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A B S T R A C T

Dynamic non-luminance-mediated changes in pupil diameter have frequently been shown to be a reliable index
for the level of arousal, mental effort, and activity in the locus coeruleus, the brainstem's noradrenergic arousal
center. While pupillometry has most commonly been used to assess the level of arousal in particular psycho-
logical states or the level of engagement in cognitive tasks, some recent studies have found a relationship be-
tween average resting-state (i.e. baseline) pupil sizes and individuals' working memory capacity (WMC), in-
dicating that individuals with higher WMC on average have larger pupils than individuals with relatively lower
WMC. In the present study, we measured pupil size continuously in 212 participants during rest (i.e. while
fixating) and estimated WMC in all participants by administering the Letter-Number Sequencing (LNS) task from
WAIS-III. We were unable to replicate the relation between average pupil size and WMC. However, the novel
finding was that higher WMC was associated with higher variability in resting-state pupil size. The present
results are relevant for the current debate on the role of noradrenergic activity on working memory capacity.

1. Introduction

During the last decade, some evidence for a positive relationship
between estimates of individuals' working memory capacity (WMC)
with baseline pupil size has emerged in the cognitive science literature,
indicating that individuals with high WMC have larger pupils during
rest (Heitz et al., 2008; Tsukahara et al., 2016). Working memory (WM)
is a theoretical construct, introduced first by Baddeley and Hitch
(1974), which refers to “a hypothetical cognitive system” involved in
maintaining, manipulating and retrieving task-relevant information
(Unsworth and Robison, 2017). An ancillary idea is that WM is capacity
limited and that such a capacity widely differs between individuals
(Conway et al., 2007). Indeed, several empirical studies have shown
that WM capacity is limited and individual variation can predict per-
formance on a wide range of cognitive tasks (e.g., Broadway and Engle,
2011). This relationship also includes higher-order cognitive tasks, in
which inhibition, reasoning, or problem-solving skills are required
(Unsworth and Robison, 2017; Wilhelm et al., 2013), and it may be
related to general intelligence (Conway et al., 2003).

In most experimental paradigms, baseline or tonic pupil size refers
to resting-state and/or pre-trial measurements of pupil size under a

constant light condition with no task and no meaningful stimuli to at-
tend to (e.g., a blank screen). Resting-state (also called as pre-experi-
mental or pre-task) baseline pupil size is measured for a few seconds to
a few minutes before initiating an experimental session and pre-trial
baseline pupil size is measured right before initiating each trial.
Participants are typically asked to simply look at a fixation cross in the
middle of the screen to limit eye movements and its consequent effect
on measurements. Baseline in the present study refers to the resting-
state (pre-experimental) pupil diameter.

Pupil size has also been linked to the general psychophysiological
construct of ‘arousal’ (e.g., Hess and Polt, 1960; Hess and Polt, 1964;
Kahneman and Beatty, 1966; Kahneman, 1973). Consistent with this,
Heitz et al. (2008) proposed that the finding that high WMC individuals
had larger resting-state pupil size compared to those with low WMC
might indicate a generally higher level of arousal in the high WMC
individuals, which may enable them to control attention when situa-
tional interference increases. In contrast, Tsukahara et al. (2016) ar-
gued that neither a higher arousal level account nor mental effort could
explain the differences in resting state pupil size between individuals
with high and low level of WMC. In Tsukahara et al.'s (2016) results,
both WMC and fluid intelligence (Gf) correlated positively with resting-
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state pupil size, but WMC could not predict individuals' tonic pupil size
when controlling for the effect of Gf. The larger resting-state baselines
in high Gf individuals was proposed to be related to the neuromodu-
latory effect of the tonic activity in the locus coeruleus (LC) that leads to
stronger functional connectivity in the default-mode and executive at-
tention networks of the resting-state brain. This stronger functional
connectivity, may enable higher Gf individuals to engage with relevant
events more quickly, similarly to what Heitz et al. (2008) suggested.

