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Noradrenergic Modulation of Creativity: Evidence
from Pupillometry

Alwin de Rooij , Ruben D. Vromans , and Matthijs Dekker
Tilburg University

Creative people regulate their own attentional flexibility and focus in response to creative
task demands in a way that favors the emergence of original and effective solutions. So far,
not much is known about the neurobiological mechanisms that underlie such abilities. Here,
the function of the locus coeruleus noradrenaline (LC-NA) system in creativity was explored
using pupillometry. Two studies experimentally tested whether tonic pupil dilation (as a
proxy for measuring tonic LC-NA activity) and phasic pupil dilation (as a proxy for
measuring phasic LC-NA activity) predicted performance on divergent and convergent
thinking using both psychometric (study 1) and real-world creativity tasks (study 2).
During divergent thinking, it was consistently found that tonic pupil dilation predicted the
generation of original ideas in both creativity tasks, and phasic pupil dilation predicted the
generation of effective ideas only in the real-world creativity task. However, during con-
vergent thinking, tonic and phasic pupil dilation did not predict creative task performance in
both creativity tasks. Therefore, this study was the first to provide experimental evidence that
suggests that tonic and phasic LC-NA activity differentially predict the generation of original
and effective ideas during creative tasks that require divergent thinking.

Creativity, the creation of ideas, solutions, or products that
are both original and effective, is at the basis of innovation
in science, technology, and the arts (Sawyer, 2012), and
considerable resources are being spent on training and
enhancing it (Ritter & Mostert, 2016; Scott, Leritz, &
Mumford, 2004). Creative people regulate their own atten-
tional flexibility and focus in response to creative task
demands in a way that favors the emergence of ideas that
are original, yet also effective (Vartanian, 2009). However,
not much is known about the cognitive and neurobiological
mechanisms that underlie such abilities. One possible
mechanism that could explain how people regulate their
own attentional flexibility and focus during a creative task
is the locus coeruleus noradrenaline (LC-NA) system

(Aston-Jones & Cohen, 2005), a noradrenaline-rich area
in the pons, with projections into the cortex (Tervo et al.,
2014). Pupillometry, the measurement of the eye’s pupil
dilations and constrictions, can be used as a proxy to
measure LC-NA activity (Gilzenrat, Nieuwenhuis, Jepma,
& Cohen, 2010), which in turn enables researchers to
explore the function of LC-NA activity during creative
tasks. Therefore, in this study the noradrenergic modulation
of creativity is explored, using pupillometry.

Function of Flexible and Focused Attention in
Creativity

To develop ideas, solutions, or products that are novel yet
effective, people often engage in a creative process
(Sawyer, 2012). During this process, creative people cycle
back and forth through different information processing
steps such as idea generation and idea elaboration. In addi-
tion, they alternate between divergent thinking, the thought
processes that underlie the exploration of many options,
and convergent thinking, the processes that enable the inte-
gration of different options into a correct solution (Isaksen,
Dorval, & Treffinger, 2010).
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Creativity depends, in part, on (a) the effective execution
of divergent and convergent thinking and (b) whether the
way in which divergent and convergent thinking is exe-
cuted during the steps in the creative process that favours
the emergence of novel and effective ideas (de Rooij &
Jones, 2013).1 During idea generation, for example, diver-
gent thinking enables people to come up with a diverse
range of material for ideas that vary in the degree to which
they are novel and effective. This facilitates the develop-
ment of sufficient ideas and original material from which a
single solution can be developed. In contrast, during idea
elaboration, convergent thinking can play a role in the
selection and integration of previously generated material
into more comprehensive solutions. This facilitates moving
from a disparate set of materials, such as material produced
during idea generation, including distantly or closely
related ideas (Kounios & Beeman, 2009), to more elaborate
ideas. Ideally, this further maximizes the likelihood that
original and effective ideas are produced.

The degree to which people are able to generate original
and effective ideas depends, in part, on their ability to
regulate attentional flexibility and attentional focus during
divergent and convergent thinking (Vartanian, 2009).
During divergent thinking, attentional flexibility—the
degree to which attention is sensitive to seemingly task-
irrelevant information—can increase the chance that
uncommon information is combined into an idea, and thus
that people generate original ideas (Zabelina, Saporta, &
Beeman, 2016). Currently, no evidence exists for a link
between the regulation of attention and the generation of
effective ideas. However, it has been argued that a moder-
ate level of attentional focus—the degree attention is sen-
sitive to task-relevant information is necessary to
effectively execute divergent thinking processes (Baas, de
Dreu, & Nijstad, 2008).

During convergent thinking, attentional focus can help facil-
itate the detailed, oriented processing necessary for the effective
selection and integration of previously generatedmaterial into a
single solution that ideally maximizes originality and effective-
ness (Isaksen, Dorval, & Treffinger, 2010). In addition, it may
also facilitate, more specifically, the integration of ideas that are
relatively closely related (Kounios & Beeman, 2009).
Contrastingly, attentional flexibility may allow new insights to
emerge that would otherwise be shielded by a high degree of
focus (Cropley, 2006). Additionally, it may increase the like-
lihood that relatively distantly-related ideas are selected and
developed into a more comprehensive and elaborate solution
(Kounios & Beeman, 2009). However, it is not known whether
attentionalflexibility or focus can influence convergent thinking
in a manner that affects the originality or effectiveness of the

ideas that are produced. In sum, attentional flexibility and
attentional focus can support divergent and convergent thinking
performance during a creative task in varying ways. Yet, not
much is known about how attentional flexibility and focus
changes in response to creative task demands.

Function of LC-NA Activity in Flexible and Focused
Attention

A possible mechanism that can explain how people regulate
their own attentional flexibility and focus during a creative task
could be the LC-NA system (Aston-Jones&Cohen, 2005). The
LC-NA system is a noradrenaline-rich area located in the pons,
with projections into—amongst others—the cortex, which
associates with the regulation of flexible and focused attention
(Tervo et al., 2014). There, noradrenaline enhances the cortical
signal-to-noise ratio of bottom-up sensory inputs from the sen-
sory apparatus at the cost of top-down cortico-cortical inputs
(Hasselmo, Linster, Patil, Ma, & Cekic, 1997). The LC-NA
exhibits twomodes of function: tonic and phasic (Usher, Cohen,
Servan-Schreiber, Rajkowski, & Aston-Jones, 1999). Tonic
LC-NA activity, characterized by continued firing of LC neu-
rons in the absence of task-relevant information, modulates the
signal-to-noise ratio of task-irrelevant information, modulating
attentional flexibility, or exploration states as it is referred to in
the LC-NA literature. In contast, phasic LC-NA activity, char-
acterized by rapidfiring of LC neurons in direct response to task
relevant information, modulates the signal-to-noise ratio of
task-relevant information, modulating attentional focus on the
task, or exploitation states as it is referred to in the LC-NA
literature (Aston-Jones & Cohen, 2005). This gives rise to
speculation that the manner in which people are able to regulate
their own LC-NA levels in response to creative task demands
could explain what makes people more creative than others.

When investigating the function of LC-NA activity in crea-
tivity, a continuous measure of online processing is particularly
useful. A relatively cheap and noninvasive way is through
pupillometry. The measurement of the eye’s pupil dilation and
constriction is typically used as a proxy to measure LC-NA
activity (Eckstein, Guerra-Carrillo, Singley, & Bunge, 2017).2

Pretask or baseline pupil dilation (i.e., when people are not
engaged in a task) associates with attentional flexibility on a
task, and can thus be used as a proxy for measuring tonic LC-
NA activity. Task-evoked pupil dilation (i.e., when people are
engaged in a task) associates with attentional focus on a task,
and can thus be used as a proxy for measuring phasic LC-NA
activity. Indeed, in a number of pupillometry studies (e.g.,
Gilzenrat et al., 2010; Jepma & Nieuwenhuis, 2011), it was

1Note that there is some debate about the necessity of divergent and
convergent thinking during different steps in the creative process. See
Mumford, Medeiros, and Partlow (2012) for a review.

