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Curiosity is a basic biological drive, but little is known about its behavioral and neural mechanisms. We can be curious about several types
of information. On the one hand, curiosity is a function of the expected value of information, serving primarily to help us maximize
reward. On the other hand, curiosity can be a function of the uncertainty of information, helping us to update what we know. In the current
studies, we aimed to disentangle the contribution of information uncertainty and expected value of rewards to curiosity in humans. To
this end, we designed a lottery task in which uncertainty and expected value of trial outcomes were manipulated independently and
examined how neural activity and behavioral measures of curiosity were modulated by these factors. Curiosity increased linearly with
increased outcome uncertainty, both when curiosity was explicitly probed as well as when it was implicitly tested by people’s willingness
to wait. Increased expected value, however, did not strongly relate to these curiosity measures. Neuroimaging results showed greater
BOLD response with increasing outcome uncertainty in parietal cortex at the time of curiosity induction. Outcome updating when
curiosity was relieved resulted in an increased signal in the insula, orbitofrontal cortex, and parietal cortex. Furthermore, the insula
showed a linear increase corresponding to the size of the information update. These results suggest that curiosity is monotonically related
to the uncertainty about one’s current world model, the induction and relief of which are associated with activity in parietal and insular
cortices, respectively.
Key words: curiosity; information prediction error; insula; outcome uncertainty; parietal cortex; reward

Significance Statement
Humans are curious by nature. When you hear your phone beep, you probably feel the urge to check the message right away, even
though the message itself likely does not give you a direct reward. In this study, we demonstrated that curiosity can be driven by
outcome uncertainty, over and above of reward. The induction of curiosity was accompanied by increased activity in the parietal
cortex, whereas the information update at the time of curiosity relief was associated with activity in insular cortex. These findings
advance our understanding of the behavioral and neural constituents of curiosity, which lies at the core of human information
seeking and serves to optimize the individual’s current world model.

Introduction
In daily life, we consume an enormous amount of information.
Curiosity, defined as “the impulse towards better cognition”
(James, 1899), and more contemporarily as “intrinsically moti-
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vated information seeking” (Loewenstein, 1994; Oudeyer and
Kaplan, 2007) appears a basic biological drive, but little is known
about the underlying behavioral and neural mechanisms (Gottlieb et al., 2013; Kidd and Hayden, 2015). A distinction can be
made between instrumental and non-instrumental curiosity,
in which instrumental curiosity is the desire to explore and
seek information to reach a goal or to maximize rewards in the
immediate or longer term (cf. goal-directed exploration)
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tings, in which resolution of uncertainty is not useful or even
costly, animals still seek information (Bromberg-Martin and
Hikosaka, 2009, 2011; Blanchard et al., 2015). For instance,
monkeys choose to have outcomes of risky gambles revealed
immediately, instead of remaining in a state of uncertainty
when waiting for the outcome (Bromberg-Martin and Hikosaka, 2009, 2011). This is the case even though receiving information is not instrumental (i.e., will not help them to improve
performance or to obtain higher rewards). Indeed, monkeys
are willing to sacrifice a substantial amount (20%–33%) of
primary reward to get advance information (Blanchard et al.,
2015). Some researchers (Shannon and Weaver, 1949; Dinsmoor, 1983) have highlighted this phenomenon as an exemplary departure from normatively optimal (reward-guided)
behavior (but for an alternative account, see Beierholm and
Dayan, 2010).
Here, we aimed to elucidate behavioral and neural constituents of curiosity in humans. We designed a lottery task in which
two potential sources of curiosity are manipulated independently: outcome uncertainty (OU) and expected value (EV) of the
outcome. Consistent with previous experiments on observing
behavior (Bromberg-Martin and Hikosaka, 2009, 2011), observing the outcome was designed to not have any impact on
received rewards. As such, this passive observation paradigm
allowed us to disentangle uncertainty from value accounts of
observing behavior.
On each trial, participants received a lottery with an uncertain
outcome and associated monetary reward (Fig. 1). We probed
participants’ curiosity on each trial either explicitly (Experiments
1, 3) or implicitly (Experiment 2) by investigating participants’
willingness to wait for the outcome (Kang et al., 2009; Marvin and
Shohamy, 2016). We hypothesized that participants are particularly curious in situations of high uncertainty because information then leads to a large belief update (information prediction
error). Using fMRI, we examined which brain areas were modulated by OU and EV upon lottery presentation, and their updates
upon outcome presentation. We hypothesized that, during lottery presentation, brain regions associated with uncertainty or
risk, such as insular cortex (Critchley et al., 2001; Paulus et al.,
2003; Preuschoff et al., 2006, 2008; Jepma et al., 2012) and parietal cortex (Huettel et al., 2005; Foley et al., 2017), would be
modulated by OU. During outcome presentation, we expected
increased activity in brain regions involved in curiosity relief and
information updating, such as the insula (Preuschoff et al., 2008;
Jepma et al., 2012), orbitofrontal cortex (Jepma et al., 2012;
Blanchard et al., 2015), and ventral striatum (Wittmann et al.,
2008; Jepma et al., 2012). In addition, we expected activity in
reward-related areas (e.g., ventral striatum) to be modulated as a
function of EV (O’Doherty, 2004; Knutson et al., 2005) and reward prediction error (RPE) (Schultz et al., 1997; Bayer and
Glimcher, 2005; Daw and Doya, 2006).
To preview, we found robust increases in curiosity with increasing OU, whereas EV did not robustly modulate curiosity.
Curiosity induction through OU generated activity in parietal
cortex, whereas its relief was associated with increased activity in
a network comprising the insula, orbitofrontal cortex, and parietal cortex. Furthermore, we found a parametric increase in insular activity with increasing information prediction error.
Together, these findings suggest that curiosity can be conceptualized as a desire to improve one’s current world model and identify neural constituents that accompany this desire.

Figure 1. A, Schematic figure of Experiments 1 and 3. Participants saw a screen on which a
vase with 20 marbles was depicted, either of which could be red or blue, and the points associated with these marbles. Participants were told that one of the marbles would be selected for
them and that they would be awarded with the points associated with this marble. Next,
participants indicated how curious they were about seeing the outcome of the vase (1– 4).
There was a 50% chance of seeing the outcome, regardless of the participants’ curiosity response. Importantly, a marble was selected in every trial, and participants were awarded with
the points associated with this marble, also if they would not see the outcome of a trial. For
details on the timing of the experiments, see text (for Experiment 1, see Procedure: behavioral;
for Experiment 3, see Procedure: fMRI). B, Schematic figure of Experiment 2. The task was
similar to Experiments 1 and 3, except that participants indicated whether they wanted to see
the outcome of a trial or not. If they responded “Yes,” they had to wait an additional 3– 6 s
before the outcome was presented to them and if they responded “No,” the outcome was not
presented to them. Still, a marble was selected in every trial and participants were awarded
with the points associated with this marble, also if they chose not to see the outcome. For details
on the timing of Experiment 2, see Procedure: behavioral.

