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Abstract
Curiosity and reward incentives, respectively representing intrinsic and extrinsic motivations, have
both been found to be effective motivators of memory formation, but previous findings on a potential
interaction effect between the two have not agreed. It is also still not clear how the two motivators are
similarly or dissimilarly represented in the brain in support of memory formation, with the inferior
parietal lobule (IPL) as a contestant of curiosity processing and the vmPFC and anterior hippocampus
as regions in support of value-based, motivated memory. Therefore, we used an adapted version of
the trivia paradigm to understand the main effects of curiosity and reward incentives and their
interaction on immediate same-day and delayed 7-day later recall performance whilst we recorded
participants’ BOLD activity in the MRI scanner. We found that curiosity robustly predicted increased
recall likelihood whilst reward incentives improved recall only for the lowest and highest reward levels,
and conversely, the interaction effect between curiosity and reward on recall likelihood was found to
be significant for medium-high rewards only. Further exploratory analysis showed as the trials
progressed, a decreasing and eventually detrimental effect of reward on recall that was ameliorated
as curiosity went up. Neurally, we found both positive and negative modulation in the inferior parietal
cortex (IPL) and only negative activity in the ventral medial prefrontal cortex (vmPFC) in support of
both curiosity- and reward-motivated memory. Anterior hippocampal (aHPC) activity during encoding
was not found to correlate with motivated memory formation whilst it did positively predict
remembered trials over forgotten trials without considering either motivator. Further research should
look into more specific IPL hypotheses of motivated memory formation and should focus on
anticipatory hippocampal activity, instead of activity during encoding, in support of motivated memory
formation. Additionally future work should look at the neural correlates of time-dependent motivated
memory effects. Our findings can inform both educational researchers and educators to look out for
temporally-dynamic negative effects of extrinsic rewards on memory formation — and the potential

benefit of high curiosity-fostering study material in reducing their effect.
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A Common Currency of Motivation: How Curiosity and Reward Shape the Brain’s Memory
Systems

Try to remember the last time you picked up a textbook in order to study for a test during your
studies, middle or high school period. You were probably quite curious for some information, and not
at all for other subjects, chapters or passages — happy to continue reading to learn some, but not
others. In order to remember the information better, you might have treated yourself with a cookie
after reading a chapter, you might have been incentivized by the potential for a high grade on the test
or the 10-euro ‘report card money’ you always got from your grandma. These factors could all have
influenced your chances of encoding and consolidating your study material into memory.

These situations could be described in two ways. You either read some passages because of

an intrinsic drive for information, leading you to read onwards for the sake of knowledge itself; An
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information incentive, or as many call it, curiosity. Or, when the thought of sweets or grandma’s pocket
change drove you to study, you were driven by extrinsic motivators; Reward incentives’.

The first of the two, curiosity, has many faces — one of which is epistemic curiosity; the
intrinsic drive to gain knowledge (Berlyne, 1954). Loewenstein (1994) added on to Berlyne and
proposed that curiosity is driven by a perception of a gap in one’s knowledge, which can lead to
specific curiosity: a search for information that will close the gap. More recent work has looked at
curiosity as an intrinsic motivator that is capable of driving behaviour and influencing memory (e.g.
Gruber et al., 2014). The second motivator of behaviour we discuss, reward incentives, has also been
found to improve memory (Adcock et al., 2006): the anticipation of reward can be a strong reinforcer —
or extrinsic motivator — that boosts memory to perform well.