2Note that, although the precise mechanisms underlying the associa-
tion between pupil size and LC-NA activity are currently unknown, it is in
many studies assumed to be a reliable indicator of activity in the projec-
tions of the LC-NA into the cortex (Reimer et al., 2016); and subsequently
its role in the regulation of flexible and focused attention (Aston-Jones &
Waterhouse, 2016). In this study, the same assumptions hold.
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found that pupil diameter predicted changes in flexible and
focused attention in oddball discrimination and four-armed
bandit tasks. Moreover, Hayes and Petrov (2015) showed that
by conducting amore advanced analogical reasoning task, pupil
diameter varied according to self-reported changes in the degree
to which people exploited successful analogies for reasoning
(which requires attentional focus), or explored new analogies
(which requires attentional flexibility).

Although theorists have conjectured that LC-NA activity
plays a role in creative thinking (Heilman, 2016), and despite
research which showed that tonic and phasic LC-NA activity
modulated attentional flexibility and focus (Gilzenrat et al.,
2010), no studies exist that have explored the function of tonic
and phasic LC-NA activity in divergent and convergent think-
ing performance during a creative task. Therefore, this study
explores the noradrenergic modulation of creativity, using
pupillometry methods.

This Study

On the basis of the reviewed literature, tonic and phasic LC-NA
modes—as measured by tonic (pre-task) and phasic (task-
evoked) pupil dilation—can be related to divergent and con-
vergent thinking performance during a creative task, via its
assumed effects on attentional flexibility and focus.
Attentional flexibility and focus (a) can be involved in the
effective execution of divergent and convergent thinking and
(b) can to some extent increase the likelihood that either original
or effective ideas emerge from divergent and convergent think-
ing during a creative task. Based on these conjectures the
following predictions can be made.

If the LC-NA system is involved in divergent thinking dur-
ing a creative task, tonic pupil dilation might predict the gen-
eration of original ideas because it increases the likelihood that
new, more remote concepts are combined during idea genera-
tion, thus increasing the likelihood that an idea is original
(Zabelina et al., 2016). Conversely, phasic pupil dilation may
generally predict performance during divergent thinking
because a mild degree of attentional focus is necessary to
effectively execute divergent thinking during a creative task
(Baas et al., 2008). Next to that, if the LC-NA system is
involved in convergent thinking during a creative task, tonic
pupil dilation could predict the effective execution of conver-
gent thinking, and facilitate the integration of previously gener-
ated ideas into one single solution that maximizes originality
and effectiveness (cf. Fischer & Hommel, 2012). Conversely,
phasic pupil dilation may increase the likelihood that people
have new insights that further benefit the quality of the created
ideas and solution (Cropley, 2006). As mentioned in the pre-
vious section, however, no evidence exists that this differen-
tially predicts qualitative differences in the originality or
effectiveness when people further develop and elaborate upon
their ideas. These conjectures suggest that an explorative study
is justified.

To explore these conjectures, two studies were con-
ducted. Study 1 explored whether tonic and phasic pupil
dilation predicted performance on psychometric divergent
and convergent thinking tasks. These tasks are commonly
used in creativity research, and provide a measure of diver-
gent and convergent thinking performance, which can be
indicative of creative potential (Cropley, 2000; Runco &
Acar, 2012). As such, these tasks enabled the exploration of
the function of tonic and phasic LC-NA during the effective
execution of divergent and convergent thinking.

Study 2 explored whether tonic and phasic pupil dilation
predicted performance during a more real-world creative
task, where people were asked to develop creative online
marketing solutions, and engage in divergent thinking dur-
ing an idea generation step in a creative process, followed
by convergent thinking during an idea elaboration step in a
creative process. Expert ratings were used to assess the
production of original and effective ideas during divergent
and convergent thinking. Moreover, the LC-NA system
might be recruited in a different manner during tasks that
resemble real-world creative tasks more closely than in
psychometric tasks (cf. Zeng, Proctor, & Salvendy, 2011).
As such, this task enabled the exploration of the function of
tonic and phasic LC-NA in the creation of original and
effective ideas during divergent and convergent thinking,
and as part of a creative process.

STUDY 1: FUNCTION OF TONIC AND PHASIC LC-
NA ACTIVITY IN PSYCHOMETRIC CREATIVITY

To explore whether tonic and phasic pupil dilation predicts
performance on psychometric divergent and convergent
thinking tasks, an experiment with a between-subject
design was conducted.

Method

Participants

In total, 80 people participated in study 1 (Mage = 22.8,
SDage = 2.86, Rangeage = 18–30 years, 51 women, 29
men).3 For this study, a convenience sample was used.
The participants all had normal or corrected-to-normal
vision. Participants were recruited via the participant
recruitment system of the Department of Communication
and Cognition, Tilburg University, and were assigned ran-
domly to either the divergent thinking condition (N = 41),
or the convergent thinking condition (N = 39). They
received course credit in exchange for their participation.

3 The data for study 1 were collected as part of a larger study.
Therefore, the procedure and sample are identical to studies that used
other eye-tracking data than pupil dilation and constriction data. See, for
example, de Rooij and Vromans (2018).
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There were no significant difference for age, t(78) = 1.31,
p = .194, or gender, χ2(1) = .004, p = .949, between the
conditions.

Measuring Divergent and Convergent Thinking
Performance

The alternative uses task (AUT) was used as a proxy to
measure divergent thinking performance (Guilford, 1967).
During this task, participants were cued 21 times to gen-
erate a creative use for a common household item. Three
items (brick, paperclip, and newspaper) were rotated in
random order. Each trial consisted of a fixation dot lasting
5,000 ms, after which participants were cued with one of
the three common objects and asked to generate a creative
use for the presented object. When participants had an idea,
they could press the spacebar after which they could speak
their idea out loud within 5,000 ms, after which the next
fixation dot and subsequent cue started. The audio of the
responses was recorded. When the spacebar was not
pressed within a limit of 15,000 ms, the next fixation dot
and subsequent cue were presented automatically. Before
starting the task, participants practiced two trials.

Two independent raters assessed three variables that are
typically used to indicate performance divergent thinking in
psychometric tasks: fluency (i.e., the generation of a nonre-
dundant idea), flexibility (i.e., the generation of an idea that
contains concepts previously unused), and originality (i.e.,
the generation of an idea that is original relative to the ideas
produced by all the participants in the sample; Guilford,
1967). Creative outcomes, such as a new nonredundant
idea, new concept used, or original idea were labelled 1,
whereas other ideas were labelled 0 for further analysis.
Responses to the items were coded original when it was
the only response given of this type in the entire sample
(this amounted to 26% of the responses to the items in the
sample). Cronbach alphas for interjudge agreement were
1.00 for fluency, .87 for flexibility, and .96 for originality.

The remote associates task (RAT) was used as a proxy to
measure convergent thinking performance (Mednick &
Mednick, 1971). Items were taken from the recently vali-
dated Dutch version of the RAT (Akbari Chermahini,

Hickendorff, & Hommel, 2012). During this task, partici-
pants were cued 20 times to generate the word that, when
combined with three given words, would result in a word
pair that is a common compound word or phrase (e.g., bell-
back-mat, answer: door). The word triads were presented in
random order. Each trial consisted of a fixation dot lasting
5,000 ms, after which participants were cued with a word
triad to solve. When participants had a solution they could
press the spacebar and speak their solution out loud within
5,000 ms, after which the next fixation dot and subsequent
cue started. Here, the audio of the responses was also
recorded. When the spacebar was not pressed within a
time limit of 15,000 ms, the next fixation dot and subse-
quent cue were presented automatically. Before starting the
task, participants practiced two trials. The amount of cor-
rectly solved triads were counted to assess creativity during
convergent thinking. Positive outcomes, i.e., a correctly
solved word triad, were labelled 1 whereas unsolved word
triads were labelled 0 for further analysis. Ideas that asso-
ciated with measurement error in the assessment of tonic
and phasic LC-NA activity were not used. An overview of
the distribution of the labels used in the analysis is provided
in Table 1.

Participants either did the AUT or the RAT. Although a
within-subject design would have enabled a more valid
comparison of the association of tonic and phasic pupil
dilation with divergent and convergent thinking perfor-
mance, pilot testing suggested that the head-mounted eye
tracker used in the experiment (see description in the fol-
lowing section) would likely lead to fatigue and discomfort
when worn for the duration of both the AUT and the RAT.