Materials and Methods
Participants
24 healthy individuals participated in Experiment 1, in which we explicitly probed curiosity (17 women, age 23.1 ⫾ 3.8 years, mean ⫾ SD).
Another 25 healthy individuals participated in Experiment 2, in which we
implicitly probed curiosity by investigating participants’ willingness to
wait. One participant was excluded due to a lack of variation in responding (chose to wait in ⬎98% of all trials). Therefore, the final sample of
Experiment 2 consisted of 24 participants (17 women, age 24.6 ⫾ 5.5
years, mean ⫾ SD). Finally, 28 healthy individuals participated in Experiment 3, in which we explicitly probed curiosity while non-invasively
recording neural activity using fMRI. All participants were right-handed,
screened for MR compatibility, and had normal or corrected-to-normal
vision. Two participants were excluded due to a technical problem of the
MRI scanner. One participant was excluded because of too many missed
trials (⬎10% of all trials), and one participant was excluded due to selfreported difficulties viewing the screen. The final sample for Experiment
3 consisted of 24 participants (18 women, age 24.1 ⫾ 3.2 years, mean ⫾
SD). All three experiments were approved by the local ethics committee
(CMO Arnhem-Nijmegen, The Netherlands) under the general ethics
approval (Imaging Human Cognition, CMO 2014/288), and the experiments were conducted in compliance with these guidelines. All participants gave written informed consent according to the declaration of
Helsinki before participation.

Procedure-behavioral
Experiment 1. Each trial started with an image of a vase containing 20
marbles (Fig. 1A). Each of the marbles could be either red or blue. In
total, four vase configurations were possible: (1) 100% vases: all marbles
had the same color; (2) 95%–5% vases: 19 marbles had one color and 1
marble had the other color; (3) 75%–25% vases: 15 marbles had one
color and 5 marbles had the other color; and (4) 50%–50% vases: 10
marbles had one color and 10 marbles had the other color. Both colored
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marbles were associated with points participants could earn. The points
for each of the marbles varied between 10 and 90 (in steps of 10). All
combinations of points associated with red and blue marbles were possible. The participants were informed that, on each trial, one marble
would be selected from the vase and that they would be awarded with the
points associated with this marble. The first screen, on which the vase, the
marbles, and the points associated with the marbles were depicted, was
presented for 3000 ms. Then a blank screen was presented for 500 ms,
followed by a response screen during which participants could indicate
how curious they were about seeing the outcome of that trial (“How
curious are you about the outcome?”). The curiosity scale ranged from 1
to 4. The response screen was presented until the participant responded,
with a response limit of 4000 ms. The response screen was followed by a
blank screen (500 ms) and an outcome screen (2000 ms). On each trial,
participants had a 50% chance that their curiosity would be satisfied by
seeing the outcome (curiosity relief) and a 50% chance that the outcome
was withheld. This manipulation was explicitly instructed to subjects,
and it uncoupled curiosity responses from the actual receipt of the outcome (thus rendering Pavlovian bias accounts of observing behavior less
likely, see Beierholm and Dayan, 2010). In the follow-up fMRI experiment (Experiment 3, see below), it enabled us to investigate the neural
consequences of curiosity relief (Curiosity Relief–Yes vs Curiosity Relief–
No). The outcome screen depicted the vase, the marbles, and points
associated with the marbles again, together with a box in which they saw
the colored marble that was selected and how many points they earned.
When the outcome was not presented, participants saw a black marble
instead of a colored marble and question marks at the location of the
number of points. This way, the amount of visual input was approximately comparable between presented and not presented outcomes. After a trial ended, there was a blank screen with a jittered duration between
1000 and 2000 ms (uniformly distributed). Importantly, participants had
no way of influencing whether they would observe the outcome of a
particular trial, or what the outcome of that trial would be. However,
participants knew that a marble would be selected in every trial and that
they would be awarded with the points associated with that marble, even
if the outcome was not presented. They were told that the total amount of
points they earned in total would be converted to a monetary bonus at the
end of the experiment.
The trials were pseudo-randomized such that the same vase configuration was never presented ⬎4 trials in a row. Each vase configuration
was presented on 153 occasions, except for the 100% vases, which were
only presented 18 times. These 100% trials were included as a control to
check participants’ compliance to the task; we expected people not to be
curious about trials of which they already knew the outcome. In total, the
participants completed 477 trials, divided in 9 blocks of 53 trials. After
each block, the participants were instructed to take a short break if they
wanted. The experiment lasted ⬃75 min in total.
Experiment 2. In Experiment 2, we aimed to investigate participants’
curiosity more implicitly by means of testing their willingness to wait to
see the outcome. We used willingness to wait because it is a wellestablished measure of the motivational value of an item (Frederick et al.,
2002), which has been previously linked to curiosity (Kang et al., 2009;
Marvin and Shohamy, 2016). The trial setup for Experiment 2 was similar to Experiment 1 (Fig. 1B). The start of the trial was identical, but
instead of giving a curiosity response, participants indicated whether
they wanted to see the outcome of that trial (“Do you want to see the
outcome?”) by pressing either “Yes” or “No.” If they pressed “No,” a
blank screen was presented briefly (500 ms), followed by a screen on
which the outcome was not presented (2000 ms). If they pressed “Yes,”
the blank screen was presented for an additional jittered duration between 3000 and 6000 ms (uniformly distributed) before they saw a screen
on which the outcome was presented (2000 ms). The outcome screens
looked identical to the outcome screens in Experiment 1. The next trial
started after a jittered inter-trial interval between 1000 and 2000 ms
(uniformly distributed). The trials were again pseudo-randomized in a
way that the same vase configuration was never presented in ⬎4 trials in
a row. The total willingness to wait experiment consisted of 261 trials.
Each vase configuration was presented on 81 occasions, except for the
100% trials, which were only presented 18 times. The total duration of
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the experiment depended on for how many trials the participants indicated that they were willing to wait to see the outcome. Again, participants were told that a marble would be selected on every trial and that
they would be awarded with the points associated with that marble, also
when they decided not to wait to see the outcome. The total amount of
points they earned would be converted to a monetary bonus at the end of
the experiment.

Experimental design and statistical analysis: behavioral
Experiment 1. The behavioral analyses of Experiment 1 were performed
using MATLAB (The MathWorks, RRID:SCR_001622) and SPSS
(RRID:SCR_002865). We investigated whether there was a relationship
between OU and the curiosity ratings, as well as between EV and the
curiosity ratings. To do so, a value of OU was calculated for each trial by
multiplying the Shannon Entropy by the absolute difference between the
red (x1) and blue (x2) marble points as follows:

OU(X) ⫽ 共⫺

冘

2
i⫽1

P(xi )log2 P(xi )兲 ⫻Px1 ⫺ x2P

(l)

where P(xi) denotes the probability that a marble (i) would be drawn.
Thereby, OU reflected a combination of two types of variance. The first
type is the variance in the division of the marbles, indicated by the Shannon Entropy. The Shannon Entropy is a measure of the uncertainty of the
variable given the probabilities, and it quantifies the amount of information a trial contains (Shannon, 1948; Bestmann et al., 2008). The second
type of variance is the variance in points associated with the marbles. This
variance is indicated by the absolute difference between the points associated with both marbles. In turn, EV values were calculated (Eq. 2) by
the sum of the probability that a red marble would be drawn ( p1) multiplied by the number of points associated with the red marble (x1) and
the probability that a blue marble would be drawn ( p2) multiplied by the
number of points associated with the blue marble (x2) as follows:

EV(X) ⫽

冘

2
i⫽1 i i

xp

(2)

Thereby, EV reflects the EV of reward contained in a trial. We investigated whether there was a relationship between OU and/or EV and the
curiosity ratings using a Univariate GLM with dependent variable Curiosity Rating (1– 4) and random factors Participant, OU, and EV.
To determine whether OU is a better predictor of curiosity than entropy or absolute difference alone, we computed correlations between
OU and curiosity, absolute difference and curiosity, and entropy and
curiosity. To formally assess whether both absolute difference and entropy contribute to curiosity, we performed a model comparison in
which we compared a model in which absolute difference, entropy, and
EV were included as within-subject factors (Model 1) to a model in which
only absolute difference and EV (Model 2) or only entropy and EV
(Model 3) were included as within-subject factors. We modeled the data
using the clmm function of the ordinal package (Christensen, 2015) in R
(R Core Team, 2013; RRID:SCR_001905). Models included all main
effects and contained a full random effects structure (Barr, 2013; Barr et
al., 2013). Model comparison was conducted using the anova function
in R.
Experiment 2. For Experiment 2, we investigated whether there was a
relationship between OU and/or EV and whether participants were willing to wait to see the outcome of a trial. These data were analyzed using a
binomial logistic regression with dependent variable Willingness to wait
(Yes/No) and independent variables Participant, OU, and EV. Statistical
significance of the model was assessed using  2, and the amount of
variance explained by the model was estimated using Nagelkerke R 2. The
values for odds ratio (OR) for each independent variable were used to
determine the directionality of any significant effects.

