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Abstract

Curiosity — the intrinsic desire to know — is a concept central to the human mind and
knowledge acquisition. Experimental studies on information-seeking have found that
curiosity facilitates memory encoding and exhibits similar reward,ng properties as extrinsic
rewards/incentives by eliciting a dopaminergic response. However, it is not clear whether
these findings hold with more naturalistic dynamic stimuli and how the joint effect of
curiosity and extrinsic incentive manifests in learning and neural activation patterns. Herein,
we presented participants with videos of magic tricks across two behavioural (N1 =77, N, =
78) and one fMRI study (N = 50) and asked them to rate subjective feelings of curiosity,
while also performing a judgement task that was incentivised for the half of participants.
Incidental memory for the magic trick was tested a week later. The integrated results showed
that both curiosity and availability of extrinsic incentives enhanced encoding but did not
interact with each other. However, exploratory analyses showed that curiosity and monetary
incentives were associated with recollection and familiarity differently, suggesting the
involvement of different encoding mechanisms. Analysis of the fMRI data using the
intersubject synchronisation framework showed that, while the effects of curiosity on
memory were located in the hippocampus and dopaminergic brain areas, neither the effects of
curiosity nor incentives themselves were found in the often-implicated reward network, but
instead were associated with cortical areas involved in processing uncertainly and attention.
These results suggest that curiosity recruits broader brain networks than what was implicated

in the previous literature when investigated with dynamic stimuli.
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Highlights

e New paradigm developed to investigate incentive- and curiosity-motivated learning
e Dynamic stimuli - videos of magic tricks - used to elicit curiosity

e Curiosity-motivated learning linked to broadly distributed brain regions
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1 Introduction

‘We find ourselves in a bewildering world. We want to make sense of what we
see around us and to ask: what is the nature of the universe? What is our place in
it and where did it and we come from? Why is it the way it is?’

(Hawking, 2016, p. 205)

With the words above, Stephen Hawking introduced the concluding chapter of his
famous book ‘A Brief History Of Time’ where he aimed to explain our universe to a non-
scientific audience. The wonder the words capture, the intrinsic desire to know, has not only
motivated scientists to dedicate their careers to trying to find answers to the big questions of
the universe, but also the readers of the more than 10 million copies sold to spend their time
and monetary resources to acquire knowledge about the Big Bang. This is intriguing because,
arguably for most of them, being able to understand how to combine weak and strong nuclear
forces with those of gravity and electromagnetism into a single unified theory will have no
instrumental value to maximise their rewards in their everyday lives.

In line with this anecdotal evidence, research has found that humans actively engage
in non-instrumental information-seeking (Kobayashi et al., 2019; van Lieshout et al., 2021),
even if it requires a small cost (Bennett et al., 2016; Brydevall et al., 2018; Kang et al., 2009;
Kobayashi & Hsu, 2019; Marvin & Shohamy, 2016; van Lieshout et al., 2018), involves
taking the risk of receiving an electric shock (Lau et al., 2020), or leads to experiencing
negative emotions like regret (FitzGibbon et al., 2021). These observations have led
researchers to propose that information is a reward (FitzGibbon et al., 2020; Marvin &

Shohamy, 2016), functioning like extrinsic rewards (e.g., food or money) to govern our
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behaviour. In fact, in monkeys the same dopaminergic neurons in the midbrain that signal the
expected amount of primary extrinsic rewards also signal the expectation of information
(Bromberg-Martin & Hikosaka, 2009). Likewise, in humans, the subjective value of
information and basic extrinsic rewards share a common neural code expressed in the
striatum and other reward-related areas such as the ventromedial prefrontal cortex (Kang et
al., 2009; Kobayashi & Hsu, 2019; Lau et al., 2020).
1.1 Curiosity-Motivated Learning

The subjective feelings underlying our desire to know - which we will refer to as the
subjective feeling of curiosity - have been shown to facilitate memory encoding (for recent
reviews, see Gruber et al., 2019; Gruber & Ranganath, 2019). More specifically, the
subjective feeling of curiosity elicited by a curiosity-triggering cue (i.e., a trivia question; cf.
Jepma et al., 2012) facilitates the intentional encoding (Duan et al., 2020; Halamish et al.,
2019) of the target item (i.e., the answer to trivia question; cf. Jepma et al., 2012). The same
curiosity effects have also been found in incidental encoding paradigms after short (Brod &
Breitwieser, 2019; Galli et al., 2018; Gruber et al., 2014; Jepma et al., 2012; Ligneul et al.,
2018; Mullaney et al., 2014; Murphy, Dehmelt, et al., 2021; Poh et al., 2021; Stare et al.,
2018) and long (Fastrich et al., 2018; Gruber et al., 2014; Kang et al., 2009; Marvin &
Shohamy, 2016; Murayama & Kuhbandner, 2011; Stare et al., 2018; Swirsky et al., 2021)
delays between encoding and retrieval. Interestingly, incidental information that is
semantically unrelated to the cue eliciting the feeling of curiosity but presented in close
temporal proximity (i.e., during a state of high compared to low curiosity) is also preferably
encoded (Galli et al., 2018; Gruber et al., 2014; Murphy, Dehmelt, et al., 2021; Stare et al.,
2018).

Neuroimaging research has suggested that such curiosity-motivated learning is related

to the activity and interaction between three brain areas: the nucleus accumbens (NAcc), the
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dopaminergic midbrain (VTA/SN), and the hippocampus (HPC). Specifically, Gruber and
colleagues (2014) investigated whether the brain activity during curiosity elicitation at cue
presentation (i.e., the trivia question) predicts later memory for the upcoming target
information (i.e., the answer to the trivia question) and found that while the dopaminergic
midbrain was more activated during the anticipation of later remembered compared to later
forgotten targets irrespective of the degree of curiosity elicitation, the right HPC and the
bilateral NAcc showed increased activation for remembered compared to forgotten targets
only for high-, but not low-curiosity cues. They also found a strong correlation between the
curiosity-driven memory benefit for incidental information and the curiosity-related
subsequent memory effects in the VTA/SN and the HPC as well as the functional
connectivity between them for high, but not low curiosity trials. Taken together, the results
suggest that anticipatory activity in the mesolimbic dopaminergic circuit and the HPC
supports the learning benefits associated with high compared to low states of curiosity
(Gruber & Ranganath, 2019).

However, despite the increasing number of work on curiosity-motivated learning, the
vast majority of studies have relied only on a single type of material (for exceptions, see e.g.,
Cen et al., 2021; Jepma et al., 2012) — trivia questions (e.g., Fastrich et al., 2018; Gruber et
al., 2014; Kang et al., 2009; Marvin & Shohamy, 2016; Murayama & Kuhbandner, 2011;
Wade & Kidd, 2019). Although the trivia question paradigm has obvious benefits as the
paradigm allows researchers to examine memory in a similar manner to traditional memory
experiments (e.g., questions are ‘cues’ and answers are ‘targets’), we identify two issues.
First, the paradigm examines memory encoding by relying on discrete, static elements
lacking the complex, contextual and narrative nature of everyday events (Shamay-Tsoory &
Mendelsohn, 2019). In fact, the actual process of curiosity elicitation is more dynamic. In

classrooms, for example, students’ curiosity ebbs and flows over time while watching the
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lecture, and various factors contribute to the temporal dynamics (Hidi & Renninger, 2006). In
other words, the state of curiosity should not be seen as a snapshot phenomenon, but as
embedded within the sequence of events and psychological processes (Murayama, 2022).
Thus, it is important to induce curiosity using more complex, dynamic stimuli to ensure
ecological validity.

Second, while trivia questions trigger curiosity by promoting the detection of a gap in
people’s knowledge (i.e., information-based prediction errors; Gruber & Ranganath, 2019),
there has been increasing consensus that curiosity is elicited by multiple different factors,
which may be governed by different psychological and neural mechanisms (Gruber &
Ranganath, 2019; Jach et al., 2022; Kobayashi et al., 2019; Sharot & Sunstein, 2020). The
heavy reliance on trivia questions may have researchers overlook some important neural
mechanisms underlying curiosity and our information-seeking behaviour. For example, the
subjective feeling of curiosity can also be elicited in novel environments or when events
violate expectations and create a sense of surprise (i.e., context-based prediction errors;
Gruber & Ranganath, 2019). In fact, research has shown that violation of expectations
stimulates surprise, curiosity, and learning (Brod et al., 2018; Brod & Breitwieser, 2019); and
that surprise is a reliable predictor of curiosity (Vogl et al., 2019). More so, Ligneul and
colleagues (2018) showed that surprise mediated the effects of curiosity on memory. The
surprise signal itself originated in the ventromedial prefrontal cortex (vmPFC) that was also
more strongly activated during subsequently remembered items. Despite such intriguing
preliminary findings, the role of this surprise-based curiosity on memory encoding has been

under-examined, and little research has addressed the neural correlates underlying it.
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1.2 Role Of Extrinsic Incentives

Another critical issue is the role of extrinsic incentives and rewards' in curiosity-
motivated learning. Overall, the facilitating effects of curiosity on memory encoding bear a
striking resemblance to the effects of extrinsic rewards on memory in the literature (for a
review, see Miendlarzewska et al., 2016): it has been shown that providing monetary
incentives and rewards not only increases intentional encoding of incentivized items (Adcock
et al., 2006; Gruber et al., 2013; Gruber & Otten, 2010; Wolosin et al., 2012), but also the
incidental encoding of information presented in the context of rewarded task (Bunzeck et al.,
2010, 2012; Gruber et al., 2016; Murayama & Kitagami, 2014; Murty & Adcock, 2014; Patil
et al., 2017; Stanek et al., 2019; Wittmann et al., 2005, 2008, 2011). Neuroimaging studies
have linked this behavioural incentive effect on intentional encoding to activity in NAcc,
HPC and VTA showing an enhanced activity during cue presentation for later remembered
compared to forgotten targets only in the context of high, but not low rewards (Adcock et al.,
2006) and further showed that functional connectivity between HPC and VTA/SN supports
the behavioural reward effect (Adcock et al., 2006; Wolosin et al., 2012). This involvement
of VTA/SN and HPC is consistent with the hypothesis that reward promotes memory
formation via dopamine release modulating hippocampal synaptic encoding processes during
long-term potentiation (Lisman et al., 2011; Lisman & Grace, 2005; Shohamy & Adcock,

2010).