The locus coeruleus-norepinephrine (LC-NE) system is one of the
main brain areas that modulates the pupil size through its excitatory
effect on sympathetic pathway and its inhibitory effect on the para-
sympathetic oculomotor complex (Wilhelm et al., 1999; for reviews see:
Beatty and Lucero-Wagoner, 2000; Eckstein et al., 2017; van der Wel
and van Steenbergen, 2018; Laeng et al., 2012; Mathot, 2018). The LC
is a subcortical brain structure located in each side of the rostral pons
and the only source of norepinephrine in the brain. The LC projects to
many cortical and sub-cortical brain areas, which allow it to modulate
several cognitive and emotional processes. The LC's level of activation is
vital for arousal, alertness, and awareness (Sara, 2009), and more
generally for the regulation of changes between brain states (e.g.
Reimer et al., 2014; Shine et al., 2018) and behavioral states (Aston-
Jones and Cohen, 2005; Bouret and Sara, 2005; Yu and Dayan, 2005).
For example, Aston-Jones and Cohen (2005) suggested that the LC-NE
system is involved in regulating the balance between exploitation (task
engagement) and exploration (task disengagement to search for other or
higher rewarding sources) modes of behavior.

Neuronal recordings and stimulation in animals (Joshi et al., 2016;
Rajkowski et al., 1994; Varazzani et al., 2015) have shown a tight link
between modes of activity in LC and pupil diameter. These modes of
activity differ in the pattern of spike discharge and the properties of NE
release. The phasic mode is driven by relevant external or internal
stimuli and is characterized by bursts of high-frequency neuronal dis-
charge and pupil dilations. The LC tonic (sustained) activity, on the
other hand, is, relative to the phasic discharge, distinguished by sto-
chastic, slow firing rates. The tonic discharges regulate the arousal level
and correlate closely with the pattern of tonic pupil fluctuations
(Devilbiss and Waterhouse, 2011; Granholm and Steinhauer, 2004;
Aston-Jones and Cohen, 2005). A positive relation between LC activity
and pupil diameter has also been found in human neuroimaging studies
(Alnæs et al., 2014; Murphy et al., 2014; Schneider et al., 2016; Yellin
et al., 2015).

While low tonic LC activity is associated with small baseline pupil
sizes along with sleepiness or fatigue, high tonic LC activity is asso-
ciated with stress, high arousal, large baseline pupil sizes, and with
exploration mode of behavior (Aston-Jones and Cohen, 2005; Mathot,
2018). Finally, a medium level of LC tonic activity is associated with an
optimal level of arousal, attentiveness, task engagement, better per-
formance, and a medium level of pupil size.

In addition to the level of activity, the variability of LC tonic firing
may also be important for the functional diversity of LC (Schwarz and
Luo, 2015), and for the behavioral flexibility, i.e. for the random ex-
ploration of reward resources, and for the dynamic regulation of
arousal and wakefulness based on internal state. However, while a
variable LC tonic activity can be adaptive under resting-state, it can be
destructive during task performance. In fact, Unsworth and Robison
(2015, 2017) found that lower working memory capacity was related to
greater variability, rather than an average decrease, in pre-trial baseline
pupil sizes. According to them, this may indicate the presence of a more
variable LC tonic activity level and consequently more lapses of at-
tention in individuals with lower WMC, compared to those with higher
WMC. While the relation between WMC and variability of pre-trial
baseline pupil sizes (Unsworth and Robison, 2015), and relation be-
tween WMC and mean pre-trial and mean resting-state baseline size
(Heitz et al., 2008; Tsukahara et al., 2016) have been previously ex-
amined, the relation between WMC and variability of resting-state
baseline pupil sizes remains unknown.

The association between resting-state pupil fluctuations and WMC
may be quite relevant to understanding the relationship between pupil
as an index of arousal and WM. Results from a recent imaging study
(Schneider et al., 2016) showed that resting-state pupil fluctuations
were associated with activity in the salience and executive networks.
That is, resting-state pupil dilations were accompanied by increased
activities in dorsal anterior cingulate cortex (dACC) and anterior insula.
The dACC and anterior insula are both components of the salience
network and thought to be involved in tonic alertness and arousal
states. Results also showed that resting-state pupil dilations were as-
sociated with increased activity in the executive network, which is
linked to working memory (Bressler and Menon, 2010; Curtis and
D'Esposito, 2003). Moreover, they found the same pupil-brain activity
correlations, along with increased activation in the thalamus, also when
participants were under a sleep-restriction condition. As a result,
Schneider et al. (2016) proposed that the pupil fluctuations may reflect
an arousal regulation, indicating that subjects were trying to remain
alert while keeping their gaze on the fixation point.

