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Abstract Studies examining individual differences in work-
ing memory capacity (WMC) have suggested that low WMC
individuals have particular deficits in attention control pro-
cesses compared to high WMC individuals. In the current
article we suggest that part of the WMC-attention control re-
lation is due to variation in the functioning of the locus
coeruleus-norepinephrine system (LC-NE). Specifically, we
suggest that because of dysregulation of LC-NE functioning,
the fronto-parietal control network for low WMC individuals
is only weakly activated, resulting in greater default-mode
network activity (and greater mind-wandering) for low
WMC individuals compared to high WMC individuals. This
results in disrupted attention control and overall more erratic
performance (more lapses of attention) for low WMC individ-
uals than for high WMC individuals. This framework is used
to examine previous studies of individual differences in WMC
and attention control, and new evidence is examined on the
basis of predictions of the framework to pupillary responses as
an indirect marker of LC-NE functioning.

Keywords Working memory - Individual differences -
Attention control

Working memory, our ability to actively maintain, manipulate,
and retrieve task-relevant information, is a core cognitive con-
struct that is needed in a host of activities. Indeed, individual
differences in working memory capacity (WMC) have long
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been shown to be powerful predictors of performance in a
number of domains. For example, research has found that
WMC predicts performance on a number of measures of
higher-order cognition including fluid reasoning (Engle et al.,
1999; Kane et al., 2004; Kyllonen & Christal, 1990), reading
comprehension (Daneman & Carpenter, 1980), learning
(Kyllonen & Stephens, 1990; Unsworth & Engle, 2005), and
standardized tests of scholastic aptitude (Engle et al., 1999).
Furthermore, measures of WMC have been shown to predict
important phenomena such as early-onset Alzheimer disease
(Rosen, Bergeson, Putnam, Harwell, & Sunderland, 2002),
life-event stress (Klein & Boals, 2001), aspects of personality
(Unsworth, Miller, Lakey, Young, Meeks & Campbell, 2009),
susceptibility to choking under pressure (Beilock & Carr,
2005), and stereotype threat (Schamader & Johns, 2003).
Clearly WMC is related to a number of important abilities,
yet the reasons for these relations are still not fully understood.
Recently we have suggested a multifaceted view of individual
differences in WMC in which individual differences are driven
by multiple different facets (Unsworth, 2016; Unsworth et al.,
2014). These facets include capacity of primary memory, atten-
tion control, and secondary memory abilities. This work builds
on prior research suggesting that individual differences in at-
tention control (or executive attention) are one key to under-
standing the explanatory power of WMC (Engle & Kane,
2004; Kane & Engle, 2002; Unsworth & Engle, 2007). In the
current article we extend the attention control (or executive
attention) view of WMC by suggesting that individual differ-
ences in WMC and attention control are largely driven by
differences in fluctuations of attention control regulated by
the locus coeruleus-norepinephrine system. Specifically, we
utilize Cronbach (1957) and others’ (Cohen, 1994,
Underwood, 1975) call to analyses of individual differences
(along with experimental methods) in order to gain a better
understanding of the underlying processes and potential neural
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mechanisms. For the most part we focus on the relation be-
tween attention control and WMC, but briefly examine impli-
cations for both capacity and secondary memory abilities.
Below, we review investigations into individual differences
linking WMC and attention control, and present a general
framework within which to interpret individual differences in
WMC and attention control. Finally, we present evidence from
pupillometry studies supporting such a view.

Working memory capacity and attention control

The notion that working memory and attention are strongly
linked has been a basic component of models of working
memory since their inception. Indeed, Baddeley (1993) noted
that in many situations working memory could really be
thought of as working attention. In terms of individual differ-
ences in WMC work by Engle, Kane, Conway and colleagues
(Engle & Kane, 2004; Kane & Engle, 2002; Kane et al., 2007)
has strongly suggested that differences in WMC are partially a
result of differences in attention control. By attention control
we mean the set of processes that allow us to focus selectively
and actively maintain task-relevant information in the pres-
ence of internally or externally distracting information. In par-
ticular, this view suggests that individuals high in WMC are
better at controlling aspects of their attention to actively main-
tain goal-relevant information in order to successfully perform
a task than are individuals low in WMC. Furthermore, these
differences are especially pronounced under conditions of
high interference or distraction in which attentional capture
away from task- or goal-relevant information is likely (e.g.,
Engle & Kane, 2004). Thus, high WMC individuals are better
at preventing interference or distraction than low-WMC indi-
viduals, and this attention control ability is needed in a host of
activities regardless of specific stimulus or processing do-
mains. By this account individual differences in WMC are
partially determined by individual differences in attention
control that manifest themselves not only on various attention
control tasks (see below), but also on various working mem-
ory measures. Indeed, recent research suggests that individual
differences in working memory are partially due to lapses of
attention that occur on various working memory tasks (Adam
etal., 2015; Mrazek et al., 2012; Unsworth & Robison, 2015,
2016a). Below we review evidence suggesting WMC differ-
ences in terms of (1) performance on various attention control
tasks, (2) attentional failures in and out of the laboratory, and
(3) consistency of attentional control.

Working memory capacity differences on attention con-
trol tasks: Much of the evidence in favor of an attention
control view of WMC comes from extreme groups and factor
analytic studies demonstrating relations between measures of
WMC and attention control. For example, WMC differences

have been demonstrated in dichotic listening (Colflesh &
Conway, 2007; Conway, Cowan, & Bunting, 2001), Stroop
interference (Hutchison, 2011; Kane & Engle, 2003; Long &
Prat, 2002; Meier & Kane, 2013; Morey et al., 2012), flanker
interference (Heitz & Engle, 2007; Redick & Engle, 2006),
performance on the antisaccade task (Kane et al., 2001;
Unsworth, Schrock, & Engle, 2004), performance on the psy-
chomotor vigilance task (Unsworth et al., 2010; Unsworth &
Spillers, 2010), performance on the Sustained Attention to
Response Task (SART; McVay & Kane, 2009), performance
on versions of go/no-go tasks (Redick et al., 2011), perfor-
mance on the AX-CPT task (Redick, 2014; Redick & Engle,
2011; Richmond, Redick, & Braver, 2015), performance on
cued visual search tasks (Poole & Kane, 2009), and perfor-
mance on some versions of the Simon task (Meier & Kane,
2015; Weldon et al., 2013; but see Keye et al., 2009). Clearly,
individual differences in WMC are related to performance on
a number of attention control tasks. Furthermore, these differ-
ences are found when examining latent variables composed of
the shared variance among multiple attention control tasks.
For example, Unsworth and Spillers (2010) had participants
perform a number of WMC tasks as well as antisaccade,
flankers, Stroop, and the psychomotor vigilance task. It was
found that all of the attention control tasks loaded on the same
attention control factor and this factor was strongly related to a
latent WMC factor (see also Kane et al., 2016; McVay &
Kane, 2012; Unsworth, Fukuda, Awh, & Vogel, 2014,
Unsworth & McMillan, 2014). Indeed, as shown in Fig. 1,
examining data from 646 participants pooled from a number
of published studies from our laboratory suggested that per-
formance on antisaccade, flankers, and the psychomotor vig-
ilance task all loaded onto the same latent attention control

Fig.1 Confirmatory factor analysis examining relation between working
memory capacity (WMC) and attention control (AC). All paths are
significant at the p < .05 level. The fit of the model was acceptable, x>
(7)=11.29, p=.12, RMSEA = .03, NNFI = .99, CFI = .99, SRMR =.02.
Furthermore, the two-factor model shown fitted significantly better than a
one-factor model, A x* (1) = 33.95, p < .001. Ospan operation span
recall, Rspan reading span recall, Symspan symmetry span recall, Anti
antisaccade accuracy, Flanker Flanker interference score, PVT slowest
20% of trials on the psychomotor vigilance task
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factor, and this factor was strongly correlated with WMC.
Thus, WMC is related to attention control at both the task
and latent levels.

Furthermore, it should be noted that our attention control
construct is conceptually similar to Miyake and Friedman’s
inhibition factor (Friedman & Miyake, 2004; Friedman
et al., 2006, 2008; Miyake et al., 2000; Miyake & Friedman,
2012). In particular, both are made up of similar tasks (e.g.,
antisaccade, Stroop, flankers, etc.) and both are strongly relat-
ed to working memory factors. Additionally, along with other
executive functions there is a strong genetic component to the
inhibition factor and it is related to a number of clinically and
societally important behaviors (Friedman et al., 2008; Miyake
& Friedman, 2012; see also Kane et al., 2016). Thus, when
talking about the attention control construct it is important to
keep in mind that it is very similar to the inhibition construct in
Miyake and Friedman’s work.

Collectively these results are in line with an attention con-
trol view of WMC, which suggests that individual differences
in WMC are partially due to differences in the ability to ac-
tively maintain task goals in the presence of distraction and
interference. That is, top-down attention control processes are
needed to maintain task goals and bias responding so that the
appropriate behavior is executed. In many situations, partici-
pants will have to actively maintain a novel task goal that is in
direct opposition to prepotent response tendencies (Roberts &
Pennington, 1996). If there is a failure of active goal mainte-
nance, then it is likely that prepotent response tendencies will
guide behavior leading to the execution of the incorrect re-
sponse and overall goal neglect (Duncan, 1995). That is, in
situations when attention is tightly focused on the task goal,
performance will be both fast and accurate. However, if atten-
tion is not tightly focused on the task goal, goal neglect can
occur, which will lead to overall slower responses or to very
fast errors that are guided by prepotent tendencies. In condi-
tions where active maintenance of task goals is not required
for correct responding, WMC differences typically do not oc-
cur. That is, there are boundary conditions regarding the rela-
tion between WMC and various attention control processes
(Kane et al., 2006; Meier & Kane, 2013, 2015; Morey et al.,
2012; Poole & Kane, 2009; Unsworth et al., 2012). It is not the
case that WMC is related to all manifestations of attention
control, but rather that particular aspects of attention control
are related to WMC. Thus, there are clear relations between
individual differences in WMC and performance on a variety
of attention control tasks and these relations seem to mostly be
due to differences in the ability to actively maintain task goals
and prevent goal neglect and attentional capture.

Working memory capacity and attentional failures in and
out of the laboratory: In addition to demonstrating relations
between WMC and performance on a variety of attention
control tasks, recent work has suggested relations between
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WMC and subjective attentional failures both in and out of
the laboratory. For example, Kane et al. (2007) had partici-
pants perform a number of WMC tasks in the laboratory and
then participants carried PDAs (personal digital assistants) for
aweek. Periodically throughout the day the PDAs would beep
and participants would have to answer a variety of questions
about whether they had just been mind-wandering.
Importantly, Kane et al. found that low WMC individuals
experienced more mind-wandering in daily life when their
current task required concentration, was challenging, or was
effortful. Thus, low WMC individuals experienced more real-
world attentional failures in situations that required a great
deal of control. Other factors such as boredom or sleepiness
did not moderate the relation between WMC and mind-wan-
dering. In line with attention control views this suggests that
low WMC individuals found it more difficult than high WMC
individuals to sustain their attention on challenging and de-
manding tasks leading to attention failures (i.e., more mind-
wandering). However, on tasks that did not require a great deal
of effort, WMC was unrelated to mind-wandering.

In a similar vein, Unsworth, Brewer, and Spillers (2012)
had participants perform a number of tasks in the laboratory
(WMC, attention control, prospective memory, retrospective
memory) and then carry a diary around for a week logging
their various cognitive failures. Important for the current dis-
cussion, Unsworth et al. found that WMC and attention con-
trol assessed in the laboratory predicted everyday attentional
failures. In particular, low WMC and low attention control
individuals reported more external distraction, more absent-
mindedness, and more mind-wandering than high WMC in-
dividuals. In a subsequent analysis of the data focusing only
on the attentional failures, Unsworth, McMillan, Brewer, and
Spillers (2012) found that most attention failures occurred
either in the classroom or while studying. Like Kane et al.
(2007), Unsworth et al. found that WMC and attention control
predicted everyday attentional failures that seemed to require a
high degree of focused and sustained attention, but did not
predict all types of attentional failures. In particular, WMC
and attention control were related to being distracted, while
studying, mind-wandering in class, and being distracted in
class and these three types of attentional failures loaded onto
the same latent factor. Importantly this latent attentional fail-
ure factor was significantly related to both WMC and attention
control. Thus, WMC strongly predicts individual differences
in attention control in and out of the laboratory.