Measuring Tonic and Phasic LC-NA Activity with
Pupillometry

In this study, pupil dilation was used as a proxy to
measure LC-NA activity (Eckstein et al., 2017). Tonic
(pretask) pupil dilation, that is, the pupil dilation of the
participant just before he or she is cued to generate a
creative use or solve a word triad, was assumed to indicate
tonic LC-NA activity. In contrast, phasic (task-evoked)
pupil dilation, or the pupil dilation of the participant during

TABLE 1
Overview distribution of fluency, flexibility, and originality during divergent thinking (AUT), and word triads performance during convergent

thinking (RAT)

Divergent (AUT) Convergent (RAT)

Fluency Flexibility Originality Triad Performance

New Idea No New Idea New Concept No New Concept Original Idea Not an Original Idea Solved Triad Unsolved Triad

550 69 491 128 168 451 315 294

Note. Data are frequencies.
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the time that they are generating a creative use or solving a
word triad, was assumed to indicate phasic LC-NA activity
(Aston-Jones & Waterhouse, 2016).

Tonic LC-NA activity was measured by capturing tonic
pupil size for 5,000 ms while participants were watching a
fixation dot, right before the participants were cued to generate
a creative use, or solved a word triad. The first 500 ms was
removed from each measurement to reduce measurement error
due to screen change. Phasic LC-NA activity was measured by
capturing phasic pupil size during the time that participants
were generating a creative use, or solving a word triad. After
each cue, participants had 15,000 ms to generate a creative use
or word triad solution. If they had an answer, they pressed the
space bar to enter their use or solution by speaking it out loud
within 5,000 ms, otherwise the next cue was presented. The
pupil size between 2,000 ms and 500 ms before pressing the
space bar was used in the analysis to reduce the chance of
measurement error due to screen change, reading, and pressing
the space bar. Measurements for which the 2,000 ms point
extended into the first 1,500 ms after the cue were not used in
the analysis because these would likely reflect reading, rather
than thinking responses. A shorter measurement period for
phasic (task-evoked), relative to tonic (pretask) pupil size, was
used because it would lead to substantially larger amounts of
missing data, as responses to the AUT and RAT items can
emerge rapidly. Collected data points for which there was no
idea or solution provided by the participant were not used in the
analysis. For the captured tonic and phasic measurements, the
averages were computed and used in further analyses.

All pupil size data were preprocessed before extracting the
tonic and phasic measurements based on a protocol developed
for processing eye-tracking data byAcland and Braver (2014).
First, the pupil size signals were smoothed with a Butterworth
filter (filter order = 5, cut-off frequency = 0.01 Hz). Missing
data due to eye-blinking were interpolated (linear), and short
measurement peaks due to pupil size recovery after each eye
blink were corrected for by extending the measured endpoint
of a blink up to the point where z-scored derivative of the pupil
size drops below a specified threshold (θ = 0.1). Second, either
the measurements for the left or right eye were selected for
further analysis on the basis of an automated Eyelink II soft-
ware analysis. Third, the pupil data for each participant were
normalized by computing the z-scores for the tonic and phasic
measurements on the basis of the mean and standard deviation
from a baseline measurement. These baseline values were
resting state pupil size recording, obtained while participants
looked at a fixation dot for 210 s. The mean baseline was 3156
EyeLink II units (SD = 1163) and the mean of the within-
person standard deviation was 280 EyeLink II units
(SD = 129), recorded using the surface setting of the
EyeLink II. Finally, extreme values were removed using
Tukeys fences (k = 3.0). It was assumed that thesewere caused
by measurement errors. All pre-processing and extraction of
data was automated by a custom Python 2.7 script.

Apparatus

The instructions and cues during the creative tasks were
presented with dark letters against a grey background dis-
played on a 22” Dell P2210 monitor with a 1680 × 1050
resolution. The participants’ pupillary responses of both
eyes were captured using the EyeLink II head-mounted
eye-tracker (SR Research Ltd., Mississauga, Ont.,
Canada) at a sampling frequency of 250 Hz. The cable
that connected the head-mounted eye-tracker to the compu-
ter was attached to the ceiling to reduce weight and pull
effects that may decrease participants’ comfort. Testing
took place in a room that was dimly lit. LED lighting was
used to diffuse lighting as evenly as possible in the booth.
The experiment was controlled in a custom developed
OpenSesame environment using the PyGaze library
(Dalmaijer, Mathôt, & Van der Stigchel, 2014).

Procedure

Upon arrival, participants received a written explanation
of the project, signed an informed consent form, and filled
out a short questionnaire that included sociodemographic
questions. At this point, information that could reveal the
true purpose of the experiment was withheld. They were
then moved to a soundproof booth in which the experiment
took place. The experimenter made sure that the head-
mounted eye tracker was properly adjusted to the partici-
pants’ head and that their eyes were registered correctly.
The distance to the screen was approximately 70 cm, and
the eye tracker was calibrated using a 5-point validation.
Participants then looked at a fixation dot for 3-1/2 min to
gather baseline data. Participants were explicitly instructed
to stay relaxed during that time. Thereafter, the participants
were assigned to one of the two psychometric tasks (either
AUT or RAT). Finally, participants were asked if they could
guess the true purpose of the experiment, after which they
were fully debriefed. The experimental session lasted
approximately 40 min per participant.

Results

A generalized linear mixed model was used with a binomial
probability distribution, logit link, and scaled identity cov-
ariance structure. The model was specified with (a) a ran-
dom intercept for the subjects to account for repeated
measures; (b) tonic and phasic pupil dilation and their
squared terms as the fixed factors to test for both linear
and quadratic relationships; and (c) individually the vari-
ables fluency, flexibility, and originality for the AUT, and
correctly solving the word triads for the RAT. Inclusion of
the squared tonic and phasic terms was justified theoreti-
cally by earlier findings that suggested that LC-NA activity
related to performance in a manner that follows an
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inverted-U shape (quadratic; Snyder, Wang, Han,
McFadden, & Valentino, 2012); and earlier findings that
suggested that moderate, rather than low or high, levels of
arousal (de Dreu, Baas, & Nijstad, 2008), which associate
with LC-NA activity (Eckstein et al., 2017), support diver-
gent thinking performance. The descriptive statistics are
presented in Table 2, and the results of the computed
generalized linear mixed models are presented in Table 3.

For the AUT, the results showed that tonic, b = .190, t
(614) = 1.369, p = .171, 95% CI [–.082, .463], tonic2, b =
–.030, t(614) = –.632, p = .528, 95% CI [–.122, .063],
phasic, b = .100, t(614) = 1.013, p = .311, 95% CI [–.094,
.294], and phasic2 pupil dilation, b = –.015, t
(614) = –.590, p = .555, 95% CI [–.066, .035], did not
significantly predict fluency. The results also showed that
tonic, b = .156, t(614) = 1.302, p = .193, 95% CI [–.079,
.391], tonic2, b = .039, t(614) = .844, p = .399, 95% CI
[–.052, .131], phasic, b = .141, t(614) = 1.810, p = .071,
95% CI [–.012, .294], and phasic2 pupil dilation b = –.034,
t(614) = −1.703, p = .089, 95% CI [–.073, .005], did not
significantly predict flexibility. Interestingly, the results
did show that tonic pupil dilation, b = .350, t
(614) = 2.560, p = .011, 95% CI [.082, .625], was a
significant positive predictor of originality. However,
tonic2, b = –.084, t(614) = −1.901, p = .058, 95% CI
[–.170, .003], phasic, b = .055, t(614) = .695, p = .487,
95% CI [–.101, .211], and phasic2 pupil dilation, b = .000,
t(614) = .004, p = .997, 95% CI [–.039, .039], did not
significantly predict originality.

For the RAT, the results showed that tonic, b = −1.64, t
(604) = −1.666, p = .096, 95% CI [–.357, .029], tonic2,
b = –.016, t(604) = –.315, p = .753, 95% CI [–.115, .083],
phasic, b = .026, t(604) = .305, p = .761, 95% CI [–.139,
.190], and phasic2 pupil dilation, b = –.003, t(604) = –.145,
p = .885, 95% CI [–.041, .035], did not significantly predict
whether word triads were solved correctly or not.