The above neuroimaging findings are intriguing in light of both the
“control or executive attention view” of WMC (Kane et al., 2001; Kane
et al., 2007) and the LC account of individual differences in WMC and
attentional control (Unsworth and Robison, 2017), which suggest that
WMC reflects a general top-down ability to control attention, through
the neuromodulatory effect of the LC-NE system. However, there is
limited experimental evidence for this relationship and the nature of
the relationship is not clear.

Results from other psychophysiological measurements of the auto-
nomic nervous system (ANS) like heart rate variability (HRV) indicate
that high WMC associates with higher variability in HRV (Laborde et al.,
2015). As pupillary fluctuations, HRV is under the influence of the
parasympathetic nervous system and linked to cognitive functions. In-
dividuals with higher rest HRV had higher WMC and better cognitive
control (Hansen et al., 2009; Gillie and Thayer, 2014). Indeed, pu-
pillometry with eye-tracking may be the most promising method to
study the relationship between arousal and the LC tonic activity with
WMC, given the tight link between the LC and pupil size and that, in
comparison to heart rate and skin resistance, pupil size is the most
consistent index of sympathetic activity of autonomic nervous system
(Kahneman et al., 1969). Moreover, neuroimaging of the LC is not only
costly but methodologically challenging because of its small size and its
location in the brainstem.

Thus, the aim of present study is to re-assess the relation between
WMC and tonic pupil size (both as averages and as variability) and to
attempt to replicate the previous findings indicating a relationship be-
tween the state of noradrenergic modulation, as indexed by pupil size
and WMC. Specifically, we hypothesized that, if the average baseline
pupil is related to WMC, then there should be 1) a significant difference
in resting-state pupil size between individuals with high and low levels
of WMC, essentially replicating findings of previous studies; and 2)
there should be a positive relation between average baseline pupil size
and WMC. However, if, similar to other psychophysiological measure-
ments of the ANS (like HRV), WMC is related to the variability in tonic
pupil size, then 3) we should find a positive relation between WMC
estimates and the coefficients of variation of these baseline pupil sizes.

2. Method

2.1. Participants

We recruited a sample of N=212 participants (139 females; mean
age, 25. 2 years; SD, 4.28), most of them among students from the
University of Oslo. All participants had normal or corrected-to-normal
vision. All signed a consent form prior to participating and received a
gift card with a value of 100 Norwegian Kroner as compensation. No
information regarding the main purpose of the study was revealed to
them prior to testing. A statistical Power analysis using G*Power tool
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(Faul et al., 2007) based on the reported effect size of WMC on resting-
state baseline pupil size (mean d=0.715, from Tsukahara et al., 2016)
showed that, with an alpha level of 0.05, at least 88 participants would
be required to get a Power of 0.95 (i.e., N=44 in each group with high
and low WMC). Thus, our sample is well in excess of the needed sta-
tistical power for replicating previous results. Having large enough
sample size is important since dividing a sample into two groups based
on median value decreases statistical power.

2.2. Materials, apparatus, and procedure

To test our hypothesis, we included in the initial phase of several,
separate, pupillometry experiments that we have been running lately in
our laboratory at the department of psychology (University of Oslo),
both a measure of WMC and of resting-state baseline pupil size.
Participants were asked to just look at a fixation cross presented at the
middle of a blank screen and then WMC was measured. This procedure
and fixation stimulus were identical in every session. However, the
WMC of 20 participants were estimated before measuring resting-state
pupil sizes due to the experimental setup in a specific study. Excluding
these individuals from the analysis did not change the patterns of re-
sults.