" In previous literature on motivated learning, the terms ‘rewards’ and ‘incentives’ have been used
rather interchangeably (e.g., Adcock et al., 2006), but some attach distinct definitions to them. Specifically,
incentives are ‘plans that have predetermined criteria and standards, as well as understood policies for
determining and allocating rewards’ (Greene, 2010, p. 219). As such, incentives can be seen as a promise of
later rewards, hence incentives can be seen as expected rewards (Berridge, 2000), whereas rewards are the
outcome of motivated behaviour that are received/perceived/consumed (Matyjek et al., 2020; Schultz, 2015). In
this paper, we adopt these differential definitions.
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While the effects of monetary incentives/rewards and, more recently, curiosity have
been studied in isolation leading to valuable insights, only a small portion of studies have
actually looked at their conjunction. Studying both effects in the same study is necessary to
closely understand the similarities and differences of neural mechanisms in how they benefit
learning. Murayama and Kuhbander (2011) found that both monetary reward and the
interestingness of trivia questions (as rated by a separate sample) had an enhancing effect on
encoding, but the main effects were further qualified by an interaction, where monetary
rewards only enhanced encoding of trivia questions rated as not interesting. The findings
were replicated in younger and older adults (Swirsky et al., 2021) although some other
studies failed to find the interaction effects (Duan et al., 2020; Halamish et al., 2019). Thus,
the literature suggests the possibility that there may be unique non-additive neural patterns
when both curiosity and monetary incentives are present.

1.3 Current Research

The current study aims to expand our understanding of curiosity-motivated learning in
two substantive manners. First, to capture the dynamic nature of curiosity, we used novel
naturalistic stimuli that strongly trigger curiosity — videos of magic tricks. Magic tricks
induce curiosity independent of language and prior knowledge by showing implausible if not
impossible events (Kuhn et al., 2008; Rensink & Kuhn, 2014). Because the viewer generates
predictions as the magic trick unfolds, any violation of causal relationships would also violate
the viewer’s expectations, triggering a relatively strong surprise-based curiosity (i.e., context-
based or perceptual prediction error; Zacks et al., 2007). Indeed, previous research has shown
that magic tricks are rated as surprising, violate cause and effect relations, and lead to
unexpected outcomes (Danek et al., 2015; Parris et al., 2009), trigger epistemic emotions
(surprise in response to the trick, interest in the trick, and curiosity in the solution; Ozono et

al., 2021), and elicit curiosity to motivate risky decision-making in a similar way as do trivia
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questions, supported by the ventral striatum (Lau et al., 2020). Intriguingly, the ventral
striatum and the caudate nucleus (CN) have also been linked to the violation of expectations
seen in magic tricks (Danek et al., 2015), the elicitation (Gruber et al., 2014; Kang et al.,
2009) and relief of curiosity (Ligneul et al., 2018), as well as the effects of curiosity on
memory within the trivia question paradigm (Duan et al., 2020).

Second, we manipulated the availability of extrinsic incentives such that we can
examine the potential interactive effects of curiosity and extrinsic incentives on learning. As
indicated earlier, despite the strong suggestion that information-seeking is driven by reward
learning, neuroimaging studies on motivated learning examined curiosity and extrinsic
incentives rather separately, making it difficult to understand how these two types of
motivating factors enhance (or do not enhance) memory altogether. The current study
provides a first attempt to examine the interactive effect using fMRI.

We conducted three studies (two behavioural, one fMRI) which have a similar
structure. In all experiments, participants viewed a series of magic trick videos and performed
a judgement task including curiosity ratings. To examine the effects of extrinsic incentives,
half of the participants were promised additional monetary bonus payments for the judgement
task whereas the other half of the participants did not receive such instructions. A week later,
the memory for the magic tricks was assessed using surprise recognition and recall tests.
Based on the previous literature, we hypothesised that both curiosity and monetary incentives
would facilitate memory encoding, both of which may be supported by similar neural
processes located in the hippocampal-VTA loop (Lisman & Grace, 2005), hence we also

examined the potential interaction between curiosity and monetary incentives.
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2 Methods
2.1 Study 1: Behavioural Study
2.1.1 Participants & Design

The a priori defined intended sample size was in total 80 participants. This was
mainly limited by the budget, but our sensitivity analysis showed that this sample size is
sufficient to detect medium-sized effects at 80% of power for the between-subjects effect of
monetary incentives (d = 0.63). Given that the reward effects on memory have been
established in the literature (Adcock et al., 2006; Gruber et al., 2016; Miendlarzewska et al.,
2016; Wittmann et al., 2005), we decided to go with this sample size. Participants were
recruited using Prolific (https://prolific.co) for an online study consisting of two parts spaced
one week apart. Both parts took approximately 45min each and participants were reimbursed
with a total of £7.50 for their time. For inclusion, the following criteria were defined: age
between 18 and 37, fluency in English, a minimum approval rate of 95%, and at least ten
previous submissions.

Unbeknownst to the participants, the study included a between-group incentive
manipulation where the experimental group was instructed that they could earn additional
monetary bonus payments for their performance in the judgement task whereas the control
group did not receive such instructions. The amount of the bonus was defined as £0.10 per
correct answer in the judgement task. By incentivizing performance in the judgement task
rather than in the memory assessment, our task examines the effects of monetary incentives
on incidental encoding.

Considering potential attrition, we oversampled participants against the predefined
sample size. In total, we received data from 47 and 44 participants in the control and
incentives condition, respectively, out of which five and three participants were excluded due

to incomplete data. All 83 participants who had submitted complete datasets were invited to
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participate in the second part of the study and 42 and 39 participants in the control and
incentive group responded. In total, four datasets were excluded from the second part (3 due
to incomplete data and 1 due to a self-reported age below 18, all from the control condition).
The final sample size included in the analysis included N = 77 participants (ncontrol = 38,
Nincentive = 39). The participant characteristics are described in Table 1. The study was
reviewed and approved by the University of Reading’s School Research Ethics Committee
(SREC; 2016-109-KM).
2.1.2 Material

We displayed short magic trick videos to participants. The magic trick videos were
selected from the Magic Curiosity Arousing Tricks (MagicCATs) stimulus collection (Ozono
et al., 2021). This collection was developed specifically for fMRI experiments, containing
166 magic tricks that were edited to achieve a similar background and viewing focus, and
muted purposefully to minimise the effects of verbal interference. To select magic tricks used
here, the following criteria were applied: (1) duration between 20 and 60s, (2) broad range of
different materials and features so that magic tricks are distinguishable in a cued recall

paradigm, (3) varying degrees of curiosity ratings as reported in the database, and (4)

understandable without the use of subtitles. Additional editing was performed using Adobe®

Premiere Pro CC® (2015) software where needed, for instance, to remove subtitles. Magic

tricks were exported in a slightly larger size than available in the database (1280x720 pixels).
In total, 36 magic tricks were displayed in the experiment and an additional two were used
for practice trials. This number is equivalent to what has been used previously when studying
decision-making using magic tricks (Lau et al., 2020). Please see Meliss et al. (2022) for

more information about the magic tricks used.
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A frame of each magic trick video was extracted as a cue image (1920x1080 pixels) for
the memory test. For this, a frame was selected from before the moment(s) of surprise (i.e.,
moments violating one’s expectations) that was distinctive enough to cue the magic trick
without revealing it entirely.

2.1.3 Tasks & Measurements

Magic Trick Watching Task. During each trial of the magic trick watching task (see
Figure 1, upper half), participants watched a magic trick video and were then asked to
estimate how many people (out of 100) are able to correctly figure out the solution. For this,
participants could choose out of the following answer options: ‘0 - 10%’, ‘11 - 20%’, ‘21 - 30
%’, and ‘31 % and more’. Afterwards, participants were asked to rate how curious they were
while watching the magic trick on a 7-point Likert scale (1 = ‘not curious at all’, 7 = ‘very
curious’). Importantly, the estimate rating was combined with the between-subject incentive
manipulation. The incentive manipulation was part of the task instructions, which is
described below.

In total, the magic trick watching task consisted of 36 trials randomised across three
blocks (12 trials each). There were no time-fixed response windows. Participants were able to
take breaks in between blocks (self-paced).

Surprise Recall And Recognition Task. Approximately one week later, participants’
memory for the magic tricks was tested using a surprise cued recall and a four-alternative
forced-choice recognition block (see Figure 1, lower half). During each trial in the cued recall
block, the cue image was presented, and participants were asked to describe what has
happened in the cued magic trick according to their memory using a free answer format text
input. They were instructed to be as descriptive and detailed as possible because their
answers would be used to categorise whether they remembered a magic trick. Additionally,

they were asked to write ‘no recall’ if they were unable to recall what happened.
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During the cued recognition task trials, the same cue image was presented, but this
time paired with four choices to answer the question of what happened in this magic trick.
The answer options were presented in random order. Behavioural piloting was conducted to
achieve wordings of distractor items that do not lead to floor or ceiling effects. After
participants selected an answer (self-paced), they were asked to rate their confidence on a
scale from 1 (‘not confident at all’) to 6 (‘very confident’). All 36 magic tricks were cued in
the recall and recognition task in independent, random order. A break was offered in between
both blocks.

Task Motivation Inventory (TMI). To measure task-dependent motivational
constructs after the magic trick watching task, the Task Motivation Inventory (TMI) was
used. More specifically, the subscales intrinsic motivation (3 items; Elliot & Harackiewicz,
1996), task engagement (3 items; Elliot & Harackiewicz, 1996), interest (3 items; Wigfield &
Eccles, 2000), boredom (3 items; Pekrun et al., 2002), effort (5 items; Ryan, 1982), and
pressure (5 items; Ryan, 1982)? were used. Participants answered on a 7-point Likert scale
from 1 (‘definitely disagree’) to 7 (‘definitely agree’). The item order was randomised, but

the same order was used across all participants.

