
that size or larger during baseline or encoding phases was discarded).
For those analyses requiring combining traces across the trials of a
participant, this was done on the basis of medians (which is more robust
than the mean to extreme values due to potential sources of noise such
as blinks, eye movements, equipment error, or off-screen glances).

3. Results

3.1. Behavioral performance

On average, participants completed 8.5 out of 12 test trials. For each
infant participant, we calculated VWM performance as the percent of
correct responses based on the dependent variable of first look, that is,
which of the two face-down cards, Match or Non-Match was fixated first
during the response phase (i.e., after the Sample was revealed). (The la-
tencies themselves for this first look, given that participants were still
fixating the just-exposed Sample, were relatively long, at 1539ms
(SD=220ms) and 1418ms (SD=429ms) for the Match and Non-Match
cards, respectively; a non-significant difference (t(38)=1.12, p = 0.27,
d=0.35). If the infant did not look at either of the AOIs during the re-
sponse phase, the trial was excluded from further analysis. Infants’
average performance was 59% correct, which was significantly above
chance (50% correct) according to a one- sample t-test (t(21)=3.58; p =
0.002, d = 1.56) (Fig. 2). The overall pattern of performance was the
same based on which of the two cards (Match or Non-Match) garnered the
longer look during the response phase (58% correct; t(21)=2.42, p =
0.025, d = 1.06); accumulated total fixation duration itself reflected this
as well, averaging 359ms (SD=181ms) and 252ms (SD=120ms) for
the Match and Non-Match cards, respectively. All subsequent analyses
rely on results based on the first look measure.

We tested the effects of the side of the Match card (left/right),
whether the Match was presented first or second, and the object on the
card. None of these effects were significant (all χ²<0.76, p > 0.51).

3.2. Task-evoked pupil responses

Here we addressed two questions about how the TEPR was related to
VWM performance. 1) Is greater TEPR during memory encoding associated
with higher-performing participants (and lesser, with lower-performing
participants)? And, 2) is greater TEPR during encoding associated with
correct trials (and lower, with incorrect)? To address the first question, we
did a median split on participants based on performance. The pupil traces
from a participant’s trials were combined (based on medians, see 2.4 Pupil
data analysis) to generate a representative pupil trace for that participant’s
encoding phase. The resulting traces for the 10 participants in the above-
median group, and the 10 in the below-median group, were then averaged
(Fig. 3a/b, green and red curves, respectively). The resulting laminar
curves suggest that greater TEPR is associated with higher performance.
Since TEPR is a continuous variable over time, Functional Data Analysis
can be used to assess the difference between traces (Jackson and Sirois,
2009; Ramsay and Silverman, 1997). The curve in Fig. 3c shows the results
of a functional t-test, with the value of the (uncorrected) t-statistic driven
by the difference between the two pupil traces, over time2 . For reference,
the curve is shown with respect to the two-tailed critical value for the t
distribution. To test for a significant difference between the TEPR of the
groups, we conducted a permutation analysis based on that of Oakes et al.
(2013), which itself was derived from an approach used for EEG data
(Groppe et al., 2011; Maris, 2012; Maris and Oostenveld, 2007).3 The
permutation analysis revealed a significant difference between the groups
that was most pronounced in the second half of the encoding phase
(Fig. 3c). We used mean pupil diameter over that second half of the phase
in a subsequent regression analysis (see below).

Fig. 2. Individual and group average VWM performance (percent correct re-
sponses based on first looks). Each data point represents an infant participant,
and the size of the point corresponds to the number of valid trials the infant
contributed. Dotted line indicates average performance (error bar reflects SEM).
Solid line indicates chance level (50%).