A binocular Remote Eye Tracking Device (R.E.D.; SMI-SensoMotoric
Instruments, Teltow, Germany) was used to record the pupil size. The
R.E.D. can operate at a distance of 0.5–1.5 m and its recording cap-
abilities are not influenced by room lighting. All participants were
tested in the same windowless room with constant illumination. The
recording sample rate was 60 Hz (i.e. every 16.7ms; since pupillometry
does not benefit from higher sampling rates; Sirois and Brisson, 2014)
with a spatial resolution of about 0.1 degrees. Participants were seated
in front of a 47×29.4 cm color, flat LED monitor with a resolution of
1920×1080 pixels and 60 Hz refresh rate. After finishing the calibra-
tion and validation procedure, participants were asked to just look at a
black fixation cross (Background: RGB: 120, 120, 120, Fixation cross:
RGB: 0,0,0), presented at the center of a blank empty screen. Differently
from some previous studies (i.e., Tsukahara et al., 2016), head move-
ments were stabilized using a chin-rest that kept the eye-to-monitor
distance constant at 57 cm.

The measurement duration for the first study (N=40) with this
experimental setup designed to measure WMC and resting-state base-
line pupil sizes was 5min. After analyzing these data, we modified the
setup and reduced the measurement duration to 2min for the last 172
participants; simply because we found a strong correlation (r= 0.98,
p < .005) between the median pupil sizes obtained from the 5min
recordings and the mean pupil sizes from the last 2min of the re-
cording, making irrelevant collecting long-lasting recordings (see also
Mathôt et al., 2018).

Participants' WMC was estimated using the “Letter-Number-
Sequencing” task. The task is a subtest of the Wechsler Adult Intelligent
Scale Third Edition (WAIS-III) (Wechsler, 2003). Participants are pre-
sented with strings consisting of both numbers and letters combined,
which are unsorted. These strings vary in length and the task is to or-
ganize the numbers in ascending order and the letters in alphabetic
order. The test is discontinued when the subject fails three consecutive
sequences of the same length. A total raw score is estimated for each
participant by measuring the total number of correctly recalled se-
quences. The test can be quickly administered and, most importantly, it
is highly correlated with laboratory measures of WMC. Specifically, it
has a high correlation (r= 0.53) with a composite score of three se-
parate operation span tasks (i.e., automatic operation span task, lis-
tening span task, modified lag task; Hill et al., 2010) and it is the most
widespread measure of WM among European psychologists (Evers
et al., 2012).

2.3. Data processing

After visual inspection to evaluate the quality of data, artifacts (e.g.,
physiologically impossible values) and time intervals containing blinks
were replaced by linear interpolations beginning five samples before
and five samples after a blink. Interpolated data were further filtered,
using Hampel filter (Pearson, 1999), and then smoothed, using Lowess
smoothing (Cleveland, 1981), to exclude outliers and high-frequency,
instrumental noises (Klingner et al., 2008). The statistical analyses were
repeated for raw, interpolated, Hampel filtered and smoothed pupil
data to investigate whether our preprocessing procedure influences the
results. Since the results did not change, we report only the outcomes
from the data that had undergone the whole preprocessing procedure
(i.e., interpolated, Hampel filtered and smoothed data). Finally, to
measure the median and mean pupil size (in mm) for each participant,
we used 100 s from the 2min recording, skipping the first and last 10 s.
All pre-processing of pupillary data was done using R (R Core Team,
2018). Analysis scripts are available from https://github.com/thohag/
pupilParse.

In addition, a WMC score was calculated for each participant. A
higher score indicates higher WMC. To assess differences in baseline
pupil size between individuals with high and low WMC, the median of
total scores for WMC was calculated and participants were then divided
into two groups with high and low WMC. To examine whether WMC
relates to the variability, instead of the average, of tonic pupil size, the
coefficient of variation (CoV) of baseline pupil diameters was com-
puted. Considering our recording frequency of 60 HZ and the mea-
surement duration of 100 s, there were 6000 recorded data points for
each participants. First, mean and standard deviation (SD) of these
recorded baseline values were calculated for each individual, and then
CoV was computed using the following formula: (SD/Mean) ∗ 100.

The statistical analyses were performed with IBM SPSS version 25
(IBM SPSS Statistics for Windows and for Macintosh, Version 25.0.
Armonk, NY: IBM Corp.) and JASP (v.0.9) free software (https://jasp-
stats.org/) for the Bayesian analyses.