? Due to an error, one item was not included into the inventory. The pressure scale was computed based
on 4 instead of 5 items.
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Figure 1

Overview Of The Task Trials

Magic Trick Watching Task

How many people are able to correctly 5 4 ;
figure out the solution? How Cur’oii:fxsg{g‘;rgzge watching

$ﬁf 0-10%
— 209
L B 11~ 1 2 3 4 5 6 7

— 209
:251% 2?“?[“ ofe (Not curious at all) (Very curious)

Between-group incentive manipulation:
additional £ for each correct answer

Surprise Recall and Recognition Task

Cued Recall Block Cued Recognition Block

What happens in this magic trick?
Green and golden sweets fall out of the

Please describe what happens in this magic trick pages of the book.
according to your memory. The sweets shown on the pages disappear.
If you cannot recall it, please write “no recall”. Gummi bears fall out of the book.

Micky and Mini Mouse from the pages of the
book are poured out onto the table as little
biscuits.

om0

How confident are you regarding your answer?

1 2 3 4 5 6
(Not confident at all) (Very confident)

Note. The figure illustrates the incidental incentives-motivated learning task as well as the
surprise memory test. Task flow is indicated using dark grey arrows. The upper half of the
picture shows the magic trick watching task trial as used in online studies. After a magic trick
was displayed, participants were asked to give an estimate of how many people (out of 100)
could find the solution to the magic trick. In a between-subject design, participants were
instructed that they could earn additional monetary rewards for each correct estimate or did
not receive such an instruction. Participants were further asked to rate their curiosity
regarding the magic trick. The same task was used in the fMRI experiment, but stimuli were

edited and jittered fixations in between the magic trick video and ratings were introduced. For
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more details, please refer to the task description below or see Meliss et al. (2022). The lower
half shows the memory task consisting of a cued recall and cued recognition block. Cue

images were taken from the magic tricks and the same images were used during both blocks.

2.1.4 Experimental Procedure

Participants were informed prior to starting the first part that they will be invited to a
second part. They were asked to only proceed with the first part if they could participate in
the second part one week later. After providing informed consent, participants filled in a
quick demographics questionnaire. Afterwards, participants read through the task instructions
containing the between-subject incentive manipulation. Half of the participants (incentives
condition) were instructed that they could earn an additional £0.10 for each time they
estimated correctly how many people would be able to figure out the solution to the magic
trick (pseudo-task). The other half of the participants, however, did not receive such an
instruction (control condition). Participants were additionally informed that another study
was run simultaneously on Prolific, indicating that there was a correct estimate, but that the
data collection was still running so there was no feedback. Afterwards, participants
completed two practice trials followed by 36 trials of the magic trick watching task
distributed across three blocks. At the end, participants completed the TMI. A week later,
participants were invited to participate in the second part of the study consisting of the
surprise recall and recognition task. Both experiments were executed using a developmental
version of Collector (Haffey et al., 2020)
2.2 Study 2: Replication Behavioural Study
2.2.1 Participants & Design

To ensure the robustness of effects, we ran a replication of the initial behavioural

study with small adjustments. The study was again conducted using Prolific aiming for the
13
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predetermined sample size of 40 participants per group applying the same inclusion criteria.
As the initial behavioural study, the replication study was set up as a two-part study spaced
one week apart. The incentive manipulation was operationalised using a between-subject
design setting up two different studies on Prolific. The wording of the incentive manipulation
was adopted so that it could be translated to other study settings. More specifically,
participants in the incentives condition were instructed that it is possible to earn an additional
50% bonus payment on top of the payment for both tasks if they estimated correctly how
many people would be able to figure out the solution on all 36 trials and that this translates
into additional £0.10 per correct estimate. Participants were reimbursed £7.50 for their time
and received a bonus payment of £0.90 upon completing both parts mirroring chance level
performance in the pseudo-task.

Complete data from the first session was received from 40 participants in each group.
Because 2 participants in the incentive group did not complete the second session, the final
sample size included in the analysis was N = 78 participants (ncontrol = 40, Nincentive = 38). The
sample description can be found in Table 1. The study was conducted as part of the same
ethics approval mentioned above (2016-109-KM).

2.2.2 Material

The same magic trick movie stimuli and cue images were used as described above.
2.2.3 Tasks & Measurements

The same tasks as described above were used. Small adjustments were made in the
wordings in the recognition task items to enhance readability (e.g., by adding articles).

Additionally, the TMI included all five items for the pressure scale.
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2.2.4 Experimental Procedure

Procedures were not modified in between data collections other than the above-
mentioned change in the wording of the incentive manipulation. Data was collected using a
later developmental version of Collector.
2.3 Study 3: fMRI Study

In addition to behavioural effects, we were also interested in the neural mechanisms
underlying curiosity-motivated learning of dynamic stimuli, so we adapted the magic trick
watching task for use in the fMRI scanner and also added a 10 min rest pre- and post-learning
(data not included here). The whole MRI dataset has been made publicly available as the
Magic, Memory, and Curiosity (MMC) Dataset

(https://doi.org/10.18112/openneuro.ds004182.v1.0.0) and the task data were analysed for

this report. We here briefly summarise the methods, while a more detailed description can be
found elsewhere (Meliss et al., 2022).
2.3.1 Participants & Design

Participants (see Table 1 for demographic information) were recruited using leaflets
that were distributed around the campus to achieve a final sample size of N =50 (i.e., 25
participants per group). Participants were required to be right-handed. The a priori sample
size considerations were based on sample sizes used in previous behavioural studies
(Murayama & Kuhbandner, 2011) as well as on sample size recommendations for between-
subject effects in naturalistic imaging (Pajula & Tohka, 2016; Yeshurun et al., 2017). Similar
to the behavioural studies, the fMRI study consisted of multiple sessions: a pre-scanning
online assessment, the fMRI lab experiment where the magic trick task was performed inside
the MRI scanner and the surprise memory session performed online a week later. In total,
participants were reimbursed £30 for their time plus £7.20 additional bonus payment (i.e.,

chance level performance in the judgement task, see below).
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The fMRI also included a between-subject incentive manipulation and participants
were assigned to the experimental conditions in an interleaved manner. Using the same
wording framework as in the behavioural replication study, participants in the incentive
group were instructed that they could receive an additional 50% on top of their payment for
the whole data collection if they estimated all 36 trials correctly and that this translates into
additional £0.80 per correct estimate®. The study protocol was approved by the University of
Reading Research Ethics Committee (UREC; 18/18).

2.3.2 Material

In the fMRI study, the same magic tricks were presented as before, but the video files
themselves underwent further editing to optimise them for usage within the MRI scanner.
Luminance, for instance, was adapted where necessary. Furthermore, a mock video was
created and added individually to the beginning of each magic trick. Over a period of 6s, the
first frame of each magic trick was displayed overlayed with a black video including a
viewing focus that gradually opened up to match the viewing focus of the magic trick file.
The resulting magic trick files were on average 38.5s long (SD = 8.63, min = 26.6s, max =
58.64). The same frames as described above were used to create cue images.

2.3.3 Tasks & Measurements

Overall, the tasks were not substantially changed and only adapted for the fMRI
environment. The study protocol included more tasks (see Meliss et al., 2022), however, here
only the tasks used for the analyses are described.

Magic Trick Watching Task. Participants were asked to perform the magic trick

watching task inside the MRI scanner (see Figure S1 illustrating the trial structure used in the

3 50% additional bonus payment should have translated to £0.40 per correct answer. However, no
participant reported to have noticed this error.
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fMRI experiment). The experiment was displayed on a black background and all text was
presented in white unless indicated differently. The beginning of the display of each magic
trick video was synced with the scanner TTL (transistor-transistor logic) pulse at the
beginning of each repetition time (TR). A jittered fixation (4-10s, TTL aligned, only even
integers) was displayed in between the end of the magic trick and the estimate rating.
Different from the behavioural studies, the percentage sign was omitted in the answer options
and the answer options were displayed in colours matching the button colours on the four-
button MRI-compatible response device

(https://www.curdes.com/mainforp/responsedevices/buttonboxes/hhsc-1x4-cr.html). Estimate

ratings were recorded by pressing the button in the colour of the corresponding estimate.
There was a fixed response window of 6 s. If participants chose an estimate sooner, the
answer options would turn white. After a brief fixation (0.05 s), the curiosity rating was
displayed and a random number was highlighted in red. Participants were instructed to move
the highlighted number to the left or right (using index and middle finger, respectively)
before confirming their selection using the red button. The fixed response window was 5.95s.

Participants completed two practice trials outside the MRI scanner. Inside the MRI
scanner, participants completed 36 trials of the magic trick watching task distributed over
three blocks. The order in which magic tricks were displayed was pseudo-randomised to
control for trial order effects. Trial orders were simulated so that high and low curiosity
magic tricks were equally distributed across blocks (low and high curiosity magic tricks were
defined based on data by Ozono and colleagues (2021)) while no more than four magic tricks
of each category could follow consecutively. Furthermore, trial orders were restricted so that
the maximum range of Spearman-rank correlations between any two trial orders did not

exceed a threshold of 0.7. In total, 25 trial orders were simulated and used once in each

group.
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Self-paced breaks were offered in between blocks. Participants were exposed to the
incentive manipulation in written form before the start of the first task block and had to
confirm it by pressing a button on the button box. The incentive manipulation was also
repeated verbally by the experimenters. Before the start of the second and third block, the
incentive manipulation was repeated.

Surprise Recall And Recognition Task. No changes were made with respect to the
memory task.

Task Motivation Inventory (TMI). The TMI was completed inside the MRI scanner
at the end of the experiment. Items were displayed in random order and participants'
responses were collected akin to the curiosity ratings.