Data visualization: behavioral
Experiment 1. To visualize the behavioral data, the values of OU and EV
were divided in percentile bins, such that the 10th percentile represents
the 10% lowest values of either OU or EV, the 20th percentile represents
the 10%–20% of the lowest values, etc. This was done to enable us to
visually compare the effects of OU and EV. To plot the data, we performed the same analysis on the binned data as described above (see
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Experimental design and statistical analysis: behavioral: Experiment 1).
However, to isolate the contributions of OU and EV to curiosity, we
added Participant and EV as covariates to visualize the effects of OU on
curiosity. The same analysis was performed to visualize the effects of EV
on curiosity, but this time Participant and OU were added as covariates.
This provided a clear view of the independent effects of OU and EV
because even though OU and EV were manipulated independently and
showed no linear correlation with each other, they did show a quadratic
correlation such that middle values of OU were associated with higher
values of EV. These analyses were performed for each participant separately, and the mean curiosity scores for each percentile were calculated
by averaging over participants.
Experiment 2. To visualize the data for the willingness to wait study, the
values of OU and EV were divided in percentile bins as described for
Experiment 1. To plot the data, we used a Univariate GLM with dependent variable % Willingness to wait, random factor OU, and covariates
Participant and EV. The same analysis was performed to visualize the
relationship between EV and willingness to wait, but this time EV was
added as random factor and Participant and OU as covariates. Again,
these analyses were performed for each participant separately, and the
mean willingness to wait scores for each percentile were calculated by
averaging over participants.

Procedure: fMRI
Experiment 3. The trial setup for the fMRI study (Experiment 3) was
similar to the setup of Experiment 1 (Fig. 1A), except that the timing was
adjusted to allow for analyses based on the BOLD response. First, participants saw a screen on which the vase containing the marbles and the
points associated with the marbles was presented (4000 ms). Next, participants saw a screen during which they could indicate their curiosity for
the outcome on a scale from 1 to 4. This screen was presented for 2500
ms. Then there was a blank screen presented for a jittered duration between 2500 and 4500 ms (uniformly distributed). After the blank screen,
participants saw a screen on which the outcome of a trial was either
presented or not presented (50% chance), and this screen was displayed
for 2000 ms. When the outcome was presented, they saw the colored
marble in the middle of the screen and below that the number of points
the participant earned. When the outcome was not presented, they saw a
black marble in the middle of the screen with question marks at the
location where otherwise the number of points would have been presented. Then there was an inter-trial interval consisting of a blank screen,
which was presented for a jittered duration between 3500 and 4500 ms
(uniformly distributed). After every 9 trials, the duration of the blank
screen was prolonged to be jittered between 9500 and 10,500 ms (uniformly distributed). From these prolonged blank screens, a baseline was
estimated. Moreover, only 75%–25% and 50%–50% vases were used to
reduce differences in visual processing between the different vase configurations. The participants completed a total of 180 trials divided in 4
sessions of 45 trials. After each session, the participants were able to take
a short break. In total, the experiment lasted ⬃60 min. Also, for this
experiment, participants knew that they had no way of influencing
whether they would observe the outcome of a trial or not and what that
outcome would be. Again, a marble would be selected in every trial, and
all the points would be added together and converted to a monetary
bonus at the end of the experiment. After functional image acquisition,
an anatomical image was acquired.

fMRI acquisition and preprocessing
Functional images were acquired using a multiband imaging sequence
(TR ⫽ 769 ms, TE ⫽ 39 ms, 54 transversal slices, voxel size of 2.4 ⫻ 2.4 ⫻
2.4 mm, multiband acceleration factor 6, 52° flip angle). Using the AutoAlign head software by Siemens, we ensured a similar FOV tilt across
participants. Anatomical images were acquired using a T1-weigted MPRAGE sequence, using a GRAPPA acceleration factor of 2 (TR ⫽ 2300
ms, TE ⫽ 3.03 ms, voxel size 1 ⫻ 1 ⫻ 1 mm, 192 transversal slices, 8° flip
angle).
fMRI data preprocessing was performed using FSL (RRID:
SCR_002823) and SPM8 (RRID:SCR_007037). The first seven volumes
of each run were discarded to correct for T1 equilibration. The following
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prestatistics processing was applied; motion correction using MCFLIRT
(Jenkinson et al., 2002); non-brain removal using BET (Smith, 2002);
spatial smoothing using a Gaussian kernel of FWHM 6.0 mm; and grandmean intensity normalization of the entire 4D dataset by a single multiplicative factor. Registration to high-resolution structural images was
performed using FLIRT (Jenkinson and Smith, 2001; Jenkinson et al.,
2002). Registration from high-resolution structural to standard space
was then further refined using FNIRT non-linear registration (Andersson et al., 2007a, b). Next, ICA-AROMA (Pruim et al., 2015) was used to
reduce motion-induced signal variations in the fMRI data after which the
data were high-pass filtered at 1/100 Hz. Finally, data were normalized to
standard space and further analyzed using SPM8.