3. Results

The Descriptive statistics for WMC scores and baseline pupil size in
each group (high and low WMC) is presented in Table 1. As seen, there
was a large range (5–20) of WMC scores between individuals.

3.1. Relationship between average baseline pupil size and WMC

After checking for normality, an independent-samples t-test was
used to test whether individuals with high WM scores show larger mean
resting-state baseline pupil sizes than those with lower WMC. As shown
in Fig. 1, there was no significant difference in mean baseline pupil size
between individuals with high WMC (N=106, M=4.38, SD=0.71)
and low WMC (N=106, M=4.34, SD=0.65), t(210)=−0.45,
p= .65; even though the difference in WMC between individuals with
high (M=15.12, SD=1.84) and low (M=10.24, SD=1.59) levels of
WMC was significant, t(210)=−20.66, p < .001, Cohen's d= 2.8.

Table 1
Descriptive statistics for WMC scores and resting-state baseline pupil size.

M SD Min–max (range) N

WMC group
High 15.12 1.84 13–20 (7) 106
Low 10.24 1.59 5–12 (7) 106

Pupil size
High WMC 4.38 0.72 3.05–7.09 (4.05) 106
Low WMC 4.34 0.65 2.94–6.30 (3.36) 106

Note. WMC: working memory capacity, M: mean, SD: standard deviation.
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Controlling for the effect of age did not change the result, and there was
also no significant difference in mean baseline pupil size between fe-
males and males (p= .34).

The data were also examined by estimating the Bayes factor to test
how probable it is to find a significant difference in baseline pupil size
between individuals with high and low level of WMC. The prior was
based on the default JASP Cauchy distribution and the fit of the data
under the null hypothesis was compared with the fit under the alter-
native hypothesis. The obtained Bayes factor (BF10) was 0.16, which is
below a BF=0.33 (Dienes, 2014), and can, therefore, be considered as
substantial evidence for H0 (or moderate evidence according to Wetzels
et al., 2015). In fact, these results are about 6.25 times (BF01= 1/
0.16=6.25) more likely under the null hypothesis (H0) than under H1.

A simple linear regression analysis also showed that WMC score was
not a significant predictor of mean baseline pupil size (B=−0.02,
p= .35) with an R2 of 0.004, F(1, 210)= 0.87, p= .35 (Fig. 2). Ac-
cording to result from Bayesian regression analysis (BF10= 0.23), these
data are 4.35 times more likely under the null hypothesis (H0) than
under H1.

3.2. Relationship between the coefficient of variation of baseline pupil size
and WMC

To examine the third hypothesis, i.e., if there is a significant dif-
ference in CoV of baseline pupil size between individuals with high and
low WMC, an independent t-test analysis was run with CoV of pupil size
as dependent variable and level of WMC as independent variable.

Results revealed a significant difference in CoV of pupil sizes between
individuals with low and high level of WMC, t(210)=−2.98, p= .003,
showing that the mean CoV was significantly larger (M=6.31,
SD=2.35) in individuals with higher level of WMC than mean CoV
(M=5.40, SD=2.10) in low WMC individuals (Fig. 3). The estimated
Bayes factor (BF10), was 9.09, which can be considered as moderate
evidence for H1 (3<BF10>10).

A simple linear regression analysis showed that WMC score was a
significant predictor of CoV of baseline pupil size (B=0.17, p= .001)
with an R2 of 0.05, F(1,210)= 10.73, p= .001 (Fig. 4).

4. Discussion

In the present study, we found a novel positive relationship between
WMC and CoV of resting-state pupil size, indicating that higher WMC
was associated with higher variability in resting-state pupil size.
However, results did not show any significant relationship between
mean resting-state baseline pupil size and working memory capacity.
Therefore, we failed to replicate the findings of two previous studies
that indicated that higher WMC is associated with a larger mean resting-
state baseline pupil size (Heitz et al., 2008; Tsukahara et al., 2016). We
note that resting-state pupil size refers to the pre-task or pre-experimental
baseline pupil size, which is measured before running the experiments
and differs from pre-trial baseline pupil size, which is measured right
before initiating each trial.