The neural correlates of reward- and curiosity-enhanced memory have been investigated and
a plethora of neural systems have been associated with the many aspects of either curiosity (Gruber
et al., 2014; Kang et al., 2009; Murphy et al., 2021; Van Lieshout, Vandenbroucke, Miller, Cools, &
De Lange, 2018) or reward (Adcock et al., 2006; Loh, Kumaran, et al., 2016; Wittmann et al., 2008).
In real-world learning contexts like educational settings, curiosity as an intrinsic motivator and reward
incentives as a more extrinsic motivator often exist and effect behaviour at the same time (Ryan &
Deci, 2020). Hence, to understand their effects on learning and memory, it is of importance to look at
both in a combined context. An emerging field is doing exactly this (Duan et al., 2020; Meliss et al.,
2024; Meliss & Murayama, 2022). However, there is still no agreement on the similarities and
differences between curiosity and reward processing, with different studies reporting partly diverging
and non-overlapping results (Duan et al., 2020; Meliss et al., 2024; Meliss & Murayama, 2022;
Murayama & Kuhbandner, 2011; Swirsky et al., 2021). Two questions remain; Why do curiosity and
reward sometimes seem to work independently from each other in promoting memory, whilst on other
occasions they interact with each other? And secondly, are these two motivational processes
expressed in the brain similarly, or do they differentiate somewhere? Therefore, in this thesis project,
we will aim to describe the behavioural effects of curiosity and reward on memory and understand the
neural systems underlying both curiosity-enhanced and reward-enhanced memory formation to see

where they share neural correlates and where they disassociate.

" For brevity, we will sometimes shorten ‘reward incentives’ and speak of just ‘reward’.



A Common Currency of Motivation: How Curiosity and Reward Shape the Brain’s Memory Systems

To do this, we have created a version of the trivia paradigm which closely resembles, but
improves on, the design from Duan et al. (2020). We present participants with 244 trivia questions
from a large database from Fastrich et al. (2018) and ask them to rate how curious they are to obtain
the answer. Additionally, we pry their prior knowledge by asking them how confident they are that they
know the answer. Then, we choose the 144 most and least curious questions on an individual basis
and present them again, but now in the MRI scanner. This time, we also satisfy participants’ curiosity
by presenting the answer to the trivia questions. During the MRI session we show half of the
questions in a rewarded condition, in which participants are incentivised by three levels of reward: 0, 1
and 3 euro. Since we believe that behaviour in a 0-euro trial can be very different from behaviour in a
completely non-rewarded context — even though the utilitarian reward value is the same — shown for
instance by research into the undermining effect (Murayama & Kuhbandner, 2011), we present the
other half of the questions in a completely non-rewarded block. This second, non-rewarded block is
an addition to the study from Duan et al. (2020), that we feel is important to understand if curiosity’s
effect on memory changes in rewarded contexts compared to non-rewarded contexts — and to bridge
research that operationalises reward either in a blocked or a trial-based manner. Lastly, we test
participants’ memory of the answers to the trivia questions by asking them to make an immediate
recall test after they get out of the scanner, as well as a delayed recall test one week later.

Curiosity has a marked positive effect on improving memory formation. Murayama &
Kuhbandner (2011) showed that interesting questions show higher recall rates in a 7-day delayed
incidental recall test compared to uninteresting questions — i.e., even though participants were not told
they would be tested, there was still a dissociable, positive effect. Gruber et al. (2014) replicated these
findings with individual-specific curiosity ratings and later research also found the effect using an
intentional recall test by explicitly telling participants they would be tested, instead of giving them a
surprise, incidental test (Duan et al., 2020). Therefore, we predict that curiosity will have a positive
effect on recall performance within our experiment.

Gruber et al. (2014) found that in the right hippocampus, there was an interaction between
curiosity and memory. In memory research, brain activity related to remembered items, compared to
forgotten items has been dubbed the subsequent-memory effect (Kim, 2011). Hippocampal activity
and connectivity, for instance, is robustly implicated in the subsequent-memory effect (Kim, 2011;

Palacio & Cardenas, 2019). When a motivator like curiosity (or reward) supports memory formation,
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we can then speak of a curiosity-motivated (or reward-motivated) subsequent-memory effect. For
instance, hippocampal and reward circuitry co-activation has been associated with curiosity-motivated
subsequent-memory (Murphy et al., 2021; Poh et al., 2022a). Therefore, we predict that curiosity-
motivated subsequent-memory will be associated with hippocampal activity during the relief stage
(when the answer is presented) — i.e. hippocampal activity will be greater for high curiosity questions
whose answers were later remembered compared to low curiosity questions whose answers were
later remembered.