Experimental design and statistical analysis: fMRI
fMRI behavioral analyses. For the behavioral data of Experiment 3, the
same analysis was performed as for Experiment 1 (see Experimental design and statistical analysis: behavioral) using MATLAB (The MathWorks, RRID:SCR_001622) and SPSS (RRID:SCR_002865). Behavioral
data visualization for Experiment 3 was done in the same way as for
Experiment 1 (see Data visualization: behavioral).
fMRI BOLD analyses. For each subject, data were modeled using an
event-related GLM. The first regressor modeled the period when the vase
was presented, serving to induce curiosity in the participants (Curiosity
Induction), and had a duration of 4000 ms. The second and third regressor modeled the moment when the outcome of a trial was either presented or not presented and thereby relieved (or not) curiosity in the
participants (Curiosity Relief–Yes/Curiosity Relief–No). Both regressors
had a duration of 2000 ms. The fourth regressor represented the moment
the participants pressed a button to indicate their level of curiosity (Button press) and was modeled as a stick function. The fifth regressor was the
baseline (Baseline), which started after every 9 trials when the prolonged
blank screen was presented. The duration of this regressor was the duration that the blank screen was presented. All regressors were convolved
with a canonical HRF (Friston et al., 1998).
For each trial, values for OU and EV were calculated (see Experimental
design and statistical analysis: behavioral) and simultaneously included
as parametric modulations of activity during the Curiosity Induction
period in the GLM. To this end, the unit height HRF of the Curiosity
Induction regressor was convolved with vectors of parametric weights
that reflected the trial-by-trial fluctuations of OU and EV. OU and EV
were used as parametric modulators at the moment of Curiosity Induction because this was the moment when participants process the vase and
when they could make an estimation of the uncertainty of the outcome of
a trial (OU) and how much they will approximately earn in that trial
(EV). OU was included as the first parametric modulator and EV as the
second parametric modulator, such that EV was orthogonalized with
respect to OU. The correlation between OU and EV was zero (by design),
so the orthogonalization did not affect the EV regressor.
Furthermore, at the moment of trial outcome (Curiosity Relief), we
looked at which brain areas respond more strongly to receiving information about the outcome than to not receiving this information and vice
versa. We did so by investigating which brain areas were active for the
Curiosity Relief contrast (Curiosity Relief–Yes ⬎ Curiosity Relief–No)
and which brain areas were active for the opposite contrast. We used a
primary voxel threshold of p ⬍ 0.001 (uncorrected). Inference was based
on a cluster-level correction of p ⬍ 0.05 (FWE).
To assess residual curiosity-related activity modulations during curiosity induction, after controlling for OU, we modeled the data using
another event-related GLM. The GLM was similar to the GLM described
above, except that we included an additional parametric modulator Curiosity Rating during the Curiosity Induction period. This parametric
modulator reflected the curiosity rating (1– 4) that the participants gave
in each trial and was included after the parametric modulator for OU. In
this way, the parametric modulator for Curiosity Rating was orthogonalized with respect to the parametric modulator for OU and only reflected
brain areas that encode residual curiosity variability over and above OU.
ROI analyses. Additional to the whole-brain fMRI analyses, we defined
ROIs based on their significant overall activity modulation during the
Curiosity Relief period, using the SPM toolbox MarsBaR (Brett et al.,
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2002) (RRID:SCR_009605). The rationale for selecting ROIs based on
the Curiosity Relief contrast (Curiosity Relief–Yes ⬎ Curiosity Relief–
No) was that these regions responded more strongly to receiving information about the outcome than to not receiving this information,
indicating that they might play a role in processing information about the
outcome. We aimed to investigate whether these regions play a role in
processing the extent to which participants received an update of information (information prediction error) and reward (RPE). The ROIs
based on the opposite contrast (Curiosity Relief–No ⬎ Curiosity Relief–
Yes) respond stronger to not receiving information about the outcome
compared with receiving this information. We aimed to investigate
whether these regions play a role in processing the extent to which participants were left with uncertainty about what the outcome would have
been (which we refer to as negative information prediction error, see
below).
To investigate whether there was a modulation of activity as a function
of information and/or RPE effects in these ROIs, we calculated values for
the RPE, the information prediction error when the outcome was presented (IPErelief) and the information prediction error when the outcome
was not presented (IPEno relief). The RPE (Eq. 3) is the discrepancy between the number of points the participant received (xshown) on a given
trial (X) and the number of points the participant expected to receive
(EV). The RPE was positive when the participant received more points
than expected and negative when the participant received less points than
expected. When the outcome was not presented, there was no value for
RPE.

RPE(X) ⫽ xshown ⫺ EV(X)

(3)

In addition to information about the reward, participants get an update
of information when the outcome was presented (when they know which
marble was selected for them; IPErelief; Eq. 4) as follows:

IPErelief(X) ⫽ ⫺ ln(P(xshown)) ⫻Px1 ⫺ xP
2

(4)

IPErelief reflects the amount of information that the participant received
when being presented with the outcome of a trial. It is calculated by
means of the negative natural log of the probability that the shown outcome would be presented P(xshown). This provides a measure of the
information content of the outcome given the probabilities. The outcome will lead to a larger information update when the probability that
the shown outcome would be selected was lower (see also Shannon,
1948). This value is then multiplied by the absolute difference between
the red (x1) and blue (x2) marble points. The absolute difference is a
reflection of the variance in points associated with the marbles: the higher
this variance, the more uncertain participants were about the outcome
and thus the larger the update of information was when participants were
presented with the outcome. On the contrary, when the outcome is not
presented, participants get no update of information and they remain
uncertain about which marble was selected for them (IPEno relief). Therefore, the IPEno relief was calculated as a function of OU. It reflects that the
more uncertain participants were at the beginning of a trial, the more
uncertainty will remain after not seeing the outcome (Eq. 5). Here,
OU(X) reflects the OU of a given trial X (Eq. 1).

IPEno relief (X) ⫽ OU(X) ⫻ ⫺ 1

(5)

The value of IPErelief was always positive and the value of IPEno relief was
always negative. In other words: when the outcome was presented, IPE
was positive and when the outcome was not presented IPE was negative.
The values of RPE, IPErelief, and IPEno relief were simultaneously included as parametric weights for Curiosity Relief in the GLM. The unit
height of Curiosity Relief–Yes was convolved with vectors of parametric
weights that reflected the trial-by-trial fluctuations of IPErelief and RPE.
IPErelief was included as the first parametric modulator and RPE as the
second parametric modulator. As such, RPE is orthogonalized with respect to IPErelief. Because the correlation between IPErelief and RPE is low
by design (r ⫽ 0.019), this orthogonalization had little influence on the
results for RPE. The same was done for Curiosity Relief–No, but then
with a vector of parametric weights reflecting the fluctuations of
IPEno relief. Again, no parametric weights for RPE could be calculated

when no outcome is presented because there is no update about the
reward participants received.
For each of the significant ROIs found for the Curiosity Relief contrast,
we tested the parameters for RPE, IPErelief, and IPEno relief against 0 using
one-sample t tests. The same was done for ROIs that were selected based
on the opposite contrast (Curiosity Relief–No ⬎ Curiosity Relief–Yes).
Finally, given our specific hypothesis specified in the Introduction,
that reward-related areas (e.g., ventral striatum) would be active as a
function of EV, RPE, and possibly also as a function of information
updating, we investigated mean extracted signal from an a priori defined
ROI in the ventral striatum (with MarsBaR; RRID:SCR_009605) (Brett et
al., 2002). This ROI was selected from a prior resting state MRI study in
which the striatum was parcellated into (anatomically plausible) subregions in a functional data-driven manner, based on intrastriatal functional connectivity analyses that correlated each striatal voxel with all
other striatal voxels (Piray et al., 2017). Within the ventral striatum, we
investigated the parametric modulation effects of OU, EV, RPE, IPErelief,
and IPEno relief. We tested the parameters for these contrasts against 0
using one-sample t tests.

