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Chapter 5

Neural mechanisms underlying the induction ancfeif
perceptual curiosity

This chapter is based on: Jepma, M., Verdonsch@,,an Steenbergen, H., Rombouts, S.A., &
Nieuwenhuis, S. (under review). Neural mechanisntedying the induction and relief of
perceptual curiosity.
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Abstract

Curiosity is one of the most basic biological deve both animals and humans, and has been
identified as a key motive for learning and disagv®espite the importance of curiosity and
related behaviors, the topic has been largely oégdlen human neuroscience; hence little is known
about the neurobiological mechanisms underlyingpsity. We used functional magnetic
resonance imaging (fMRI) to investigate what hapgearour brain during the induction and
subsequent relief of perceptual curiosity. Our dordings were that (i) the induction of perceptual
curiosity, through the presentation of ambiguowsial input, activated the anterior insula and
anterior cingulate cortex, brain regions sensitoveonflict and arousal; (ii) the relief of percegt
curiosity, through visual disambiguation, activatedions of the striatum that have been related to
reward processing; and (iii) the relief of perceptruriosity was associated with hippocampal
activation and enhanced incidental memory. Theasdirfgs provide the first demonstration of the
neural basis of human perceptual curiosity. Ouilteprovide compelling neurobiological support
for a classic psychological theory of curiosity,i@hhholds that curiosity is an aversive conditidn o
increased arousal whose termination is rewardinbfacilitates memory (Berlyne, 1954).
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Introduction

Curiosity is one of the most basic biological deve both animals and humans, and has
been identified as a key motive for learning argtavery. In the 1950’s and 60’s, curiosity and
related behaviors were topics of intense investigatmong experimental psychologists, resulting
in an extensive theoretical framework for understag curiosity and related behaviors (e.qg.,
Berlyne, 1954; Berlyne, 1960; Berlyne, 1966; Loestem, 1994). According to a classic
psychological theory of curiosity, developed by IBee (1954), curiosity evoked by ambiguous,
complex, or conflicting stimuli is an aversive citimh associated with increased levels of arousal.
The theory further holds that termination of thimdition, through access to relevant information,
is rewarding and promotes learning. Despite theomti@mce of curiosity in many aspects of
behavior, the topic has been largely neglecteagnitive neuroscience; hence little is known about
the neurobiological mechanisms underlying curiosity address this issue, we investigated the
neural underpinnings of human curiosity using fior@l magnetic resonance imaging (fMRI).

Because of its many different facets, curiosity pis/en difficult to define. To
acknowledge the multifaceted nature of curiositiva-dimensional categorization of different
types of curiosity has been proposed. The firstesision distinguishes betweparceptualand
epistemiccuriosity. Perceptual curiosity is aroused by nostange or ambiguous stimuli, whereas
epistemic curiosity refers to the desire for knadge or intellectual information which applies
mainly to humans (Berlyne, 1954). A second, ortmagodistinction was made betwegpecific
anddiversivecuriosity, referring to the desire for a particutéece of information versus the more
general stimulation-seeking motive that is closelgted to boredom (Berlyne, 1960; see Litman,
2008, for a related distinction].

Berlyne proposed that specific curiosity resultsrfisubjective uncertainfywhich is
regarded as a form of conflict due to competingdtlgpses regarding the object of uncertainty. The
concept of subjective uncertainty is analogous&information-theoretic notion ehtropy H
which refers to the objective uncertainty of ancome (Shannon, 1948). Entropy is defined as

H(XO) = -).P(x )log, P(x)

, WhereN is the total number of possible outcomesR{d is the probability of outcome.

Entropy thus increases with the number of possibteomes and with the nearness in likelihood of
the different possible outcomes. Similarly, Berlygsreposed that someone’s subjective uncertainty
about a specific stimulus or event (e.g., the idgeof an object or the solution to a problem)
depends on the number of alternative hypotheses slee has, and the relative confidence placed
in each hypothesis.