Curiosity has also been associated with uncertainty processing (Poli et al., 2024; Van
Lieshout, De Lange, et al., 2021; Van Lieshout, Traast, et al., 2021) where curiosity is defined as the
drive to reduce uncertainty. Neurally, there is evidence that uncertainty is associated with inferior
parietal lobule processing (Huettel et al., 2005; Vickery & Jiang, 2009) and that this activity relates to
curiosity (Van Lieshout, Vandenbroucke, Miiller, Cools, & De Lange, 2018). Looking solely at curiosity
effects in the brain, the inferior parietal lobule has indeed been reported before during curiosity
induction (Duan et al., 2020; Meliss et al., 2024). Hence, we predict that the inferior parietal lobule is
positively associated with curiosity induction (during question presentation) and the curiosity-
motivated subsequent-memory effect during curiosity relief.

Just like intrinsic curiosity, extrinsic reward incentives have also been found to predict recall
(Adcock et al., 2006; Loh, Kumaran, et al., 2016; Wittmann et al., 2008). Knowlton & Castel (2022)
discuss how value can have a positive impact on memory via different processes. An automatic
system is thought to encompass dopaminergic signals to the hippocampus, whilst a more strategic
process helps memory through frontal areas like the inferior frontal gyrus. Therefore, we predict that
reward incentives will have a positive effect on recall — i.e., recall will be higher in the rewarded
condition compared to the non-rewarded condition. Additionally, recall will be higher for each
increment of the reward magnitude (i.e. recall: 3 euro > 1 euro > 0 euro).

The human reward circuit has been argued to encompass the substantia nigra and ventral
tegmental area — parts of the midbrain — the ventral striatum, as well as cortical structures like the
orbitofrontal cortex (OFC) and the anterior cingulate cortex (ACC) (Haber & Knutson, 2010). Different
components of this circuit have been found to functionally connect with the hippocampus to promote
memory formation (Adcock et al., 2006). Adcock et al. (2006) were early pioneers in showing that

functional correlations between the ventral tegmental area (VTA) and the hippocampus preceding a
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to-be-remembered stimulus predicted later memory of said stimulus. Additionally, these authors found
that VTA, nucleus accumbens (NAcc) and hippocampal activation during high-reward cues correlated
with later remembered but not forgotten scenes. Results that have since been corroborated more
often (e.g. Elliott et al., 2022; Frank et al., 2019; Wittmann et al., 2005, 2008). Given these findings,
we predict that hippocampal activity during the presentation of the answer (i.e. during curiosity relief)
will positively relate to the reward-motivated subsequent-memory effect — i.e., hippocampal activity will
be higher for remembered items in the rewarded condition compared to the non-rewarded condition.
Additionally, the hippocampus will be positively parametrically modulated by the reward magnitude for
remembered items when we compare 0-, 1- and 3-euro trials during curiosity relief (parametric
reward-motivated subsequent-memory effect).

Apart from subcortical constituents of the reward system, Haber & Knutson (2010)’s review
discusses how the OFC activates in the presence of rewards; the medial prefrontal cortex (mPFC) —
and specifically the ventromedial prefrontal cortex (vmPFC) — might respond to outcomes that are
rewarding. Frank et al. (2019), additionally to hippocampal-striatal functional connectivity, found
functional connectivity between the hippocampus and the medial prefrontal cortex (mPFC) and
orbitofrontal cortex (OFC) to be predictive of reward sensitivity for memory formation. Miendlarzewska
et al. (2016) discuss the vmPFC to play a part in consolidating new memories into new networks of
pre-existing knowledge and to be guiding decisions based on value comparison. Interestingly, the
vmPFC is also thought to integrate orthogonal reward values that are represented in the OFC
(Blanchard et al., 2015) and combines them into one subjective value (D. V. Smith et al., 2014). This
subjective value does not only represent reward, but also the value of prior information (Blanchard et
al., 2015), i.e. a valued curiosity signal. This subjective value may then be recruited for memory
formation (Rolls, 2022). Hence, we predict that curiosity will be positively represented within the
vmPFC during the induction of curiosity (i.e. the question presentation) and reward will be positively
represented in the vmPFC during answer presentation. Additionally, the vmPFC will be positively
associated with both the curiosity-motivated and reward-motivated subsequent memory effects during
the answer presentation — i.e., higher activation is associated with high curiosity questions (compared
to low curiosity questions) and questions in the rewarded condition (versus the non-rewarded
condition) that were later remembered instead of forgotten. Moreso, we also predict that within the