In addition to assessing attentional failures in everyday
settings, recent research has focused on examining subjective
attentional failures during the laboratory-based attention con-
trol tasks and whether WMC predicts the occurrence of these
attentional failures. For example, McVay and Kane (2009)
utilized thought probe techniques in which periodically
throughout a task participants are probed with regard to their
current state (on-task or off-task). Prior work with these
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techniques has found that participants report mind-wandering
during many cognitive tasks and that the degree of mind-
wandering varies as a function of task variables such as time
on task, task complexity, and task difficulty (McVay & Kane,
2010; Smallwood & Schooler, 2006). Importantly, mind-
wandering rates correlate with task performance such that per-
formance is lower when participants report that they were
mind-wandering on the preceding trial compared to when par-
ticipants report that they are currently focused on the task
(McVay & Kane, 2010; Smallwood & Schooler, 2006).
Furthermore, mind-wandering rates in the laboratory predict
mind-wandering rates in everyday life (McVay, Kane, &
Kwapil, 2009). Using these thought probe techniques,
McVay and Kane (2009) found that low WMC individuals
reported more mind-wandering during the sustained attention
to response task (SART) than high WMC individuals, and
importantly that mind-wandering rates partially mediated the
relation between WMC and performance on the SART.
McVay and Kane interpreted their results as being consistent
with attention control views of WMC in that low WMC indi-
viduals were more likely to experience goal neglect than high
WMC individuals due to their attention being hijacked by
internal distracting thoughts (mind-wandering). Thus, low
WMC individuals were more likely to respond habitually be-
cause their attention was focused internally rather than exter-
nally on the task.

Subsequent work by McVay and Kane (2012a; Kane &
McVay, 2012; Kane et al., 2016) has found that mind-
wandering rates across various tasks (Stroop, reading compre-
hension) correlate quite well and load on the same latent fac-
tor. Importantly, this latent mind-wandering factor correlates
well with latent WMC and attention control factors (see also
Unsworth & McMillan, 2013). Additionally, recent research
has shown that mind-wandering even occurs during WMC
tasks (Mrazek et al., 2012; Unsworth & Robison, 2016a).
Similarly, Unsworth and McMillan (2014) had participants
perform a number of WMC and attention control tasks in
which we probed participants about their current attentional
state during the attention tasks. Like McVay and Kane (2012a)
we asked if participants were thinking about the current task or
mind-wandering. In addition we also asked if participants
were distracted by information in the external environment
(Stawarczyk et al., 2011). The idea being that WMC and
low attention control individuals will be more likely than high
WMC individuals to have their attention captured by both
internal distractors (mind-wandering) and potent external
distractors (see also Robison & Unsworth, 2015). Much like
the flashing cue in the antisaccade task, low WMC individuals
should be more likely than high WMC individuals to be cap-
tured by irrelevant sensory information (such as loud noises or
flickering lights) while trying to sustain their attention on the
task at hand. Unsworth and McMillan (2014a) found that
mind-wandering and external distraction were correlated at

the latent level (see also Unsworth et al., 2012 for a similar
demonstration in everyday attention failures) and both were
correlated with WMC and attention control. In fact, the shared
variance among external distraction, mind-wandering, and
performance on the attention control tasks was strongly cor-
related with WMC. Consistent with attention control views,
when attention is tightly focused on the task, performance will
be good. However, if attention is not tightly focused on the
task, goal neglect can occur which can lead to a hijacking of
attention to irrelevant internal or external sources. Note prior
research has suggested that mind-wandering can be either de-
liberate (intentional) or spontaneous (unintentional; Grodsky
& Giambra, 1990, 1991; Seli et al., 2016) In situations where
attention needs to be allocated to external information for
accurate task performance (like on the various attention con-
trol tasks discussed throughout), it is likely that the hijacking
of attention to internal sources reflects spontaneous
(unintentional) mind-wandering rather than a deliberate
(intentional) withdrawal of resources away from the primary
task. Future research is needed to better examine whether the
relations among WMC, attention control, and mind-
wandering reflect spontaneous or deliberate mind-wandering.
Overall these results are consistent with the notion that WMC
is related to subjective attentional state and attentional failures
in and out of the laboratory.

Working memory capacity and consistency of attention
control: Prior work clearly shows a relation between WMC
and attention control. Despite initial evidence suggesting a
strong link between WMC and attention control, the reason
for this relation is not known. Early research suggested that
this relation was due to the fact that high WMC individuals
have more attention control than low WMC individuals akin
to classical conceptions of capacity limits (e.g., Conway &
Engle, 1996; but see Conway, Cowan, & Bunting, 2001;
Conway & Kane, 2001). That is, high WMC individuals have
more capacity than low WMC individuals, which allows them
greater control in a variety of situations. This view suggests
that when attention control is required low WMC individuals
should always perform more poorly than high WMC individ-
uals. Prior research has largely corroborated this view by ex-
amining mean levels of performance between high and low
WMC individuals on a variety of tasks. Another possibility is
that high and low WMC individuals do not necessarily differ
in the overall amount of attention control that can be applied,
but rather differences arise in the consistency with which con-
trol is applied. That is, low WMC individuals are more likely
to demonstrate lapses or fluctuations in attention than high
WMC individuals. This view suggests that mean differences
in performance are largely due to the fact that low WMC
individuals demonstrate more variability in their responses
than high WMC individuals. Thus, on some trials high and
low WMC individuals should actually perform equivalently,
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whereas low WMC individuals will perform more poorly on a
larger proportion of trials than high WMC individuals. This
view necessitates examining the overall distribution of re-
sponses rather than just looking at the mean. For example, if
low WMC individuals are slower in implementing control on
a constant basis than high WMC individuals, then when ex-
amining the entire distribution of responses for high and low
WMC individuals we should see that the distribution for low
WMC individuals is shifted over by a constant amount com-
pared to high WMC individuals. If, however, differences are
due to the fact that low WMC individuals demonstrate more
lapses of attention than high WMC individuals, we should see
that the overall distributions are similar, but that low WMC
individuals have more skew at the slow tail of their distribu-
tion suggesting that they have more slow responses than high
WMC individuals. This latter hypothesis is consistent with the
worst performance rule, which suggests that the slowest reac-
tion times (RTs) typically correlate higher with measures of
cognitive abilities than the fastest RTs (see Coyle, 2003 for a
review; see Ratcliff, Schmiedek, & McKoon, 2008;
Schmiedek et al., 2007 for diffusion model accounts of the
worst performance rule). For example, Larson and Alderton
(1990) found that the correlations between RTs on a choice RT
task and composites of WMC and intelligence increased from
the fastest to the slowest RTs. Thus, the slowest and the worst
trials correlated the best with composites of WMC and
intelligence. Similarly, Schmiedek, Oberauer, Wilhelm and
St (2007) found that the slowest RTs from multiple-choice
RT tasks were substantially related to both WMC and
measures of fluid intelligence. Like the Larson and Alderton
(1990) study, these results suggest that the slowest and worst
trials are related to both WMC and cognitive abilities.
Furthermore, during mind-wandering episodes participants
demonstrate increased response variability and increased
fidgeting, suggesting that increased behavioral variability
can be considered as an online indicator of mind-wandering
(Seli, Cheyne, & Smilek, 2013; Seli et al., 2014).

By examining RT distributions on attention control tasks,
more recent research has directly examined whether WMC is
related to performance across the board, or differences are
more isolated to the slowest responses. For example, examin-
ing the full distribution of RTs in the psychomotor vigilance
task (a sustained attention task), Unsworth et al. (2010) found
that WMC was related to the slowest but not the fastest RTs. In
subsequent work we have found that the slowest 20% of trials
on this task correlates well with typical measures of attention
control such as performance on the antisaccade, Stroop,
SART, and flanker tasks (Unsworth & Spillers, 2010;
Unsworth & McMillan, 2014). This suggests that on most of
the trials, high and low WMC individuals perform the same,
but that low WMC individuals have disproportionally more
slow responses than high WMC individuals. As noted above,
recent work examining subjective reports of task-unrelated
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thoughts (such as reports of mind-wandering or external dis-
traction) corroborate this idea by demonstrating that low
WMC individuals report more instances of task-unrelated
thoughts than high WMC individuals both in the laboratory
and in real-world situations (McVay & Kane, 2012a;
Unsworth, Brewer, & Spillers, 2012). Importantly, when high
and low WMC individuals report being on task (i.e., they are
not mind-wandering or distracted) performance tends to be
equivalent. Like the results from examining RT distributions,
these results suggest that low WMC individuals can perform
just as well as high WMC individuals most of the time.
However, low WMC individuals tend to be more inconsistent
in their performance than high WMC individuals due to fluc-
tuations and lapses in attention control as observed in both
laboratory settings and daily life. For example, shown in
Fig. 2 are RTs for one typical high WMC and one typical
low WMC individual on the psychomotor vigilance task
(Fig. 2a) and the Stroop task (Fig. 2b). As can be seen, most
of'the time the low WMC individual has just as fast RTs as the
high WMC individual. However, the low WMC individual
experiences more frequent lapses of attention (perhaps due
to mind-wandering), leading to occasional very slow RTs.

In a recent study McVay and Kane (2012b) directly exam-
ined the notion that lapses of attention in the form of mind-
wandering resulted in particularly slow RTs and mediated the
relation with WMC. McVay and Kane found that the slowest
RTs are negatively correlated with WMC, but positively cor-
related with mind-wandering rates. Importantly, they found
that mind-wandering rates partially mediated the relation be-
tween WMC and the slowest responses. Note that on some
tasks lapses of attention can actually lead to very fast RTs as
well as slow RTs. Specifically, on go/no-go tasks that promote
premature responding, it is possible that both the fastest and
slowest RTs are indicative of lapses of attention (Cheyne et al.,
2009; McVay & Kane, 2012b; Unsworth, 2015). Furthermore,
relying on evidence-accumulator models (specifically the
linear ballistic accumulator model; Brown & Heathcote,
2008), McVay and Kane (2012b) found that trial-to-trial var-
iability in drift rate correlated with WMC and mind-
wandering rates. Thus, low WMC individuals demonstrated
more inconsistent performance than high WMC individuals,
and part of the reason for this inconsistency was due to
mind-wandering.

Building on these ideas, Unsworth (2015) re-examined prior
studies demonstrating a relation between WMC and attention
control, by examining whether consistency of attention control
was a key factor. Unsworth found that variability of RTs in
attention control tasks, but not variability in RTs on lexical de-
cision tasks, correlated with WMC. Furthermore, variability in
RTs on attention control tasks predicted everyday attention fail-
ures and was related to subjective reports of mind-wandering
during the attention control tasks. For example, shown in Fig. 3
is a reanalysis of Unsworth and McMillan (2014a)
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Fig. 2 (a) Trial-by-trial reaction time (RT) performance for a typical high and typical low working-memory capacity (WMC) individual on the
psychomotor vigilance task. (b) Trial-by-trial RT performance for the same high and low WMC individuals on the Stroop task

demonstrating it is possible to extract a higher order attention
control factor based on the shared variance from mind-wander-
ing, performance on the attention control tasks, and variability in
RTs on the attention control tasks, and this higher-order attention
control factor is strongly related to WMC. Thus, like McVay and
Kane (2012b), variability in RTs (particularly slow RTs) was
related to WMC and mind-wandering rates (see also Kane
etal., 2016). Collectively this suggests that lapses or fluctuations
of attention are one of the critical determinants of the relation
between WMC and attention control.

Although we have primarily focused on variability in RTs,
it is important to note that there are other important indicators
of lapses of attention and these different indicators might be
related to different states of task disengagement. For example,
Cheyne et al. (2009) suggested that variability in RTs indexed
a state of relative inattention during the SART, whereas

anticipatory RTs (very fast go RTs) were associated with a
deeper level of zoning out during the SART, and finally
omission errors on go trials represented an overall deeper
level of task disengagement. In support of this, Cheyne et al.
(2009) found that these three indicators of lapses were all
strongly correlated, but importantly each accounted for unique
variance in no-go errors, suggesting that the states were some-
what distinct, although a reanalysis of their data suggest that
the majority of the variance in no-go errors was actually
shared by the three indicators. Regardless, it is clear that there
are various behavioral (as well as physiological) indicators of
lapses of attention. Future research is needed to examine the
extent to which these various indicators reflect the same over-
all construct or different states of attentional disengagement,
and their relation with individual differences in WMC and
attention control more broadly.
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Fig.3 Confirmatory factor analysis examining relation between working
memory capacity (WMC) and a higher-order attention control (AC)
factor composed of lower-order factors of self-reports of mind-
wandering (MW), performance on laboratory measures of attention
control (AC Perf), and coefficient of variation of reaction times on
laboratory measures of attention control (AC-CV). All paths are
significant at the p < .05 level. The fit of the model was acceptable, x>
(60) = 141.83, p <.001, RMSEA = .08, NNFI = .90, CFI = .91, SRMR =
.06. Ospan= operation span recall, Rspan= reading span recall, Symspan=