In the present study, we focused on specific pevetguriosity, one of the most basic types
of curiosity that is found in animals as well asrtains. One way to induce specific perceptual
curiosity is to present participants with blurredtpres. An early study using this method showed

99



that blurred pictures evoked longer EEG desynchaiitn (alpha-wave blocking) than clear
pictures, but only when the identity of the blurpadtures was unknown, which provides
preliminary evidence that perceptual curiosity esusn increase in arousal (Berlyne & Borsa,
1968). Another experiment showed that the subjeativcertainty induced by a picture, derived
from the number of guesses participants made reggatide picture’s identity and the relative
confidence they placed in each guess, was higbepidtures with an intermediate degree of blur
(Nicki, 1970). This study also showed that partifs actively preferred to view the clear version
of a preceding blurred picture over viewing an latezl clear picture, and that the preference for
uncertainty reduction was strongest for pictureth\&n intermediate degree of blur (i.e. pictures
associated with maximal subjective uncertaintypantantly, the preference for uncertainty
reduction disappeared when participants knew téetity of the blurred picture. These findings are
consistent with the idea that the reduction of gptgal curiosity is rewarding.

We used a modified version of the blurred-pictyrasadigm to investigate the neural
underpinnings of both the induction and the subsegrelief of human perceptual curiosity. More
specifically, we examined whether we could findzup at the neural level for the main
assumptions of Berlyne’s classic curiosity thediiyst, the assumption that curiosity is an aversive
condition of increased arousal predicts that tideiation of curiosity will produce activation in
brain areas sensitive to autonomic arousal, cdarghd other aversive states. Second, the
assumption that the reduction of curiosity is redirag predicts that this will produce activation in
brain regions involved in reward processing, sustha striatum. Third, the assumption that the
reduction of curiosity promotes learning and menpmadicts that uncertainty-reducing stimuli will
be associated with enhanced memory performanceetated increased hippocampal activation.

We scanned 19 healthy participants while they vieserjuences of two pictures, in a
passive-viewing taski.o manipulate the induction and reduction of petgapuncertainty, we used
the following four combinations of clear and blutg@cturegFigure 1):

(1) A blurred picture followed by its correspondicigar picture (B-Gorrespondiny

(2) A blurred picture followed by an unrelated clpacture (B-Gnrelated

(3) A clear picture followed by an identical pictu(C-C)

(4) A clear picture followed by its correspondingrped picture (C-B)

This design resulted in the induction of perceptualertainty by the first picture on half of the
trials (theB-Ccorresponding@NAdB-CunrelatedCOnditions), which was resolved by the secondupécon
half of these trials (thB-CcorespondingOndition).We used an intermediate degree of blur for all
blurred pictures, because this caused maximal stilgeuncertainty (Nicki, 1970). Participants’
ratings after the scanning session indicated Heat had indeed been curious about the blurred
pictures (Supplementary Table 1).
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Figure 1. Examples of pictures presented in each of thedonditions. The experiment consisted of 35 triedsrf
each condition, presented in pseudorandom ordetiicipants were not aware of the aim of the stutg;told them that
we were interested in the brain activation assediatith the perceptual processing of clear andrétupictures. After
scanning, participants were surprised with an uaetgd memory test in which they were asked to rasamnany
objects as possible from the pictures they had setite scanner. They also rated several statemegasding their
curiosity about the blurred pictures (Supplementaable 1), and completed the perceptual-curiosijes[Collins,
Litman, & Spielberger, 2004].

Results

Free-recall performance

The number of pictures that participants recailledn unexpected free-recall tester the
scan sessiowas significantly affected by the condition in wiithe pictures had been presented
[F(3,54) = 11.5p < 0.001]. Participants recalled more pictures ftoe B-Corespondingcondition
(mean = 10.4) than pictures from the Br&aea C-C and C-B conditions (mean = 6.1, 7.3 and 8.0,
respectively; alps < 0.03). Thus, incidental memory for uncertairggtcing stimuli was
enhanced.