One possible reason for the present negative findings regarding
average baseline pupil size may be that the relationship between the
mean baseline pupil and working memory capacity may be sensitive to

Fig. 1. Mean pupil diameter at resting state baseline (during 100 s passive
viewing) for high (N=106) and low (N=106) working memory capacity
(WMC) participants. Error bars represents± 1 standard error.

Fig. 2. Scatterplot of working memory capacity (WMC), measured by LNS, and
mean baseline pupil size (in mm).

Fig. 3. Mean Coefficient of Variation (CoV) of rest-state baseline pupil size for
individuals with low and working memory capacity (WMC). Error bars re-
presents± 1 standard error.

Fig. 4. Scatterplot of coefficients of variation of resting-state baseline pupil size
and working memory capacity measured by LNS.
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the characteristics of the specific WMC tests. We note that the we used
Letter-Number Sequencing (LNS) to measure WMC, whereas Heitz et al.
(2008) used “operation- span task”, and Tsukahara et al. (2016) used
three “reading-, operation- and symmetry- span tasks” to measure
WMC. These three span tasks are known as “complex span task”
(Conway et al., 2005), because, in addition to encoding the memory
items (e.g., words, patterns), they include a concurrent information-
processing requirement (e.g., solving a mathematical equation). How-
ever, LNS and these span tasks belong to the same class of executive-
functioning WM tasks since they involve similar cognitive processes,
i.e., maintaining, manipulating and retrieving the relevant information
(Perry et al., 2001). Moreover, the LNS is the most widespread measure
of WM among European psychologists and considered a reliable index
of WMC (Evers et al., 2012). Hence, it is puzzling in the light of the
original hypothesis that the present WM task would differ in its re-
lationship to the pupil compared to the other WMC estimates.

We also note that in one of the previous studies (Tsukahara et al.,
2016), the effect size of the relationship between WMC and baseline
pupil size was strong (d=1.10), where high WMC participants were
found to have about 1mm larger baseline pupil size than the low WMC
participants. One would expect that using WMC tests with a different
level of sensitivity might influence the degree of the relationship, not its
presence. It is noteworthy that Tsukahara and colleagues showed also
that after controlling for the effect of fluid intelligence, the unique
variance of WMC was no longer associated with the mean resting-state
baseline pupil size. Thus, it is unlikely that our null finding for re-
lationship between WMC and mean resting-state baseline pupil size can
be due to differences in the scales (or in the measured ‘construct’ be-
tween these tasks) that were used to measure WMC.

Another possibility for the present negative finding is that we did
not have sufficient variability in WMC scores, in our sample (i.e., be-
tween the high and low WM groups). To evaluate whether our WMC
results are comparable to those of the previous studies, we examined
the descriptive information about the WMC in Heitz et al.' (2008) study,
where means and SD were reported to be, respectively, 6.33 (2.60) and
24.52 (5.88) for low and high WM span groups. Thus, it would seem
that the mean difference in WMC scores (7, 58), between those in the
upper and lower quartiles of WMC distribution, was compressed in our
sample compared to the mean difference (18,19) in the Heitz et al.
(2008) sample, but the between-group difference in WMC was still
significantly different in our study (p < .001). Unfortunately, the
range of WCM scores was not reported in Tsukahara et al.'s (2016)
study.

In addition to possible differences in our samples, there are meth-
odological differences between this and the previous studies. In contrast
to the procedure in our study, as declared by Tsukahara et al. (2016)
and Heitz et al. (2008), “No devices, such as a chin-rest, were used to
stabilize the subject's head position.” Given the lack of this distance
stabilizing factor, the mean pupil size will be larger when the distance
between the eyes and the tracker gets generally shorter (for example,
one could expect that highly motivated people might tend to sit closer
to the screen and, if the changes in size are not correct for distance by
some analysis algorithm, then these people's eyes will be registered as
larger on average). This distance is reported to be between 60 and
80 cm in Tsukahara et al.'s (2016) study, which can influence on the
eye-tracking precision causing higher degrees of instrumental artifacts
(Klingner et al., 2008). Although this may seem unlikely to be alone an
artifact capable to cause such systematic differing findings, it may
contribute some additive effects. In fact, the most reliable measures of
pupil size in mm is provided by systems that take into account head
distance and rotation together with pupil size in video pixels, so as to
compute a reliable “mapped pupil diameter” (as done by our SMI eye-
tracking hardware and software).