Large-scale brain networks involved in working
memory and attention control

A great deal of neuroimaging work suggests the existence of
three important intrinsically connected brain networks whose
interactions are thought to be important for working memory,
attention control, and a host of other higher-order cognitive
processes (e.g., Bressler & Menon, 2010; Menon, 2011).
Specifically, these networks include the fronto-parietal control
network (or central executive network), the default mode net-
work, and the salience network. Here we briefly review each
of these networks and highlight their roles in working memo-
ry, attention control, and individual differences therein.
Furthermore, we acknowledge that these are complex net-
works with multiple complex interactions and that our review
will be somewhat simplified. It is beyond the scope of the
current paper to detail all aspects of these putative networks.
As the name suggests, the fronto-parietal control network
(FPN) consists of frontal and parietal regions that are critically
important for working memory and attention control (Cohen
et al., 2004; Corbetta & Shulman, 2002; Dosenbach et al.,
2008; Fox et al., 2005; Miller & Cohen, 2001; Peterson &
Posner, 2012; Vincent et al., 2008). In particular, the FPN is
involved in a wide array of cognitively demanding tasks that
require the active maintenance of task goals, particularly in the
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symmetry span recall, Anti= antisaccade accuracy, Flanker= Flanker
interference score, Stroop= color word Stroop interference score,
SartCV= sustained attention to response task coefficient of variation for
correct reaction times, PVTCV= psychomotor vigilance task coefficient
of variation for correct reaction times, aMW= mind-wandering rates
Antisaccade, fMW= mind-wandering rates Flankers, sMW= mind-
wandering rates Stroop, stMW= mind-wandering rates SART, pMW=
mind-wandering rates psychomotor vigilance task

presence of interference and distraction (Niendam et al.,
2012). Initial work on the executive attention theory of
WMC suggested that individual differences in WMC were
primarily due to differences in the prefrontal cortex (Kane &
Engle, 2002). Subsequent work has largely corroborated these
ideas, but has also demonstrated that the greater FPN seems to
be important. For example, prior research has shown that the
FPN is extensively activated during complex working memo-
ry span tasks compared to baseline tasks (Bunge et al., 2000;
Chein et al., 2011; Faraco et al., 2011; Kondo et al., 2004;
Osaka et al., 2003; Smith et al., 2001). Importantly, activity in
FPN tends to correlate with performance on the complex span
tasks, such that greater FPN activations are linked with better
performance suggesting that higher WMC individuals tend to
better utilize the FPN during the tasks (Faraco et al., 2011;
Osaka et al., 2003). Similar activation patterns as well as EEG
signals and individual differences are also found on visual
change detection tasks, which are another potent measure of
individual differences in WMC (McNab & Klingberg, 2008;
Minamoto, Yaoi, Osaka, & Osaka, 2015; Todd & Marois,
2004, 2005; Vogel & Machizawa, 2004; Vogel,
McCollough, & Machizawa, 2005). Additionally, individual
differences in FPN activity have been shown to be an impor-
tant predictor of individual differences in behavioral measures
of cognitive ability including independent measures of WMC,
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attention control, and even fluid intelligence (Burgess,
Conway, Gray, & Braver, 2011; Gray, Chabris, & Braver,
2003; Unsworth et al., 2015). Finally, FPN is thought to be
critically important for overall intelligence levels as specified
in the parieto-frontal integration theory of intelligence (Colom
etal., 2009; Jung & Haier, 2007). Thus, it is clear that the FPN
is critically important for working memory and attention con-
trol likely by actively maintaining important task-relevant in-
formation in a highly active state in the presence of interfer-
ence and distraction. Furthermore, individual differences in
FPN seem to be linked with individual differences in WMC,
attention control, and intelligence.

Although much prior work has focused on the role of
FPN in working memory and attention control, recent re-
search suggests that the FPN is just one of several
interacting networks that are critical for task engagement.
In addition to the FPN, the default mode network (DMN)
has recently been shown to be important for aspects of
attentional and cognitive control. The DMN consists of
a broad array of areas (middle prefrontal cortex, lateral
frontal cortex, medial parietal cortex, medial temporal
lobe, and lateral temporal cortex) that tend to be active
during rest periods and/or when one is engaging in inter-
nally driven cognitive processes such self-generated
thoughts, mind-wandering, autobiographical memory re-
trieval, etc. (Andrews-Hanna, Smallwood, & Spreng,
2014; Raichle et al., 2001). In most attention control tasks
where attention is directed externally, the FPN shows in-
creases in activation with task demands, the DMN shows
decreases in activation. Thus, in demanding external at-
tention tasks, the FPN suppresses DMN (negative corre-
lation). However, for internally driven tasks such as plan-
ning, imagery, or autobiographical memory retrieval, the
FPN and DMN are positively correlated. Likewise, when
external tasks require retrieval or access of information
from memory the FPN and DMN tend to act together
(Konishi et al., 2015; Smallwood et al., 2013; Spreng
et al., 2014; Vatansever et al., 2015). Thus, it is not al-
ways the case that the FPN suppresses the DMN.
However, as noted by Spreng et al. (2014), in most atten-
tion control or cognitive control tasks “engagement of the
DMN is incongruent with tasks goals” (p. 14108). Thus,
the FPN is needed to suppress the DMN to prevent po-
tentially distracting thoughts from interfering with task
performance. Important for the current discussion is the
finding that competition between FPN and DMN is linked
to lapses of attention, inconsistency in attention control,
and subjective reports of mind-wandering. For example,
Weissman et al. (2006; see also Chee et al., 2008) found
that the slowest responses in an attention-demanding task
were associated with lower activation in FPN. Weissman
et al. suggested that this reduced activity reflected a lapse
of attention whereby participants were focusing on

internal thoughts (mind-wandering) rather than the task
at hand prior to the onset of the trial. Weissman et al.
(2006) further found that the slowest responses were as-
sociated with increased DMN activity.! Weissman et al.
(2006) argued that this increased activity reflected task-
irrelevant thoughts (such as daydreaming), which led to a
lapse of the task goal and a subsequent decrement in goal
directed behavior. Indeed, Mason et al. (2007) found that
greater self-reports of mind-wandering were related to
greater DMN activity and DMN activity was positively
correlated with a daydream frequency scale. Thus, DMN
activity was related to not only the slowest responses (in-
dicative of lapses of attention), but also to self-reports of
mind-wandering with those individuals who daydream the
most having the greatest DMN activity.

Similar results have been demonstrated by Drummond
et al. (2005), who found that the slowest responses in a
sustained attention task (the psychomotor vigilance task de-
scribed previously) were positively related with DMN
activity, and suggested that this increased activity in the
DMN network reflected instances of task disengagement and
lapses of attention. Likewise, Kelly, Uddin, Biswal,
Castellanos, and Milham (2008) and Esterman et al. (2012)
have found that greater DMN activity is associated with great-
er variability in response times, suggesting that more incon-
sistency in attention control is associated with greater DMN
activity. In fact, Kelly et al. found that the greater the negative
correlation between FPN and DMN, the more consistent be-
havior was. The weaker the negative correlation between FPN
and DMN, the more inconsistent behavior became. Thus, in
those situations in which the FPN adequately suppressed the
DMN, behavioral performance was consistent and there were
few lapses of attention. However, in those situations in which
the FPN could not adequately suppress the DMN, behavioral
performance was more inconsistent and there were more
lapses of attention. Recent meta-analyses have also suggested
DMN activity during self-reports of mind-wandering (Fox
et al., 2015). Additionally, FPN areas and salience network
areas (see below) have also routinely been found to be active
during mind-wandering. These networks may be needed to
maintain mind-wandering (FPN and DMN coupling) or they
may be needed to detect mind-wandering and lapses of atten-
tion and to reorient attention back to the current task.

Collectively these results suggest that during attention con-
trol tasks lapses of attention and mind-wandering are related to
reduced activity in FPN and increased activity in DMN, which

! Note that we are not suggesting that the slowest responses will always be
linked with greater DMN activity. Rather on attention-control tasks where
attention must be focused on external information and distracting information
kept at bay, the FPN will need to suppress the DMN to prevent lapses of
attention. In those situations where the FPN and DMN act in concert, greater
activity in the DMN will be linked with faster (not slower) RTs (Smallwood
etal., 2013).
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lead to decrements in goal-directed behavior. Thus, in many
laboratory attention control tasks where attention has to be
allocated to external stimuli (typically presented on a comput-
er screen) and perceptual decoupling will result in reduced
task performance, interactions between the FPN and DMN
are critically important for success. The FPN is needed to
maintain task goals and prevent lapses of attention (such as
mind-wandering) by suppressing the DMN in order to fully
allocate attention to the external environment. Furthermore,
recent research into individual differences has suggested that
individuals with higher WMC demonstrate stronger anti-
correlations between FPN and DMN (Keller et al. 2015).
Thus, although the DMN is important for many internal tasks,
DMN activity can be problematic when attention needs to be
fully allocated to external tasks and any lapse of attention can
harm performance. That is, lapses of attention likely “occur in
moments when the mind configures mental resources so as to
perform an internal task that is incompatible with current be-
havioral goals” (p. 125; Smallwood et al., 2013).

In addition to the roles of the FPN and DMN in attention
control and working memory, the salience network also seems
critically important. The salience network (SN) includes the
dorsal anterior cingulate cortex and the frontal operculum/
anterior insula cortex, and is thought to be important for iden-
tifying motivationally salient and important stimuli (Menon &
Uddin, 2010; Seeley et al., 2007; similar to the ventral
attention network proposed by Corbetta & Shulman, 2002).
In most task-based functional imaging studies (fMRI) the SN
and FPN are coactive, demonstrating increasing activation
levels, while the DMN demonstrates decreasing activation.
Theoretically the SN is important for mediating dynamic in-
teractions between other brain networks such as the FPN and
DMN and switching between these networks (Menon &
Uddin, 2010; Seeley et al., 2007; Sridharan, Levitin, &
Menon, 2008). In particular, it is thought that the SN detects
salient stimuli (either externally or internally based) and marks
those stimuli for further processing and initiating control sig-
nals to bias processing of relevant stimuli and ignore irrelevant
stimuli. That is, the SN produces a transient signal that en-
gages working memory and attention control processes (i.e.,
FPN) while disengaging systems that are not task-relevant
(i.e., DMN; Sridharan, Levitin, & Menon, 2008). For exam-
ple, Bonnelle et al. (2012) found that deficits in DMN deacti-
vations were predicted by the amount of white matter damage
in the SN. Thus, the SN is critically important for regulating
the DMN and deficits in regulating the DMN can lead to poor
attention control and poorer task performance. The SN is,
therefore, critical in determining which events are salient
and require additional allocations of attention, thereby further-
ing processing of those events leading to desirable behaviors.
Furthermore, recent research suggests that performance on
attention control tasks is correlated with SN activity, suggest-
ing that individual differences in attention control are partially
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due to differences in SN activity (Cai et al., 2016). Recent
theorizing suggests that errors (and potentially lapses of atten-
tion) are a particularly salient event that the SN responds to,
leading to adjustments in control by other networks
(Ullsperger et al., 2010). Thus, consistent with research on
conflict monitoring (Botvinick et al., 2001), the SN may be
particularly important in terms of detecting errors and lapses
of performance and signaling control areas to mobilize re-
sources to bring performance back on track.

The locus coeruleus norepinephrine system
and regulating attentional state

Recent research suggests that the locus coeruleus norepi-
nephrine system (LC-NE) may be particularly important in
modulating FPN representations based on attentional con-
trol demands (Cohen, Aston-Jones, & Gilzenrat, 2004).
The LC is a brainstem neuromodulatory nucleus that is
responsible for most of the NE released in the brain, and
it has widespread projections throughout the neocortex in-
cluding areas associated with the FPN and SN (Berridge &
Waterhouse, 2003; Samuels & Szabadi, 2008a; Szabadi,
2013). The LC also receives major inputs from the prefron-
tal cortex (particularly the anterior cingulate cortex) sug-
gesting a reciprocal connection between the LC-NE system
and the FPN and SN (Arnsten & Goldan-Rakic 1984; Jodo
et al., 1998; Rajkowski, Lu, Zhu, Cohen, & Aston-Jones,
2000). Given these wide projections throughout neocortex,
the LC-NE system is critically important for modulating
neural processing in different networks. It is thought that
LC-NE activity enhances signal-to-noise ratios in target
neurons by decreasing spontaneous firing and by potential-
ly increasing firing for salient events (Aston-Jones &
Cohen, 2005; Berridge & Waterhouse, 2003; Foote et al.,
1980). In neurocomputational models this increases the
gain of these neurons, which allows the system to selec-
tively respond to relevant inputs while ignoring irrelevant
inputs (Aston-Jones & Cohen, 2005; Servan-Schreiber,
Printz, & Cohen, 1990; Usher et al., 1999). Under high
gain states excited neurons become more active and
inhibited neurons become less active. Conversely, under
low gain states there is less activation for excited neurons
and more inhibited neurons are not effectively suppressed,
leading to more neural noise. Thus, the LC-NE system acts
as a modulatory system to the FPN (and other networks) in
which resources are mobilized to ensure greater processing
of target information while ignoring irrelevant or
distracting information and reducing neural noise.
Generally the LC-NE system has been associated with gen-
eral functions such as the sleep-wake cycle and overall arousal
levels (Berridge & Waterhouse, 2003; Samuels & Szabadi,
2008b; Szabadi, 2013). In particular, the LC-NE system is
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important for determining general arousal state and attentional
interest. Within the LC-NE system neurons demonstrate two
modes of firing: tonic and phasic. Tonic activity refers to the
overall baseline activity and phasic activity refers to the brief
increase in firing rate associated with salient stimuli. A great
deal of recent research suggests that there is an inverted-U
relationship between LC tonic activity and performance on
various cognitive tasks consistent with the Yerkes-Dodson
curve (Yerkes & Dodson, 1908). Specifically, it is assumed
that when tonic LC activity is low (hypoarousal), individuals
are inattentive, non-alert, and disengaged from the current task
leading to poor behavioral performance and little to no phasic
LC activity in response to task-relevant stimuli. As tonic LC
activity increases to an intermediate range (phasic mode), at-
tention becomes more focused, LC phasic activity increases
for target stimuli, and behavioral performance is optimal. The
LC-NE system seems particularly sensitive to salient task-
related stimuli that results in increased phasic activity to those
stimuli when tonic activity is at intermediate levels (Aston-
Jones & Cohen, 2005; Berridge & Waterhouse, 2003).
However, as tonic LC activity increases further, the individual
experiences a more distractible attentional state (hyperarousal
and stress), leading to task disengagement, lowered LC phasic
activity, and a reduction in behavioral performance.
Intracranial recordings in rats and monkeys and psychophar-
macological studies in animals and humans provides evidence
in support of the notion of an inverted-U relationship between
the LC-NE system and behavioral performance (Aston-Jones
& Cohen, 2005; Berridge & Waterhouse, 2003; Chamberlain
& Robbins, 2013; Ramos & Arnsten, 2007). Thus, the in-
crease in signal-to-noise ratio (gain) is achieved via interactive
tonic and phasic activity. Too much or too little tonic activity
leads to little phasic firing (more neural noise) and poor atten-
tion control, whereas optimal levels of arousal and attention
are achieved via intermediate tonic activity and maximal pha-
sic activity (greater signal and less noise). Thus, the LC-NE is
critically important for regulating attentional state in the FPN
via synergistic tonic and phasic activity.