2.3.4 Experimental Procedure

After screening procedures and pre-scanning assessments (described elsewhere,
Meliss et al., 2022), participants were invited to an fMRI scanning session at the Centre for
Integrative Neuroscience and Neurodynamics (CINN) at the University of Reading for a two-
hour session. Practice and experiment were presented using PsychophysicsToolbox (PTB) 3
(Brainard, 1997) with GStreamer media framework run on Matlab on a 13-inch Apple
MacBook. Practice trials were completed outside the MRI scanner looking directly at the
screen, whereas back projection was used during the experiment. Before and after the magic
trick watching task, resting-state data (10 min, eyes open) was acquired. At the end of the
experiment, the TMI was presented during which the anatomical sequence was run. The
follow-up memory test was conducted online: One week later, participants received the link

to the surprise memory assessment executed using Collector.
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Table 1

Participant Characteristics

Behavioural study Replication fMRI study

Control Incentive Control Incentive Control Incentive
group group group group group group

Subjects per group n =38 n=39 n=40 n=238 n=25 n=25

27.87 2646  25.62 26.24 26.52
(4.58)  (5.14)  (4.89)  (4.70)  (5.46)  24.12(4.70)

Age [18;35] [18;35] [18;35] [18;35] [18;37] [19;37]
Gender (% female) 36.84 38.46 30.00 39.47 68.00 76.00
Ethnicity (%

BAME) 60.53 66.67 60.00 39.47 32.00 24.00

14.46 14.72 13.43 15.08 16.12
(1.77) (2.99) (2.72) (1.89) (2.62) 15.92 (2.04)
Years of Education [10; 18]  [8; 24] [5;17] [12;21] [13;22] [11;19]

7.21 (0.66) 7.22 (0.50) 7.29 (1.02) 7.23 (0.82) 7.50 (0.67)
Days between [6.90; [6.90; [6.29; [6.57, [6.83; 7.36 (0.45)
sessions 10.80] 8.99] 10.82] 11.02] 9.49] [6.87; 8.20]

1.66 (0.99) 1.36 (0.71) 1.68 (0.89) 1.76 (0.75) 1.56 (0.87)
Experience with [1.00; [1.00; [1.00; [1.00; [1.00; 1.44 (0.77)
magic 4.00] 4.00] 4.00] 3.00] 4.00] [1.00; 4.00]

Note. For interval-scaled variables, the table shows the mean (standard deviation) [minimum;
maximum] separately for each group and data collection. Experience with magic tricks
relates to the participant’s rating of their experience in producing magic tricks on a scale from

1 = ‘never’ to 6 = “very frequently’.
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2.4 Data Pre-processing And Analysis
2.4.1 Behavioural Data

Behavioural data from each data collection were processed and analysed in the same
way. All behavioural pre-processing and analysis were carried out in R 3.6.3 (R Core Team,
2020).

To test for between-group differences in motivation (TMI scores as well as ratings of
curiosity obtained in the magic trick watching task), data from the TMI were analysed using
Welch’s Two-Sample t-tests. Curiosity ratings for the magic trick movies were analysed
using Linear Mixed Effects (LME) models with the /me4 package (Bates et al., 2015)
specifying a fixed effect for incentives (effect-coded; -1 = control group, 1 = incentive group)
and random effects for intercepts of participants and stimuli.

Data from the recognition block was dummy-coded by comparing the chosen
response to the correct answer. Additionally, recognition performance was combined with
confidence ratings. Specifically, a correct answer chosen with a confidence larger than three
was coded as correct for ‘high confidence recognition’, a recollection-based recognition
memory measurement (Yonelinas, 2001, 2002). For the recall performance of the answers
collected in the cued recall paradigm, a script was used to assign 0 to all answers matching
‘no recall’ (or variants thereof). All remaining answers were coded by the same rater across
all three data collections. A trick was rated as recalled if the change that occurred was
remembered.

Our main analyses focused on the effects of curiosity, monetary incentives, and their
interaction on memory encoding. Encoding data were analysed using a meta-analytic
approach. For each data collection, Generalised LME (gLME) models were applied
specifying fixed effects for curiosity, incentives, and their interaction as well as random

effects for the participant and stimulus intercept and random slopes for the curiosity effect.
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Curiosity ratings were mean-centred within each participant and incentive manipulation was
again effect-coded. The same model was run on three different memory thresholds: correct
recognition (regardless of confidence), high confidence recognition, and cued recall. To
further investigate whether incentives and curiosity influence the quality of memory in an
exploratory analysis, we systematically varied the confidence cut-off, creating additional
dependent variables (recognition with confidence > 0 through to recognition with confidence
> 5) and applied the same gLME model as described above. The unstandardised parameter
estimates from the gLME models (i.e., beta estimates and standard errors) from each data
collection were extracted and submitted to a fixed-effect meta-analysis (weighted least
squares) using the metafor package (Viechtbauer, 2010) to integrate individual coefficients
from the three data collections.

2.4.2 fMRI Data

fMRI Acquisition And Pre-processing. fMRI data were obtained in a 3.0 T Siemens
Magnetom Prisma scanner with a 32-channel head coil. Whole brain images were acquired
(37 axial slices, 3 x 3 x 3 mm, interslice gap of 0.75 mm) using an echo-planar T2*-weighted
sequence (TR = 2000 ms, echo time = 30 ms, field of view: 1,344 x 1,344 mm?, flip angle:
90°).

Pre-processing steps included By distortion correction, despiking, slice-timing and head
motion correction, and normalisation to MNI space using the ICBM 2009c¢ Nonlinear
Asymmetric Template. Additionally, data were smoothed to achieve an approximate
smoothness of full width half maximum kernel of 8mm and time series were scaled to a mean
of 100. Local white matter time series, the first three principal components of the lateral
ventricles, as well as motion estimates, were included as regressors of no interest to denoise

the data. During linear regression, time courses were also band-pass filtered for frequencies
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between 0.01 and 0.1 Hz. Time points were censored (i.e., set to zero) if the Euclidean norm
of per-slice motion exceeded 0.3 mm or if more than 10% of brain voxels were outliers.

Intersubject Correlation (ISC) Analysis. Due to increased stimulus complexity in
naturalistic paradigms, the applicability of traditional analysis methods developed for task-
based fMRI relying on specifying onset and duration of stimuli (e.g., general linear models;
GLMs) is limited and model-free approaches are used frequently (Sonkusare et al., 2019).
One of these data-driven methods is intersubject correlation (ISC; Hasson et al., 2004). Here,
the assumption is that the brain response when perceiving and processing naturalistic stimuli
1s composed of a stimulus-driven signal as well as spontaneous activity unrelated to the
stimulus (Nummenmaa et al., 2018). The stimulus-driven signal is time-locked to the stimuli
and shared across subjects whereas the intrinsic fluctuations are cancelled out as noise. To
determine brain areas that encode information about the presented stimuli consistently across
subjects, the time course of a given voxel in subject A is correlated with the time course of
the same voxel in subject B. This is repeated for each voxel in the brain for each pair of
participants in the sample creating pairwise ISC maps.

During the magic trick watching task, the beginning of each magic trick video was
aligned with the beginning of a TR. Likewise, the jittered fixation after the magic trick
presentation was aligned with the beginning of a TR and presentation times and response
windows were multiple of the TR. These steps were undertaken to allow that the time series
could be concatenated (see Figure 2A) to (a) remove volumes of no interest, (b) reorder the
volumes so that the concatenated order would remain invariant across subjects irrespective of
the pseudo-randomised order in which the magic tricks were presented (see Thomas et al.,
2018), and (c) account for the delay in the hemodynamic response function (HRF) by shifting
the time course. Volumes acquired during the mock video presentation, fixation and

estimate/curiosity ratings were considered as volumes of no interest because ISC critically
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relies on subjects receiving the same time-locked stimuli and transient, non-specific activity
can be found at stimulus onset (Nastase et al., 2019).

As assumptions regarding the duration of the HRF lag to account for in ISC analyses
vary (Hasson et al., 2004; Nummenmaa et al., 2012; Zadbood et al., 2017), a preliminary
intersubject pattern correlation (ISPC; J. Chen et al., 2017) - a spatial form of ISC - was
computed to determine the optimal HRF lag. This preliminary analysis indicated the optimal
HREF lag to be 4 TRs (see supplementary material and Figure S2). The concatenated time
series consisting of 594 volumes were correlated for each pair of participants (using AFNI’s
‘3dTcorrelate’, Figure 2B) resulting in 1225 pairwise ISC maps that were Fisher’s z-
transformed.

To determine brain areas showing significant synchronicity between subjects, linear
mixed effect models with crossed random effects (LME-CRE; G. Chen et al., 2017) were
specified to predict the pairwise Fisher’s z-transformed ISC maps (using AFNI’s ‘3dISC").
The LME-CRE framework does not only account for the interrelatedness in the pairwise ISC
map data by specifying crossed random intercepts for both subjects in each pair but also
offers analytical flexibility to specify grouping variables to investigate the effects of
incentives on ISC during magic trick watching as well as of other covariates (see below). To
specify the fixed effect of incentives, deviation coding was adopted where 0.5 was assigned
to subjects in the control group and -0.5 was assigned to subjects in the incentive group. By
adding up these values for each pair, group was defined as 1 (both subjects in control group),
0 (both subjects in different groups), or -1 (both subjects in the incentive group).

Intersubject Representational Similarity Analysis (IS-RSA). Nastase and
colleagues (2019) proposed a formal definition of ISC where they divided the stimulus-driven
component further into processes that are consistent across subjects and idiosyncratic

responses that are nonetheless induced by the stimulus but characterised by timings and
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intensities specific to each subject. The consistent response can be estimated by averaging the
ISC given that subject-specific and spontaneous responses will average out. To quantify the
subject-specific responses in the time courses, other known information about the subjects
can be used to ‘anchor’ the response - an approach known as intersubject representational
similarity analysis (IS-RSA; Finn et al., 2020; Nummenmaa et al., 2012). More specifically,
the similarity in participants’ behavioural data (e.g., trait scores, Finn et al., 2018; age,
Moraczewski et al., 2018; recall performance, Nguyen et al., 2019; behavioural ratings,
Nummenmaa et al., 2012) can be used to predict the similarity in the brain response (Figure
2C) by, firstly, calculating subject-by-subject similarity matrices separately for behavioural
and brain data. In a second step, the geometry of both matrices can be compared or matched
correlationally based on the second-order isomorphism within representational similarity
analysis (RSA; Kriegeskorte et al., 2008). The second-order similarity can be evaluated using
LME-CRE. Importantly, the pseudo-randomisation of trials allows that similarities in brain
responses between participants can be attributed to the behavioural anchor rather than to
similarities in the trial order.