Finally, we cannot exclude the possibility that the larger mean
resting-state baseline pupil size in high WMC participants in the two
previous studies refers to a higher level of arousal mediated by some

other latent variables like motivational or cultural factors. Several
studies have shown motivational influences on WMC, pupil size and LC
activity (Aston-Jones and Cohen, 2005; Chiew and Braver, 2011; Heitz
et al., 2008; Krawczyk and D'Esposito, 2013; Sanada et al., 2013;
Szatkowska et al., 2008). Incentives (e.g., expecting monetary rewards)
can modulate the relationship between WMC and pupil size (Heitz
et al., 2008; Miller et al., 2019).When it comes to relationship between
resting-state baseline pupil size and WMC, such motivational factors
may induce different level of engagement and motivation to achieve,
and, in turn, modulate arousal in these individuals.

The higher level of alertness, especially in individuals with high
level of WMC, compared to those with low WMC, can also be related to
cultural differences. While participants in the current study were either
Norwegian or international students, in both previous studies they were
all from the USA. We do not have any evidence that Norwegians tend to
have smaller body size and, therefore, smaller eyes and pupils than
North Americans. Although ethnicity did not affect the results in
Tsukahara et al.'s (2016) study, cultural differences could influence on
individuals' motivation, especially in competitive situations like in
educational settings, where task engagement and giving a good im-
pression is highly valued. We also note that American students, com-
pared to European ones, apparently are used to participate routinely to
cognitive testing, therefore they may have quite good metacognition of
their abilities and be more engaged or aroused by tests, especially for
those with metacognition of their higher capacities. Hence, future stu-
dies on the current issues should include participant populations that
are different from the standard North American University samples.
Indeed, while testing for the effect of “familiarity with the environ-
ment”, Tsukahara et al. (2016) found a significant relationship between
being a college student and baseline pupil size (r=0.28, B=0.60).
The mean baseline pupil size of the low WMC individuals (M=~5.7)
in both previous studies appeared to be 1.5mm larger than the mean
pupil size of low WMC individuals (M=4.29) in our sample. Motiva-
tional or cultural factors may contribute to this relatively large differ-
ence in mean resting-state pupil size and arousal level between samples.

What seems most important is that we found that the higher WMC
was associated with higher variability in resting-state baseline pupil
size. This finding is novel in relation to pupillometry but is in ac-
cordance with results from other psychophysiological measurements of
the autonomic nervous system (ANS) such as heart rate variability (HRV)
(Laborde et al., 2015). As pupillary fluctuations, HRV is under the in-
fluence of the parasympathetic nervous system and linked to cognitive
functions. Individuals with higher rest HRV have been found to have
higher WMC and better cognitive control (Hansen et al., 2009; Gillie
and Thayer, 2014).

Intriguingly, findings from a recent fMRI study (Schneider et al.,
2016) showed that resting-state spontaneous pupil dilations were ac-
companied by increased activities in components of the salience net-
work (i.e., dACC and anterior insula), which is thought to be involved
in tonic alertness and arousal states. Moreover, they found that in-
creases in resting-state pupil size were also associated with increased
activity in the thalamus, and in the executive network. The authors
proposed that the pupil fluctuations might reflect arousal regulation,
indicating that participants were trying to remain alert while keeping
their gaze on the fixation point. Due to the link between the executive
network and working memory (Bressler and Menon, 2010; Curtis and
D'Esposito, 2003), higher variability in resting-state pupil size may in-
dicate that high WMC individuals in the present study show a higher
level of arousal regulation, rather than a general higher level of arousal,
compared to low WMC individuals. Nevertheless, this higher arousal
regulation could also be related to differing motivational and person-
ality traits, which would be consistent with the arousal theory of mo-
tivation (Hebb, 1955; Yerkes and Dodson, 1908). For instance, in-
dividuals with higher WMC, compared to low WMC individuals, might
possess a higher level of “need for cognition” trait, which is associated
with higher level of arousal seeking (Crowley and Hoyer, 1989).
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Otherwise, in the absence of any particular external motivational re-
quirements (i.e., under resting-state), it remains unclear what is the
reason that individuals with high WMC should allocate their mental
resources to keep a certain level of tonic activity in the LC and be in an
alert status.