The importance of the LC-NE system to working
memory and attention control is further bolstered by
psychopharmacological studies. For example, a number
of studies have shown that drugs such as modafinil in-
crease central NE leading to increases in subjective
alertness and performance on some attention control
and working memory measures (see Chamberlain &
Robbins, 2013 for a review). Modafinil has also been
shown to be related to deactivation of DMN during task
performance (Minzenberg, Yoon, & Carter, 2011). Drugs
such as clonidine decrease central NE leading to
lowered subjective alertness and decreased performance
on measures of working memory and attention control
(see Chamberlain & Robbins, 2013, for a review).
Furthermore, these pharmacological manipulations

typically depend on baseline levels of arousal, suggest-
ing the importance of tonic NE levels in determining
attentional state (Coull et al., 2004; Smith & Nutt,
1996). Finally, dysregulation of the LC-NE system has
been implicated in a number of disorders including
Alzheimer’s disease, Parkinson’s disease, attention defi-
cit hyperactivity disorder, autism, schizophrenia, and
post-traumatic stress disorder, among others (e.g.,
Arnsten, 2009; Aston-Jones et al., 2007; Berridge &
Waterhouse, 2003; Frank et al.,, 2007; Imeraj et al.,
2012; Killeen, Russell, & Sergeant, 2013; Ressler &
Nemeroff, 2001; Robertson, 2013; Vazey & Aston-
Jones, 2012) as well as cognitive decline associated with
normal aging (Mather & Harley, 2016).

Collectively this research demonstrates the importance
of the LC-NE system in modulating FPN activity and
regulating attention control and working memory process-
es. Furthermore, this work suggests that the LC exhibits
fluctuations between various states during basic attention-
al tasks, and these fluctuations are linked to fluctuations
in behavioral performance. As such, prior research sug-
gests the LC-NE system is important in regulating the
current attentional state and that fluctuations in attentional
state may be partially due to fluctuations in tonic and
phasic LC activity.

A LC-NE account of WMC and attention control

Above we suggested that individual differences in WMC
and attention control are intimately related both in and
out of the laboratory. Furthermore, we suggested that
much of this relation seems to be due to fluctuations in
attention control such that low WMC individuals experi-
ence more fluctuations in attention control than high
WMC individuals, leading to periodic episodes of goal-
neglect and more variable and erratic performance. In
particular, we suggested that these fluctuations or lapses
of attention control arise when participants are disen-
gaged from the primary task, resulting in mind-
wandering or external distraction. That is, in those situa-
tions where attention is not tightly focused on the current
task goal, internal (mind-wandering) or external
distractors can capture attention, resulting in poorer be-
havioral performance. Here we propose a LC-NE account
of individual differences in WMC and attention control
suggesting that differences in LC-NE functioning consti-
tute a major reason for individual differences in these
two constructs. Given the importance of the LC-NE sys-
tem for regulating attentional state and temporal varia-
tions in attention control, it seems highly likely that var-
iation in LC-NE functioning is associated with individual
differences in WMC and attention control. Below we

@ Springer



1292

Psychon Bull Rev (2017) 24:1282-1311

examine the potential role of other important neurotrans-
mitters (such as dopamine and acetylcholine), but our
focus is primarily on the LC-NE system. Specifically,
we suggest that attention control failures are due to a
dysregulation of LC-NE functioning in which there is
an inability to maintain moment-to-moment optimal tonic
levels of NE resulting in a dysregulation of phasic activ-
ity. These fluctuations in tonic LC activity lead to
moment-to-moment fluctuations in the ability of the
FPN to control attention in a goal-directed manner. As
shown in Fig. 4, when LC-NE tonic levels are optimal
the LC modulates the FPN so that the FPN is fully en-
gaged and attention is fully allocated to goal-directed
processing. With externally driven attention control tasks
this results in a suppression of the DMN (suppressing
mind-wandering), the active maintenance of the task goal
in working memory, a strong phasic LC response, and
fast and accurate performance. Thus, the LC determines
moment-to-moment task engagement levels by modulat-
ing the FPN, which can effectively suppress the DMN (in
some situations), resulting in correct performance.
However, when LC-NE tonic levels are too low (under
aroused/inattentive) or too high (anxious/stressed) the LC
does not adequately modulate the FPN, leading to weak-
ened FPN activity and a decreased allocation of attention
to processing. In this case the DMN is not fully sup-
pressed and internally generated thoughts (mind-
wandering) are more likely to interfere, leading to goal-
neglect, weakened phasic LC responding, and slower and
more error-prone performance. Thus, lapses of attention
are due to a cascade of events in which the LC does not
fully modulate the FPN, which in turn does not fully

Response

Fig. 4 Model in which the locus coeruleus (LC) modulates the fronto-
parietal network (FPN), which in turn suppresses the default-mode
network (DMN) during tasks that require focused external attention.
The salience network (SN) detects lapses in performance (errors and
lapses of attention) and sends feedback to the LC resetting overall
arousal levels and getting the LC back online
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suppress the DMN, leading to increased instances of
mind-wandering.> In such cases if the behavioral re-
sponse is an error or an exceptionally long RT (or if
the participant is aware they are mind-wandering), the
SN is activated resulting in an orienting-like response
in which the SN sends feedback to the LC suggesting a
change in arousal, an increase in the allocation of atten-
tional resources, and subsequent increase in behavioral
performance on the next trial (Cohen et al., 2004;
Ridderinkhof & Harsay 2012; Ullsperger et al., 2010).
Thus, following particularly salient events (such as errors
or lapses of attention), the LC (based on information
from the SN) reorients or resets the overall arousal
levels, getting the LC back online (Corbetta et al.,
2008; Sara & Bouret, 2012).

This model is based on earlier attention and cognitive
control models by Kahneman (1973) and Aston-Jones,
Cohen and colleagues (Aston-Jones & Cohen, 2005; Cohen
et al., 2004) as well as recent work examining large-scale
brain networks and their role in attention control (Corbetta
& Shulman, 2002; Dosenbach et al., 2006; Menon & Uddin,
2010; Miller & Cohen, 2001; Petersen & Posner 2012). In
particular, like the Kahneman (1973) and Aston-Jones and
Cohen (2005) models, the current model suggests the impor-
tant role of arousal on attention control and the importance of
performance monitoring for detecting lapses in performance
and providing feedback to arousal structures to change atten-
tion allocation policies based on current performance (see also
Hockey, 1997).

In terms of individual differences we suggest that low
WMC and low attention control individuals demonstrate fluc-
tuations in attention due to a dysregulation of the LC-NE
system compared to high WMC and high attention control
individuals. We suggest that low WMC individuals have more
moment-to-moment task disengagement than high WMC in-
dividuals resulting in more erratic performance, less

2 As noted previously, mind-wandering and lapses in these situations is likely
due to spontaneous (unintentional) mind-wandering, rather than deliberate
(intentional) mind-wandering where resources are deliberately directed inter-
nally (Grodsky & Giambra, 1990-1991; Seli et al., 2016). The LC-NE system
is likely important for both types of mind-wandering (Lenartowicz, Simpson,
& Cohen, 2013; Mittner et al., 2016). In particular, spontaneous mind-
wandering is likely associated with lowered LC tonic activity associated with
inattentiveness and lowered levels of alertness and arousal (Lenartowicz,
Simpson, & Cohen, 2013). Spontaneous mind-wandering may also be related
to elevated tonic LC activity associated with a more exploratory state (Mittner
et al., 2016). Deliberate mind-wandering, however, is more likely associated
with intermediate LC activity, indicating an optimal state of arousal where
attention is deliberately allocated internally, rather than to the external task at
hand resulting in active mind-wandering (Lenartowicz, Simpson, & Cohen,
2013; Mittner et al., 2016). As discussed below, it should be possible to detect
these various types of mind-wandering using pupillometry. Additionally, de-
liberate mind-wandering is more likely associated with communication and
cooperation between the FPN and DMN than spontaneous mind-wandering,
suggesting that attention control resources are likely being directed internally
during deliberate mind-wandering episodes (Golchert et al., in press).
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sensitivity to task-relevant stimuli, and more sensitivity to
task-irrelevant stimuli (both internal and external). Given dys-
regulation of LC-NE functioning, the FPN for low WMC
individuals is only weakly activated resulting in increased
DMN activity and increased mind-wandering than high
WMC individuals. Note, we are not just saying more DMN
activity overall for low WMC individuals compared to high
WMC individuals. Rather LC dysregulation causes a weak-
ened FPN response more readily for low WMC individuals
than for high WMC individuals. When the FPN needs to di-
rect attention to external information, this greater DMN inter-
ference results in more mind-wandering and poorer behavioral
performance for low WMC individuals than for high WMC
individuals. However, when the FPN needs to direct attention
internally (such as during planning, imagery, autobiographical
memory retrieval, etc.) and thus greater coupling between
FPN and DMN, greater LC dysregulation would result in a
weakly activated DMN. Thus, in some situations we would
expect low WMC individuals to demonstrate more DMN ac-
tivity, whereas in other situations we would expect high WMC
individuals to demonstrate more DMN activity. Because the
FPN is weakly activated and the DMN is weakly suppressed
(resulting in more mind-wandering), low WMC individuals
should demonstrate more errors on tasks that require effortful
attention control, more variability in responding on such tasks,
and higher rates of subjective mind-wandering. As reviewed
previously, this is exactly what has been found across a num-
ber of prior studies. The current theory suggests that differ-
ences in WMC and attention control may be due to differences
in LC-NE functioning which in turn result in differences in
FPN functioning. Thus, differences in LC-NE drive differ-
ences in FPN and interactions with DMN.

Within this framework there are several possibilities for
why low WMC individuals demonstrate a dysregulation in
LC-NE functioning. As shown in Fig. 5a, and consistent with
the notion that there is an inverted U-function relating LC-NE
functioning and performance, it is possible that low WMC
individuals have overall lower tonic LC-NE (and lower pha-
sic) firing compared to high WMC individuals. This would
suggest that low WMC individuals are constantly in a
hypoactive mode of LC tonic activity associated with inatten-
tiveness and lowered levels of alertness and arousal. Overall
this would result in the LC weakly modulating the FPN
resulting in lowered attention control. If attention is focused
externally and there are potent external distractors (such as
flashing lights in the antisaccade task or hearing your name
in a dichotic listening task), this would result in external dis-
traction and attentional capture via bottom-up sources
(Lenartowicz, Simpson, & Cohen, 2013). If attention is weak-
ly focused on the external task and there are strong internal
concerns, then attention will be captured internally, resulting
in mind-wandering (Lenartowicz et al., 2013; McVay & Kane,
2010). In both cases low WMC individuals would
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Fig.5 Three possibilities linking low working memory capacity (WMC)
to deficits in attention control. (a) Low WMC individuals have lower
tonic locus coeruleus (LC) activity levels than high WMC individuals.
(b) Low WMC individuals have higher tonic LC activity levels than high
WMC individuals. (¢) Low WMC individuals have more variable tonic
LC activity levels than high WMC individuals

demonstrate poorer performance on a variety of attention con-
trol tasks compared to high WMC individuals. Thus, LC dys-
regulation in the form of too little tonic LC activity can lead to
a weakly activated FPN and reduced attention control.