Here, we were interested in how similarity in (1) curiosity, (2) memory encoding, and
(c) curiosity-motivated learning enhancement (CMLE) predicts similarity in the neural
responses across subjects (Figure 2D). To calculate the subject-by-subject similarity matrices
in the first two instances, the trial-by-trial values (subject-wise mean-centred curiosity ratings
and dummy-coded encoding performance on the high confidence criteria, respectively) were
correlated for each pair of participants (after re-ordering the values for each subject to
account for the pseudo-randomisation). To control for potentially shared variance between
the similarity matrix of curiosity and the similarity matrix of memory, Fisher’s z-transformed
pairwise curiosity correlations were residualised by removing the proportion of variance that

can be linearly predicted by Fisher’s z-transformed pairwise memory correlations. Likewise,
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Fisher's z-transformed pairwise memory correlations were residualised by removing the
proportion of variance that can be linearly predicted by Fisher's z-transformed pairwise
curiosity correlations. In doing so, the unique effects of curiosity and memory could be
investigated.

CMLE was quantified by extracting the individual curiosity beta values (estimated by
the specification of random slopes predicting memory with curiosity) from the gLME model
for high confidence recognition and mean-centring them*. The beta value quantifies the
magnitude of the association between curiosity and memory for each individual. Because
there was only one value per subject (rather than a time course), the similarity matrix was
calculated using the Anna Karenina (AnnaK) model providing a metric reflecting the absolute
position on the scale, i.e., the mean of both subjects (Finn et al., 2020). This is preferable
compared to using a relative distance metric like the Euclidean distance as it allows for a
scenario where low scoring subjects are more similar to other low scoring ones, but high
scoring subjects are less similar to each other. Previous studies using working memory in IS-
RSA found that the AnnaK model fitted the data better than the Euclidean distance and
yielded to higher replicability between samples (Finn et al., 2020). Another benefit of using
the mean is that effects in both directions can be captured: if the correlation between brain
and behaviour is positive, then high scorers are alike and low scorers different whereas a

negative sign indicates that low scorers are alike and high scorers different.

* Due to singular fit warnings for the dependent variable high confidence recognition in the
fMRI data, the model was also executed using a simplified random effects structure where the random
intercepts of subject and random slopes of subjects for the curiosity effect were specified, but random
intercepts of stimuli were removed allowing the model to converge without warnings. The individual
curiosity beta values from both models were highly correlated (r = 0.992) and the gLME model
specification did not affect the IS-RSA whole brain results (correlation unthresholded effect size map
=.996, correlation unthresholded statistics map =.997, dice coefficient of masked cluster-extent
thresholded results = 0.960) nor reported ROI results.
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To link idiosyncratic responses in the stimulus-driven brain response to the
behavioural effects of interest, LME-CRE were used to predict the pairwise Fisher’s z-
transformed ISC maps. As described above, separate models were estimated for unique
curiosity, unique memory, and CMLE, again specifying crossed random intercepts for both
subjects in each pair. Fixed effects were specified for group (incentive vs. no incentive,
effect-coded), the respective behavioural similarity (of curiosity, memory, or CMLE) as well
as their interaction. Behavioural similarity was grand-mean centred before computing the
interaction term with the group variable.

Thresholding And Regions-Of-Interest (ROI) Approach. All analyses were
conducted at the whole brain level specifying a grey matter (GM) mask: during pre-
processing, each subject’s grey matter (GM) mask based on FreeSurfer parcellation was
transformed to echo-planar imaging (EPI) resolution. After averaging the masks across the
sample, the mean image was thresholded so that a voxel was included in the group GM mask
if it was GM in at least 50% of the sample.

To account for the multiple testing problem due to mass-univariate testing, cluster-
extent based thresholding was performed using the recommended initial threshold of p value
=0.001 (Woo et al., 2014). The resulting map was cluster-extent corrected based on the
output of simulations performed using ‘3dClustSim’ for first nearest neighbours clustering
(NN = 1; faces of voxels touch) and a cluster threshold of o = 0.05 resulting in a threshold of
k =20 voxels. Unthresholded statistical maps were uploaded to NeuroVault

(https://neurovault.org/collections/12980/).

In addition to whole brain analysis, we were also interested in regions previously
implicated in motivated learning and a priori defined the following regions-of-interest
(ROIs): aHPC, NAcc, CN, and VTA/SN. The aHPC has been chosen as increased activity for

remembered compared to forgotten items is predominantly centred in anterior parts of the
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HPC (Kim, 2011; Spaniol et al., 2009). The aHPC is also sensitive to the effects of incentives
and motivationally relevant information on encoding (Adcock et al., 2006; Poppenk et al.,
2013). To create the aHPC ROI, AFNI’s ‘whereami’ was used to extract the bilateral HPC
from the Glasser Human Connectome Project atlas (Glasser et al., 2016). Following the
recommendations by Poppenk et al. (2013), the aHPC was created by using the MNI
coordinate y = 21P to determine the uncal apex as a landmark to divide anterior and posterior
HPC (‘3dZeropad’). To create ROI masks for NAcc, CN, and VTA/SN; atlaskit

(https://github.com/jmtyszka/atlaskit) was used to extract the NAcc, CN, Substantia Nigra

pars reticulata (SNr), Substantia Nigra pars compacta (SNc¢), and Ventral Tegmental Area
(VTA) from a high-resolution probabilistic subcortical nuclei atlas in MNI space (Pauli et al.,
2018) specifying a probability threshold of 15%. This is similar to procedures by others
presenting magic tricks inside the MRI scanner (Lau et al., 2020). To create the VTA/SN
mask, the masks for VTA, SNr, and SNc¢ were combined. In total, the aHPC mask contained
162 voxels, the CN mask contained 573 voxels, and the NAcc and VTA/SN mask both
contained 60 voxels each (see Figure S3). To correct for multiple comparisons within each
ROI, False Discovery Rate (FDR) correction was applied at g = 0.05. Additionally, clusters
were thresholded at £ =5 (NN = 1). ROI masks can be accessed in the NeuroVault collection

(https://neurovault.org/collections/12980/).
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Figure 2

Hllustration Of Processing And Analysis Methodology Within The Intersubject Framework
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Note. To account for the dynamic nature of the stimuli, intersubject correlation (ISC) analysis
was applied. (A) In the first step, data were concatenated to remove volumes of no interest,
reorder volumes, and account for the lag in the HRF. (B) The concatenated time series of
each voxel were correlated for each pair of participants creating pairwise ISC maps
representing similarity in the brain response between participants (figure adapted from
Nastase et al., 2019). (C) To anchor idiosyncratic response patterns to behavioural
measurements, intersubject representational similarity analysis (IS-RSA) was used to relate
similarities in the brain response to similarities in behavioural measurements (figure adapted
from Finn et al., 2020). (D) Behavioural measures of interest were curiosity, encoding and
curiosity-motivated learning enhancement (CMLE). To determine behavioural similarities in
curiosity and encoding, the time course of rating and encoding were correlated for each pair
of participants. For CMLE, each subject’s random slope predicting memory encoding with
curiosity estimated by the behavioural gLME was extracted and the mean as a non-parametric

difference measure was calculated for each pair.

3 Results

3.1 Behavioural Data

The groups did not differ in their motivation in any TMI scale in any of the
assessments (all p > 0.09). Likewise, no group difference was observed in the curiosity
ratings (all p > 0.199). The detailed results for TMI scores and curiosity ratings can be found
in Table S1 and S2 in the supplementary material, respectively.

Next, we investigated the effects of curiosity, incentives, and their interaction on
memory encoding specifying the same gLME model for each data collection and memory
measurement (recognition, high confidence recognition, cued recall) to submit the estimates

into fixed effects meta-analyses for each memory measurement separately. The results of the
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fixed effects meta-analyses are shown in Table 2. Curiosity had a positive effect on memory
encoding: magic tricks for which participants reported higher curiosity were more likely to be
encoded. While the overall curiosity effect was not significant for recognition per se,
significant effects were observed for high confidence recognition and cued recall. With
respect to the effect of monetary incentives on memory encoding, the effects were overall
positive, i.e., participants in the incentive group were more likely to encode the magic tricks
compared to participants in the control group. However, the overall effect only reached
significance for the high confidence recognition memory measurement. The interaction
between monetary incentives and curiosity did not reach significance for any of the memory
thresholds investigated.

We then further examined the quality of recognition memory by changing the
confidence cut-off threshold gradually ( 0 < cut-off < 5). Again, the same gLME model was
run for each confidence threshold and each data collection and estimates were integrated
using a fixed effects meta-analysis (for detailed results for each effect on each threshold, see
Table S3) to extract the integrated b estimates for each effect at each confidence cut-off.
Then, to examine how the cut-off is related to memory enhancement effect, the integrated
fixed effects b estimates were predicted using the confidence cut-off in a linear model
separately for each effect. The cut-off was scaled from 0 to 5 so that the intercept is
interpretable.

The results of the exploratory analysis are illustrated in Figure 3 and the detailed
regression table can be found in Table S6. More specifically, they show that when calculating
a linear regression to predict the integrated curiosity effect b values based on the confidence
cut-off, the confidence cut-off was a significant predictor in the model (B = 0.021, 95%-CI

[0.011; 0.031], p = .004) indicating that the integrated curiosity effect increases as the
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confidence cut-off increases: the Odds Ratio (OR) of the curiosity effect was 1.02 for
confidence cut-off = 0 and 1.12 for confidence cut-off = 5.

However, in the model predicting the integrated monetary incentive effect b values
with the confidence cut-off, the cut-off was not a significant predictor in the model (B = -
0.012, 95%-CI [-0.049; 0.024], p = .402). Likewise, using a linear model to predict the
integrated interaction effect b values using the confidence cut-off, confidence cut-off was not
a significant predictor (B = -0.007, 95%-CI [-0.018; 0.003], p = .122).

The results suggest that only the curiosity effect, but not the monetary incentive or the
interaction effect, is sensitive to the confidence cut-off. More specifically, they show that the
more confidently participants recognise the correct answer option, the larger the effect of
curiosity on encoding. Monetary incentive and interaction effect, on the other hand, remain
invariant regarding the confidence thresholds.