Conclusion

The results of study 1 suggested that, during divergent
thinking, tonic pupil dilation positively predicted the gen-
eration of original ideas. However, tonic pupil dilation did
not predict fluency and flexibility; and phasic pupil dilation

did not predict fluency, flexibility, or originality as mea-
sured during the AUT. Moreover, tonic and phasic pupil
dilation did not predict convergent thinking performance as
measured by the amount of correctly solved word triads
during the RAT. These findings suggest that tonic LC-NA
activity is involved in the generation of original ideas, as
was predicted on the basis of the relationship between tonic
LC-NA and attentional flexibility (Aston-Jones &
Waterhouse, 2016). However, no evidence was found that
tonic or phasic LC-NA activity associates with other vari-
ables that indicate the effective execution of divergent and
convergent thinking.

Of course, there are also limitations to this study. First,
there was a trade-off between the experimental design
choices and the validity of the measurements made. That
is, a within subject design would have benefited the validity
of any associations found between pupil dilation and diver-
gent and convergent thinking performance, but likely intro-
duce fatigue and discomfort due to the head-mounted eye
tracker used. Choosing a between-subject design thus
helped prevent the latter, but at the cost of the validity of
the former. Second, there was also a trade-off in the quality
of pupil size measurements and preventing data exclusion.
That is, different time windows were used for measuring
tonic and phasic pupil dilation, because at the time of
analysis it became clear that using the same time window
—as was initially planned for tonic measurements—would
lead to the exclusion of many of the participants’ ideas,
given that they were generated in a shorter amount of time.
Reduction of the time window used for phasic measure-
ments, therefore, enabled the use of more of the collected
data, but at the cost of the quality of the measurement (as
shorter measurement windows may enhance small mea-
surement artifacts, introducing the likelihood of measure-
ment errors). Third, differences in cognitive load, which
correlates with phasic pupil size (Eckstein et al., 2017),
between the two tasks limits comparison between divergent
and convergent thinking. That is, for the AUT only three
randomized objects we used, whereas for the RAT 21
different items were used. The latter may, therefore,
increase cognitive load. These limitations need to be
taken into account when interpreting and building upon
the results obtained in study 1.

TABLE 2
Descriptive statistics of tonic and phasic pupil dilations for each outcome type of divergent (AUT) and convergent (RAT) thinking

Divergent (AUT) Convergent (RAT)

Fluency Flexibility Originality Triad Performance

New idea No New Idea New Concept No New Concept Original Idea Not an Original Idea Solved Triad Unsolved Triad

Terms M SE M SE M SE M SE M SE M SE M SE M SE

Tonic pupil dilation .830 .044 .740 .149 .863 .048 .651 .092 .922 .073 .782 .052 .241 .052 .463 .058
Phasic pupil dilation 1.550 .078 1.380 .226 1.546 .081 1.491 .173 1.587 .141 1.515 .086 1.799 .106 1.557 .111

Note. Data are mean (M) and standard error (SE).
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STUDY 2: FUNCTION OF TONIC AND PHASIC LC-
NA ACTIVITY IN REAL-WORLD CREATIVITY

To explore further whether tonic and phasic pupil dilation
predict not only performance, but are also differentially
involved in the creation of original and effective ideas
during divergent and convergent thinking4, a second study
was conducted using a real-world creativity task. That is,
participants generated and elaborated on creative ideas
within the domain on online marketing, a real-world pro-
blem that requires creativity. Such tasks have more ecolo-
gical validity (Zeng et al., 2011). In particular, they can be
used to assess both originality and effectiveness—covering
more widely the effects of divergent and convergent think-
ing on creativity—and which psychometric tasks cannot
accommodate. The experiment was conducted with a
within-subject design.

Method

Participants

In total, 78 people participated in study 2 (Mage = 23.34,
SDage = 3.46, Rangeage = 17–32 years, 55 women, 23 men).
The participants all had normal or corrected-to-normal
vision. The majority of the participants (n = 76) were
recruited via the participant recruitment system of the
Department for Communication and Cognition, Tilburg
University. These participants received course credits in
exchange for their participation. In addition, two

participants, recent graduates, volunteered to participate
out of interest, and did not receive anything in exchange
for their participation. Self-reports suggested that, on aver-
age, participants were moderately experienced with profes-
sional marketing (M = 3.79, SD = 1.11; 1 = no experience,
5 = very experienced). However, marketing experience did
not associate significantly with originality (b = –.034, t
(1328) = −1.577, p = .115) or effectiveness (b = .010, t
(1328) = .487, p = .626) in this study.

Measuring Creativity the Real-world way

To measure the creation of original and effective ideas,
participants engaged in part of a creative process, i.e., idea
generation followed by idea elaboration. In this creative
process, participants were instructed to engage in divergent
thinking during the idea generation step, followed by con-
vergent thinking during the idea elaboration step. They
engaged in divergent and convergent thinking based on a
problem description and assignment to develop creative
marketing solutions that help an online bicycle shop to
attract more customers. During the divergent thinking part
of the task, each trial started with a fixation dot, followed
by a question to check whether participants were not think-
ing about their next idea during the fixation dot. After this,
participants were cued a maximum of 10 times to generate
a brief creative marketing idea that suited the given pro-
blem description. No time limit was set for this; generation
time was interrupted by the participant by pressing the
space bar the moment they had generated a creative idea,
after which they would type in this idea. If the participants
believed that they would no longer be able to generate
creative ideas (before the maximum of 10) they could
type in stop to move on the the next part of the task.

During the idea elaboration part of the task, participants
were instructed to select two or more of their previously
generated ideas to develop a more elaborate and detailed

TABLE 3
Fixed coefficients for the effects of tonic and phasic pupil dilations during divergent (AUT) and convergent (RAT) thinking

Divergent (AUT) Convergent (RAT)

Fluency Flexibility Originality Triad Performance

Predictors b SE b SE b SE b SE

Intercept 1.931** .200 1.137** .159 1.203** .158 .128 .137
Tonic pupil dilation .190 .139 .156 .120 .350* .138 −.164 .098
Tonic2 pupil dilation −.030 .047 .039 .047 −.084 .044 −.016 .051
Phasic pupil dilation .100 .099 .141 .078 .055 .079 .026 .084
Phasic2 pupil dilation −.015 .026 −.034 .020 .000 .020 −.003 .019
Model accuracy 88.9% 79.3% 72.3% 55.8%

Note. Data are unstandardized regression coefficients (b) and standard errors (SE) for the fluency, flexibility, and originality (AUT) and correctly solved
word triads (RAT); Predictors are tonic and phasic LC-NA activity as measured by tonic (pre-task) and phasic (task-evoked) pupil dilation, and their squared
terms (2); Significant results are given in bold.

*p < . 05, **p < .01.

4 In study 2, the second part of the creative task is referred to as one
that specifically involves convergent thinking. This is done to achieve
consistency in the terminology used for describing study 1. However,
this task requires both convergent thinking and idea elaboration. Idea
elaboration may, therefore, also be seen as a suitable label for the second
part of the creative task used in study 2.
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idea that maximized originality and effectiveness. Their
previously generated ideas were available to the partici-
pants during this, as they were listed on the computer
screen. It was assumed that the instructions to develop
this more elaborate ideas on the basis of at least two
previously generated ideas requires, amongst other cogni-
tive processes, a large degree of convergent thinking. There
was a maximum of three trials. Each trial consisted of a
fixation dot of 5,000 ms, followed by a question to check
whether participants were not thinking about their next
solution during the fixation dot. After this, they were cued
to select from their previously generated ideas and use
these to create the more elaborate and detailed solution.
To illustrate this: If a participant generated the idea to use a
“Facebook page” and “create a viral video,” these could
then be combined into a more elaborate solution, e.g.,
where “the Facebook page is used to launch the created
viral video.” Again, no time limit was used for the latter,
and trials were ended by pressing the space bar, after which
the elaborated ideas could be typed in. If participants
believed no additional solution could be created on the
basis of the previously generated material, they could
again type in stop, which ended the creative task.