Brain activation associated with perceptual uncerta

To examine the brain activation associated witlcggiual uncertainty we focused on the
neural response to the first picture in each taa{ identified brain regions where activation was
larger when the picture was blurred compared tarclEhese regions included the bilateral anterior
insular cortex (AIC) and anterior cingulate cor(®&CC; Figure 2, upper panel; see Supplementary
Table 2 for all activations). Functional-connedinstudies have suggested that the AIC and AAC
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are part of a putative “salience network” (Seelegle 2007), which has been associated with
autonomic arousal (Critchley, 2005) and variougsive emotional experiences (e.g., Craig,

Reiman, Evans, & Bushnell, 1996; Eisenberger, Lnelag, & Williams, 2003; Ploghaus, et al.,
1999). The idea that the AIC and AAC activations part of the same functional network was

supported in our data by strong across-subjecelaions between the strength of the activations in

these areap$ < 0.001).

ACC

y =-56 z=20

Figure 2. Brain activation associated with perceptual uraiety.

Upper panel: The colored regions were more activenithe first picture in a trial was blurred (thee first pictures in
the B-Corresponding@Nd B-GnrelateacOnditions) than when it was clear (i.e. the fpistures in the C-C and C-B
conditions). R = right; L = left; ACC = anteriomgjulate cortex; AIC = anterior insular cortex. $¢so Supplementary
Table 2.

Lower panel: The colored regions were deactivatednthe first picture in a trial was blurred congmhto when it was
clear. All displayed activations are whole-braircomected statistic mapsp(< 0.001), which were overlaid onto the
standard MNI brain.

The opposite contrast, which identified brain regithat were more activated by clear
pictures than by blurred pictures, revealed adtivain a set of brain regions that have been
associated with the ‘default-mode network’ (Fig@rdower panel). The default-mode network,
which includes regions of the precuneus, postéaieral parieto-occipital cortex and medial
prefrontal cortex, is typically stronger activathating rest than during cognitive effort (e.g.,
Raichle, et al., 2001). The relative deactivatibthes network in response to blurred compared to
clear pictures suggests that participants actipedgessed the blurred pictures. Consistent with thi
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interpretation, participants indicated that thegl baen curious about the blurred pictures, had trie
to guess the identities of the objects depictatiém, and had been rather disappointed when a
blurred picture was not followed by its correspargclear version (Supplementary Table 1).

Several findings suggest that the AIC activatidiented a neural substrate of a negative
arousal state associated with perceptual curidsitgt, the activated regions of the AIC closely
overlap with areas that are typically activatedeisponse to errors, negative feedback and other
aversive events (Ullsperger, Harsay, Wessel, & ®iddéthof, 2010). Second, the strength of
participants’ AIC activation was positively corridd with their trait curiosity as indexed by the
perceptual-curiosity questionnaimex 0.52,p = 0.02 and = 0.46,p = 0.049 for the right and left
AIC, respectively; Figure 3). Third, the participamvho reported more disappointment when the
identity of a blurred picture was not revealed sedwtronger left AIC activation than the
participants who reported less disappointm#a) = 2.0,p(1-tailed) = 0.03see Materials and
Methodg.

Interestingly, the strength of participants’ AICdaACC activation associated with
perceptual uncertainty was predictive of the nundbguictures they later recalled from the B-
Ceorrespondingcondition ¢ = 0.46,p = 0.048 and = 0.59,p = 0.008 for the right AIC and ACC,
respectively; the correlation with the left AIC wasrginally significant), but not of the number of
pictures they recalled from the other conditiorlsga > 0.3). This suggests that the uncertainty-
related activation of the AIC and ACC contributedhe enhanced memory for stimuli that reduced
this uncertainty.

Right AIC Left AIC
77 77
6 m = 6 n
(O]
3 57 5 1
S
S 4 4 -
S 3 3 -
[}
o 2 2
"y
17 (=052, p=0.02 17 _om f = 0.46, p = 0.049
0 ‘ ‘ ‘ 0 S ‘ ‘ ‘
2 2.5 3 3.5 4 2 25 3 3.5 4
Perceptual-curiosity score Perceptual-curiosity score

Figure 3. The individual participants’ peak activatianvalue) for the perceptual-uncertainty contraghimright and
left AIC plotted against their perceptual-curiosstyore.