The results of all 21 individual gLME models (seven memory measurements in three
experiments) can be found in Table S4. Additionally, Figure S4 contains the equivalent of
Figure 3 plotting the effects from each data collection individually. Because 8 of 21 gLME
models produced a singular fit warning during execution, all analyses were repeated using a
simplified gLME model with a reduced random effects structure omitting the random slopes
for the curiosity effect. Applying this reduced gLME model, however, did not affect the
results of the meta-analyses and associated confidence cut-off linear model (see Table S5, S6,

and S7 as well as Figure S5 and S6).
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Table 2

Integrated Results Of gLME Models Predicting Memory Encoding Using Curiosity,

Monetary Incentive, And Their Interaction

b (SE) OR [95%-CI] zvalue p value
Curiosity
Recognition 0.023 (0.023)  1.02[0.98;1.07]  0.988 0.323
High confidence recognition 0.084 (0.022) 1.09 [1.04; 1.14]  3.766 <0.001
Cued recall 0.098 (0.025)  1.10[1.05;1.16] 3.842 <0.001
Monetary incentive
Recognition 0.084 (0.050)  1.09[0.99; 1.20] 1.676 0.094
High confidence recognition 0.155 (0.067) 1.17[1.03; 1.33] 2.336 0.019
Cued recall 0.119 (0.075)  1.13[0.97;1.30]  1.599 0.110
Interaction
Recognition -0.002 (0.022) 1.00[0.96; 1.04] -0.070  0.944
High confidence recognition -0.010 (0.021) 0.99[0.95;1.03] -0.479  0.632
Cued recall -0.025 (0.024) 0.98[0.93;1.02] -1.058  0.290

Note. Separate models were run for each memory threshold. gLME = Generalised Linear

Mixed Effects. SE = standard error. OR = Odds Ratio, CI = confidence interval.
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Figure 3
Integrated Fixed Effects Of Curiosity, Monetary Incentive, And Their Interaction As A

Function Of Confidence Cut-Off
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Note. The x-axis shows the gradual confidence cut-off and y-axis illustrates the integrated
effect size (left - unstandardised, right - OR). Each panel shows one of the fixed effects
specified in the gLME model. The integrated b estimate for each effect and confidence
threshold is plotted and error bars indicate 95%-CI. The regression line illustrates the linear

model predicting the effect with the gradual confidence cut-off.
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3.2 {fMRI Data
3.2.1 Intersubject Correlation (ISC)

ISC analyses were carried out to identify brain areas with activity driven by magic
trick watching. Significant ISC was found bilaterally in all four ROIs (aHPC, VTA/SN,
NAcc, and CN; see Figure S7). Shared activity measured as significant ISC in the reward
network has previously been observed in naturalistic viewing paradigms when presenting
comedy movie clips to participants (Jddskeldinen et al., 2016).

At the whole brain level, widespread cortical and subcortical synchronisation (Figure
4A, Table S8) was observed, especially dominant in the bilateral visual cortex as well as
bilateral parietal somatosensory (BA 2, BA 5, BA 40, BA 1/2/3) and in attention-related areas
(BA 7 and BA 39) as well as bilateral premotor and supplementary motor areas (BA 6, BA
8). Overall, this is in line with other studies showing that dynamic stimuli synchronise brain
activity in visual areas (e.g., Aliko et al., 2020; Baldassano et al., 2017; Hasson et al., 2004;
Nguyen et al., 2019), but also with prepositions linking motor and somatosensory areas to the
observation of actions (Keysers et al., 2010; Thomas et al., 2018). Likewise, the decline of
the ISC from posterior to anterior as well as from lateral to medial areas in the brain can be
attributed to higher intersubject variability in the stimulus-induced response in ‘intrinsic
systems’ (e.g., prefrontal and cingulate cortices; Ren et al., 2017).

We also investigated whether the availability of incentives had an effect on the ISC.
While no effects were found in the ROIs, four clusters were found at the whole brain level
(Figure 4B, Table S8). More specifically, in the incentive group, we found higher ISC in
areas in the left middle occipital gyrus, right postcentral gyrus (BA 2), and right intraparietal
sulcus (IPS). Higher ISC in the control group was observed in the left lateral occipital cortex

(Area V5/MT+).

34


https://doi.org/10.1101/2022.10.04.510790
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.04.510790; this version posted October 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Figure 4
Whole Brain ISC And Incentive Effects Therein
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Note. Results are thresholded at p < 0.001, cluster-extent corrected at £ = 20 (equivalent to
per-cluster a = 0.05) and plotted on the ICBM 2009c Nonlinear Asymmetric Template.
Images are displayed in neurological orientation, where the left side of the brain is depicted
on the left side of the image. While (A) highlights widespread ISC across cortical and
subcortical areas during magic trick watching across both groups, (B) shows clusters where
the ISC is higher in the incentive group compared to the control group in blue, and a cluster

where ISC is higher in the control group in red.
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3.2.2 Intersubject Representational Similarity Analysis (IS-RSA)

IS-RSA were carried out to identify brain regions with intersubject temporal
dynamics reflecting the intersubject variability in our behavioural effects of interest as well as
brain regions where this association was influenced by the incentive manipulation. For this
purpose, for each behavioural effect of interest, an LME-CRE model was specified with fixed
effects for group, behavioural similarity, as well as their interaction. The inclusion of the
covariate and the interaction effect did not affect the main effect of incentive (all correlations
with unthresholded incentive effects reported above > 0.92), hence the incentive effects are
not further discussed. Below, the main effects of each behavioural variable are described
before discussing the interaction effects and results for the ROI analysis are reported
followed by whole brain analysis.

IS-RSA For Each Behavioural Effect Of Interest. Here, the main effects of each
behavioural variable are reported highlighting clusters where the behavioural similarity
matrix was predictive of the neural similarity matrix. The underlying assumption is that
participants similar in behavioural effects of interest (e.g., curiosity ratings) will process the
magic trick videos more similarly and regions involved in these processes will reflect this
similarity correspondingly and hence are detected in this analysis.

Curiosity Effect. The curiosity effect was defined as the pairwise correlation of trial-
by-trial curiosity ratings. Importantly, we here used unique effects of curiosity where Fisher’s
z-transformed pairwise curiosity correlations were residualised by removing the proportion
that can be linearly predicted by Fisher’s z-transformed pairwise memory correlations. No
activity in the four ROIs survived thresholding. At the whole brain level, seven positive
clusters were found (Figure SA, Table S9) where idiosyncratic patterns in curiosity were
anchored to the brain response. These clusters were located in the left primary visual cortex

(V1), right inferior frontal gyrus (pars opercularis), bilateral supplementary motor area (BA
36
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8), left postcentral gyrus (primary somatosensory cortex), left precuneus (BA 7), right
anterior insula cortex (AIC) and right supramarginal gyrus (BA 40).

Memory Effect. The memory effect was defined as pairwise correlation of trial-by-
trial encoding performance ratings. Again, the unique contribution of memory was
investigated akin to what was described above in the context of curiosity. Similarity in brain
response could be anchored to similarity in memory encoding in a bilateral cluster in the CN
ROI (Figure 6, Table S9), however, no effects were observed for the other three ROIs. At the
whole brain level, 21 clusters were found (Figure 5B, Table S9). More specifically, similarity
in memory encoding positively predicted similarly in brain response bilateral visual areas as
well as the left cerebellum, the bilateral superior (BA 46, BA 9-46, medial BA 8) and middle
frontal gyrus (BA 6, BA 8), precuneus (BA 7) and lateral parietal areas including the right
angular gyrus (BA 39) and somatosensory areas (BA 2, BA 40), the left lateral temporal
gyrus (BA 37, fusiform and inferior temporal gyrus), right middle occipital gyrus (Area
V5/MT+) and the right AIC.

Curiosity-Motivated Learning Enhancement (CMLE) Effect. CMLE was defined
based on the random slope predicting memory from curiosity in the gLME model and
individual values were extracted. Using the AnnaK model to determine the behavioural
similarity matrix, the prediction was tested whether participants high in CMLE share similar
patterns of brain activity while people low in CMLE show more variability and vice versa
(rather than testing for brain areas where similarity is predicted by similarity in CMLE in a
linear fashion).

In the ROI analysis, IS-RSA CMLE were found in all 4 ROIs (Figure 6B, Table S9),
all of them in a negative direction suggesting that participants with high CMLE scores had
less similar brain activity compared to participants with low scores. More specifically,

clusters were identified in the right aHPC, right VTA/SN, bilateral CN, and bilateral NAcc.
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Additionally, 15 clusters survived cluster-extent thresholding at the whole brain level out of
which 5 were positively and 10 negatively directed (Figure 5C, Table S9). Positive clusters
were located in the bilateral middle temporal gyrus, the left middle occipital gyrus, the right
calcarine gyrus, and the right postcentral gyrus. In these positive clusters, subjects high in
CMLE are more alike than subjects low in CMLE who are more different in their brain
response.

In negative clusters, on the other hand, subjects low in CMLE are more alike and
subjects high in CMLE are more different. Negative clusters were spread across large
portions of the brain, in subcortical (e.g., striatum and thalamus) as well as cortical areas
along the anterior and posterior midline (e.g., ACC, SMA, superior medial gyrus, precuneus,
PCC, and cuneus), visual cortex, cerebellum, postcentral gyrus and posterior parietal cortex
(PPC), the bilateral middle temporal gyrus, bilateral anterior insula cortex (AIC), as well as
dorsolateral prefrontal cortex (dIPFC; centred around the MFG) and anterior PFC stretching

into the frontal operculum/anterior insula (fO/al).
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Figure 5

Whole Brain IS-RSA For Each Behavioural Effect Of Interest

A Curiosity

Cc Curiosity-Motivated Learning Enhancement (CMLE)

Note. Results are thresholded at p < 0.001, cluster-extent corrected at k = 20 (equivalent to
per-cluster a = 0.05) and plotted on the ICBM 2009c Nonlinear Asymmetric Template.