As shown in Fig. 5b, another possibility for LC-NE deficits
in low WMC individuals is because rather than having too
little tonic LC activity, they may have too high tonic LC ac-
tivity (and too low phasic activity). This would suggest that
low WMC individuals are constantly in a hyperactive mode of
tonic LC activity associated with task disengagement, anxiety,
stress, and impulsivity linked to increased arousal levels
(Aston-Jones & Cohen, 2005; Lenartowicz et al., 2013;
Ramos & Arnsten, 2007). This would result in the LC modu-
lating the FPN too strongly and thus an overactive FPN
resulting in disrupted attention control. If attention is focused
externally this would result in an inability to discriminate tar-
get and distractors (Lenartowicz, Simpson, & Cohen, 2013). If
attention is focused internally this could result in rumination
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and racing thoughts related to stress and anxiety (Lenartowicz
etal., 2013). In this hyperactive mode this would result in less
task engagement for low WMC individuals, which would then
lead to poorer performance on a variety of attention control
tasks compared to high WMC individuals. Thus, LC dysreg-
ulation in the form of too much tonic LC activity can lead to an
overactive FPN, task disengagement, and disrupted attention
control.

Another possibility is that rather than having too high or
too little tonic LC activity, low WMC individuals fluctuate
between different LC modes more readily than high WMC
individuals. That is, as shown in Fig. 5c, low WMC individ-
uals fluctuate between optimal, too little, and too much activ-
ity throughout a task more than high WMC individuals. This
would mean that much of the time low WMC individuals
would perform just as well as high WMC individuals given
that they would typically have similar tonic LC activity.
However, given moment-to-moment fluctuations in tonic LC
activity, low WMC individuals would be more likely to have
lapses of attention associated with either too low or too high
LC activity levels compared to high WMC individuals. This
would result in greater susceptibility to external and internal
distraction as on some trials the FPN would be either weakly
activated or too strongly activated leading to overall more task
disengagement. This fluctuations hypothesis would suggest
that low WMC individuals should experience more lapses of
attention, more erratic and variable performance, greater sus-
ceptibility to pre-potent responses, and overall greater levels
of mind-wandering. Thus, LC dysregulation in the form of
more fluctuations between LC states would result in more
variable FPN (and DMN) activity, periodic failures of atten-
tion control, and overall worse performance on a number of
attention control tasks.

In each of these possibilities low WMC is associated with
LC dysregulation and poorer attention control due to an in-
ability of the LC to properly modulate the amount of control
via the FPN. Thus, LC dysregulation is a likely reason for
poorer attention control seen in many low cognitive ability
participants. The current theory suggests that individual dif-
ferences in LC-NE functioning give rise to individual differ-
ences in WMC and attention control. Of course, we should
also acknowledge that a fourth possibility of no relation be-
tween LC-NE functioning and individual differences in WMC
and attention control is also possible. This null possibility
would suggest that individual differences in WMC and atten-
tion control are due to something other than functioning of the
LC-NE system. Despite the many linkages between LC-NE
functioning and WMC and attention control (and individual
differences therein) more evidence for this line of reasoning is
needed. However, there are a number of complications in
attempting to evaluate the idea that individual differences in
LC-NE functioning give rise, in part, to differences in WMC
and attention control. In particular, given its location in the
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brainstem and its small size, neuroimaging of the LC is diffi-
cult. Although there have been a number of recent fMRI stud-
ies examining the LC (Alnaes et al., 2014; Minzenberg et al.,
2008; Murphy et al., 2014; Raizada & Poldrack, 2008), pre-
cise measures are still difficult to obtain. Additionally, indi-
vidual differences studies utilizing fMRI on a large scale are
very costly in terms of time and money. Thus, another non-
invasive indirect measure of LC-NE functioning is needed.
One potential candidate is pupil diameter.

Pupil diameter and the LC-NE system

Much prior research has shown that the pupil dilates in re-
sponse to the cognitive demands of a task (Beatty, 1982).
For example, Hess and Polt (1964) demonstrated that the pu-
pils dilated as a function of problem difficulty in a mental
multiplication task with higher peak dilations for the hardest
problems. Similarly, Kahneman and Beatty (1966) demon-
strated that pupillary dilation increased as more items were
required for recall in a standard short-term memory task (see
also Peavler, 1974). These effects reflect task-evoked pupil-
lary responses (TEPRs) in which the pupil dilates relative to
baseline levels due to increases in cognitive processing load.
A number of studies have demonstrated similar TEPRs in a
variety of tasks (see Beatty & Lucero-Wagoner, 2000 for a
review; 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 TEPRs
are a reliable and valid psychophysiological marker of cogni-
tive and physical effort (e.g., Zénon et al. 2014).

A number of studies have demonstrated that TEPRs are
sensitive to attention control demands and working memory
load. For example, a number of prior studies have found that
incongruent Stroop trials elicit a larger TEPR than congruent
or neutral trials (e.g., Brown et al., 1999; Laeng et al., 2011;
van Steenbergen et al., 2015). Likewise, incongruent trials on
flanker and Simon tasks tend to elicit larger TEPRs than con-
gruent trials (e.g., Geva et al., 2013; van Steenbergen & Band,
2013; van Steenbergen et al., 2015). Similar results are found
when comparing prosaccade and antisaccade trials such that
antisaccade trials are associated with larger TEPRs than
prosaccade trials (Karatekin, Bingham, & White, 2010;
Wang et al., 2015). Furthermore, Wang et al. (2015) found
that during the preparatory interval, antisaccades were associ-
ated with greater pupil dilations than prosaccades and the
greater the preparatory dilation the faster the saccade. Thus,
conditions associated with greater attention control and great-
er preparatory attention control are associated with increased
phasic pupillary responses (TEPRs). Pupil dilation has also
been linked to visual search (Porter et al., 2007), AX-CPT
performance (Chatham et al., 2009; Chiew & Braver, 2013),
multi-object tracking (Alnaes et al. 2014; Wright et al., 2013),
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the attentional blink (Zylberberg et al., 2012), and inhibition
of return (Gabay et al., 2011), to name a few. Collectively this
work suggests that TEPRs track changes in attention control
demands in which generally larger control requirements elicit
greater TEPRs. In a similar vein research examining pupillary
responses during working memory tasks has found that as the
amount of information in working memory increases so do
TEPRs (e.g., Heitz et al., 2008; Kahneman & Beatty, 1966;
Peavler, 1974; Unsworth & Robison, 2015).

These results are consistent with recent research which
suggests that pupil dilations are indirectly related to the func-
tioning of the LC-NE system (Aston-Jones & Cohen, 2005;
Eldar, Cohen, & Niv, 2013; Gilzenrat et al., 2010; Joshi et al.,
2016; Phillips et al., 2000; Samuels & Szabadi, 2008;
Varazzani et al., 2015). The LC is thought to have both excit-
atory sympathetic and inhibitory parasympathetic connections
such that an increase in LC activity results in pupil dilation via
increased sympathetic and decreased parasympathetic re-
sponses (Szabadi, 2013). Furthermore, Rajkowski et al.
(1993) demonstrated a modest correlation between tonic pupil
diameter and baseline firing rate of an LC neuron in a monkey.
More recently, Varazzani et al. (2015) demonstrated a corre-
lation between LC activity and pupil dilation in monkeys
performing an effort production task. Additionally, Joshi
et al. (2016) recently demonstrated a number of findings sug-
gesting a relation between LC activity and pupil diameter in
monkeys. For example, Joshi et al. found a correlation be-
tween LC spiking activity and pupil diameter during passive
fixation, in which roughly 300 ms after LC spike activity the
pupil tended to dilate. Similarly, local field potentials in the
LC preceded pupil dilation. Finally, microstimulation of the
LC resulted in pupil dilation roughly 400 ms after the
microstimulation (see also Reimer et al., 2016). Collectively,
these results suggest a consistent association between LC ac-
tivity and pupil diameter.

According to Aston-Jones and Cohen (2005; see also;
Gilzenrat et al., 2010; Rajkowski et al., 1993), pupil diameter
provides an indirect index of LC activity. Specifically, when
LC tonic levels are low and arousal is low, baseline pupil
diameter is small and so are TEPRs. When individuals are
hyperaroused and tonic LC levels are very high, overall base-
line pupil diameter is relatively large and TEPRs are small.
However, when LC tonic levels are optimal (phasic mode),
overall baseline pupil diameter is at intermediate levels and
TEPRs are at their largest. This is consistent with prior work
suggesting that TERPs are associated with increases in pro-
cessing load and effort suggesting that manipulations that lead
to larger TEPRS require increases in sustained attention repre-
sented by the LC phasic mode (Beatty, 1982; Beatty &
Lucero-Wagoner, 2000). Collectively, this work suggests that
baseline pupil diameter and TEPRs should provide an indirect
index of LC-NE functioning. For example, prior research has
demonstrated that drugs such as modafinil increase central

NE, leading to increases in subjective alertness and increases
in baseline pupil diameter (Hou et al., 2005). Drugs such as
clonidine decrease central NE leading to lowered subjective
alertness and lower baseline pupil diameter (Hou et al., 2005).
Additionally, recent neuroimaging work has shown that activ-
ity in the LC is correlated with changes in pupil diameter
(Alnaes et al. 2014; Murphy et al., 2014). Thus, there is a
correlation between baseline pupil diameter and baseline fir-
ing rate of LC neurons, and drugs that increase or decrease
central NE levels lead to increases or decreases in baseline
pupil diameter. Collectively prior research suggests that base-
line pupil diameter can be used as an indirect reporter variable
of LC-NE functioning.

A number of recent studies have begun to demonstrate that
pupil diameter provides an indirect index of LC-NE
functioning and can be used to examine changes in control
state. For example, Gilzenrat et al. (2010) demonstrated that
trials that were preceded by large baseline pupil diameters
were associated with poorer performance indicative of lapses
of engagement corresponding to the increased LC tonic activ-
ity (see also Jepma & Nieuwenhuis, 2011). Trials that were
associated with better performance and task engagement were
associated with smaller baseline pupil diameters
corresponding to the intermediate LC tonic activity. Murphy
et al. (2011) found an inverted U relationship between base-
line pupil size and performance such that RT variability was
greater when baseline pupil was very small or very large, but
RT variability was lowest at intermediate baseline levels. This
is consistent with prior research which has consistently shown
that under conditions of fatigue or low levels of alertness,
baseline pupil diameter is smaller and more variable than
when alert (Hou et al., 2005; Morad et al., 2000).
Specifically, in sustained attention tasks baseline pupil diam-
eter and TEPRs tend to decrease with time on task demon-
strating a vigilance decrement (Beatty, 1982b, Fried et al.,
2014; Unsworth & Robison, 2016c¢). Furthermore, pupil var-
iability tends to increase with time on task (Unsworth &
Robison, 2016¢). Overall, the decrease in pupil diameter and
the increase in pupil variability are consistent with increases in
pupillary unrest as time on task increases, suggesting that as
time on task increases, alertness and arousal decrease and
overall fluctuations in attention increase (Hopstaken et al.,
2015a, 2015b; Lowenstein, Feinberg, & Loewenfeld, 1963;
McLaren et al., 1992; Morad et al., 2000; Unsworth &
Robison, 2016¢; Wilhelm et al., 2001).

Changes in pre-trial baseline pupil diameter have also been
implicated in the detection of lapses of attention. For example,
examining errors on very small set sizes in a working memory
task (thought to be due to lapses of attention), Unsworth and
Robison (2015) found that errors were associated with much
smaller than normal pre-trial baseline pupil diameters than
correct trials. Furthermore, in an extended sustained attention
task, Kristjansson et al. (2009) found that baseline pupil
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diameter was much smaller on trials preceding very slow RTs
(indicative of lapses of attention) compared to trials where RT
was close to the mean. Kristjansson et al. suggested that fluc-
tuations in alertness resulted in variable RTs and that baseline
pupil diameter provides an index of changes in alertness.
More recently, van den Brink, Murphy, and Nieuwenhuis
(2016) found that both large and small baseline pupil
diameter, along with fluctuations in pupil diameter were
associated with lapses of attention. Consistent with this,
Murphy et al. (2014) found that trial-to-trial variability in drift
rate correlated positively with baseline pupil diameter, sug-
gesting that increased inconsistency in RTs is associated with
pupil diameter (see also Unsworth & Robison, 2016c¢). Recall
that McVay and Kane (2012b) found that variability in drift
rate was positively correlated with mind-wandering rates, sug-
gesting that changes in baseline pupil diameter may be due to
fluctuations in attention between on-task and off-task
thoughts. Indeed, recent research suggests that mind-
wandering is related to both larger than normal (Franklin
et al., 2013; Smallwood et al., 2012) and smaller than normal
(Grandchamp, Braboszcz, & Delorme, 2014; Mittner et al.,
2014; Unsworth & Robison, 2016¢) baseline pupil diameters
compared to on-task thoughts. Furthermore, mind-wandering
is associated with much smaller TEPRs than on-task thoughts.
Given the relation between pupil dilation and mind-wander-
ing, one might expect that pupil dilation should be associated
with DMN activity during mind-wandering. Evidence consis-
tent with this notion comes from a recent study by Yellin et al.
(2015). Specifically, Yellin et al. (2015) had participants fixate
a small dot on screen for 8 min. They found that pupil diam-
eter fluctuated considerably during the task and participants
reported a high degree of mind-wandering. Importantly, they
found that spontaneous fluctuations in pupil diameter corre-
lated positively with BOLD fluctuations in DMN areas. Thus,
mind-wandering was associated with DMN activity and with
changes in pupil diameter. Furthermore, Schneider et al.
(2016) found that spontaneous pupil fluctuations during the
resting state were significantly correlated with increased ac-
tivity in the SN, FPN, and to some extent the DMN,
suggesting that fluctuations in pupil dilation are indicative of
changes in tonic alertness. Likewise, Breeden et al. (in press)
found that spontaneous pupillary fluctuations were related to
SN and DMN activity as well as to individual differences in
inattentiveness measured via self-report. Collectively this
work suggests that pupil diameter (both baseline and
TEPRSs) can be used as an indirect index of LC-NE function-
ing to examine lapses of attention and fluctuations in attention
control, which in turn are related to DMN, SN, and FPN
activity.