rewarded condition, the reward magnitude for remembered questions is positively parametrically
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modulated by the vmPFC (parametric reward-motivated subsequent-memory effect). Note that we
predict both the curiosity- and reward-motivated subsequent-memory effects to positively predict
hippocampal and vmPFC activity, whilst we predict that the IPL is specific to the curiosity-motivated
subsequent-memory effect.

Some studies find that curiosity and reward incentives both improve memory formation
additively (Duan et al., 2020; Meliss et al., 2024), meaning that both curiosity and reward
independently increase memory performance. Other studies, however, find an interaction between the
two. Murayama & Kuhbandner (2011) found reward incentives to only affect memory for answers to
trivia questions on trials that were rated as being less interesting. High curiosity questions were not
influenced by rewards anymore. l.e., there was a negative interaction between reward and curiosity. In
a similar light did Swirsky et al. (2021) find that only for low curiosity questions, rewards were helpful
in improving memory — i.e. a negative interaction. Using a somewhat different paradigm to the trivia
one, Meliss & Murayama (2022) used magic tricks to induce curiosity in participants. They found that
the curiosity-driven memory benefit was significantly higher in the group that did not receive any
incentives, whose benefit was positive, versus the group that did receive incentives, whose benefit
was negative — meaning that more lower curiosity trials were encoded into memory than higher
curiosity trials. Cerasoli et al. (2014) investigated 40 years of intrinsic motivation research as a whole
(so not just curiosity) and found that intrinsic motivation was stronger, the less salient rewards were.
However, most surprising of all and in contrast with the more curiosity specific studies, they found a
positive interaction effect of reward and intrinsic motivation. However, this effect did reduce when
reward incentives were distant and non-salient compared to salient and direct reward incentives.
Given these findings we predict that there will be a negative interaction between curiosity and reward
incentives: the higher one’s curiosity level, the less effect the reward condition will have on later recall.

Giving a preview of our results, we found that curiosity is indeed a positive predictor of recall.
Rewards show a more complex pattern; there was no difference in recall between the reward
conditions, but when viewed separately, 0- and 3-euro trials — but not 1-euro trials — positively
predicted recall when compared to the no reward condition. Furthermore, only for 1-euro trials
(compared to the no-reward condition) there was a significant, positive interaction effect between
curiosity and reward incentives. Further investigation showed that these effects changed when

considering trial number: The further on in the experiment, the less effect rewards had on recall
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compared to the no-reward condition. Additionally, curiosity seemed to ameliorate this deterioration in
the reward effect. Neurally, we found that the right inferior parietal lobule activity negatively associated
with both motivated subsequent-memory effects, counter to our hypotheses. The hippocampus was
implicated with unmotivated but neither motivated subsequent memory, also unexpectedly given our
hypotheses. Whole brain analysis showed widespread activation that represented curiosity and
reward incentives, and their respective motivated subsequent-memory effects that were very similar
and overlapping. Further investigation of the fMRI BOLD dataset should investigate the temporal
changes in the reward effect and the curiosity and reward interaction effect we found behaviourally.
Method
Participants

In total, 47 participants with a mean age of 23.89 (SD=3.04, range: 19-35) participated in the
experiment. Of these, 34 were cisgender females and 13 were cisgender males. The mode of
handedness was right handedness (N=41), followed by left handedness (N=5) and ambidextrousness
(N=1).