Images are displayed in neurological orientation, where the left side of the brain is depicted

on the left side of the image.
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Figure 6

Effects Of Memory And CMLE In The ROIs
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Note. Results are FDR-corrected at g < 0.05, cluster-extent corrected at £ = 5 and plotted on
the ICBM 2009¢ Nonlinear Asymmetric Template. Images are displayed in neurological

orientation, where the left side of the brain is depicted on the left side of the image.

IS-RSA For The Interaction Between The Incentive Manipulation And Each
Behavioural Effect Of Interest. Due to the inclusion of group as a fixed effect in the LME-

CRE model, it was further possible to determine brain areas where the behavioural similarity
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matrix predicted the neural similarity matrix differently depending on the availability of
monetary incentives. In doing so, clusters could be identified where the behavioural effect is
only predictive in one group or more strongly predictive in one group.

Curiosity Incentive Interaction. When looking at whether the incentive manipulation
influences how similarity in curiosity predicts similarity in the brain response in the a priori
defined ROI, no clusters survived thresholding. At the whole brain level, two clusters in the
bilateral occipital cortex survived thresholding (Figure 7A, Table S10). In both clusters,
similarity in curiosity was more predictive of similarity in the neural responses during magic
trick watching in the control compared to the incentive group.

Memory Incentive Interaction. ROl analysis did not reveal any clusters where
incentive influenced how similarity in memory predicted the similarity in the neural response.
In the whole brain analysis, three clusters were found (Figure 7B, Table S10) showing a
differential predictive effect of similarity in memory depending on the availability of
monetary incentives: One cluster in the bilateral Calcarine gyrus showed a more positive
predictive effect of memory in the incentive compared to the control group. Two clusters
were found where the predictive effect of memory was larger in the control compared to the
incentive group. Those were located in the left dorsolateral prefrontal cortex (dIPFC, BA
10/BA 46) and left lateral middle occipital gyrus.

Curiosity-Motivated Learning Enhancement (CMLE) Incentive Interaction. While
effects of curiosity and memory can be understood in a linear manner, the similarity matrix
for CMLE was computed based on a nonlinear AnnaK model formulation further influencing
the interpretation of any effects observed. More specifically, positive clusters represent brain
regions where CMLE high scorers share similar patterns and low scorers show variability
whereas negative clusters represent regions where CMLE low scorers share similar patterns

and high scorers show variability.
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As with the effects of curiosity and memory, the availability of monetary incentives
did not affect the relationship between the similarity in CMLE and brain activity in any of the
ROIs. At the whole brain level, 20 clusters were found (Figure 7C, Table S10). One cluster
showed positive values indicating that values were more positive in the control compared to
the incentive group. This cluster was located in the left supramarginal gyrus where values
were negative in the incentive group but weakly positive in the control group. Additionally,
19 clusters showed negative values in which the values in the incentive group were more
positive compared to the control group. These clusters were predominantly located in
posterior regions, stretching from the occipital poles towards the temporo-parietal-occipital
junction laterally and the cuneus medially. In the parietal cortex, clusters were found in the
precuneus as well as the superior parietal lobe. Frontally, bilateral clusters in the MFG were
found as well as in the right superior frontal gyrus and the superior medial gyrus stretching

into the ACC.
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Figure 7
Whole Brain IS-RSA For The Interaction Between The Incentive Manipulation And Each

Behavioural Effect Of Interest

A Curiosity

o

198 79

88

Cc Curiosity-Motivated Learning Enhancement (CMLE)
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Note. Results are thresholded at p < 0.001, cluster-extent corrected at k = 20 (equivalent to
per-cluster a = 0.05) and plotted on the ICBM 2009c Nonlinear Asymmetric Template.

Images are displayed in neurological orientation, where the left side of the brain is depicted
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on the left side of the image. Positive clusters (shown in red) indicate more positive values in
the control compared to the incentive group whereas negative clusters (shown in blue)

indicate more positive values in the incentive group.

4 Discussion

The goal of the present study was to examine the effects of curiosity on incidental
encoding using different stimuli and a new way to elicit curiosity compared to the well-
established trivia question paradigm. Further, we were interested in the combined effects of
curiosity and monetary incentives on memory and neural responses. Behavioural results from
three experiments showed that curiosity caused by the induced violation of expectations and
surprise using magic trick videos facilitated incidental encoding independently of the
availability of monetary incentives, but curiosity and monetary incentives did not interact
with one another with respect to behavioural measures of learning. fMRI analysis accounting
for the dynamic nature of the stimuli revealed that effects of curiosity elicitation, memory
encoding, curiosity-motivated learning enhancement (CMLE) as well as monetary incentive
effects were associated with activity across widespread cortical areas. Additionally, while the
effects of memory encoding and CMLE were supported by activity within the often
implicated mesolimbic regions within the hippocampal-VTA loop, we did not find any
indication that the effects of curiosity elicitation and monetary incentives were supported by
shared, stimulus-induced activity in those regions.
4.1 Effects Of Curiosity And Monetary Incentive On Memory

In contrast to the previous studies manipulating monetary reward within the trivia
question paradigm (Murayama & Kuhbandner, 2011; Swirsky et al., 2021), we did not find a
significant interaction between curiosity and incentive on any of our main measures of

interest (recognition, high confidence recognition, cued recall). While the non-significant
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interaction effect may be explained by the differences in the design (e.g., materials, memory
measures, and procedure to manipulate incentives compared to rewards), we also found an
interesting dissociation between the effect of curiosity and that of incentives on memory.
Specifically, the effects of curiosity on encoding were only found in recollection-based
memory measurements (i.e., high confidence recognition and cued recall), but not on
recognition regardless of confidence that is assumed to reflect familiarity and recollection
(Yonelinas, 2002). On the other hand, the effect of incentives on memory (i.e., high
confidence recognition as well as recognition regardless of confidence on trend level) does
not seem to be influenced by confidence. Likewise, our exploratory analysis showed that
while the effects of curiosit on memory encoding increases as confidence in the recognition
task increases, this is not the case for the incentive effects. These findings suggest that
curiosity only affects recollection-based, but not familiarity-based processes whereas the
influence of monetary rewards is less selective.

These findings were unexpected but on scrutiny of the literature, they were somewhat
consistent with findings previously reported. For example, Gruber and colleagues (2014)
reported that the curiosity-related recognition advantage in a delayed memory test was
specific to confidently recognised faces and did not emerge in overall recognition rates.
These results were replicated with short delays (Galli et al., 2018 (Exp. 1, but not in Exp. 2);
Murphy, Dehmelt, et al., 2021), and it has been suggested that curiosity-related memory
facilitation is specific to recollection (Gruber et al., 2019; Murayama & Elliot, 2011; cf. Stare
et al., 2018 for an exception). On the other hand, studies on incentives/rewards and memory
have suggested that rewards may influence both recollection and familiarity components of
memory (Bunzeck et al., 2010, 2012; Patil et al., 2017; cf. Wittmann et al., 2011). Although
not specifically about memory effects, the findings are also consistent with a meta-analysis

showing that extrinsic rewards/incentives better predicted quantity of performance whereas
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quality was better explained by intrinsic motivation, which is a critical source of curiosity

(Cerasoli et al., 2014).

4.2 Neural Correlates Of Curiosity- And Incentive-Motivated Learning Within
Reward-Related Areas And The Hippocampus

fMRI research on the effects of curiosity (Gruber et al., 2014) and monetary
rewards/incentives (Murty & Adcock, 2014; Wittmann et al., 2005, 2008) on incidental
encoding has repeatedly implicated the striatum, VTA/SN and hippocampus in motivated
learning. Although we found that watching magic tricks led to significant synchronisation of
brain activity across subjects in all of these areas, the incentive manipulation did not lead to
differential synchronisation in these a priori defined ROI (aHPC, VTA/SN, NAcc, and CN).
While some of the effects of interest (i.e., memory and CMLE) were located within the ROIs,
others (i.e., curiosity) were not. Importantly, the interaction between any effects of interest
and monetary incentives were only found outside these brain regions.

The biggest difference between this study and previous studies on the effects of
curiosity and monetary incentives/rewards on encoding lies in the nature of stimuli used.
Compared to the simplistic, static stimuli used by previous studies (blurred images, trivia
questions), magic tricks have added complexity due to their dynamic nature. Critically, we
analysed the fMRI data from dynamic stimuli based on intersubject synchronisation (or
intersubject correlation (ISC); Hasson et al., 2004), focusing on the intrinsic correlation of the
voxel-wise time courses across participants to determine (clusters of) voxels exhibiting a
consistent response to the naturalistic stimuli (Nastase et al., 2019). The obtained ISC maps
were further contrasted between different types of participant pairs in terms of incentive
condition, curiosity rating, memory encoding, and CMLE. As such, the current analysis
captures different types of brain dynamics from the classical approach based on the General

Linear Model.
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For instance, the lack of ISC effects of monetary incentives in reward-related
structures does not necessarily imply that there is no difference in brain activation in response
to incentives. In fact, it is possible that the activation in reward-related structures was overall
increased in the reward compared to the control group, but such an overall increase would not
affect the correlation. Using the ISC analysis, we instead tested whether the manipulation of
incentives increased or reduced the individual differences in time course pattern within a
voxel (e.g., voxels within the reward-related structures). In other words, significant
differences in ISC are expected when incentives made participants similarly (or differently)
attend and comprehend the magic tricks (Hasson, Furman, et al., 2008), and should manifest
in brain areas that are responsible for the synchronised psychological functions (e.g.,
attention, comprehension). As such, we do not have a strong reason to believe that the reward
network responds in an as synchronised fashion. Similar logic should apply to our IS-RSA
analysis of the effects of curiosity and memory performance and the incentive effects therein.