Changes in pupillary responses are also associated with the
SN in terms of an orienting response to especially salient
events during attention demanding tasks. For example,
TEPRs are larger for errors than for correct trials on a number
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of'tasks (e.g., Braem et al., 2015; Critchley et al., 2005; Wessel
et al., 2011). Furthermore, pupillary dilations associated with
errors are related to activity in the SN in humans (Critchley
et al., 2005) and monkeys (Ebitz & Platt, 2015). Consistent
with the model described previously (Fig. 4), this suggests that
after salient events such as errors or lapses of attention, the SN
signals the LC to change overall arousal levels to better allo-
cate attention to the task at hand leading to dynamic changes
in performance. Collectively, prior research suggests that the
pupils dilate in response to increases in effortful attention con-
trol, the pupils dilate to salient events which likely trigger
increases in attention control, and fluctuations in pupillary
responses are linked to lapses of attention and mind-wander-
ing. Overall this suggests that pupillary responses (both pre-
trial baseline and TEPRs) can be used as a psychophysiolog-
ical marker for changes in attentional state and an indirect
index of LC-NE functioning.

Pupillary correlates of fluctuations of attention,
working memory capacity, and attention control

According to the account put forth in the current paper, indi-
vidual differences in WMC and attention control are partially
due to dysregulation in LC-NE functioning. Thus, individual
differences in pupil diameter (both pre-trial baseline and
TEPRs) should be related to individual differences in WMC,
attention control, and task-disengagement in the form of the
off-task thoughts. Earlier we postulated three potential reasons
for why low WMC individuals would demonstrate more LC
dysregulation than high WMC individuals as depicted in
Fig. 5. Specifically, we suggested that low WMC individuals
may have lower tonic LC activity resulting in lowered phasic
responses and lowered attention control (Fig. 5a). In terms of
pupillary responses this would result in low WMC individuals
having lower pre-trial baseline pupils and lower TEPRs than
high WMC individuals. Evidence consistent with this hypoth-
esis comes from prior work by Heitz et al. (2008; see
Tsukahara, Harrison, & Engle, 2016 for a recent replication)
who examined individual differences in WMC and pupillary
responses during a reading span task. Heitz et al. (2008) found
that pupil dilation increased with increases in working mem-
ory load. Furthermore, Heitz et al. (2008) found that high
WMC individuals had larger baseline pupils than low WMC
individuals, suggesting that high WMC individuals were over-
all more aroused and prepared to engage in the task than low
WMC individuals. Another possibility suggested in Fig. 5b is
that low WMC individuals have higher tonic LC activity
resulting in lowered phasic responses and lowered attention
control possibly due to anxiety and stress. In terms of pupil-
lary responses this would result in low WMC individuals hav-
ing larger pre-trial baseline pupils and lower TEPRs than high
WMC individuals. Another possibility suggested in Fig. 5c is
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that low WMC individuals have more moment-to-moment
fluctuations in tonic LC activity resulting in LC tonic activity
that is sometimes too low and sometimes too high. In terms of
pupillary responses, this would suggest that low WMC indi-
viduals should have more variability in pupil diameter (both
pre-trial baselines and TEPRs) than high WMC individuals.
Evidence consistent with this hypothesis comes from
Unsworth and Robison (2015), who examined individual dif-
ferences in WMC and pupillary responses during a visual
change detection task. Unsworth and Robison (2015) found
that pupil dilation increased with increases in set size in a
visual arrays working memory task. Specifically, we found
that the pupil increased up until around four items and then
plateaued for larger set sizes suggesting pupil dilation tracked
attention allocation up to the capacity limits of working mem-
ory (see Alnaes et al. 2014 for similar results in multi-object
tracking which tends to correlate with WMC; Drew & Vogel,
2008). Unlike Heitz et al. (2008; see also Tsukahara et al.,
2016) we found that variability in baseline pupil diameter,
rather than mean pupil diameter, correlated with individual
differences in WMC. We interpreted these results as suggest-
ing that trial-to-trial fluctuations in task engagement (or lapses
of attention) partially account for individual differences in
WMC as indexed by pupillary responses. Thus, whereas
Heitz et al. (2008) found evidence that low WMC individuals
have smaller baseline pupil diameters (associated with
hypoactive LC-NE functioning), Unsworth and Robison
(2015) found that individual differences in WMC were related
to variability in baseline pupil diameter suggesting that vari-
ability in LC-NE functioning was related to WMC. From
these prior studies it is not clear what the relation (if any) is
between baseline pupil diameter (as an index of LC-NE func-
tioning) and WMC. Furthermore, as noted previously, another
possibility is that there is no relation between LC-NE func-
tioning and individual differences in WMC and attention con-
trol. In terms of pupillary responses this would suggest no
relation between WMC and pupil diameter (both pre-trial
baseline and TEPRS).

To better assess possible relations between WMC and LC-
NE functioning via pupil diameter, we (Unsworth & Robison,
2016b) recently ran a larger scale latent variable pupillometry
study. In this study, 165 participants performed multiple WMC
(i.e., operation span, symmetry span, reading span) and atten-
tion control (i.e., antisaccade, Stroop, psychomotor vigilance)
tasks. During the attention control tasks we assessed individual
differences in off-task thoughts (i.e., mind-wandering, inatten-
tion, and external distraction) by periodically presenting par-
ticipants with thought-probes to ascertain their current atten-
tional state. Importantly, during the attention control tasks we
simultaneously recorded pupil diameter as an index of arousal
and LC-NE functioning. Consistent with prior pupillometry
studies of mind-wandering, we found that when participants
reported being off-task both their baseline pupil diameter and

their TEPRs were smaller than when they reported being on
task (Grandchamp et al., 2014; Mittner et al., 2014; Unsworth
& Robison, 2016¢).

In terms of individual differences we found that variability
in pupillary responses (standard deviation of both baseline and
TEPRs) was related to individual differences in WMC and
attention control. For example, shown in Fig. 6 are baseline
pupil diameter (Fig. 6a) and TEPRs (Fig. 6b) across trials for
one typical high WMC and one typical low WMC individual
on the psychomotor vigilance task. As can be seen, the low
WMC individual has more trial-to-trial fluctuations in both
baseline pupil diameter and TEPRs.

Furthermore, variability in baseline pupil diameter and var-
iability in TEPRs were highly related and the shared variance
seemed to be critically important for the relation with WMC,
attention control, and off-task thinking. For example, shown
in Fig. 7a is a reanalysis of Unsworth and Robison (2016b). In
this reanalysis we examined a confirmatory factor analysis of
WMC, attention control, off-task thinking, and variability in
pupil responses. As can be seen, similar to prior studies,
WMC was related to attention control and to off-task thinking.
Importantly, all of the measures of pupil variability (standard
deviation of baseline and TEPRs from both the psychomotor
vigilance task and the Stroop task) loaded on the same latent
factor and this factor was related to latent factors of WMC,
attention control, and off-task thinking. Note we allowed the
error variances for the pupil measures from the same task
correlate given strong task-specific residual relations. The fit
of the model was acceptable, x2 (57) = 124.75, p < .01,
RMSEA = .08, NNFI = .91, CFI = .93, SRMR = .07. These
results demonstrate that fluctuations in pupillary responses
and potential variability in LC-NE functioning is related to
individual differences in WMC and attention control.

Next we specified a structural equation model to examine
the notion that individual differences in LC-NE fluctuations
are related to individual differences in task-disengagement,
which in turn are related to individual differences in attention
control and WMC. Specifically, we specified a model in
which individual differences in variability in pupillary re-
sponses are related to individual differences in off-task
thoughts (task-disengagement), which are in turn related to
individual differences in attention control and WMC. The fit
of the model was acceptable, X2 (60) = 128.36, p < .01,
RMSEA = .08, NNFI = .92, CFI = .94, SRMR = .08.
Figure 7b shows the resulting structural equation model. As
can be seen, variability in pupillary responses was associated
with off-task thoughts, and these off-task thoughts in turn
predicted individual differences in attention control and
WMC. These results suggest that moment-to-moment fluctu-
ations in LC-NE functioning predict individual differences in
off-task thinking, attention control, and WMC. Those individ-
uals who have more fluctuations in LC-NE functioning are
more susceptible to attentional capture from internal
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Fig. 6 (a) Trial-by-trial baseline pupil diameter for a typical high and
typical low working-memory capacity (WMC) individual on the
psychomotor vigilance task. (b) Trial-by-trial task-evoked pupillary

distraction (mind-wandering) and have lower overall attention
control and WMC abilities. Along with prior research which
has examined individual differences in WMC and attention
control and pupillary responses these results suggest an im-
portant link between these constructs and further suggest that
variation in LC-NE functioning may be an important piece to
the WMC-attention control puzzle.

Discussion
In this article we have presented an account of individual dif-
ferences in WMC and attention control suggesting that these

individual differences partially reflect differences in LC-NE
functioning. According to the current account the relation
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response for a typical high and typical low WMC individual on the
Stroop task. Data from Unsworth & Robison (2016b)

between WMC and attention control is partially due to the fact
that low WMC is associated with LC dysregulation and atten-
tion control deficits due to an inability of the LC to properly and
consistently modulate the amount of control exerted by the
FPN. The main points may be summarized as follows.

1) WMC is related to attention control and attentional fail-
ures in and out of the laboratory.

2) Much of the relation between WMC and attention control
seems to be due to fluctuations or lapses of attention.
When on-task and focused, high and low WMC individ-
uals show very similar levels of performance. However,
low WMC individuals demonstrate more off-task think-
ing (e.g., mind-wandering) and task disengagement than
high WMC individuals.
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Fig. 7 (a) Confirmatory factor analysis model for working memory
capacity (WMC), attention control (AC), off-task thinking (Off), and
variability in pupillary responses (PupilSD). Paths connecting latent
variables (circles) to each other represent the correlations between the
constructs and the numbers from the latent variables to the manifest
variables (squares) represent the loadings of each task onto the latent
variable. (b) Structural equation model in which variability in pupillary
responses predict off-task thinking, which predicts attention control, and
attention control predicts working memory capacity. All paths are
significant at the p < .05 level. Ospan operation span, Rspan reading

3) The LC-NE system is important for regulating attentional
state in a variety of situations. In particular, the LC is
thought to modulate the FPN (which in turn suppresses
DMN) to focus attention on important external informa-
tion (the current task). Trial-to-trial changes in the LC
result in trial-to-trial changes in the FPN. When the FPN
is weakly activated, the DMN is not suppressed, resulting
in task disengagement and off-task thinking. Upon aware-
ness of being off-task (potentially due to poor task perfor-
mance) the SN signals the LC to bring performance back
on line.

4) Variation in WMC and attention control is partially due to
dysregulation of LC-NE functioning. Because of dysreg-
ulation of LC-NE functioning, the FPN for low WMC
individuals is only weakly activated, resulting in greater
DMN activity (and greater mind-wandering) for low
WMC individuals compared to high WMC individuals.
This results in disrupted attention control and overall

span, Symspan symmetry span, Anti antisaccade, Stroop color word
Stroop task, PVT psychomotor vigilance task, Aoff off-task thoughts
Antisaccade, Soff off-task thoughts Stroop, Poff off-task thoughts
psychomotor vigilance task, PBaseSD standard deviation of baseline
pupil diameter psychomotor vigilance task, SBaseSD standard deviation
of baseline pupil diameter Stroop, PTEPRSD standard deviation task-
evoked pupillary response psychomotor vigilance task, STEPRSD
standard deviation task-evoked pupillary response Stroop. Data from
Unsworth and Robison (2016)

more erratic performance (more lapses of attention) for
low WMC individuals than for high WMC individuals.
This LC dysregulation can take on multiple forms (too
little tonic LC activity, too much tonic LC activity, too
many fluctuations between different LC modes).
Although many prior studies suggest individual differ-
ences in WMC are due to differences in FPN, these dif-
ferences may actually be a consequence of disrupted LC
functioning.