Brain activation associated with the relief of pgptual uncertainty

To examine the brain activation associated withréhef of perceptual uncertainty, we
created a contrast that identified brain regionsn&lactivation was larger in response to the second
picture in the B-Gorespondingcondition than in response to the second pictutee B-Ginrelated
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condition. Significant activation was found in regs of the dorsal striatum (the left caudate and
right putamen), and in the left lateral orbitofraintortex extending into the ventral striatum (vaht
putamen; Figure 4; see Supplementary Table 3 factl/ations). Striatal activation has been
associated with reward processing, the codingesfard-prediction errors’ (i.e., the difference
between observed and expected reward) and reimf@mtelearning (Daw & Doya, 2006; Haruno &
Kawato, 2006; O'Doherty, 2004). Since the uncetyaimduced by a blurred picture was relieved by
the following picture on only half of the trial$ye reduction of perceptual uncertainty by the sdcon
picture possibly caused a (partial) reward-predicgrror. Accordingly, the striatal activation cadul
reflect the reward value and/or the reward-prediicgrror associated with the relief of perceptual
uncertainty.

caudate

y=4 ventral
putamen

Figure 4.Brain activation associated with the reduction efgeptual uncertainty. The colored regions wereemor
active when the second picture in a trial redubedserceptual uncertainty induced by the precegiicigre (i.e., the
second picture in the BeGrespondingcONdition) than when the second picture did ndtice the perceptual uncertainty
induced by the preceding picture (i.e., the sequatilire in the B-Gyeaegcondition). R = right; L = left. The displayed
activations are whole-brain uncorrectedtatistic mapsp(< 0.001), which were overlaid onto the standardl Midin.
See also Supplementary Table 3.

Confirming predictions, a region-of-interest (R@Malysis of the hippocampus revealed
that regions of the bilateral hippocampus showsahger activation in response to the second
picture in the B-Gorespondinghan in the B-Girelateccondition (Figure 5). A contrast that identified
brain regions where activation was larger in respdo the second picture in the Bsfasponding
condition than in the C-C condition also revealigghiicant activation in the left hippocampus (360
mm® atp < 0.001, uncorrected). The event-related time seaipf the BOLD signal in response to
the second picture in each of the four condititinstrate the specific increase in hippocampal
activation for the B-Gorrespondingcondition (Figure 5). The increased hippocampaVation in
response to uncertainty-reducing stimuli likely ariggd the enhanced later recall of these stimuli.
Interestingly, the strength of participants’ hippowpal activation in response to the reduction of
uncertainty was positively correlated with the sy of their right-AlC activation in response to
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the induction of uncertainty € 0.57,p = 0.01 and = 0.47,p = 0.04 for the left and the right
hippocampal ROI, respectively). In addition, thetas a positive correlation between the strength
of the hippocampal activation and the right putametivation ¢ = 0.48,p = 0.04 for both
hippocampal ROIs). This is consistent with the nédg/pothesis that interactions between the
hippocampus and midbrain dopamine neurons andgtr&ital targets promote memory for
rewarding or otherwise motivationally significaveats (Shohamy & Adcock, 2010).
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Figure 5. Hippocampal activation associated with the redunctif perceptual uncertainty.

Upper panel: The colored regions were more activenithe second picture in a trial reduced the péued uncertainty
induced by the preceding picture (i.e., the sequotlire in the B-GresponaingcOndition) than when the second picture
did not reduce the perceptual uncertainty indugethe preceding picture (i.e., the second pictaréhé B-Gnrefated
condition). The displayed activations are the ureedZ statistic maps in the hippocampal RQis<(0.01) overlaid
onto the standard MNI brain.

Lower panel: Time course of of hemodynamic actiuityesponse to the second picture in each ofahedonditions.
Time courses were extracted from the hippocampalaion clusters shown in the upper panel.