An interesting observation from the ROI analysis, however, is that an effect of
memory was found in the bilateral CN, replicating previous studies linking declarative
memory to the CN (Blumenfeld et al., 2011; Schott, 2006). While meta-analyses have linked
the CN to reward processing (Diekhof et al., 2012; Sescousse et al., 2013), the CN has also
been implicated in goal-directed action and learning (for a review, see Grahn et al., 2008),
and more specifically, in error learning (Delgado et al., 2005) and reward-motivated learning
(Wittmann et al., 2005). However, even in the absence of feedback or reward, enhanced
activity in the CN has also been found when expectations are violated in a movement
observation paradigm (Schiffer & Schubotz, 2011), hence linking the CN to perceptual
prediction errors (when “what is happening now” differs from the internally generated
prediction; Zacks et al., 2007). Enhanced CN activity has further been found when

participants watch magic tricks compared to matched control scenes not violating
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expectations (Danek et al., 2015), suggesting that magic tricks, because they violate
expectations, trigger perceptual prediction errors, signalled in the CN. We here found that
similarity in encoding magic tricks predicts similarity in CN activity. This suggests that the
CN is not only important in signalling perceptual prediction errors, but might also play a role
in updating internal models, or schemata, by supporting the encoding of incongruent events
(see also exploratory intersubject functional connectivity analysis (ISFC; Simony et al., 2016)
to support this view).

Lastly, significant CMLE effects were observed in all four ROIs, but importantly,
these effects were negative. Negative clusters essentially indicate that participants who have
low beta values (i.e., participants in which curiosity did not predict memory performance)
showed more similar brain activation time courses in response to the magic trick stimuli. Put
differently, in negative clusters, the response in the low scorers suggests a more exogenous
and stimulus-driven process whereas the response in high scorers is likely more endogenous
and individual-based — participants who have a high curiosity-memory association have
more divergent and diverse time courses between individuals. Using the trivia question
paradigm, Gruber and colleagues (2014) were the first to link the effects of curiosity on
incidental encoding (i.e., the interaction between curiosity and memory) to activity in the
bilateral NAcc and the right HPC (but not the left). Likewise, activity in the CN and NAcc
supports the effects of curiosity on intentional encoding (Duan et al., 2020). The current
study suggests that these brain areas are involved in curiosity-based memory encoding, but
likely in a more time-varying and idiosyncratic manner.

4.3 Curiosity- And Incentive-Motivated Learning OQutside The Reward-Related Areas
And The Hippocampus
In addition to the results within the a priori ROIs (the reward-related areas and the

hippocampus), our whole brain IS-RSA showed broader networks of the brain supporting
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curiosity, memory, and curiosity-motivated learning enhancement (CMLE) than previously
implicated. While a more extended discussion of these results can be found in the
supplementary material, certain observations deserve attention.
4.3.1 Curiosity

With respect to the effects of curiosity elicitation, we found that similarity in the
curiosity ratings predicted similarity in the brain response in visual areas, the inferior frontal
gyrus (IFG), the supplementary motor area (SMA), the postcentral gyrus, precuneus, anterior
insula, and the supramarginal gyrus in the IPL. While initial fMRI research using the trivia
question paradigm suggested that curiosity - operationalised as the anticipation of rewarding
information - is supported in dopaminergic regions in the striatum and midbrain (Gruber et
al., 2014; Kang et al., 2009), the elicitation of curiosity has more recently been linked to a
state of uncertainty, potentially due to a violation of expectations (Gruber & Ranganath,
2019; Murayama et al., 2019). Indeed, both the SMA (Cheung et al., 2019; Volz et al., 2005)
and the anterior insula (Grinband et al., 2006; Huettel et al., 2005, 2006; Volz et al., 2003)
have been implicated in the processing of uncertainty (for an extended discussion of the role
of the anterior insula, please see the supplementary material). The IPL has previously been
linked to signalling the moment of expectation violation in magic tricks (Danek et al., 2015),
the induction of curiosity in a lottery task (van Lieshout et al., 2018) as well as within the
trivia question paradigm (Duan et al., 2020; Ligneul et al., 2018), and even more broadly to
knowledge uncertainty (Volz et al., 2004). Likewise, the IFG has previously been implicated
in the elicitation of curiosity within the trivia question paradigm (Gruber et al., 2014; Kang et
al., 2009) and might be involved in the appraisal processes determining whether prediction
error and associated uncertainty elicits curiosity or anxiety (Gruber & Ranganath, 2019). The
IFG has also been linked to the violation of expectations (Danek et al., 2015) and causal

relationships (Parris et al., 2009) in magic tricks. This suggests that as participants watch
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magic tricks, the curiosity IS-RSA effects reported here could reflect that uncertainty-related
signals and their appraisal processes of the experienced prediction errors share a similar
signature when experienced curiosity is shared across individuals.
4.3.2 Memory

The IS-RSA memory effect was found in broadly distributed cortical areas including
visual cortices, medial and lateral parietal lobe, lateral temporal areas and dorsal PFC.
Overall, the IS-RSA memory effects reported here replicate previous findings obtained using
dynamic stimuli. Nguyen and colleagues (2019) also used IS-RSA to anchor similarity in
encoding (immediate recall) to similarity in brain response and reported clusters in the default
mode network (DMN; e.g., angular gyrus) and the fronto-parietal network (FPN; e.g.,
bilateral MFG). Both networks have been found to be co-activated during movie watching
which could be related to mentalizing, emotional processes and social reasoning (Dixon et al.,
2018; Nguyen et al., 2019). This is in alignment with previous studies implicating the DMN
in the processing of complex narratives, suggesting that the DMN might accumulate
information over longer time scales to integrate them at higher levels of the processing
hierarchy (Hasson et al., 2015; Hasson, Yang, et al., 2008). The FPN, on the other hand,
supports top-down adaptive, online control (Dosenbach et al., 2007). This suggests that
adaptive control mechanisms in the FPN triggered by the cognitive conflict caused by
observing the violation of causal relationships in magic tricks could facilitate successful
encoding thereof.
4.3.3 Curiosity-Motivated Learning Enhancement (CMLE)

In addition to the ROI results discussed above, significant CMLE effects were
observed in broad cortical areas but, importantly, these effects were mostly negative. Indeed,
negative clusters were found across largely distributed cortical and subcortical areas

including large parts of the DMN (e.g., bilateral ACC, angular gyrus, middle temporal gyrus),
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FPN (e.g., bilateral MFG, SMA), dorsal attention network (e.g., bilateral posterior superior
parietal lobe), ventral attention network (e.g., anterior insula/frontal operculum (al/fO)) as
well as visual network. A recent re-analysis of the dataset from Gruber and colleagues (2014)
showed that the DMN and a subnetwork within the FPN (i.e., lateral PFC, posterior inferior
temporal gyrus, and superior parietal lobe) show a curiosity-by-memory interaction (Murphy,
Ranganath, et al., 2021). Replicating and expanding on these results and in alignment with
the ROI analysis discussed above, we found that participants with high CMLE compared to
those with low scores show a more individualised and variable activation in these brain
networks (for a discussion of the implications of these findings, please refer to the
supplementary material).
4.4 Influences Of The Availability Of Extrinsic Incentives

While we did not find effects of extrinsic incentives in the hippocampal-VTA loop or
other dopaminergic regions, effects were found at the whole brain level. For instance, we
found that monetary incentives are associated with increased synchronisation in the early
visual areas, the postcentral gyrus and the intraparietal sulcus (IPS). Overall, these areas have
been implicated in top-down spatial attention and form the dorsal attention network (Corbetta
& Shulman, 2002; Vossel et al., 2014) in general, but also in value-driven attentional
processes in the context of monetary rewards (Anderson, 2017) and memory-guided attention
(Salsano et al., 2021) in particular. This suggests that participants in the incentive group
might have attended to the magic tricks in a more similar manner because they have the
common goal of maximising their rewards in the judgement task, perhaps attending to similar
parts of the video clip. In the control group, on the other hand, increased ISC was found in
Area V5/MT+ which is critically involved in motion perception and has feed-forward
connections to the parietal cortex (Zeki, 2015). Likewise, the IPS is also more activated

during the encoding of items compared to their associations (Kim, 2011), suggesting that the
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IPS supports familiarity-based compared to recollection-based recognition. Hence, the
difference in ISC depending on the availability of monetary incentives provides further
support for the proposition regarding the dissociation between curiosity and monetary
incentives discussed above.

We further found IS-RSA clusters for each behavioural effect of interest where the
second-order similarity between behaviour and brain response differed depending on the
availability of monetary incentives, suggesting that the incentive manipulation influenced not
only the degree of synchronisation during the naturalistic viewing per se, but also the way
that similarity in the stimulus-elicited brain response could be anchored to similarity in each
of the behavioural variables of interest. The clusters showing an interaction between the
behavioural effects of interest and the incentive manipulation are primarily located in the
visual or dorsal attention network, further suggesting that the incentive manipulation
influenced attentional mechanisms during incidental encoding. Of note, for the memory-
incentive interaction, we found lower synchronisation in the incentive group compared to the
control group on the left lateral PFC, an area in the FPN previously implicated in the neural
basis of the undermining effect (Murayama et al., 2010), but also in memory effects in
general (Kim, 2011). Overall, our analysis showed that CMLE in and of itself is supported by
endogenous rather than exogenous responses to the magic tricks in participants with high
CMLE scores compared to those with low scores (reflected in negative effects). Investigating
the interaction between CMLE and the incentive manipulation, most clusters were negative,
meaning that the values in the incentive group were more positive compared to the control
group. This suggests that in the incentive groups, participants’ tendency to prioritise internal

over external processes was less pronounced in support of curiosity-motivated learning.
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4.5 Overall Conclusion

We found that the curiosity effect of memory can be replicated using naturalistic
stimuli. Using analysis approaches to account for the dynamic nature of the magic trick
stimuli, the effects of curiosity and incentives per se were not located within the reward
network of the brain, but across distributed cortical areas. While effects of memory and
CMLE were found within the hippocampal-VTA loop, they too showed widely distributed
cortical clusters. This supports the claim that the effects of motivated incidental encoding of
dynamic stimuli are actually more distributed across higher-order cortices and not solely
based on mesolimbic structures, often identified using reductionist simple stimuli that do not
reflect everyday perception and cognition and analysis approaches based on rigorous
modelling of the hemodynamic response. This suggests that a too stringent focus on narrow
ROIs could lead to an oversimplification and might miss important insights in how the brain
works when processing and encoding naturalistic stimuli. To derive a better understanding on
how curiosity influences memory and to inform practitioners in educational settings, more

research with various stimuli and tasks is needed.
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