One participant was excluded a-priori (without looking at the data) for excessive movement
(visible during scanning session) and not being able to keep their eyes open for multiple blocks. Three
participants were excluded because we had to stop the experiment prematurely just before or during
the MRI scan. Thus, the sample size for the main behavioural analyses is 43. Two participants had to
be removed from the fMRI analyses due to an incorrect registration of the headscout during scanning,
causing issues in the preprocessing stage. This leaves us with 41 participants that were included in
the fMRI analyses.

All participants gave written informed consent according to the Declaration of Helsinki prior to
participation. The experiment was approved by the local ethics committee (CMO Arnhem-Nijmegen,
The Netherlands) under a general ethics approval protocol (“lImaging Human Cognition”, CMO
2014/288) and was conducted in compliance with these guidelines.

Sampling procedure

For this project, participants had to be MRI compatible, hence the standard Donders Institute

exclusion criteria for fMRI research were used. Additionally, a maximal age limit of 40 years was set to

limit any age effects related to memory. Participants were recruited using the Radboud SONA



A Common Currency of Motivation: How Curiosity and Reward Shape the Brain’s Memory Systems

Research Participation System, through which participants can volunteer themselves for the
experiment.

Payment for this study has been organised according to the standard rules set by the
Donders Institute. Participants will receive €15,- per hour whilst participating, and an additional
maximum of €10,- in incentives for giving the correct answer to randomly chosen questions during the
testing phase, equal to the corresponding amount of money shown to them during the incentive
presentation in the MRI phase (0, 1 or 3 euros). We expected each participant to come in for 4 hours,
earning them €60,- excluding incentives. Including the incentives, this will total in between €60,- and
€70,- per participant.

Sample size justification

For the behavioural hypotheses, a preregistered power analysis was done before the start of
the experiment to estimate the power we would obtain given our specified models and reported effect
sizes from the literature (Reniers et al., 2025). Because mixed effects models are complex, it is not
possible to analytically determine power, or the required sample size given a desired power.
Therefore, we resort to simulation-based calculations of power in R (R Core Team, 2023) using the
guide from Kumle et al. (2021). R packages used were the ‘simr’ package (Green & MacLeod, 2016;
Version 1.0.7) and the ‘mixedpower’ package (Kumle et al., 2020; Version 0.1.0).

We use a combination of rerunning analyses on an already existing dataset (Fastrich et al.,
2018) and of effect sizes reported in the literature (Swirsky et al., 2021). We aim for 80% power with
an alpha level of 5%. For technical details on how we performed the power analysis, please see
Appendix B: Power Analysis. The results from this power analysis are shown in Figure 23 from the
appendix. We conclude that 40 participants and 144 trials are enough to detect the required effect
sizes (reward condition, curiosity and their interaction) reported in the literature with more than 80%
power. The sample size for the MRI part of the experiment was determined based on how much
people we were able to scan within the provided budget for the study. This was the main constraint on
our total sample size.

Materials and Procedure

Experimental design
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The study consists of four parts (see Figure 7). Part one is a prescreening phase. Part two is
the MRI phase. Part three and four are the testing phases, split over session 1 (immediate recall) and
session 2 (delayed recall).

Figure 1

Experimental task design

§ession 1

1) Prescreening 2) MRI phase RemErE Conen 3) Immediate Recall

No Reward condition
.
\——|| O =
| 355181

Trivia question Curiosity induction -
presentation Trivia question

60s presentation )
4.0
How confident are = 355181

—_ Max 12.5
J per question

Question
(type your answer)

you that you know Curiosity relief .
., theanswer? Session 2 (After 7 days)
— Answer - -
How curious are you . 4) Delayed Recall

3-5sI8l

How surprising did
you find the answer?

30s
35s18l

Max 125
J. per question

~

p—

about the answer?

SP.