What seems puzzling is that Unsworth and Robison (2015, 2017)
found a negative relation between WMC and variability in “pre-trial”
baseline pupil sizes, indicating that lower WMC scores were associated
with more variability in pre-trial baseline pupil fluctuations. The au-
thors proposed that the higher variability in pre-trial baselines be re-
lated to a more variable tonic LC activity lapses in the attentional
control, task-off thinking, task disengagement, and worse performance
in low WMC individuals when performing a task (Unsworth and
Robison, 2015, 2017). However, pre-trial baseline is different from
resting-state pupil size, which is measured before initiating the ex-
periment, whereas the pre-trial baseline pupil size is measured right
before each trial in a task, in an event-related manner. In the absence of
any active task to do, higher variability in the resting-state baseline pupil
size of high WMC individuals may provide a better index of variability
in tonic LC activity as an individual trait towards high environmental
exploration (Jepma and Nieuwenhuis, 2011) It has been argued that a
main function of the LC-NE system is to support behavioral flexibility, i.e.
the adaptation of the behavior to changes in the environment
(Devauges and Sara, 1990; Bouret and Sara, 2004; Guedj et al., 2016).
Indeed, several accounts have suggested that behavioral flexibility is at
the center of the functional role of norepinephrine in cognition (Aston-
Jones and Cohen, 2005; Bouret and Sara, 2005; Yu and Dayan, 2005).
Following these ideas, different levels of NE activity could be associated
with changes in the presence of random exploration, which would be
associated with an increased likelihood of randomly stumbling into
novel rewarding options. In structured and deterministic environments,
such as a lab context in which the experimenter has defined the reward
contingencies, behavioral choices and LC activity should optimally
follow the values of the options given. However, in an unstructured
environment, such as in a resting-state protocol where only a very
limited number of reward contingencies are explicitly defined (e.g.
fixation), it could be beneficial to explore several options, should an
unexpectedly better alternative appear.

The adaptive gain theory (Aston-Jones and Cohen, 2005) suggests
that the LC-NE system helps to optimize performance by adjusting gain.
According to Aston-Jones and Cohen (2005), the tonic mode provides a
mechanism by which the system can optimize performance in a broad
sense, i.e. independent of specific pre-defined reward contingencies, by
sampling a wide range of options and strengthening the representation
of those that lead to states with the highest value for the person. That is,
the optimal strategy under such conditions, is exploring the environ-
ment, and sampling different options until new sources of reward are
discovered. Optimal reward harvesting could potentially be associated
with a sustained high tonic mode activity (Jepma and Nieuwenhuis,
2011), as also suggested by the results of Tsukahara et al. (2016), but
could also be achieved by intrinsic fluctuations of activity. If this were
the case, one would expect that suppressing such fluctuations of activity
would inhibit behavioral flexibility. In a recent pharmacological study
with rhesus monkeys, Jahn et al. (2018), showed that systemic injec-
tions of the α2 adrenoceptor agonist clonidine, which is known to de-
crease LC activity (Kawahara et al., 1999), was causally involved in
decreasing variability in choices (i.e. increasing choice repetitions) in a
decision-making task. These results are in line with previous findings in
rats showing that enhancement of LC input to the anterior cingulate
lead to increased behavioral variation (Tervo et al., 2014).

Another possibility might be that optimal reward harvesting is
achieved through an oscillating or continuously changing pattern of
reward sampling, e.g. as transitions between exploration and ex-
ploitation (Aston-Jones and Cohen, 2005). Furthermore, such an os-
cillation might have an optimum that varies for different individuals
and WMC could be one factor that contributes to such individual

differences. Future studies with better-controlled conditions, larger
samples, and from different laboratories, will help to resolve these in-
consistent findings.
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