2 Traces were fit with B-spline basis functions, with 24 bases (Jackson and
Sirois, 2009).
3 Just as with EEG data, classic Bonferroni correction is considered in-

appropriately conservative for this type of (non-independent) time-course data.
The permutation method repeatedly (here, 1000 times) shuffles the data, in
time, and finds the length of the resulting runs of consecutive t-statistic values
that exceed the critical value for the t-distribution (p< 0.05, two-tailed), then
compares the by-chance run lengths generated by this process to those observed
in the original experimental data. In other words, it evaluates whether the
observed runs from the experimental data should be expected by chance, or
whether they were long enough to reject this hypothesis at p< 0.05. For more
detail, see Oakes et al. (2013).
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To address the second question, we averaged the individual traces
from correct trials (n= 80), and those from incorrect trials (n= 52)4,
drawn from the same 20 participants used in the previous analysis. The
resulting laminar curves indicate that greater TEPR during memory
encoding leads to a greater likelihood of a correct response on that
particular trial (Fig. 4a/b). Here again, we performed a functional t-test,
and tested for a significant difference with a permutation analysis. As
with the median-split group analysis, there was a significant difference
between the correct and incorrect trials, and this difference was most
pronounced near the end of the encoding phase (Fig. 4c).

The FDA and permutation analyses on the TEPR of above- and
below-median performing participants identified the second half of the
encoding phase as the interval where differences were most pronounced

(Fig. 3c). We used the mean TEPR value over that interval, for each
participant, to further characterize the relationship between pupil re-
sponse and performance. These exploratory analyses are not meant as
hypothesis testing for a TEPR-performance relationship, per se, since
the permutation analyses have already served that purpose, but instead,
1) to determine how well, relatively, the TEPR accounted for perfor-
mance versus a more traditional measure of attention, i.e. total looking
time to the cards during encoding; and, 2) as an exercise, to determine a
function that relates mm’s of TEPR to increments in VWM performance.
To address the first question, since it was possible that the amount of
time participants spent looking at the Match and Non-Match cards
during encoding (while the cards were face-up) influenced perfor-
mance, we included total looking time as a factor in a stepwise multiple
regression along with mean TEPR. As expected, results showed that
mean TEPR over the second half of encoding phase was significantly
related to VWM performance (F(1,18)= 5.36, p= 0.033), with a
correlation coefficient R of 0.485 . However, the total looking time
during encoding was deemed unnecessary as a predictor (t(18)= 0.57,

Fig. 3. (a) Mean task-evoked pupil responses (TEPR), over time (ms), based on
a median-split of individual VWM performance. Relevant trial events and
phases are indicated below the time axis. The encoding phase is demarcated by
the colored portion of the traces: the green curve reflects the mean pupil trace
of the 10 above-median participants; red curve, the lower 10. Pupil values
correspond to changes in (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
diameter (mm), relative to baseline (subtractive baseline correction was based
on the first 500ms of the trial). Error bars reflect SEM. (b) Data from (a), shown
just for the encoding phase, to aid visualization. (c) Results of functional data
analysis over the encoding phase, showing the uncorrected t-statistic based on
the sets of median-split traces. The black horizontal line indicates the critical t-
value (p < 0.05, two-tailed). A permutation test was applied; blue lines in-
dicate regions deemed to have significantly long (p < 0.05) runs of above-
critical tvalues (Oakes et al., 2013).

Fig. 4. (a) Mean TEPR based on a binning of trials as either correct (N= 80) or
incorrect (N=52). Relevant events during the trial are indicated below the
time axis. The encoding phase is demarcated by the colored portion of the traces:
the green curve reflects the mean of all trials that ended in a correct response;
red curve, incorrect. Error bars reflect SEM. (b) Data from (a), shown just for
the encoding phase, to aid visualization. (c) The t-value from a functional t-test
between the sets of correct/incorrect traces. The blue line indicates the results
of the permutation test (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

4 If TEPR at this time point was an outlier (a value whose absolute deviation is
more than 3.0 times the median absolute deviation), it was discarded (Leys
et al., 2013). Data from three of the incorrect trials were discarded in this way.

5 Using the mean TEPR over the entire encoding phase, not just the second
half where the difference between groups was most pronounced, still shows a
marginally significant correlation with performance (R = 0.44; p = 0.053).
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p= 0.58). To address the second question, we quantified the re-
lationship between each participant's mean TEPR versus their VWM
performance (Fig. 5). The slope of the regression function was 0.38, and
intercept was 0.58, thus the relationship between TEPR and perfor-
mance can be expressed as Performance = 0.38 * TEPR + 0.58. In other
words, every 0.1 mm increase in pupil dilation during (the latter half of)
encoding was associated with a 3.8% increase in performance.