Question

(type your answer)
=

Note: For ease of presentation, the surveys that were administered as described below are not depicted in this schema. S.P. =
Self-Paced. The confidence question is on a 10-point Likert scale with verbal anchor points (ranging from “Not confident at all”,
and “Somewhat confident” (in the middle) to “Extremely confident”). The curiosity question is also on a 10-point Likert scale with
verbal anchor points (ranging from “Not curious at all”, and “Somewhat curious” (in the middle) to “Extremely curious”). The
surprise ratings are not analysed within this thesis.

In part one, participants are sat in a behavioural lab / cubicle behind a computer. Before
starting phase 1, they complete the four-item perceived competence scale (PCS) (used for
exploratory analyses not further described in this thesis). Afterwards, they get to see 244 trivia
questions that were obtained from an online database from Fastrich et al. (2018). First a question
mark is presented to them, asking them to click if they are ready to see the question. Then, the
question is presented for 6 seconds. After each question, the timing being self-paced, they are asked
how confident they are that they know the answer and how curious they are to get the answer to the
question — both measured using a Likert scale with a range from one to ten. Participants click on the
position they deem most fitting and then click on a continue button to confirm their answer.
Participants will not get the answer to the trivia questions during this phase. From these 244

questions, 144 questions will be selected for the main phase after we have removed questions with a
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confidence rating of 9 and 10. If a participant ends up with less than 144 questions with a lower than 9
confidence rating, they will not be able to take part in the main phase and be sent home with the
appropriate payment. We select the questions with the highest and lowest curiosity rating and split
them into a high and low curiosity category based on the median to ensure enough variability in the
curiosity ratings. If one of the categories is not completely filled by questions that are above or below
the median, we randomly select items with a median value to fill up the categories. After the
prescreening, the participants fill in the PCS a second time.

In part two, participants will lie down in the MRI scanner. Participants must complete two
blocks each consisting of 3 smaller subblocks, where each block corresponds to one of two
conditions: a Reward (R) or Non-Reward (NR) condition. In the reward condition, participants receive
a random reward incentive corresponding to a chance to win either 0, 1 or 3 euros later in the
(immediate and delayed recall) testing phase. Each subblock contains an equal amount of 0-, 1- and
3-euro trials. In the non-rewarded condition, they are presented with a question mark in a circle, to
visually mimic the euro stimuli in the reward condition. Note that the 0X 1 euro manipulation is
different from the no-reward condition. Participants will be randomly assigned to start with either the
reward or the non-rewarded condition (Latin-square design). Thus, all participants get to partake in
both conditions. Each subblock contains as much high as low curiosity questions.

Within one trial, participants will first see the reward incentive or the question mark (for 1.5
seconds). Then, they will be presented with one of the trivia questions that they have already seen
during the prescreening phase (for 4 seconds). Hereafter, the answer is presented on the screen
whilst the question is displayed in a smaller font (for 2.5 seconds). Lastly, participants are presented
with a sliding scale asking them to rate how surprising they found the answer to the trivia question to
be (eleven options/ticks to choose from) for which they have 3 seconds to answer using an MRI-safe
button box. This variable will be used for exploratory analyses outside of the scope of this thesis.

Between all screens a fixation cross is presented according to a random jitter of 3 to 5
seconds with a uniform distribution. Each of the two blocks consists of three subblocks of 24 trials
with resting periods in between during which the scanner will be turned off and on again. One block is
therefore 72 trials long. In total, 144 trials will be shown to each participant. In between subblock 3

and 4 (i.e. when the condition switches) an anatomical scan will be made that last approximately five



A Common Currency of Motivation: How Curiosity and Reward Shape the Brain’s Memory Systems

minutes. Both the prescreening and the main MRI phase programs were made by altering the code
from Hankel (2023) to suit our experimental design.