Results
Behavioral results
Experiment 1
The aim of Experiment 1 was to investigate whether and how
participants’ curiosity was modulated by OU and EV.
Curiosity strongly and monotonically increased with increasing OU (F(1,15) ⫽ 103.07, p ⬍ 0.001). Conversely, there was no
significant modulation of curiosity by EV (F(1,87) ⫽ 1.25, p ⫽
0.15; Fig. 2A). There was an interaction between OU and EV
(F(1,68) ⫽ 1.91, p ⬍ 0.001), such that the relationship between OU
and curiosity was stronger for medium values of EV, compared
with high and low values. This is likely due to the design of the
experiment, which had a restricted range of OU values for extreme values of EV, such that extreme values of EV were always
associated with low values of OU.
We next investigated whether OU predicts curiosity better
than entropy or the absolute difference between the marble
points alone. The correlation between OU and curiosity was
higher (r ⫽ 0.698) than the correlation between absolute difference and curiosity (r ⫽ 0.523) and the correlation between entropy and curiosity (r ⫽ 0.464). This suggests that OU is a better
predictor for curiosity than absolute difference or entropy alone,
each of which is also strongly correlated with curiosity. To formally assess whether both absolute difference and entropy contributed significantly to curiosity, we compared a model in which
both absolute difference and entropy as well as EV were included
as within-subject factors (Model 1) with a model in which only
absolute difference and EV (Model 2) or entropy and EV (Model
3) were included as within-subject factors. Indeed, we found that
Model 1 (Akaike Information Criterion ⫽ 19802) explained significantly more variance in the curiosity responses than Model 2
(Akaike Information Criterion ⫽ 25702; LR.stat(5) ⫽ 5910.1,
p ⬍ 0.001) or than Model 3 (Akaike Information Criterion ⫽
25899; LR.stat(5) ⫽ 6107.2, p ⬍ 0.001).
Experiment 2
In Experiment 2, we investigated whether participants would be
more willing to wait to see the outcomes of trials they indicated to
be more curious about in the first experiment. In other words:
were people willing to sacrifice time to satisfy their curiosity?
2
The results show that people were more willing to wait ((3)
⫽
2944.29, p ⬍ 0.001, Nagelkerke pseudo R 2 ⫽ 0.505) when OU
was higher (OR ⫽ 1.11, p ⬍ 0.001), but that willingness to wait
was not modulated by EV (OR ⫽ 1.00, p ⫽ 0.98). These results
are consistent with Experiment 1, showing that people not only
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Figure 2. Behavioral results of the three experiments. x axis indicates percentile bins of the values of OU (red) and EV (blue). y axis indicates the mean curiosity rating (A,C) or the percentage
willingness to wait (B) for each percentile of OU and EV. In all panels, the effects of EV on curiosity are controlled for OU, and the effects of OU on curiosity are controlled for EV. In Experiment 1 (A),
curiosity monotonically increased with increasing OU, but there was no significant modulation of curiosity by EV. This was confirmed by the results of Experiment 2 (B), in which the percentage
willingness to wait increased with increasing OU, but not with increasing EV. In Experiment 3 (C), curiosity increased with increasing OU, but also with increasing EV, although the magnitude of the
modulation by EV was markedly smaller. For details on behavioral data visualization, see Data visualization: behavioral. Error bars indicate SEM.

indicated to be more curious when OU is higher, but that they
were also more willing to wait to see this outcome (Fig. 2B).
Similarly, people were not more willing to wait for trials with high
compared with low EV, supporting the findings of Experiment 1.
In Experiment 1, there was a significant interaction effect between OU and EV on curiosity. Therefore, we investigated
whether adding the interaction in this model would improve the
model fit. However, the model did not get better by adding the
2
interaction between OU and EV ((4)
⫽ 2.48, p ⫽ 0.12). This
indicates that the effects of OU on willingness to wait did not
differ between different values of EV.
Experiment 3
As in Experiment 1, curiosity increased with increasing OU (F(1,14) ⫽
69.87, p ⬍ 0.001), replicating the finding of Experiment 1. In
Experiment 3, however, curiosity also increased with increasing
EV (F(1,30) ⫽ 3.26, p ⬍ 0.001; Fig. 2C), although the magnitude of
the modulation was markedly smaller. There was also an interaction between OU and EV (F(1,61) ⫽ 3.00, p ⬍ 0.001), such that the
relationship between OU and curiosity was stronger for medium
values of EV, compared with high and low values.
Neuroimaging results
Curiosity induction
First, we examined activity when curiosity was induced (during
vase presentation) as a function of OU and EV. There was one
cluster that showed a significant increase in activity with increasing OU, located in the left inferior parietal lobule (Table 1; Fig. 3).
Somewhat surprisingly, there was a large network of regions that
showed a significant increase in activity with decreasing OU (Table 1; Fig. 3), including the hippocampus, precuneus, and several
clusters within the temporal and frontal lobe. No significant positive modulation of EV was observed, whereas activity in the
calcarine sulcus increased as a function of decreased EV (Table 1).
When examining residual curiosity-related activity during curiosity induction, after controlling for OU, there was one cluster
that showed a significant increase in activity with increasing curiosity rating, located in the left pre-supplementary motor area
(Table 1). Finally, ROI analyses in the ventral striatum showed no

significant parametric modulation effects of OU (t(23) ⫽ ⫺1.44,
p ⫽ 0.16) and EV (t(23) ⫽ ⫺1.75, p ⫽ 0.093) at the time of
curiosity induction.
Curiosity relief
Next, we looked at the moment when participants’ curiosity was
either relieved or not (i.e., when they were presented with the
outcome or not). Three brain regions showed larger response
when curiosity was relieved (Curiosity Relief–Yes ⬎ Curiosity
Relief–No): the right insula, the right middle orbitofrontal cortex, and the right inferior parietal lobule (Table 2; Fig. 4). When
the outcome was withheld (Curiosity Relief–No ⬎ Curiosity Relief–Yes), this led to larger response in the right middle occipital
gyrus, the left frontal superior gyrus, and the right frontal middle
gyrus (Table 2; Fig. 4).
We next investigated whether activity for nodes in these networks was linearly modulated by the size of the information update (i.e., IPErelief and IPEno relief). Within the nodes that were
activated when the outcome was presented and curiosity was
relieved, the ROI analyses showed a linearly increasing response
as a function of IPErelief magnitude in the right insula (t(23) ⫽
2.70, p ⫽ 0.013). This indicates that this region was involved in
processing the prediction error of information when participants
observed the outcome of a trial. No significant parametric modulation effects for IPErelief were found in the right middle orbitofrontal cortex region (t(23) ⫽ ⫺1.30, p ⫽ 0.21) or in the inferior
parietal lobule region (t(23) ⫽ ⫺0.59, p ⫽ 0.56). For the nodes
that were active when the outcome was withheld, there was a
significant parametric modulation effect of negative IPE
(IPEno relief) in the right middle occipital gyrus (t(23) ⫽ ⫺2.91, p ⫽
0.0079), such that this area showed a higher activity on trials where
participants were most uncertain about the outcome (highest OU,
resulting in the largest negative IPE). The left frontal superior gyrus
(t(23) ⫽ 0.96, p ⫽ 0.35) and the right frontal middle gyrus (t(23) ⫽
0.91, p ⫽ 0.37) were not modulated by IPEno relief.
To summarize, the ROI analyses showed that the right insula
was more active for higher positive information prediction errors
(IPErelief), whereas the right middle occipital gyrus was more active for
higher negative information prediction errors (IPEno relief). On
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Table 1. Brain regions associated with OU and EV during curiosity inductiona
Coordinates
Anatomical region

Hemisphere

t

Cluster size

Left

5.07

230

Right
Left
Left
Left
Right
Left
Right
Right
Right
Left
Right
Right
Left
Left

7.20
6.67
6.33
6.11
6.09
5.83
5.67
5.62
5.44
5.26
5.11
5.11
5.03
4.90

Right
Left

Corrected p

x

y

0.001

⫺34

⫺50

46

726
288
157
587
890
249
421
286
119
512
255
211
652
252

⬍ 0.001
⬍ 0.001
0.007
⬍ 0.001
⬍ 0.001
⬍ 0.001
⬍ 0.001
⬍ 0.001
0.029
⬍ 0.001
⬍ 0.001
0.001
⬍ 0.001
⬍ 0.001