Discussion

The present study is the first demonstration ofrxerobiological basis of human perceptual
curiosity. By elucidating the neural underpinnirmjthe induction and relief of perceptual
curiosity, our study extends existing behavioraoamts of curiosity. In particular, our results
provide compelling neurobiological evidence for Igee’s classic psychological theory of curiosity
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(Berlyne, 1954, 1960, 1966). First, our findingttharceptual uncertainty activated brain regions
sensitive to arousal and conflict supports themgsion that curiosity evoked by ambiguous stimuli
Is an aversive condition, and induces an increaaeousal. Second, our finding that the reduction
of perceptual uncertainty activated brain regionv®ived in reward processing supports the
assumption that the termination of this conditithmpugh access to relevant information, is
rewarding. Third, our findings that the reductidrperceptual uncertainty was associated with
increased hippocampal activation and enhancedantal memory support the assumption that
uncertainty reduction facilitates memory and legni

Our findings are also consistent with Loewensteimfesrmation-gap account of curiosity
which proposes that curiosity is a negative feetihdeprivation that is caused by an inconsistency,
or gap, between one’s actual and aspired levehoikedge (Loewenstein, 1994). Since people
differ in their aspired level of knowledge, the saattual level of knowledge will evoke curiosity
in some people but not in others. In line with tidisa, we found that inter-individual variation in
trait perceptual curiosity correlated with the sgth of AIC activation in response to perceptual
uncertainty, suggesting that people with a higheel of aspired perceptual knowledge experience
stronger negative feelings when confronted with igondus perceptual input.

We found that perceptual curiosity was associatiéla activation in the AIC and the ACC,
regions of a putative salience network that is s&ego conflict and arousal. These activations
may have been modulated by the neuromodulatoryslooaruleus-norepinephrine (LC-NE)
system. The LC exhibits strong activity at timeldvated arousal and exhibits a phasic increase in
activity in response to motivationally significasttmuli (Aston-Jones & Cohen, 2005). The ensuing
release of NE leads to an increased responsivitgofons in LC projection areas, including the
ACC and AIC (Berridge & Waterhouse, 2003). Thug, dletivation of these brain regions in
response to curiosity-inducing stimuli was possilliyen by an increased noradrenergic
innervation. Consistent with this idea, pharmacmlalgstudies in rats have shown that behavioral
exploration of novel or unexpected objects is medidy the LC-NE system (Devauges & Sara,
1990; Mansour, et al., 2003; Sara, Dyon-Laurentje&vé, 1995).

The relief of perceptual curiosity was associatét activation in regions of the striatum
that are involved in reward processing, suggestiagcuriosity reduction is rewarding. This idea is
consistent with previous behavioral findings thabjple actively prefer to view the clear version of
a preceding blurred picture over viewing an uneslatlear picture (Nicki, 1970). Other work has
shown that people have a similar preference foloexy perceptually novel over familiar stimuli,

a tendency that is also associated with striatatateon (Wittmann, Daw, Seymour, & Dolan,
2008). In the reinforcement-learning literatures thias towards the exploration of uncertain or
novel options is captured by the concept of an lagtion bonus” that is assigned to uncertain or
novel stimuli to promote their exploration (Kaka&®ayan, 2002).

The relief of perceptual curiosity was also asdedavith enhanced incidental memory, and
with increased hippocampal activation, a plausitdaral substrate underlying the behavioral
memory effect. Furthermore, there was a positivessesubject correlation between the strength of
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the hippocampal and putamen activations in resptingecertainty reduction, suggesting that
interactions between these areas contributed terthanced memory for curiosity-reducing stimuli.
The finding that curiosity reduction leads to entethmemory suggests that the induction of
curiosity before the presentation of teaching malt¢e.g., by asking people to guess the meaning
of foreign words before showing them the transtat)acan facilitate learning.

Although no prior studies have investigated theralemechanisms underlying perceptual
curiosity, one recent study has investigated thealesubstrates of specific epistemic curiosity
evoked by the presentation of trivia questions @at al., 2009). That study found that questions
that were rated as more puzzling were associatddstvonger activation in regions of the caudate.
However, since the questions were always followgthkir correct answers, it was unclear whether
this activation reflected epistemic curiosity, fbadk anticipation, or a combination of the two. In
our study, the curiosity induced by blurred pictuveas often not relieved, which allowed
examination of the neural correlates of pure citoin addition, by comparing conditions in
which the second picture did versus did not reghezeeptual uncertainty, we could separately
examine the neural correlates of the relief ofasity.