3.3. The potential effect of brightness differences

The luminance of on-screen elements can affect pupil dilation (i.e.,
the fundamental rise and fall of the pupil response over the trial). Much
of this was sidestepped by the fact that the background of the display
and the ‘backs’ of cards were physically isoluminant, both at approxi-
mately 48 cd/m2, thus, when the cards were face-down, the display was
nominally isoluminant. The (spatially averaged) faces of cards were
brighter than the background, but similar to one another at approxi-
mately 61 cd/m2. Some overall pupil changes over time, then, were due
to factors like on-screen elements and events (e.g. the dip at the be-
ginning of the trial, as seen in Fig. 3a, which corresponded to the onset
of the display). However, such factors alone cannot account for the
pupil response differences - between above-median and below-median
performing participants, and between correct and incorrect trials - that
we observed. That said, of concern is whether looking behavior, for
instance, fixation patterns on the cards during encoding, could create a
time-course of retinal illumination that would drive the pupillary light
reflex in a way that could masquerade as a TEPR. In short, is the pupil
larger in better performing participants, for instance, because they
fixate the cards for less time? (It is relevant to note here that the
brighter face of the cards would tend to contract the pupil, while the
TEPR patterns we observe here show increases.)

To minimize this concern, we only analyzed pupil data on trials
where the participant fixated both of the cards during encoding, al-
lowing for a fairer comparison; any perturbation induced by the card-
face luminance should be better equalized across trials and participants.
As a check, we looked at total fixation duration on the Match and Non-
Match cards6, during the first 3.5 s of encoding phase (the period that
corresponded to the face up cards, without the final 1 s when they were
face-down). The above-median performing group of participants aver-
aged 2.925 s (SD=0.219 s) of looking, while the below-median group
averaged 2.928ms (SD=0.303 s), a non-significant difference (t(18) =
-0.03, p= 0.98, d=0.01). (The rest of this interval was spent looking
at the face-down Sample card, with a total fixation duration of 0.52 s
and 0.48 s for the above- and below-median groups, respectively). It is
important to note that, in general, it is not unreasonable to expect that
looking time to the cards during encoding could affect VWM perfor-
mance (Colombo and Mitchell, 1990), but the context of the present
experiment it did not seem to. This is likely because the engaging
flipping animation of the Match and Non-Match cards over a short
(3.5 s) interval rendered looking time effectively ‘at ceiling’ (at ap-
proximately 3 s); what was left to vary, then, was the allocation of fo-
cused attention during this period7 .

Most directly, we looked back at the regression analysis to see if
there was a correlation between participants’ average total fixation
duration on the cards during encoding, and his/her pupil response (i.e.,
the value used in our regression analyses above). There was no sig-
nificant correlation (r = -0.17, p=0.23). Along with the results of our
stepwise regression analysis, where fixation duration was not deemed a
necessary variable (but TEPR was), this was consistent with the con-
clusion that the TEPR differences we observed were driven by differ-
ences in focused attention.

4. Discussion

In the current study, we used task-evoked pupil responses (TEPR) to
capture how moment-by-moment changes in focused attention influ-
ence visual working memory (VWM) performance in 13-month-old
infants. We found that infants with greater focused attention during
memory encoding better remembered object-location bindings in a
subsequent test, based on a proactive, anticipatory saccadic response.
While we look forward to replicating and expanding this finding with a
larger sample in future work, the present study is the first, to our
knowledge, to use TEPR to measure focused attention during an on-
going VWM task in infants.