0
⫺52
⫺32
⫺22
58
⫺58
24
46
28
⫺22
16
50
⫺12
⫺38

⫺46
⫺20
⫺18
⫺42
⫺46
2
18
⫺72
⫺34
24
⫺52
⫺20
⫺60
⫺82

54
60
⫺16
⫺10
18
⫺20
56
36
⫺14
46
8
⫺14
18
38

5.49

130

0.012

14

⫺60

18

4.61

258

⬍0.001

⫺8

22

46

OU
Inferior parietal lobule
OU-negative
Precuneus
Postcentral gyrus
Hippocampus
Fusiform gyrus
Temporal superior gyrus
Temporal middle gyrus
Frontal middle gyrus
Angular gyrus
Fusiform gyrus
Frontal middle gyrus
Calcarine sulcus
Temporal middle gyrus
Calcarine sulcus
Occipital middle gyrus
EV-negative
Calcarine sulcus
Residual curiosity-positive
Pre-SMA

z

Spatial coordinates of local maxima for regions showing activity as a function of OU or EV at the moment of curiosity induction. Coordinates correspond to the standard MNI brain. We used a primary voxel threshold of p ⬍ 0.001
(uncorrected) and a cluster-level correction of p ⬍ 0.05 (FWE).

a

tion errors of information when the outcome was presented to the participants,
such that this region was more active
when they received a larger update of
information. Likewise, the right middle
occipital region solely responded to prediction errors of information when the
outcome was not presented, such that
this region was more active when uncertainty was highest, but curiosity was not
relieved.
No significant parametric modulation
of BOLD activity due to RPE (t(23) ⫽ 1.48,
p ⫽ 0.15), IPErelief (t(23) ⫽ ⫺0.94, p ⫽
0.36), or IPEno relief (t(23) ⫽ ⫺1.66, p ⫽
0.11) was found in the ventral striatum at
the time of curiosity relief.

Discussion

Figure 3. Clusters showing a positive (red) or negative (blue) activity as a function of OU. The maps are dual-coded and
simultaneously display the contrast estimate (x axis) and unthresholded t values for the curiosity relief contrast ( y axis). Thereby,
the hue indicates the size of the contrast estimate, and the opacity indicates the height of the t value. Significant clusters (clusterlevel corrected, FWE, p ⬍ 0.05) are encircled in white. One cluster in the left inferior parietal lobule showed a significant increase
in activity with increasing OU, whereas a large network of regions showed a significant increase in activity with decreasing OU. The
z coordinates correspond to the standard MNI brain. Neuroimaging data are plotted using a procedure introduced by Allen et al.
(2012) and implemented by Zandbelt (2017).

the contrary, there was no significant parametric modulation effect
of IPEno relief in the right insula (t(23) ⫽ ⫺1.30, p ⫽ 0.21) and for
IPErelief in the right middle occipital gyrus (t(23) ⫽ ⫺1.66, p ⫽
0.11). This indicates that the insula solely responded to predic-

Here, we examined the cognitive and neural
constituents of curiosity. We found that curiosity and willingness to wait increased
with increasing uncertainty about a lottery
outcome. Curiosity induction through
OU was related to increased BOLD activity in the inferior parietal lobule, whereas
curiosity relief elicited increased BOLD
activity in the insula, orbitofrontal cortex,
and parietal cortex. Importantly, outcomerelated signal in the insula increased
linearly with increasing information prediction error provided by the outcome.
Conversely, curiosity was not strongly related to the EV of lotteries.

Curiosity is modulated by OU
Experiments 1 and 2 revealed that, even though information did
not help participants to perform better or to maximize rewards,
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Table 2. Brain regions associated with curiosity reliefa
Coordinates
Anatomical region
Curiosity Relief–Yes ⬎ Curiosity Relief–No
Insula
Middle orbitofrontal cortex
Inferior parietal lobule
Curiosity Relief–No ⬎ Curiosity Relief–Yes
Frontal superior gyrus
Middle occipital gyrus
Frontal middle gyrus

Hemisphere

t

Cluster size

Corrected p

Right
Right
Right

6.14
5.96
5.82

124
118
204

0.018
0.023
0.001

Left
Right
Right

6.14
6.05
5.19

161
1076
298

0.005
⬍ 0.001
⬍ 0.001

x

y

z

36
42
40

12
56
⫺54

⫺12
0
48

⫺22
36
30

12
⫺74
34

66
2
48

a
Spatial coordinates of local maxima for regions showing activity as a function of outcome presentation (or not) at the moment of curiosity relief. Coordinates correspond to the standard MNI brain. We used a primary voxel threshold
of p ⬍ 0.001 (uncorrected) and a cluster-level correction of p ⬍ 0.05 (FWE).