5) Examining pupillary responses as a correlate of LC-
NE functioning suggests that individual differences in
WMC and attention control are primarily related to
fluctuations in pupillary responses (both baseline and
TEPRSs) rather than differences in baseline/tonic levels.
These latent variable results are consistent with the
notion that moment-to-moment fluctuations in LC-
NE functioning are related to differences between in-
dividuals in WMC and attention control.
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This framework represents an extension of executive
attention and attention control views of WMC which sug-
gest that a core aspect of WMC is the ability to control
attention to ensure that task-relevant representations are
maintained in an active state in the presence of interfer-
ence and distraction (e.g., Engle & Kane, 2004; Kane &
Engle, 2002; Unsworth & Engle, 2007). Here we suggest
a possible reason for individual differences in WMC and
attention control in the form of differences in LC-NE
functioning. This framework is able to account for many
prior findings relating WMC to attention control in terms
of task performance, self-reports of mind-wandering, and
neural correlates. Furthermore, this framework links indi-
vidual differences in WMC to individual differences in
physiological correlates of LC-NE functioning such as
pupil diameter (e.g., Heitz et al., 2008; Unsworth &
Robison, 2015) which were further corroborated in a
new large-scale latent variable study. Future studies rely-
ing on combinations of individual differences, genetics,
fMRI, psychopharmacological, and physiological
(pupillometry, EEG) correlates of putative LC-NE func-
tioning are needed to further test and refine the current
ideas. As such, the current theory provides a powerful
framework in which to interpret individual differences in
WMC and attention control and provides a number of
promising future directions within which to examine indi-
vidual differences in WMC and attention control.

Possible heterogeneity of WMC and LC-NE
functioning

In linking LC-NE functioning to individual differences in
WMC and attention control we hypothesized three ways in
which high and low WMC individuals may differ.
Specifically, we suggested that low WMC individuals
may have lower tonic LC levels than high WMC individ-
uals, resulting in low WMC individuals being in a constant
hypoactive mode. This would result in the LC not effec-
tively modulating the FPN and reduced attention control
abilities. Another possibility suggested was that low WMC
individuals have overall too high tonic LC levels than high
WMC individuals resulting in low WMC individuals being
in a constant hyperactive mode. This too would result in
disrupted FPN activity and reduced attention control abil-
ities. Finally, we also suggested the possibility that low
WMC individuals fluctuate between different states more
readily than high WMC individuals. This would result in
more inconsistent attention control abilities across trials.
Thus, LC dysregulation can take on multiple forms. Our
latent variable pupillary results strongly suggested that low
WMC individuals experienced more fluctuations in LC
modes than high WMC individuals (see also Unsworth &
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Robison, 2015), and these fluctuations are related to the
propensity for off-task thinking and lowered performance
on attention control tasks. Thus, this would suggest that the
source of low WMC individuals’ LC-NE disrupted func-
tioning is due to fluctuations in tonic activity rather than
overall differences in tonic levels. However, we would be
remiss not to point out that it is entirely probable that high
and low levels of tonic LC activity are also contributing
factors for some low WMC individuals. That is, it is likely
that there is heterogeneity in WMC and LC-NE function-
ing such that some low WMC individuals have lower tonic
activity and some low WMC individuals have higher tonic
activity. Within the current sample of relatively high-
functioning university students, differences seemed to be
due to differences in fluctuations between LC modes.
However, with other samples of individuals, different re-
sults could occur. For example, in three experiments using
a mixed sample of university students and community vol-
unteers, Heitz et al. (2008; see also Tsukahara et al., 2016)
found that low WMC individuals had consistently smaller
baseline pupil diameters than high WMC individuals.
Thus, this suggests that in some samples of individuals,
differences can arise from low WMC individuals having
lower tonic LC activity levels resulting in lowered arousal
and alertness. Additionally, it is possible that some low
WMC individuals have attentional problems due to too
much LC tonic activity resulting in over-activity of the
FPN. This could result from test anxiety or from personal-
ity traits such as neuroticism, which could lead to higher
levels of stress associated with increased tonic LC activity
(Millan, 2003; Szabadi, 2013). Indeed, in Unsworth and
Robison (2016b) we found a negative relationship between
baseline pupil diameter and WMC suggesting that low
WMC individuals had larger baselines than high WMC
individuals (opposite to Heitz et al., 2008). As part of an-
other project carried out in our laboratory at the same time,
119 participants also completed a personality questionnaire
in which neuroticism was assessed (Robison et al., in
press). Combining that data with the Unsworth and
Robison (2016b) data suggests that neuroticism was relat-
ed to WMC (r = —.34) and to baseline pupil diameter (r =
.22). Importantly, partialling out neuroticism from the
WMC-baseline pupil diameter relation resulted in a signif-
icantly weaker correlation between WMC and baseline pu-
pil diameter (» = —.16). Thus, within the current sample of
participants, part of the reason for the negative relation
between WMC and baseline pupil diameter seemed to be
due to shared variance with neuroticism. An important as-
pect of future research will be to examine the extent to
which heterogeneity in WMC and attention control is a
result of different subgroups of low WMC individuals
who differ in LC-NE functioning as indicated by variabil-
ity in baseline pupil diameter.
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Other sources of variability in WMC and attention
control

In the current account we have primarily focused on goal
maintenance abilities in which lapses of goal maintenance
(goal neglect) occur when LC tonic activity is too high or
too low on a trial-by-trial basis. However, it is important to
recognize that there are likely other sources of variability con-
tributing to the overall WMC-attention control relation. That
is, several theories suggest that goal maintenance abilities are
just one reason why WMC and attention control are related.
For example, in their prominent two-factor theory of WMC
and cognitive control, Kane and Engle (2003; Engle & Kane
2004) have suggested that in addition to goal maintenance
abilities, conflict resolution is also an important factor.
According to Kane and Engle (2003), even when the task goal
is properly maintained, low WMC individuals should still
have problems resolving conflict that arises between the task
goal and more habitual behaviors. For example, in the Stroop
task, conflict resolution abilities are needed to resolve the
conflict between the goal (say the color) and habitual word
reading even in the absence of goal neglect. Evidence in sup-
port of this is the finding that low WMC individuals demon-
strate more Stroop interference than high WMC individuals
even on tasks where mostly incongruent trials are presented
(Kane & Engle, 2003; Meier & Kane, 2013). It is argued that
on these types of trials, constantly being presented with incon-
gruent stimuli serves to reinforce the goal and reduce goal
maintenance requirements. However, differences between
high and low WMC individuals still arise due to the fact that
low WMC individuals are poorer at resolving conflict and
competition than high WMC individuals. Recently Meier
and Kane (2015) examined the relation between WMC and
conflict resolution in versions of the Simon task. Meier and
Kane found that situations that minimized goal maintenance
needs, low WMC individuals experienced more stimulus-
stimulus conflict than high WMC individuals, suggesting that
WMC is related to conflict resolution during selection. Thus,
we acknowledge that an additional source of variability in
WMC and attention control is conflict resolution abilities that
may be particularly poor for some low WMC individuals. At
the same time we note that evidence in support of conflict
resolution differences tend to be mixed and somewhat weaker
than evidence for goal maintenance abilities. For example, one
prediction of the conflict resolution account is that on incon-
gruent trials high and low WMC individuals should demon-
strate different RT distributions with low WMC individuals
having a distribution in which the mean is shifted toward
slower responses than high WMC individuals (Kane &
Engle, 2003). That is, conflict resolution is a constant time-
consuming process (Kane & Engle, 2003). However, when
examining WMC differences for incongruent RT distributions
some results suggest a difference in the mean on some tasks

(Meier & Kane, 2015; Unsworth et al., 2012) but not on others
(Meier & Kane, 2015; Unsworth et al., 2012). Furthermore,
Morey et al. (2012) found that only versions of the Stroop with
a high proportion of congruent trials correlated with WMC.
When all incongruent trials were presented or a cross-modal
Stroop task was used, WMC did not correlate with perfor-
mance. Morey et al. concluded that WMC is related to goal
maintenance abilities but not conflict resolution abilities. As
noted by Kane and Engle (2003) these mixed results could
arise because differences in RTs between high and low WMC
individuals in conflict resolution situations may be masked
and thus require a large number of trials to find a somewhat
small effect. Furthermore, as noted by Meier and Kane (2015)
not all manifestations of conflict resolution are related to
WMC. Thus, more work is needed to better delineate the
relation between WMC and conflict resolution abilities.

In a similar vein, Braver, Gray, and Burgess (2007; see also
Braver, 2012) have proposed a dual-mechanism account of
cognitive control. In this account cognitive control is broken
down into two modes: proactive control and reactive control.
Proactive control refers to active maintenance abilities in
which goal representations and context are maintained in an
active state to ensure active task performance. Whereas pro-
active control is engaged prior to the presentation of a stimu-
lus, reactive control is engaged after a stimulus has been pre-
sented. Reactive control serves to resolve conflict in the mo-
ment by reactivating the task goal or context. Thus, like the
two-factor theory proposed by Kane and Engle (2003; Engle
& Kane, 2004), this view suggests that both proactive active
maintenance abilities and reactive conflict resolution abilities
are important for performance on various tasks and for indi-
vidual differences in performance. A series of recent studies
by Redick and colleagues (Redick & Engle, 2011; Redick,
2014; Richmond, Redick, & Braver, 2015) have examined
the extent to which individual differences in WMC can be
accounted for by the dual-mechanisms account using varia-
tions of the AX-CPT task. In particular, this research suggests
that high WMC individuals are better at utilizing a proactive
control strategy to prepare the correct action than low WMC
individuals. That is, high WMC individuals more consistently
engage proactive control than low WMC individuals. Low
WMC individuals rely more on reactive control. Consistent
with the current proposal, this difference in proactive control
could arise due to periodic lapses of attention in which the task
goal is lost from working memory and low WMC individuals
are more likely to have to rely on reactive control on those
trials than high WMC individuals, who are less likely to ex-
perience a lapse of attention. That is, a sufficient amount of
arousal may be needed to engage in proactive control/
preparatory attention, and when arousal fluctuates, one must
rely on reactive control to perform the task. Furthermore, sim-
ilar to the two-factor theory proposed by Kane and Engle
(2003), this account suggests that in situations where
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proactive control is unlikely, high WMC individuals will be
better at implementing reactive control than low WMC indi-
viduals. Similar to conflict resolution, we acknowledge the
possibility that reactive control is another potent means of
control that is likely related to WMC especially in certain
contexts.

In addition to differences in conflict resolution and reactive
control, we suggest that there are other potential ways in
which WMC is related to attention control abilities. For ex-
ample, examining Fig. 4 suggests that individual differences
in WMC and attention control result from differences in LC
functioning which in turn causes differences in FPN (and
DMN). However, it is also possible that variation in the other
core brain networks give rise to some individual differences in
WMC as well. For example, it is possible that some low
WMC individuals do not have LC problems, but rather have
reduced attention control abilities due to disruption of the FPN
directly. These individuals would demonstrate reduced atten-
tion control abilities in a variety of tasks even when goal
maintenance and proactive control are not necessary (but con-
flict resolution and reactive control are). Furthermore, these
individuals may experience broader deficits in attention con-
trol such as inabilities to configure attention to particular ob-
jects or spatial locations (Bleckley, Durso, Crutchfield, Engle,
& Khanna, 2003; Bleckley, Foster, & Engle, 2015).
Furthermore, these individuals may have particular problems
filtering out irrelevant information and preventing attentional
capture (Fukuda & Vogel, 2009, 2011; Vogel, McCollough, &
Machizawa, 2005), which may be unrelated to lapses of atten-
tion and mind-wandering. For example, in a recent study we
found that both mind-wandering and filtering predicted
WMC, but that mind-wandering and filtering were unrelated
and accounted for separate sources of variance in WMC
(Unsworth & Robison, 2016a). Thus, although we suggest
that LC dysregulation drives much of the WMC-attention
control relation, it is likely that some of the WMC-attention
control relation stems from variability in FPN functioning
rather than variability in LC-NE functioning.

Similarly it is possible that variability in DMN activity
accounts for some of the WMC-attention control relation
and accounts for some variability in mind-wandering. That
is, rather than LC dysregulation contributing to lowered atten-
tion control via FPN, it is possible that some individuals have
disturbances in DMN with an overactive DMN that causes
frequent intrusions of self-generated thoughts and mind-
wandering which impede successful task performance. This
is consistent with the default-mode interference hypothesis
proposed by Sonuga-Barke and Castellanos (2007) to account
for lapses of attention and performance variability seen in
ADHD. It is possible that some of the WMC-attention control
relation is due to variability in the strength of the DMN, with
some low WMC individuals experiencing periodic lapses of
attention and mind-wandering because the DMN is interfering
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with task performance. On tasks requiring focused attention to
external events, this would result in lowered attention control
and lowered task performance. However, in tasks requiring
introspective self-generated thoughts this could actually lead
to enhanced performance. Thus, some of the variability shared
between WMC and mind-wandering may be a direct result of
DMN regulation rather than LC-NE functioning.