We did not ask participants to rate their curiosityeach trial since we were concerned that
this would confound the brain activation reflectihgir natural curiosity. Therefore, a limitatioh o
our study is that we could not take into accouat-to-trial variation in experienced curiosity. In
addition, it is likely that curiosity reduction thugh passive exposure to uncertainty-reducing
stimuli, as examined in the present study, diffessn curiosity reduction that is achieved through
active exploration. A recent study showed that bggmpus activation was stronger when people
had volitional control over the visual exploratiohpictures in a visual-learning task than when
they received exactly the same visual informatioa passive condition (Voss, Gonsalves,
Federmeier, Tranel, & Cohen, 2011). This suggéstisthe hippocampus activation associated with
uncertainty reduction that we found in the prestmtly would have been even stronger if
participants would have had the opportunity towatyi control the exploration of uncertainty-
inducing stimuli.

To conclude, our results provide evidence at thealdevel that perceptual curiosity evokes
an aversive state of increased arousal, whosertation is rewarding and promotes incidental
memory. Because curiosity plays a key role in magpects of human behavior, a better
understanding of the psychological and neurobialkaigdasis of curiosity may have considerable
practical implications for various societal objges. Together with previous behavioral findings
(Berlyne & Normore, 1972), our results suggest thagnting ways to arouse people’s curiosity
could contribute to the optimization of educatiosgdtems and advertising strategies, and may
promote scientific discovery.
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Materials and methods

Participants

Nineteen healthy volunteers participa(dd women and 5 men; aged 19-29 years; mean
age = 22.8 years; SD = 2.4), in return for €25atiBipants gave written consent before
participation, and the study was approved byntleglical ethics committee of the Leiden University
Medical CenterAll participants had normal or corrected-to-nokwigion and reported to be right-
handed.

Stimuli and procedure

The stimuli used in the task were pictures of commlbjects selected from Rossion and
Pourtois’ colored picture databariRgssion & Pourtois, 2004This databank is a set of 260
colored line drawings of objects, provided withmgrfor name agreement, image agreement,
familiarity, and complexity ratings. We selectedgictures with perfect name agreement from
this databank. All pictures had a resolution ofdpi, and were centered on a white rectangle of 197
x 281 pixels. We created a blurred version of gacture by means of Gaussian smoothing with a
radius of 20 to 22 pixels (Adobe Photoshop 5.0paliures can be found at
www.sandernieuwenhuis.nl/SOM). By reducing theues high-frequency components, Gaussian
smoothing acts as a low-pdgter. Results from a behavioral pilot experimenth 49 participants
indicated that the objects displayed in the blupietiures could not be identified by the majorify o
the participants.

On each trial, a sequence of two pictures was ptedel'he pictures were projected onto a
screen and viewed through a mirror attached tdhdael coil of the scanndfach picture was
presented for 5 s in the middle of the screen white background, and was surrounded by a black
frame (18.5 x 13.8°). The twactures in a trial were separated by a 500-msvateluring which
only the frame was presentdde intertrial interval varied between 1 and 9rsfrm
distribution).

The experiment consisted of 35 trials from eacfoof conditions illustrated in Figure 1,
presented in pseudorandom ordeat the blurred pictures in the BrfeiateqcOndition we used
blurred versions of 35 additional pictures fr&assion and Pourtois’ databank (i.e. pictures of
which the clear version was not used). The 140 @dedures were presented in the same order for
all participants. To exclude the possibility thdtetences between the conditions were caused by
picture-specific effects, we divided the 140 clp@tures into four subsets of 35 pictures with
comparable familiarity, complexity and imagery ngs (allps > 0.86) and alternated the coupling
of the four picture subsets to the four conditiansoss participants according to a balanced Latin-
square design.