individuals were more curious about outcomes that provided them with a larger
information update (i.e., when OU was
higher). Experiment 1 goes beyond studies on curiosity that indicated that humans and animals seek information to
reduce their uncertainty (Berlyne, 1962;
Lieberman et al., 1997; Bromberg-Martin
and Hikosaka, 2009, 2011) by showing
that, even in a passive observation task,
humans show a drive towards gaining
information and reducing uncertainty
about what will happen.
One might argue that the findings of
Experiment 1 reflect participants’ compliance with task demands (i.e., showing
higher curiosity about uncertain outcomes because they felt like this was expected of them). To minimize such
demand characteristics, we performed
Experiment 2 in which curiosity was
probed implicitly by means of participants’ willingness to wait for the outcome.
We found that participants’ willingness to
wait increased with increasing OU, indicating that individuals are willing to “pay”
with time for information to satisfy their
curiosity. This supports the findings of Figure 4. Clusters showing a positive (red) or negative (blue) activity when comparing relieved versus non-relieved curiosity, at
Experiment 1 and makes it less likely that the time of the outcome presentation. Three brain regions showed larger response when curiosity was relieved (Curiosity Relief–
demand characteristics explain our re- Yes ⬎ Curiosity Relief–No): the right insula, the right middle orbitofrontal cortex, and the right inferior parietal lobule. When the
sults. Critically, this suggests that a prefer- outcome was withheld (Curiosity Relief–No ⬎ Curiosity Relief–Yes), this led to larger response in the right middle occipital gyrus,
ence for information is present even when the left frontal superior gyrus, and the right frontal middle gyrus. Other conventions are as in Figure 3.
receiving information is costly (Roper et
cause they were simply not interested in the topics of these quesal., 1999) and rewards have to be sacrificed (Stagner et al., 2010;
tions. In other words, there might be a correlation between one’s
Blanchard et al., 2015). This indicates that information gain may
knowledge and one’s curiosity about the subject, confounding
be intrinsically valuable and strengthens the hypothesis that it is
the relationship between curiosity and uncertainty. Here, this
evolutionarily adaptive to reduce our uncertainty about the
confound was avoided by experimentally manipulating OU in a
world (Loewenstein, 1994; Gottlieb et al., 2013).
quantitative and controlled manner.
Unlike the present study, prior work on human curiosity usSomewhat surprisingly, we found no effect of EV on curiosity.
ing trivia questions (e.g., Gruber et al., 2014; Marvin and ShoPerhaps our reward manipulation was not effective and rewards
hamy, 2016) suggested that individuals are mostly curious about
did not yield sufficient interest because individuals could not
information of intermediate uncertainty (Kang et al., 2009). Inmaximize rewards or there was no opportunity to make an exdividuals appeared to be mostly curious about questions about
plicit choice. Alternatively, or additionally, the EV computation
which they exhibit intermediate levels of confidence compared
might have been too demanding in the behavioral experiments.
with questions about which they were very confident or not conIn Experiment 3, we used only two vase configurations, which
fident at all. This contrasts with our observation of a linear relamade it easier to encode both the OU and the EV. Indeed, in
tionship between uncertainty and curiosity. However, it might
Experiment 3, we found a significant increase in curiosity with
reflect that participants in previous work were not curious about
questions with highest uncertainty (i.e., lowest confidence) beincreasing EV. Nevertheless, this relationship was markedly
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smaller than the relationship between OU and curiosity,
strengthening the finding that uncertainty is a strong inducer of
curiosity, beyond reward.
Curiosity induction elicits parietal signal, whereas curiosity
relief elicits frontal signal
Investigation of the BOLD signal during curiosity induction revealed a usual suspect as a function of OU, namely, the parietal
cortex (Huettel et al., 2005). This finding is unsurprising because
prior work has implicated this region in processing OU. The key
novel finding is that BOLD signal in the insula covaried with the
information prediction error at the moment of curiosity relief,
such that insular activity linearly increased with the amount of
information participants gained by seeing the outcome (information prediction error). Intriguingly, insular signals have previously been observed to vary with risk prediction errors, which
represent the degree to which outcomes are surprising in a gambling task (Preuschoff et al., 2008). This risk prediction error
signal was interpreted to reflect a role for the insula in risk prediction learning, relevant for learning when to avoid or approach
risk. While risk and information prediction errors are both measures of the degree to which outcomes are surprising in an uncertain environment, a key difference is that the concept of risk is
tightly linked to choice, whereas information prediction errors
can be elicited in a passive observation task, as in the current
study. As such, the current study suggests that the insula is not
just involved in learning about risk to optimize choice, but may
also contribute to knowledge acquisition by signaling information prediction error more generally. For future studies, it might
be interesting to investigate whether information prediction errors found for non-instrumental curiosity have consequences for
learning, memory, and hippocampal activity found with trivia
questions (cf. Gruber et al., 2014; Marvin and Shohamy, 2016).
In addition to these insular signals, we found overall increased
BOLD signal in the right orbitofrontal cortex and the right inferior parietal lobule at the time of curiosity relief. These findings
generalize prior findings that the insula and orbitofrontal cortex
respond to perceptual curiosity relief (Jepma et al., 2012) to nonperceptual curiosity relief, suggesting that these areas might be
involved more generally in gaining information. The insula
might do so by computing specific information prediction error
signals, which help us to optimize our current world model. The
orbitofrontal cortex, however, has been argued to signal information about reward, reward-learning, and reward-related cognition (Wallis, 2007; Padoa-Schioppa, 2011; Rushworth et al., 2011;
Wilson et al., 2014; Blanchard et al., 2015). Given this established
link between orbitofrontal cortex and reward, it is unsurprising
that this region was more active when participants saw the outcome than when they did not.
Perhaps surprisingly, we found no activity modulation by reward or information prediction error in the ventral striatum.
While this may partly reflect the lower signal-to-noise ratio in
deep brain structures due to the specific fMRI sequence we used
(see Materials and Methods), we think the most relevant factor
here could be the use of a passive observation task. Unlike choice
tasks, participants had no means to influence their task performance or improve the amount of received rewards. Therefore,
participants may be mainly driven by OU, instead of reward, and
this might be reflected in the absence of activity modulations in
reward-related areas, such as the ventral striatum.
As mentioned above, we found that BOLD signal in the left
inferior parietal lobule increased with increasing OU at the time
of curiosity induction. This extends previous findings by Huettel
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et al. (2005), who found increased activity in parietal cortex with
increasing OU in a decision-making task. Given our finding that
the inferior parietal lobule is similarly involved in processing OU
in a passive observation task, it could be that this area is more
generally involved in processing OU, which may in turn contribute to curiosity induction. This might be due to requirement of
more attentive control in situations of high OU. Possibly,
(curiosity-driven) actions associated with acquiring new information might require more attentive control, whereas actions
with low uncertainty are more habitual and require little attention (Shenhav et al., 2013; Fan, 2014). Perhaps, these curiosityinducing signals in parietal cortex operate independently from
signals responsible for signaling expected rewards, as previous
work in macaque monkeys has indicated that parietal neurons
may encode the expected reduction in uncertainty an action will
bring, independent of expected reward and RPEs (Foley et al.,
2017). Finally, although a large portion of the variability in curiosity was accounted for by OU, there was also some residual
variability in curiosity ratings not accounted for by OU (or EV).
Supplementary analyses revealed such residual (not OU-related)
curiosity signals in the left pre-supplementary motor area, a region commonly implicated in monitoring actions (Rushworth et
al., 2007), and the value of information in a decision-making
context (Behrens et al., 2007).
In conclusion, our study sheds light on the cognitive and neural constituents of curiosity by demonstrating that OU drives
curiosity strongly. This curiosity induction is accompanied by
BOLD signal in parietal cortex, whereas its release is accompanied by BOLD increases in the insula, orbitofrontal cortex, and
parietal cortex. Most strikingly, insular activity increased linearly
with increasing information update the outcome provided. Together, these findings point to a fundamentally adaptive role of
curiosity as a drive to improve one’s current world model and
implicate the parietal cortex and insula in this fundamental trait.

References
Allen EA, Erhardt EB, Calhoun VD (2012) Data visualization in the neurosciences: overcoming the curse of dimensionality. Neuron 74:603– 608.
CrossRef Medline
Andersson JL, Jenkinson M, Smith SM (2007a) Non-linear optimization.
FMRIB Tech Rep TR07JA1.
Andersson JL, Jenkinson M, Smith SM (2007b) Non-linear registration aka
spatial normalization. FMRIB Tech Rep TR07JA2.
Barr DJ (2013) Random effects structure for testing interactions in linear
mixed-effects models. Front Psychol 4:328. CrossRef Medline
Barr DJ, Levy R, Scheepers C, Tily HJ (2013) Random effects structure for
confirmatory hypothesis testing: keep it maximal. J Mem Lang 68:1– 43.
CrossRef Medline
Bayer HM, Glimcher PW (2005) Midbrain dopamine neurons encode a
quantitative reward prediction error signal. Neuron 47:129 –141.
CrossRef Medline
Behrens TE, Woolrich MW, Walton ME, Rushworth MF (2007) Learning
the value of information in an uncertain world. Nat Neurosci 10:1214 –
1221. CrossRef Medline
Beierholm UR, Dayan P (2010) Pavlovian-instrumental interaction in “observing behavior.” PLoS Comput Biol 6:e1000903. CrossRef Medline
Berlyne DE (1962) Uncertainty and epistemic curiosity. Br J Psychol 53:27–
34. CrossRef Medline
Bestmann S, Harrison LM, Blankenburg F, Mars RB, Haggard P, Friston KJ,
Rothwell JC (2008) Influence of uncertainty and surprise on human
corticospinal excitability during preparation for action. Curr Biol 18:775–
780. CrossRef Medline
Blanchard TC, Hayden BY, Bromberg-Martin ES (2015) Orbitofrontal cortex uses distinct codes for different choice attributes in decisions motivated by curiosity. Neuron 85:602– 614. CrossRef Medline
Brett M, Anton JL, Valabregue R, Poline JP (2002) Region of interest anal-