Finally, it seems possible that some of the WMC-attention
control relation is due to deficits in the SN which results in
compromised monitoring and subsequent adjustments in con-
trol. Some low WMC individuals may have specific problems
monitoring their performance and signaling the LC to get back
on task and increase control in the FPN. That is, if you don’t
know you are experiencing a lapse of attention or you aren’t
aware of the errors you are making, then subsequent adjust-
ments in control will not occur and performance will continue
to suffer. If this is the case then one would expect WMC to be
related to classic indicators of conflict monitoring and micro-
adjustments of control such as post-error slowing and congru-
ency sequence effects (e.g., Botvinick et al., 2001). However,
the evidence is decidedly mixed. For example, in four exper-
iments Unsworth et al. (2012) found no evidence for WMC
differences in post-error slowing on a number of attention
control tasks. Miller, Watson, and Stayer (2012) found that
high WMC individuals demonstrated a larger error-related
negativity and post-error positivity than low WMC individ-
uals (although there were no differences in behavioral perfor-
mance). Furthermore, Unsworth et al. (2012) found no rela-
tion between congruency sequence effects in Stroop and
flanker tasks and WMC (see also Keye et al., 2009; Meier &
Kane, 2013), and Meier and Kane (2015) found no relations in
versions of the Simon task. However, Keye et al. (2009) and
Weldon et al. (2013) did find significant relations in versions
of the Simon task. Furthermore, Gulbinaite et al. (2014), de-
spite finding no behavioral relations, found significant WMC-
congruency sequence effects in EEG oscillations. Thus, sev-
eral studies find no relations between behavioral markers of
conflict monitoring and micro-adjustments of control, but
some studies find some evidence for physiological relations
with WMC.

Collectively there seem to be somewhat mixed results sug-
gesting WMC relations with conflict resolution and conflict
and error monitoring (both behavioral and physiological).
These mixed results could be due to relatively weak and
non-stable effects, or they could be due to heterogeneity in
WMC and attention control. That is, there are a number of
ways to score low on WMC measures and perform poorly
on measures of attention control. It is entirely possible that
there are sub-groups of low WMC individuals (Unsworth,
2009; Unsworth et al., 2014). Some low WMC individuals
may have issues with goal maintenance, some have issues
with conflict resolution, and some have issues with conflict
and error monitoring. Individuals with goal maintenance
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issues may be the predominant type of low WMC individuals,
with smaller subgroups having deficits in conflict resolution
and/or conflict and error monitoring. Future research is needed
to better delineate the many possible sources of variability
linking WMC and attention control and future research is
needed to better examine potential subgroup variation in
WMC and attention control.

The role of the LC-NE in other working memory
facets

According to the multifaceted view of WMC, there are mul-
tiple different facets on which individuals differ (e.g.,
Unsworth, 2016; Unsworth et al., 2014). As noted previously,
we have suggested that individual differences in WMC arise
not only from differences in attention control abilities, but also
from differences in primary memory capacity (the number of
items that can be simultaneously maintained in an active state)
and differences in secondary memory (both encoding and re-
trieval from secondary memory). Furthermore, we have sug-
gested that all three facets are critically important in account-
ing for the relation between WMC and higher-order cognition
(such as fluid intelligence). In the current paper we have main-
ly focused on differences in attention control, but it is impor-
tant to note that these three facets interact and thus, LC-NE
functioning will also influence primary memory capacity and
secondary memory abilities. For example, as suggested by
Kahneman (1973), capacity is determined in part by current
arousal levels. Thus, when arousal is optimal, capacity will be
at its maximum, but when arousal is too high or too low
capacity will be reduced, leading to reductions in performance
(Kahneman, 1973). This suggests that capacity will be deter-
mined in part via current LC tonic levels which modulate the
FPN (e.g., Usher & Davelaar, 2002). Individuals with too low
or too high tonic LC levels will tend to have compromised
capacities and overall lower estimates of capacity than indi-
viduals with more optimal tonic LC levels. As noted previ-
ously, prior research has shown that TEPRs accurately track
the number of items being maintained such that TEPRs during
a delay in a change detection task increased until around four
items and then plateaued consistent with behavioral estimates
of capacity (Unsworth & Robison, 2015). Examining individ-
ual differences we found that behavioral estimates of capacity
correlated with TEPRs (r = .43), suggesting that high WMC
individuals TEPRs plateaued at higher values than low WMC
individuals. Additionally, individuals who experience more
fluctuations in tonic LC levels will also tend to have reduced
estimates of capacity given that they will be more likely to
experience trial-to-trial fluctuations in capacity which will re-
sult in overall lower average capacity estimates. Indeed, recent
research has suggested that lowered capacity estimates seen in
low WMC individuals are partially due to differences in lapses

of attention (Adam et al., 2015; Unsworth & Robison, 2016a).
Thus, differential LC-NE functioning can impact not only
overall attention control abilities, but also an individual’s abil-
ity to simultaneously maintain several representations in an
active state for on-going processing.

Differences in LC-NE functioning should also influence
individual differences in secondary memory abilities. For ex-
ample, the LC has direct projections to the hippocampus
(Samuels & Szabadi, 2008a) and it has been suggested that
the LC is critically important for memory formation and the
notion that arousal enhances memory representations
(McGaugh, 2006). The importance of the LC in memory for-
mation may be partially due to attentional modulation of hip-
pocampal neurons (Rowland & Kentros, 2008). Thus, the LC-
NE system may be particularly important for modulating the
intensity of attention to items during encoding, which results
in stronger hippocampal representations that are then easier to
retrieve at recall. Thus, high WMC individuals may have bet-
ter secondary memory abilities than low WMC individuals, in
part due to differences in LC-NE functioning such that they
are better able to modulate the amount of attention to items at
encoding resulting in stronger representations that are more
readily available during retrieval. Likewise, high WMC indi-
viduals may be more able to modulate attention during retriev-
al than low WMC individuals to better select target represen-
tations amongst competitors during especially challenging re-
trieval situations (such as when proactive or retroactive inter-
ference are present). Again this suggests the likely importance
of the LC-NE system not only for individual differences in
attention control, but also the interactions amongst various
facets of the overall working memory system. Future research
is needed to better examine the interactions between these
important components of working memory and the possible
influence of the LC-NE system to each component individu-
ally as well as interactions among the different components.

Other neuromodulatory influences on WMC
and attention control

In the current work we have mainly focused on the LC-NE
system given its importance for regulating attentional state
and fluctuations in attention control which seem pivotal to
individual differences in WMC and attention control.
However, it is also important to note that other
neuromodulators also likely influence WMC and attention
control in potentially different ways. Here we briefly consider
possible influences of dopamine and acetylcholine on individ-
ual differences in WMC and attention control, while acknowl-
edging that there are complex associations and interactions
among these various neurotransmitters. It is beyond the scope
of the current paper to examine the full complexities of these
interactions and relations.
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Dopamine has long been seen as an important
neuromodulator of the FPN and linked to overall working
memory functioning and attention control (Robbins &
Arnsten, 2009). Like NE, dopamine is thought to modulate
signal to noise ratios in target neurons (gain modulation) in
response to salient events (in particular motivationally salient
events) leading to an increase in alertness (Bromberg-Martin,
Matsumoto, & Hikosaka, 2010; Servan-Schreiber et al. 1990).
Dopamine demonstrates a similar inverted U-function with
performance and FPN functioning (e.g., Robbins & Arnsten,
2009). Classically, NE was associated with overall arousal
levels and dopamine with reward processing. More recent
research suggests that dopamine is critically important for
updating the contents of working memory via an adaptive
gating mechanism (e.g., Cohen, Aston-Jones, & Gilzenrat,
2004). In this account, dopamine acts to gate input to the
FPN allowing the contents of working memory to be updated
in a selective manner. It is assumed that gating occurs via
reinforcement learning such that gating occurs when there is
an opportunity for reward ensuring that in future reward con-
texts gating and updating is more likely to occur (D’ Ardenne
et al., 2012). Furthermore, dopamine may be particularly im-
portant for decision making regarding the costs and benefits of
engaging in effortful cognitive activities (Westbrook &
Braver, 2016). For example, Varazzani et al. (2015) demon-
strated that dopaminergic neurons in the substantia nigra were
sensitive to expected reward and the cost of engaging in ef-
fortful processes, whereas NE neurons in the LC were sensi-
tive to effort production in order to energize behavior. These
LC-NE responses were significantly related to pupil dilation
during task performance. Dopamine seems critically impor-
tant for not only ensuring active maintenance of goal states in
the FPN, but also for updating the contents of working mem-
ory via reinforcement learning and decision making of under
what circumstances the allocation of effort is worthy, whereas
the LC-NE system may be more important for allocating re-
sources and energizing behavioral responses. Thus, dopamine
and NE are both likely important for working memory and
attention control, but they may be associated with different
aspects of attention control. Furthermore, in terms of individ-
ual differences, dopamine is likely important for the active
maintenance of task goals seen as a hallmark of individual
differences in WMC. As noted previously, prior work sug-
gests that individual differences in WMC are linked with pro-
active control mechanisms that are thought to be mediated via
phasic dopamine activity (Braver, 2012; Braver et al., 2007;
Redick, 2014; Richmond, Redick, & Braver, 2015).
Furthermore, it is possible that low WMC individuals have
deficits in reinforcement learning resulting in inaccurate
timing of gating signals such that irrelevant stimuli (internal
or external) are allowed to gain access to working memory.
Thus, dopamine is also likely critically important for individ-
ual differences in WMC and attention control. The influence

@ Springer

of dopamine on individual differences in WMC and attention
control may be independent of NE, but it is also likely that
these two systems interact in important ways. For example,
there are strong reciprocal connections between the LC and
the ventral tegmental area (Chandler, Waterhouse, & Gao,
2014). Thus, given the highly interactive nature of these two
neuromodulatory systems it will be important to not only un-
derstand how they potentially independently account for var-
iation in WMC and attention control, but also their joint ef-
fects in terms of computing effort costs and for energizing
effortful behaviors.

Additionally, it is likely possible that other
neuromodulators such acetylcholine are important for WMC
and attention control. Prior research has suggested that the
FPN is innervated by cholinergic neurons and that these neu-
rons are especially important for attentional functions
(Hasselmo, & Sarter, 2011) and in particular for attention con-
trol (Sarter & Paolone, 2011). In particular, Sarter and col-
leagues (2005) have suggested that acetylcholine is critically
important for attentional effort. They suggest that attentional
effort is needed “to maintain or regain attentional performance
under challenging conditions™ (p. 147). When performance
begins to decline or it is difficult to sustain attention to the
current task, it is assumed that cholinergic activity increases in
the FPN resulting in an enhancement of targets and a suppres-
sion of distractors that allows performance to either maintain
current levels or recover if performance has decreased. In this
view acetylcholine plays a similar role as NE in regulating
attentional state particularly during challenging attentional
tasks or following shifts in performance (such as recovering
performance following an error or a mind-wandering epi-
sode). Thus, this attentional effort system seems critically im-
portant in challenging situations where “negative events sig-
nal that goals are not being achieved, making effort
necessary” (Sarter et al., 2006, p. 151). Thus, whereas dopa-
mine may be important for evaluating the effort costs, and NE
may be important for energizing effortful processes, acetyl-
choline may be additionally important in situations where ef-
fortful processing has declined and a further booster of atten-
tional effort is needed to get performance back on track. As
such, dysregulation of this system would likely result in de-
creased attention control, increased mind-wandering, and
overall erratic performance as attention is likely to be captured
by internal and external distractors similar to what is seen in
low WMC and attention control individuals. Furthermore, pu-
pillary responses are controlled by both the sympathetic and
parasympathetic nervous systems. The dilator pupillae is in-
nervated by adrenergic input from the sympathetic nervous
system resulting in dilation, whereas the sphincter pupillae is
innervated by cholinergic input from the parasympathetic ner-
vous system resulting in constriction. Thus, pupil dilation can
occur via a complex interaction of the sympathetic and para-
sympathetic nervous systems. Although most work has
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examined pupil dilation in response to attentional demands via
sympathetic activation from the LC-NE, it is also important to
examine potential cholinergic factors related to attentional ef-
fort and pupillary responses. Thus, future work should exam-
ine the importance of strong interactions between NE and
acetylcholine in relation to moment-to-moment fluctuations
in pupillary responses (e.g., Reimer et al., 2016) and attention-
al state (Brown et al., 2016). Collectively, prior research sug-
gests an important role of acetylcholine in regulating atten-
tional effort, and dysregulation of this system likely results
in reduced attention control and WMC. Future research is
needed to better clarify how these neuromodulatory systems
interact and their possible roles in accounting for individual
differences in WMC and attention control abilities.

Concluding remarks

In this article we have advanced the view that variability in
LC-NE functioning is partially responsible for individual dif-
ferences in WMC and attention control. Given its wide pro-
jections throughout the neocortex, the LC-NE system is im-
portant for modulating information and neural processing in
different networks. In particular, the LC-NE seems critically
important for modulating attention control and working mem-
ory demands in the FPN. In terms of individual differences,
we suggest that low WMC is associated with LC dysregula-
tion which results in more moment-to-moment fluctuations in
tonic LC activity, fluctuations in phasic LC responses, in-
creased off-task thinking, and lowered attention control com-
pared to high WMC. Combining experimental, differential,
computational, and psychophysiological programs provides
a promising means for explaining and understanding cogni-
tive and physiological differences among individuals and how
these differences give rise to variation in higher-order cogni-
tive processes.
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