The experiment was divided into five runs of 2&lgibetween which we stopped the
scanner and talked with the participant to vetiigtthe or she was still attending to the pictures.
Each run contained seven trials from each condaimhlasted approximately eight minutes. We
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told the participants that the experiment was desigo investigate the brain activation associated
with the perceptual processing of clear and blupietuires, and informed them of the four possible
ways in which clear and blurred pictures could bmlsined.

After completing the experiment, participants wegikeen an unexpected free-recall test
outside the scanner; they were asked to type indhges of as many objects as they could recall
from the pictures they had seen in the scannes&uently, participants were asked to indicate, on
a 5-point scale (1 = not at all; 5 = very muchg tiegree to which they had (1) been curious about
the blurred pictures; (2) tried to guess the idgmf the objects depicted on the blurred pictu(ay;
been disappointed when a blurred picture was rloiwed by the corresponding clear version; (4)
recognized the objects depicted on the blurredipst and (5) tried to remember the pictures.
Finally, participants completed the perceptualasity scale (Collins, Litman, & Spielberger,
2004).

Image acquisition

Scanning was performed with a standard whole-heddi a 3-T Philips Achieva MRI
system (Best, The Netherlands). In each of theftinetional runs, 210 T2*-weighted whole-brain
EPIs were acquired (TR = 2.2 sec; TE = 30 ms diigle = 80°, 38 axial slices, 2.75 x 2.75 x 2.75
mm + 10% interslice gap). In addition, a high-resioh EPI scan and a T1-weighted anatomical
scan were obtained for registration purposes (E&:sTR = 2.2 ms; TE = 30 ms, flip angle = 80°,
84 axial slices, 1.96 x 1.96 x 2 mm; 3D T1-weighsedn: TR = 9.7 ms; TE = 4.6 ms, flip
angle = 8°, 140 axial slices, 0.88 x 0.88 x 1.2 mm)

Image analysis

MRI data analysis was carried out using FEAT (FNERpert Analysis Tool) version 5.98,
which is part of FSL (FMRIB's Software Library; Sinet al., 2004). Image pre-processing
consisted of motion correction (Jenkinson, Banni®eady, & Smith, 2002), non-brain removal
(Smith, 2002), spatial smoothing using a Gaussean&t of FWHM 8.0 mm, grand-mean intensity
normalization of the entire 4D data set by a simglétiplicative factor, and high-pass temporal
filtering to remove low-frequency artifacts (Gaassiweighted least-squares straight line fitting,
with sigma = 100 s). Functional scans were reg@sitén high-resolution EPI images, which were
registered to T1 images, which were registeredaondard MNI space (Jenkinson, et al., 2002;
Jenkinson & Smith, 2001).

The fMRI time series were analyzed using an evelatted approach in the context of a
general linear model with local autocorrelationreotion (Woolrich, Ripley, Brady, & Smith,
2001). We constructed six explanatory variablestafrest: two for the first picture in a trial
(Blurred or Clear), and four for the second pictura trial (Clear-corresponding, Clear-unrelated,
Clear-double, or Blurred). Each explanatory vaealids time-locked to the picture onset and had a
duration of 5 s (i.e., the entire duration of thetyre presentation). The hemodynamic response to
each event was estimated by convolving each exjganeariable with a canonical hemodynamic
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response function and its temporal derivative. imoelel was high-pass-filtered (Gaussian-
weighted least-squares straight line fitting, SigemEOO s).

For each run, in each participant, we assesseda@antrasts. The contrasts were
combined across the five runs on a subject-by-stibgsis using fixed-effects analyses
(Beckmann, Jenkinson, & Smith, 2003; Woolrich, Bets, Beckmann, Jenkinson, & Smith, 2004).
These second-level contrast images were submadatddrt-level mixed-effects whole-brain group
analyses (Beckmann et al., 2003; Woolrich et &l043. The statistical parametric images were
thresholded gp < .001 (uncorrected), in combination with a minimaluster size of 200 min