The marketing solutions created by the participants during
divergent and convergent thinking were rated independently by
two expert raters (experienced online marketing professionals)
for originality and effectiveness. Originality was operationali-
zaed as the rarity of the generated ideas and solutions within the
context of helping the online bicycle shop attract more custo-
mers. Effectiveness was operationalized as the degree to which
the generated ideas and solutions would help the online bicycle
shop to attract more customers. This enabled exploration of the
association between tonic and phasic pupil dilation and the
quality of the creative ideas and solutions, rather than more
generally divergent and convergent thinking performance. To
reduce the workload on the expert raters, the ideas created
during divergent (N = 501) and convergent thinking (N = 186)
were placed into 97 and 57 clusters respectively. This was done
on the basis of idea and solution similarity. For example, if
multiple participants would generate the idea to use a
“Facebook page” this was clustered into one type of idea,
whereas the use of a “Twitter campaign” would be seen as
different enough to be placed in another cluster. This was
done by one of the researchers (MD),who is amarketing expert.

Random sets of five solutions were presented to the
raters, for which they were asked to select the most original
and least original, and the most effective and least effective
solution of each set of five. The random sets were presented
until at least each idea was presented in a set twice. This
was done separately for the ideas and solutions created
during divergent and convergent thinking. Ideas rated
both most original and least original, or most effective
and least effective (N = 6) were not used for analysis.
When at least one solution was rated original or unoriginal,

or effective or ineffective, these ideas were labelled 1 and
−1 respectively, whereas ideas that were not rated as such
were labelled 0 for further analysis. This yielded the fol-
lowing labels for the originality and effectiveness variables:
original = 1, neutral (neither original/unoriginal) = 0,
unoriginal = −1; and effective = 1, neutral (neither effec-
tive/ineffective) = 0, and ineffective = −1. Moreover, ideas
that associated with measurement error in the assessment of
tonic and phasic LC-NA activity were not used. An over-
view of the distribution of the labels used in the analysis is
provided in Table 4.

Measuring Tonic and Phasic LC-NA Activity with
Pupillometry

As in study 1, tonic (pretask) and phasic (task-evoked)
pupil dilation was used as a proxy to measure tonic and
phasic LC-NA activity (Eckstein et al., 2017). Tonic LC-
NA activity was measured by capturing tonic pupil size for
5,000 ms while participants were watching a fixation dot,
right before the participants were cued to generate a crea-
tive idea or solution. The first 500 ms of each measurement
was removed to reduce measurement error due to screen
change. After each fixation dot, participants answered a
control question to check that they were not thinking
about their next idea during the fixation dot (i.e., “Did
you think about your ideas while looking at the previous
fixation dot? [Yes, No]”). Phasic LC-NA activity was mea-
sured by capturing phasic pupil size during the time that
participants were generating a creative idea or integrating
these ideas into a more detailed solution (i.e., after they
were cued to do so). Pupil size between 5,000 ms and
500 ms before pressing the space bar was used as the phasic
LC-NA measurement. As a consequence, entries for which
thinking time lasted less than 4500 ms were not used in the
analysis. Collected data where participants were already
thinking during the fixation dot, or where they typed in
stop, were not used for further analysis. For the captured

TABLE 4
Overview distribution of generated original and effective ideas dur-
ing the divergent thinking part of the creative task, and integration of
ideas into original and effective solutions during the convergent

thinking part of the creative task

Ideas/Solutions Outcome Variable Divergent Convergent

Originality Original 242 83
Neutral 72 18
Unoriginal 152 68

Effectiveness Effective 162 67
Neutral 147 54
Ineffective 157 48

Note. Data are frequencies; Neutral = neither original/unoriginal or
neither effective/ineffective.
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tonic and phasic measurements the averages were com-
puted and used for further analyses. Baseline recordings
were taken over 120 s before the creative task. The mean
baseline was 604 of EyeLink II units (SD = 225) and the
mean of the within-person standard deviation was 98
EyeLink II (SD = 108). Note that this was recorded with
the diameter setting, rather than the surface setting used in
study 1. All pupil size data were preprocessed before
extracting the tonic and phasic measurements in the same
way as described in study 1 (third paragraph in subsection
“Measuring tonic and phasic LC-NA activity”).

Apparatus

The same set-up was used in Study 1. See the subsection
“Apparatus” in the method section of study 1.

Procedure

Participants first received a written explanation of the
project, signed an informed consent form, and filled out a
short questionnaire that included sociodemographic ques-
tions. Information that could reveal the true purpose of the
experiment was withheld at this point. The researcher asked
about the recent use of a range of substances (e.g., caffeine)
that may have influenced the pupil measurements and,
when necessary, time was taken to remove make-up around
the eyes. They were then seated at the soundproof booth
where the experiment took place. The experimenter made
sure that the head-mounted eye tracker was properly
adjusted to their head, and that the eyes of the participants
were registered correctly. The distance to the screen was
approximately 70 cm, and the eye tracker was calibrated
using a 5-point validation. Thereafter, participants could
practice with the experiment software. Participants then
looked at a fixation dot for 120 s. Participants were expli-
citly instructed to stay relaxed during that time. Next,
participants immersed themselves in the problem statement
provided, after which they started the real-world creative
task. Finally, participants were asked if they could guess the
true purpose of the experiment, after which they were fully
debriefed. The experimental session lasted approximately
40 min per participant.

Results

A generalized linear mixed model with a multinomial prob-
ability distribution, cumulative logit link, and scaled iden-
tity covariance structure was computed. The model was
specified with (a) a random intercept for the subjects to
account for repeated measures; (b) the interaction between
the divergent and convergent thinking parts of the creative
task with the tonic and phasic pupil dilation, and their
squared terms to test for linear and quadratic relationships,
as fixed factors; and (iii) originality and effectiveness

individually as the target. As in study 1, the squared
terms of the tonic and phasic pupil size measurements
were included. The descriptive statistics are presented in
Table 5 and the results of the computed generalized linear
mixed models are presented in Table 6.

During divergent thinking, the results showed that tonic
pupil dilation was a significant and positive predictor of
originality, b = .197, t(1328) = 2.125, p = .034, 95% CI
[.015, .379]. However, tonic2, b = −.034, t(1328) = −1.002,
p = .317, 95% CI [−.100, .032], phasic, b = −.145, t
(1328) = −1.551, p = .121, 95% CI [−.327, .038], and phasic2

pupil dilation, b = .019, t(1328) = 1.383, p = .167, 95% CI
[−.008, .047], did not significantly predict originality.
Complementarily, tonic, b = .054, t(1328) = .598, p = .550,
95% CI [−.123, .232], and tonic2 pupil dilation, b = −.041, t
(1328) = −1.182, p = .237, 95% CI [−.108, .027] did not
significantly predict effectiveness. However, both phasic,
b = .267, t(1328) = 2.871, p = .004, 95% CI [.085, .450],
and phasic2 pupil dilation, b = −.043, t(1328) = −3.042,
p = .002, 95% CI [−.071, −.015], significantly predicted
effectiveness. Given that phasic pupil dilation was positive
and phasic2 pupil dilation was negative but relatively small,
the results indicate that phasic pupil dilation was a positive
and slightly convex predictor of effectiveness.

During convergent thinking, the results showed that
tonic, b = −.107, t(1328) = −832, p = .406, 95% CI
[−.359 .145], tonic2, b = −.013, t(1328) = −.342, p = 732,
95% CI [−.131 .403], phasic, b = .136, t(1328) = 1.001,
p = .317, 95% CI [−.131 .403], and phasic2 pupil dilation,
b = −.019, t(1328) = −1.383, p = .167, 95% CI [−.008
.047], did not significantly predict originality.
Furthermore, the results showed that tonic, b = .017, t
(1328) = .138, p = .890, 95% CI [-.229 .263], tonic2,

TABLE 5
Descriptive statistics of tonic and phasic pupil dilations for each
outcome of the divergent and the convergent thinking part of the

creative task

Divergent Convergent

Terms Outcome Variable M SE M SE

Tonic pupil
dilation

Originality Original .251 .081 .308 .150
Neutral .443 .077 .107 .171
Unoriginal .420 .093 .246 .154

Effectiveness Effective .317 .106 .232 .166
Neutral .371 .064 .233 .133
Ineffective .433 .097 .147 .233

Phasic pupil
dilation

Originality Original 1.545 .126 1.560 .255
Neutral 1.420 .133 1.187 .288
Unoriginal 1.528 .160 1.504 .249

Effectiveness Effective 1.605 .177 1.638 .307
Neutral 1.367 .114 1.355 .207
Ineffective 1.684 .136 1.196 .347

Note. Data are mean (M) and standard error (SE); Neutral = neither
original/unoriginal or neither effective/ineffective.
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b = .034, t(1328) = .808, p = .419, 95% CI [−.048 .115],
phasic, b = −.079, t(1328) = −.575, p = .565, 95% CI
[−.350 .192], and phasic2 pupil dilation, b = −.001, t
(1328) = −.054, p = .957, 95% CI [−.045 .042], also did
not significantly predict effectiveness.