2588 • J. Neurosci., March 7, 2018 • 38(10):2579 –2588
ysis using an SPM toolbox. Neuroimage 16:2. Available at http://
matthew.dynevor.org/research/abstracts/marsbar/marsbar_abstract.pdf.
Bromberg-Martin ES, Hikosaka O (2009) Midbrain dopamine neurons signal preference for advance information about upcoming rewards. Neuron 63:119 –126. CrossRef Medline
Bromberg-Martin ES, Hikosaka O (2011) Lateral habenula neurons signal
errors in the prediction of reward information. Nat Neurosci 14:1209 –
1216. CrossRef Medline
Christensen RH (2015) Ordinal-regression models for ordinal data. R package version 2015:6–28. https://cran.r-project.org/web/packages/ordinal/.
Critchley HD, Mathias CJ, Dolan RJ (2001) Neural activity in the human
brain relating to uncertainty and arousal during anticipation. Neuron
29:537–545. CrossRef Medline
Daw ND, Doya K (2006) The computational neurobiology of learning and
reward. Curr Opin Neurobiol 16:199 –204. CrossRef Medline
Daw ND, O’Doherty JP, Dayan P, Seymour B, Dolan RJ (2006) Cortical
substrates for exploratory decisions in humans. Nature 441:876 – 879.
CrossRef Medline
Dinsmoor JA (1983) Observing and conditioned reinforcement. Behav
Brain Sci 6:693–728. CrossRef
Fan J (2014) An information theory account of cognitive control. Front
Hum Neurosci 8:680. CrossRef Medline
Foley NC, Kelly SP, Mhatre H, Lopes M, Gottlieb J (2017) Parietal neurons
encode expected gains in instrumental information. Proc Natl Acad Sci
U S A 114:E3315–E3323. CrossRef Medline
Frederick S, Loewenstein G, O’Donoghue T (2002) Time discounting and
time preference: a critical review. J Econ Lit 60:351– 401.
Friston KJ, Fletcher P, Josephs O, Holmes A, Rugg MD, Turner R (1998)
Event-related fMRI: characterizing differential responses. Neuroimage
7:30 – 40. CrossRef Medline
Gottlieb J, Oudeyer PY, Lopes M, Baranes A (2013) Information seeking,
curiosity, and attention: computational and neural mechanisms. Trends
Cogn Sci 17:585–593. CrossRef Medline
Gruber MJ, Gelman BD, Ranganath C (2014) States of curiosity modulate
hippocampus-dependent learning via the dopaminergic circuit. Neuron
84:486 – 496. CrossRef Medline
Huettel SA, Song AW, McCarthy G (2005) Decisions under uncertainty:
probabilistic context influences activation of prefrontal and parietal cortices. J Neurosci 25:3304 –3311. CrossRef Medline
James W (1899) Talks to teachers on psychology: and to students on some of
life’s ideals. New York, NY: Holt.
Jenkinson M, Smith S (2001) A global optimisation method for robust affine registration of brain images. Med Image Anal 5:143–156. CrossRef
Medline
Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved optimization
for the robust and accurate linear registration and motion correction of
brain images. Neuroimage 17:825– 841. CrossRef Medline
Jepma M, Verdonschot RG, van Steenbergen H, Rombouts SA, Nieuwenhuis
S (2012) Neural mechanisms underlying the induction and relief of perceptual curiosity. Front Behav Neurosci 6:5. CrossRef Medline
Kang MJ, Hsu M, Krajbich IM, Loewenstein G, McClure SM, Wang JT, Camerer CF (2009) The wick in the candle of learning: epistemic curiosity
activates reward circuitry and enhances memory. Psychol Sci 20:963–973.
CrossRef Medline
Kidd C, Hayden BY (2015) The psychology and neuroscience of curiosity.
Neuron 88:449 – 460. CrossRef Medline
Knutson B, Taylor J, Kaufman M, Peterson R, Glover G (2005) Distributed
neural representation of expected value. J Neurosci 25:4806 – 4812.
CrossRef Medline
Lieberman DA, Cathro JS, Nichol K, Watson E (1997) The role of S⫺ in
human observing behavior: bad news is sometimes better than no news.
Learn Motiv 28:20 – 42. CrossRef

van Lieshout et al. • Curiosity Elicits Parietal and Frontal Activity
Loewenstein G (1994) The psychology of curiosity: a review and reinterpretation. Psychol Bull 116:75–98. CrossRef
Marvin CB, Shohamy D (2016) Curiosity and reward: valence predicts
choice and information prediction errors enhance learning. J Exp Psychol
Gen 145:266 –272. CrossRef Medline
O’Doherty JP (2004) Reward representations and reward-related learning
in the human brain: insights from neuroimaging. Curr Opin Neurobiol
14:769 –776. CrossRef Medline
Oudeyer PY, Kaplan F (2007) What is intrinsic motivation? A typology of
computational approaches. Front Neurorobot 1:6. CrossRef Medline
Padoa-Schioppa C (2011) Neurobiology of economic choice: a good-based
model. Annu Rev Neurosci 34:333–359. CrossRef Medline
Paulus MP, Rogalsky C, Simmons A, Feinstein JS, Stein MB (2003) Increased activation in the right insula during risk-taking decision making is
related to harm avoidance and neuroticism. Neuroimage 19:1439 –1448.
CrossRef Medline
Piray P, den Ouden HE, van der Schaaf ME, Toni I, Cools R (2017) Dopaminergic modulation of the functional ventrodorsal architecture of the
human striatum. Cereb Cortex 27:485– 495. CrossRef Medline
Preuschoff K, Bossaerts P, Quartz SR (2006) Neural differentiation of expected reward and risk in human subcortical structures. Neuron 51:381–
390. CrossRef Medline
Preuschoff K, Quartz SR, Bossaerts P (2008) Human insula activation reflects risk prediction errors as well as risk. J Neurosci 28:2745–2752.
CrossRef Medline
Pruim RH, Mennes M, van Rooij D, Llera A, Buitelaar JK, Beckmann CF
(2015) ICA-AROMA: a robust ICA-based strategy for removing motion
artifacts from fMRI data. Neuroimage 112:267–277. CrossRef Medline
R Core Team (2013) R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Available at
http://www.R-project.org.
Roper KL, Zentall TR (1999) Observing behavior in pigeons: the effect of
reinforcement probability and response cost using a symmetrical choice
procedure. Learn Motiv 30:201–220. CrossRef
Rushworth MF, Buckley MJ, Behrens TE, Walton ME, Bannerman DM
(2007) Functional organization of the medial prefrontal cortex. Curr
Opin Neurobiol 27:220 –227. CrossRef Medline
Rushworth MF, Noonan MP, Boorman ED, Walton ME, Behrens TE (2011)
Frontal cortex and reward-guided learning and decision-making. Neuron
70:1054 –1069. CrossRef Medline
Schultz W, Dayan P, Montague PR (1997) A neural substrate of prediction
and reward. Science 275:1593–1599. CrossRef Medline
Shannon CE (1948) A mathematical theory of communication. Bell Syst
Tech J 27:623– 656. CrossRef
Shannon CE, Weaver W (1949) The mathematical theory of communication. Urbana, IL: University of Illinois.
Shenhav A, Botvinick MM, Cohen JD (2013) The expected value of control:
an integrative theory of anterior cingulate cortex function. Neuron 79:
217–240. CrossRef Medline
Smith SM (2002) Fast robust automated brain extraction. Hum Brain Mapp
17:143–155. CrossRef Medline
Stagner JP, Zentall TR (2010) Suboptimal choice behavior by pigeons. Psychon Bull Rev 17:412– 416. CrossRef Medline
Wallis JD (2007) Orbitofrontal cortex and its contribution to decisionmaking. Annu Rev Neurosci 30:31–56. CrossRef Medline
Wilson RC, Takahashi YK, Schoenbaum G, Niv Y (2014) Orbitofrontal cortex as a cognitive map of task space. Neuron 81:267–279. CrossRef
Medline
Wittmann BC, Daw ND, Seymour B, Dolan RJ (2008) Striatal activity underlies novelty-based choice in humans. Neuron 58:967–973. CrossRef
Medline
Zandbelt B (2017) Slice display. figshare. Available at https://doi.org/10.
6084/m9.figshare.4742866.