Region-of-interest analysds. addition to the whole-brain analyses, we coneldicegion-
of-interests (ROI) analyses to test the predicipddtampus activation in response to the relief of
perceptual uncertainty. We used anatomical ROthefeft and right hippocampus specified by the
Harvard—Oxford subcortical structural atlas, aslengented in FSLView version 3.1.2. Only the
voxels that were part of the hippocampus with dability of at least 50% were included in the
ROls, resulting in left and right hippocampus ROAg016 and 4248 minrespectively. We tested
for activation within these ROIs that exceeded acowrected threshold @f< 0.01. To further
examine the hippocampal activation, we extractedatrerage time course of the hemodynamic
response function in response to the second pigtweach of the four conditions using PEATE
(perl event-related average time course extragteoopmpanion tool to FSL
(http://'www.jonaskaplan.com/peate/peate-tk.htmind courses were extracted from the
hippocampal activation clusters of the curiositlyefecontrast (i.e., the regions with stronger
activation in response to the second picture irBi@rrespondingcoOndition than in response to the
second picture in the ByfelategcoOndition).

To examine whether individual differences in tyaétrceptual curiosity and free-recall
performance were predictive of individual differesdn brain activation, we extracted each
participant’s peak value from the activation clusters of interese(&IC and ACC activations for
the perceptual-uncertainty contrast, and the caygatamen and hippocampus clusters for the
uncertainty-reduction contrast). We correlated éh@sakz values with participants’ scores on the
perceptual-curiosity questionnaire and with thezefrecall performance. In addition, we computed
the across-subject correlations between the peakues of the different activation clusters of
interest.

Disappointment median-split analysi®o examine whether participants’ rated
disappointment when the identity of a blurred objeas not revealed predicted the strength of their
AIC activation in response to perceptual uncengiwe divided all participants into two groups
based on their disappointment ratings: nine padiais reported a strong disappointment (ratings of
4 or 5 on a five-point scale) and the other tenigpants reported less disappointment (ratingd of
or 3). We used atest to determine whether the high-disappointngentip showed stronger AIC
activation in response to perceptual uncertairdy tihe low-disappointment group.

110



Appendix

Supplementary Table 1.Participants’ ratings of the degree to which thag been curious about the blurred pictures,
recognized the blurred pictures, and had triecétoember the picturdsneans + standard deviations)l ratings were
on a scale from 1 (not at all) to 5 (very much)

| was curious about the blurred pictures 411 +0.88

| tried to guess the identity of the objects degadn the blurred pictures 453 +0.70
| was disappointed when a blurred picture was olbdwwed by its clear version 3.16 +1.02
| recognized the objects depicted in the blurrexdupes 2.79+£0.92

| tried to remember the pictures 1.74+0.73

Supplementary Table 2.Regions showing stronger activation when the firsture in a trial was blurred compared to
clear. Data are thresholdedpat 0.001, uncorrected, and only clusters exceeP@@ymnd are reported.

Region Left/Right Cluster sizeZyax MNI peak coordinates (mm)
(mm°) X y z

Anterior insular cortex R 3192 4.32 36 24 -4
Anterior insular cortex L 1152 4.11 -28 22 -4
Anterior cingulate cortex R 1464 4.13 10 24 48
Anterior cingulate cortex L 488 3.45 -6 12 44
Inferior frontal gyrus R 3240 4.00 50 16 26
Frontal pole R 424 3.51 32 48 8
Lingual gyrus R/L 5520 4.09 8 -80 -8
Occipital pole L 912 4.21 -12 -94 10
Posterior cingulate gyrus R/L 616 3.91 2 -30 24
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Supplementary Table 3.Regions showing stronger activation in respongbgsecond picture in th& Ceorresponding
condition compared to the Byfeaegcondition Data are thresholded ak 0.001, uncorrected, and only clusters

exceeding 200 mirare reported.

Region Left/Right Cluster Zyax MNI peak coordinates (mm)
size
(mn?) X z

Caudate (dorsal striatum) L 224 3.26 -12 6 10
Putamen (dorsal striatum) R 600 3.55 30 -20 10
Orbitofrontal cortex (extending
. L 624 3.54 -28 6 -12
into ventral putamen)
Lateral occipital cortex R/L 1808 3.46 40 -74 0
Posterior insula R 456 3.57 42 -4 6
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