Conclusion

The results of study 2 showed that, during the diver-
gent thinking part in a real-world creativity task, tonic
pupil dilation positively predicted the generation of
original ideas ideas; whereas phasic pupil dilation pre-
dicted the generation of effective ideas. However, dur-
ing the convergent thinking part of the creativity task,
no evidence was found that suggested an association
between tonic or phasic pupil dilation and the integra-
tion of previously generated material into original or
effective solutions. Therefore, the findings suggest that
tonic and phasic LC-NA activity differentially predict
the generation of original and effective ideas during
divergent thinking.

GENERAL DISCUSSION

The aim of this study was to explore the noradrenergic
modulation of creativity during divergent and convergent
thinking, using pupillometry methods. Over two studies, it
was experimentally tested whether tonic pupil dilation (as a
proxy for tonic LC-NA activity) and phasic pupil dilation
(as a proxy for phasic LC-NA activity) could predict per-
formance on divergent and convergent thinking using both
psychometric and real-world creativity tasks.

Summary of the Results

During divergent thinking, it was consistently found that
tonic pupil dilation predicted the generation of original
ideas in both the psychometric (study 1) and real-world
creativity task (study 2). However, no evidence was found
that tonic and phasic pupil dilation more generally pre-
dicted the effective execution of divergent thinking, as
measured with fluency and flexibility during the alternative
uses task. Therefore, the results suggested that during
divergent thinking, tonic LC-NA activity increase atten-
tional flexibility (Aston-Jones & Waterhouse, 2016), and
subsequently the likelihood that new more remote concepts
are combined during idea generation, which may lead to the
generation of original ideas (Zabelina et al., 2016).

Furthermore, during divergent thinking it was found that
phasic pupil dilation predicted the generation of effective
ideas in study 2. However, no evidence was found that
phasic pupil dilation predicted the effective execution of
divergent thinking, as measured by fluency and flexibility
during the AUT in study 1. Therefore, no evidence was
found for the conjecture that phasic LC-NA enabled the
maintenance of a moderate level of attentional focus neces-
sary to effectively execute divergent thinking processes.
However, the findings do invite speculation about the invol-
vement of phasic LC-NA in the generation of effective
ideas. When engaging in divergent thinking, increases in
attentional focus may reflect detail-oriented processing.
These could enable the generation of effective ideas by
facilitating step-by-step checking or by more combining
more closely related concepts, which could favor the emer-
gence of effective rather than of original ideas.

Interestingly, the studies did not show that tonic and
phasic pupil dilation were involved in convergent thinking.
This invites some speculation about what this means for the
relationship between the LC-NA system and convergent

TABLE 6
Fixed coefficients for the effects of tonic and phasic pupil dilations during divergent and convergent thinking on the generation and integration of

original and effective ideas and solutions

Divergent Convergent

Originality Effectiveness Originality Effectiveness

Predictors b SE b SE b SE b SE

Intercept −.060 .106 −.514** .110 .498* .108 818** .113
Tonic pupil dilation .197* .093 .054 .090 −.107 .128 .017 .125
Tonic2 pupil dilation −.034 .034 −.041 .034 −.013 .039 .017 .125
Phasic pupil dilation −.145 .093 .267** .093 .136 .136 −.079 .138
Phasic2 pupil dilation .019 .014 −.043** .014 −.019 .014 −.001 .022
Model accuracy 51.3 % 40.4 % 51.3 % 40.4 %

Note. Data are unstandardized regression coefficients (b) and standard errors (SE) for the originality and effectiveness of the participants’ ideas and
solutions produced during the divergent and convergent part of the creative task; Predictors are tonic and phasic LC-NA activity as measured by tonic (pre-
task) and phasic (task-evoked) pupil dilation, and their squared terms (2); Significant results are given in bold; *p < .05, **p < .01.
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thinking. First, this null finding may suggest that the initial
conjectures about the involvement of the LC-NA in con-
vergent thinking simply do not hold. That is, there seems to
be no evidence that the link between phasic LC-NA activity
and attentional focus predicts the effective execution of
convergent thinking, and subsequently the integration of
previously generated ideas into one single solution that
ideally maximizes originality and effectiveness (cf.
Fischer & Hommel, 2012). Moreover, no evidence was
found for the conjecture that the link between tonic LC-
NA activity and attentional flexibility predicts an increased
likelihood of people having new insights that could benefit
the quality of the created ideas and solutions (Cropley,
2006). Second, it may be the case that these conjectures
do hold. However, the null finding may suggest that con-
vergent thinking simply does not engage the LC-NA sys-
tem in any way, and thus is not involved in the regulation of
attentional flexibility and focus during convergent thinking
in response to creative task demands. As such, this study
shows that tonic and phasic LC-NA activity differentially
predict the generation of original and effective ideas during
creative tasks that require divergent thinking.

Limitations

There are several general limitations to this study that may
threaten the validity of the results and their interpretation.
This is, in part, due to several untested assumptions on
which the interpretation of this study’s results is based. In
particular, the interpretation of the results is based on the
assumptions that tonic (pretask) pupil dilation was indeed a
proxy to measure tonic LC-NA activity, and phasic (task-
evoked) pupil dilation a proxy to measure phasic LC-NA
activity; and that these could subsequently be used to
indicate attentional flexibility and attentional focus
(Gilzenrat et al., 2010). Although a growing body of work
suggests that pupil dilation strongly correlates with activity
in the cortical projections of the LC-NA system (Eckstein
et al., 2017), and tonic and phasic LC-NA activity corre-
lates with attentional flexibility and attentional focus
(Gilzenrat et al., 2010), the mechanisms underlying these
correlations are not yet well understood (Reimer et al.,
2016). For example, locus coeruleus projections of NE
neurons in the cortex are involved in the regulation of
attentional flexibility and focus, but also control other
structures that modulate neuronal activity, such as those
releasing dopamine, serotonin, and acetylcholine (Aston-
Jones & Cohen, 2005). These other neuromodulators
could also influence the link between attentional flexibility
and focus (Baas et al., 2008; Boot, Baas, van Gaal, Cools,
& de Dreu, 2017). For example, a recent study suggested
that both cortical acetylcholine and noradrenaline associate
with variation in pupil size (Reimer et al., 2016), therefore
possibly indicating a confounding factor. Thus, it remains

unkown how exactly to explain the mechanisms that enable
tonic and phasic LC-NA activity to play a role in creativity.

Similarly, an association between LC-NA activity and
attentional flexibility and attentional focus was assumed to
explain the function of LC-NA activity in creativity.
However, there are more psychological constructs that can
possibly relate LC-NA activity and pupil size to creativity
(e.g., Kounios & Beeman, 2009; Salvi & Bowden, 2016). For
example, the link between phasic LC-NA activity, attentional
focus, and the production of effective ideas can also be
explained by claiming that it is simply more difficult to
generate effective ideas. Indeed, pupil size (Kahneman &
Beatty, 1966) and LC-NA activity (Eckstein et al., 2017)
are associated with perceived difficulty (Martindale, 1999),
which leaves open the possibility for alternative explanations.
Therefore, this study is limited due to abductive reasoning
based on previous work to try to explain the function of LC-
NA activity in creativity via attentional mechanisms.