Our results agree with prior infant EEG studies showing that focused
attention can modulate VWM performance by the beginning of the
second year of life (Begus et al., 2015). Further, we found that looking
time at the items during encoding was not required as a predictive
variable, suggesting it was the quality of encoding that mattered, not the
quantity. (This is not to say that looking time is not an important and
necessary index of engagement - but in our brief, dynamic encoding
phase, participants’ looking time was effectively maximized, so the
TEPR was the better, sufficient, index of focused attention.) It is im-
portant to note here that the differences we observed in TEPR were not
limited to the encoding period - differences were present during a fly-in
period that preceded encoding, and during a reward animation that
followed it. However, those differences cannot be linked to infants’
better memory directly, since there was no information presented
during those periods that could be used to solve the task.

Similarly to the findings in children that poor performance may
reflect lower cognitive effort, rather than weaker ability (Chevalier,
2018), infants with lower performance in our study paid less (task-

Fig. 5. Correlation between infants’ (N= 20) mean task-evoked pupil response
(TEPR) over the second half of the encoding phase (a permutation analysis
revealed that this period showed the most pronounced difference between the
groups; see Results) and their VWM performance (i.e., percent correct based on
the percent of trials in which infants made an anticipatory saccade to the Match
card before the Non-Match card during the response phase of a trial).

6 Latencies to (either of) the match and nonmatch cards at the start of the
encoding phase averaged 206 ms (SD = 115 ms). Latencies were skewed to be
short because participants typically have already planned or launched a saccade
toward one of the (face down) Match/Non-Match cards, as the start of the
encoding phase follows right after their fly-in.
7 This analysis also helps to allay concerns about the influence of gaze posi-

tion on estimates of pupil dilation. The Tobii and other eye-trackers can have
systematic biases in estimates of pupil size as a function of gaze position
(Brisson et al., 2013). Our cards were were closely, and symmetrically, spaced
around fixation, which should minimize biases, but more importantly, this
analysis shows that participants, in both groups, spent nearly all of the encoding
interval looking at the cards (3.45 s and 3.41 s out of 3.5s for the above- and
below-median groups, respectively); i.e., gaze position distribution during

(footnote continued)
encoding was indistinguishable between above- and below-median groups.
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relevant) attention. By the second year, infants are able to recruit
higher-level cognitive strategies, such as chunking by conceptual
knowledge (Feigenson and Halberda, 2008), physical cues (Rosenberg
and Feigenson, 2013), and social information (Stahl and Feigenson,
2014), to improve the effective capacity8 of their VWM. Our results
suggest that in addition to these higher-level cognitive factors, the
amount of task-relevant focused attention that is being allocated on a
moment-to-moment basis modulates infants’ VWM performance.

Taking this into account helps establish whether an observed dif-
ference between groups or individuals was due to greater competence
per se (in the present case, the potential for greater memory capacity),
or because more focused attention was exerted (see e.g. Blaser et al.,
2014). A full account of the abilities of a group or an individual should
come from looking at those periods when focused attention is maximal.
Focused attention has long been acknowledged as a crucial variable in
studies of infant cognition. Researchers use varying, often loosely-de-
fined assessments (fussiness, sleepiness, inability to habituate) as ex-
clusion criteria (Slaughter and Suddendorf, 2007) and eliminate trials
when the infant does not look at regions of interest. It is important to
note that even when infants do look at those regions of interest, they
may not be exerting focused attention, in other words, they may engage
in a blank stare (Aslin, 2012). To date, there has been no formal way to
track how focused attention varies as a function of trial, individual, or
group; we propose that segmenting data by pupil dilation can facilitate
this in future studies.

What determines whether a particular infant pays greater focused
attention is outside the scope of the present study, but is a fruitful di-
rection for future research. Several studies have looked at individual
differences in different aspects of infants’ attention and their develop-
mental trajectory. For example, Posner et al. (2012), found that visual
orienting in free play to toys at 6-7-months of age predicted orienting
scores in the Attention Network Test (ANT) at 4 years of age. As well,
the speed of visual information processing in infancy predicts a variety
of executive functions in childhood (Rose et al., 2012). More specifi-
cally, infants’ attentional focus has been demonstrated to be a crucial
predictive factor for later executive functions (Joyce et al., 2018), and
also has been shown to predict later self-regulatory behavior
(Johansson et al., 2015). These findings suggest that the early ability to
control focused attention has individual stability and longitudinal
predictive value.
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