Implications for the function of LC-NA system in
creativity

Even with these limitations, the findings have important
implications for theoretical models of the neurobiological
mechanisms that underlie creativity. First, the findings
extend previous theorizing about the possible involvement
of the LC-NA system during divergent thinking (Heilman,
2016). Early evidence suggested that, overall, LC-NA
activity may negatively affect creativity, which is based
on studies that treat the effects of LC-NA activity as uni-
dimensional. For example, vagus nerve stimulation, which
modulates LC-NA activity (George et al., 2000), was
shown to reduce attentional flexibility in an anagram-sol-
ving task, and reduce performance on three variations of
the alternative uses task (Ghacibeh, Shenker, Shenal,
Uthman, & Heilman, 2006). However, it was shown that
understanding the function of the LC-NA system in crea-
tivity requires that both tonic and phasic LC-NA modes are
taken into account. The finding in this study that tonic and
phasic LC-NA activity differentially predicted the genera-
tion of original and effective ideas, therefore, extends pre-
vious theorizing about the function of LC-NA in creativity.

Suggestions for future research

The findings of no evidence for the involvement of LC-NA
during convergent thinking can be attributed to a lack of
involvement of the LC-NA in convergent thinking, or pro-
blems with the underlying assumptions made in this study.
However, it may also be the case that the relationship
between LC-NA is more complex than was assumed prior
to designing the study. This suggests that future research is
needed that attempts to uncover the potential relationship
between the LC-NA system and convergent thinking.
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First, future work can be based on the work of Kounios
and Beeman (2009), who showed that convergent thinking
can be achieved via insight and an analytical problem-
solving approach. Based on their findings, it was conjec-
tured that tonic LC-NA activity, through its effects on
attentional flexibility, may favor convergent thinking per-
formance via insight, whereas phasic LC-NA activity,
through its effects on attentional focus, may favor conver-
gent thinking performance via analytical thinking. Thus,
tonic and phasic LC-NA activity may differentially facil-
itate the effective execution convergent thinking via insight
or analytical thinking.

Second, to get a better understanding of the potential
relationship between LC-NA and convergent thinking, indi-
vidual differences should be taken into account in future
studies. For example, modafinil, which is associated with
lowered tonic and heightened phasic LC-NA activity
(Minzenberg, Watrous, Yoon, Ursu, & Carter, 2008), did
not affect convergent thinking performance, as measured
with the RAT and the group embedded figures task
(Mohamed, 2014; Müller et al., 2013). However, modafinil
did enhance creativity on these tasks for people that
reported high creative personality traits (Mohamed, 2014).
This may indicate that taking into account individual dif-
ferences in the way people respond to creative task
demands drives the role of the LC-NA system during the
convergent phase of the creative process. Future research
should investigate how creative task demands may drive
the involvement of the LC-NA in creative tasks that require
convergent thinking. This can help further uncover how
creative people regulate their own LC-NA activity in
response to creative task demands.

ORCID

Alwin de Rooij http://orcid.org/0000-0002-9840-4892
Ruben D. Vromans http://orcid.org/0000-0001-8040-
1207

REFERENCES

Acland, B. T., & Braver, T. S. (2014). Cili (v0.5.4) [Software].
doi:10.5281/zenodo.48843

Akbari Chermahini, S., Hickendorff, M., & Hommel, B. (2012).
Development and validity of a Dutch version of the Remote
Associates Task: An item-response theory approach. Thinking Skills
and Creativity, 7(3), 177–186. doi:10.1016/j.tsc.2012.02.003

Aston-Jones, G., & Cohen, J. D. (2005). An integrative theory of locus
coeruleus-noradrenaline function: Adaptive gain and optimal perfor-
mance. Annual Review of Neuroscience, 28, 403–450. doi:10.1146/
annurev.neuro.28.061604.135709

Aston-Jones, G., & Waterhouse, B. (2016). Locus coeruleus: From global
projection system to adaptive regulation of behavior. Brain Research,
1645, 75–78. doi:10.1016/j.brainres.2016.03.001

Baas, M., de Dreu, C. K., & Nijstad, B. A. (2008). A meta-analysis of 25
years of mood-creativity research: Hedonic tone, activation, or regula-
tory focus? Psychological Bulletin, 134(6), 779–806. doi:10.1037/
a0012815

Boot, N., Baas, M., van Gaal, S., Cools, R., & de Dreu, C. K. (2017). Creative
cognition and dopaminergic modulation of fronto-striatal networks:
Integrative review and research Agenda. Neuroscience & Biobehavioral
Reviews, 78, 13–23. doi:10.1016/j.neubiorev.2017.04.007

Cropley, A. (2006). In praise of convergent thinking. Creativity Research
Journal, 18(3), 391–404. doi:10.1207/s15326934crj1803_13

Cropley, A. J. (2000). Defining and measuring creativity: Are creativity
tests worth using? Roeper Review, 23(2), 72–79. doi:10.1080/
02783190009554069

Dalmaijer, E. S., Mathôt, S., & Van der Stigchel, S. (2014). PyGaze: An
open-source, cross-platform toolbox for minimal-effort programming of
eyetracking experiments. Behavior Research Methods, 46(4), 913–921.
doi:10.3758/s13428-013-0422-2

de Dreu, C. K., Baas, M., & Nijstad, B. A. (2008). Hedonic tone and
activation level in the mood-creativity link: Toward a dual pathway to
creativity model. Journal of Personality and Social Psychology, 94(5),
739–756. doi:10.1037/0022-3514.94.5.739

de Rooij, A., & Jones, S. (2013, June). Mood and creativity: An appraisal
tendency perspective. In Proceedings of the 9th ACM Conference on
Creativity & Cognition (pp. 362–365). New York, NY: ACM
Publications.

de Rooij, A., & Vromans, R. D. (2018). The (dis) pleasures of creativity:
Spontaneous eye blink rate during divergent and convergent thinking
depends on individual differences in positive and negative affect. The
Journal of Creative Behavior, online first.

Eckstein, M. K., Guerra-Carrillo, B., Singley, A. T. M., & Bunge, S. A.
(2017). Beyond eye gaze: What else can eyetracking reveal about
cognition and cognitive development? Developmental Cognitive
Neuroscience, 25, 69–91. doi:10.1016/j.dcn.2016.11.001

Fischer, R., & Hommel, B. (2012). Deep thinking increases task-set
shielding and reduces shifting flexibility in dual-task performance.
Cognition, 123(2), 303–307. doi:10.1016/j.cognition.2011.11.015

George, M. S., Sackeim, H. A., Rush, A. J., Marangell, L. B., Nahas, Z.,
Husain, M. M., & Ballenger, J. C. (2000). Vagus nerve stimulation: A
new tool for brain research and therapy. Biological Psychiatry, 47(4),
287–295. doi:10.1016/S0006-3223(99)00308-X

Ghacibeh, G. A., Shenker, J. I., Shenal, B., Uthman, B. M., & Heilman, K.
M. (2006). Effect of vagus nerve stimulation on creativity and cognitive
flexibility. Epilepsy & Behavior, 8(4), 720–725. doi:10.1016/j.
yebeh.2006.03.008

Gilzenrat, M. S., Nieuwenhuis, S., Jepma, M., & Cohen, J. D. (2010).
Pupil diameter tracks changes in control state predicted by the adaptive
gain theory of locus coeruleus function. Cognitive, Affective, &
Behavioral Neuroscience, 10(2), 252–269. doi:10.3758/CABN.10.2.252

Guilford, J. P. (1967). The nature of human intelligence. New York, NY:
McGraw-Hill.

Hasselmo, M. E., Linster, C., Patil, M., Ma, D., & Cekic, M. (1997).
Noradrenergic suppression of synaptic transmission may influence cor-
tical signal-to-noise ratio. Journal of Neurophysiology, 77(6), 3326–
3339. doi:10.1152/jn.1997.77.6.3326

Hayes, T. R., & Petrov, A. A. (2015). Pupil diameter tracks the explora-
tion–Exploitation trade-off during analogical reasoning and explains
individual differences in fluid intelligence. Journal of Cognitive
Neuroscience, 28(2), 308–318. doi:10.1162/jocn_a_00895

Heilman, K. M. (2016). Possible brain mechanisms of creativity. Archives of
Clinical Neuropsychology, 31(4), 285–296. doi:10.1093/arclin/acw009

Isaksen, S. G., Dorval, K. B., & Treffinger, D. J. (2010). Creative
approaches to problem solving: A framework for innovation and
change. Thousand Oaks, CA: Sage Publications.

Jepma, M., & Nieuwenhuis, S. (2011). Pupil diameter predicts changes in
the exploration–Exploitation trade-off: Evidence for the adaptive gain

350 DE ROOIJ ET AL.

http://dx.doi.org/10.5281/zenodo.48843
http://dx.doi.org/10.1016/j.tsc.2012.02.003
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135709
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135709
http://dx.doi.org/10.1016/j.brainres.2016.03.001
http://dx.doi.org/10.1037/a0012815
http://dx.doi.org/10.1037/a0012815
http://dx.doi.org/10.1016/j.neubiorev.2017.04.007
http://dx.doi.org/10.1207/s15326934crj1803_13
http://dx.doi.org/10.1080/02783190009554069
http://dx.doi.org/10.1080/02783190009554069
http://dx.doi.org/10.3758/s13428-013-0422-2
http://dx.doi.org/10.1037/0022-3514.94.5.739
http://dx.doi.org/10.1016/j.dcn.2016.11.001
http://dx.doi.org/10.1016/j.cognition.2011.11.015
http://dx.doi.org/10.1016/S0006-3223(99)00308-X
http://dx.doi.org/10.1016/j.yebeh.2006.03.008
http://dx.doi.org/10.1016/j.yebeh.2006.03.008
http://dx.doi.org/10.3758/CABN.10.2.252
http://dx.doi.org/10.1152/jn.1997.77.6.3326
http://dx.doi.org/10.1162/jocn_a_00895
http://dx.doi.org/10.1093/arclin/acw009


theory. Journal of Cognitive Neuroscience, 23(7), 1587–1596.
doi:10.1162/jocn.2010.21548

Kahneman, D., & Beatty, J. (1966). Pupil diameter and load on memory.
Science, 154(3756), 1583–1585. doi:10.1126/science.154.3756.1583

Kounios, J., & Beeman, M. (2009). The Aha! moment: The cognitive
neuroscience of insight. Current Directions in Psychological Science,
18(4), 210–216. doi:10.1111/j.1467-8721.2009.01638.x

Martindale, C. (1999). Biological bases of creativity. In R. J. Sternberg
(Ed.), Handbook of Creativity (pp. 137–152). Cambridge, UK:
Cambridge University Press.

Mednick, S. A., & Mednick, M. T. (1971). Remote associates test. Boston,
MA: Houghton Mifflin.

Minzenberg, M. J., Watrous, A. J., Yoon, J. H., Ursu, S., & Carter, C. S.
(2008). Modafinil shifts human locus coeruleus to low-tonic, high-
phasic activity during functional MRI. Science, 322(5908), 1700–
1702. doi:10.1126/science.1164908

Mohamed, A. D. (2014). The effects of modafinil on convergent and
divergent thinking of creativity: A randomized controlled trial. The
Journal of Creative Behavior, 50(4), 252–267. doi:10.1002/jocb.73

Müller, U., Rowe, J. B., Rittman, T., Lewis, C., Robbins, T. W., & Sahakian,
B. J. (2013). Effects of modafinil on non-verbal cognition, task enjoyment
and creative thinking in healthy volunteers. Neuropharmacology, 64, 490–
495. doi:10.1016/j.neuropharm.2012.07.009

Mumford, M. D., Medeiros, K. E., & Partlow, P. J. (2012). Creative
thinking: Processes, strategies, and knowledge. The Journal of
Creative Behavior, 46(1), 30–47. doi:10.1002/jocb.003

Reimer, J., McGinley, M. J., Liu, Y., Rodenkirch, C., Wang, Q.,
McCormick, D. A., & Tolias, A. S. (2016). Pupil fluctuations track
rapid changes in adrenergic and cholinergic activity in cortex. Nature
Communications, 7, 1–7. doi:10.1038/ncomms13289

Ritter, S. M., & Mostert, N. (2016). Enhancement of creative thinking
skills using a cognitive-based creativity training. Journal of Cognitive
Enhancement, 1(3), 243–253. doi:10.1007/s41465-016-0002-3

Runco, M. A., & Acar, S. (2012). Divergent thinking as an indicator of
creative potential. Creativity Research Journal, 24(1), 66–75.
doi:10.1080/10400419.2012.652929

Salvi, C., & Bowden, E. M. (2016). Looking for creativity: Where do we
look when we look for new ideas? Frontiers in Psychology, 7, 161.
doi:10.3389/fpsyg.2016.00161

Sawyer, R. K. (2012). Explaining creativity: The science of human inno-
vation. Oxford, UK: Oxford University Press.

Scott, G., Leritz, L. E., & Mumford, M. D. (2004). The effectiveness of
creativity training: A quantitative review. Creativity Research Journal,
16(4), 361–388. doi:10.1080/10400410409534549

Snyder, K., Wang, W. W., Han, R., McFadden, K., & Valentino, R. J. (2012).
Corticotropin-releasing factor in the norepinephrine nucleus, locus coeru-
leus, facilitates behavioral flexibility. Neuropsychopharmacology, 37(2),
520. doi:10.1038/npp.2011.218

Tervo, D. G., Proskurin, M., Manakov, M., Kabra, M., Vollmer, A.,
Branson, K., & Karpova, A. Y. (2014). Behavioral variability through
stochastic choice and its gating by anterior cingulate cortex. Cell, 159
(1), 21–32. doi:10.1016/j.cell.2014.08.037

Usher, M., Cohen, J. D., Servan-Schreiber, D., Rajkowski, J., & Aston-Jones,
G. (1999). The role of locus coeruleus in the regulation of cognitive perfor-
mance. Science, 283(5401), 549–554. doi:10.1126/science.283.5401.549

Vartanian, O. (2009). Variable attention facilitates creative problem sol-
ving. Psychology of Aesthetics, Creativity, and the Arts, 3(1), 57–59.
doi:10.1037/a0014781

Zabelina, D., Saporta, A., & Beeman, M. (2016). Flexible or leaky atten-
tion in creative people? Distinct patterns of attention for different types
of creative thinking. Memory & Cognition, 44(3), 488–498.
doi:10.3758/s13421-015-0569-4

Zeng, L., Proctor, R. W., & Salvendy, G. (2011). Can traditional divergent
thinking tests be trusted in measuring and predicting real-world crea-
tivity? Creativity Research Journal, 23(1), 24–37. doi:10.1080/
10400419.2011.545713

CREATIVITY RESEARCH JOURNAL 351

http://dx.doi.org/10.1162/jocn.2010.21548
http://dx.doi.org/10.1126/science.154.3756.1583
http://dx.doi.org/10.1111/j.1467-8721.2009.01638.x
http://dx.doi.org/10.1126/science.1164908
http://dx.doi.org/10.1002/jocb.73
http://dx.doi.org/10.1016/j.neuropharm.2012.07.009
http://dx.doi.org/10.1002/jocb.003
http://dx.doi.org/10.1038/ncomms13289
http://dx.doi.org/10.1007/s41465-016-0002-3
http://dx.doi.org/10.1080/10400419.2012.652929
http://dx.doi.org/10.3389/fpsyg.2016.00161
http://dx.doi.org/10.1080/10400410409534549
http://dx.doi.org/10.1038/npp.2011.218
http://dx.doi.org/10.1016/j.cell.2014.08.037
http://dx.doi.org/10.1126/science.283.5401.549
http://dx.doi.org/10.1037/a0014781
http://dx.doi.org/10.3758/s13421-015-0569-4
http://dx.doi.org/10.1080/10400419.2011.545713
http://dx.doi.org/10.1080/10400419.2011.545713

	Abstract
	Function of Flexible and Focused Attention in Creativity
	Function of LC-NA Activity in Flexible and Focused Attention
	This Study

	Study 1: Function of Tonic and Phasic LC-NA Activity in Psychometric Creativity
	Method
	Participants
	Measuring Divergent and Convergent Thinking Performance
	Measuring Tonic and Phasic LC-NA Activity with Pupillometry
	Apparatus
	Procedure

	Results
	Conclusion

	Study 2: Function of Tonic and Phasic LC-NA Activity in Real-World Creativity
	Method
	Participants
	Measuring Creativity the Real-world way
	Measuring Tonic and Phasic LC-NA Activity with Pupillometry
	Apparatus
	Procedure

	Results
	Conclusion

	General Discussion
	Summary of the Results
	Limitations
	Implications for the function of LC-NA system in creativity
	Suggestions for future research

	References