In part three and four, participants are tested on their memory for the answers to the 144 trivia
questions that were selected for them after the prescreening and shown during the MRI scan.
Participants were explicitly told at the beginning of study session 1 (and in the online study
advertisement) that there would be two recall tests — thus, we measure intentional encoding into
memory for the recall variable. Part three is an immediate test that will be administered after
participants come out of the MRI. Part four is a delayed test that will be administered after 7 days (on-
site, in the same behavioural labs as during the immediate recall test). In order to make scheduling
easier in the light of weekends or off-days, we allow the delayed recall test to be administered after 6
or 8 days if scheduling is not possible otherwise. The online survey software LimeSurvey (Limesurvey
GmbH, n.d.) will be used to administer the recall tests. During the tests, participants will get to read a
trivia question and answer it by typing it in a textbox. They have a maximum of 12 seconds to answer
the question before the next one is shown. Before starting the immediate recall test, the participants
fill in the PCS for a third time. Lastly, after the immediate recall test they fill out the HEXACO
personality test (which will be used for exploratory analyses outside the scope of this thesis). In
addition, after the delayed recall test participants fill out a last survey which includes a trait curiosity
survey and engagement questions to gain insight into how much the participant engaged with the
material at home (used for exploratory analysis, also not described in this thesis).

Behavioural analysis

To estimate the effects of curiosity and reward on recall, we will use Bayesian mixed-effects
models using the ‘brms’ package (Burkner, 2017) based on STAN (Carpenter et al., 2017) in R (R
Core Team, 2023; Version 4.3.3). We use the ‘batchtools’ package (Lang et al., 2023) to utilise the
computational power of the Donders Institute’s HPC cluster in performing model estimation. We
planned and preregistered (Reniers et al., 2025) that we would use the ‘ime4’ package (Bates et al.,
2015) to perform the mixed-effects analysis, but due to estimation problems that we could not solve,
we switched to the use of Bayesian estimation.

Within models 1, 2 and 3, the dependent variable is recall, dummy coded with a 1 for
remembered answers and a 0 for forgotten answers. Because we have two measurements for recall,

the immediate and the delayed recall tests, we introduce the covariate fest type that represents either
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the immediate or delayed recall test, which is included in model 1, 2 and 3. The dataset will be
transformed to long format so that recall for immediate and delayed tests can be accounted for within
the models.

In model 1, 2 and 3, further independent variables are curiosity for the answer to a trivia
question and the covariate confidence in knowing the answer, both ranging from 1-10 but centred
before inclusion in the models.

In model 1, the independent variable reward condition is used as a measure of reward,
dummy coded with 1 for the rewarded condition (R) and 0 for the non-rewarded condition (NR). In
model 2 and 3, the independent variable reward is introduced as a more specific measure of reward.
This is a categorical predictor with 4 levels: NR (for non-rewarded condition trials) and 0, 1 and 3 (i.e.
the reward magnitudes in the rewarded condition). NR is the reference level.

In model 3, the independent variable frial number is introduced — which represents the trial
number in the MRI phase of the experiment, ranging from trial 1 to 144. The trial variable is centred
before inclusion in the model.

For estimation of the parameters in the Bayesian mixed-effects models, the Bernoulli family
with the logit link will be used together with 4 chains, each with 10,000 iterations. We use the default
‘brms’ prior distributions for logistic regression: a uniform prior for the fixed effects coefficients and a
student t-test distribution for the random intercepts and standard deviations of the random slopes,
characterised by t(df = 3,u = 0,0 = 2.5). Coefficient estimates will be deemed statistically significant
when their 95% Credible Interval excludes 0. Specific model regression formulas are described below
each model results table in Appendix C: Behavioural results.

To check for potential issues regarding the estimation, we look whether the ESS values for
each parameter is 100 times larger than the number of chains times 4, i.e. whether ESS > 400.
Additionally we check whether R > 1.01, which would indicate a problem. Lastly, to see if the chains
converge properly, we will look at the density plots of parameters estimates to see if the distributions
of the chains overlap and whether the trace plots show randomness without any discernible pattern. If
any of these checks do not hold, we increase the number of iterations in the model and rerun it.

Mixed effects models are powerful statistical tools that greatly reduce the possibility of Type 1
errors (Barr et al., 2013). However, some authors note that maximal models are not optimal,

suggesting that more parsimonious models might be preferred (Bates et al., 2018). Hence, for models
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1 and 2, we compare three different sub models in their explanatory power of the data; one maximal
model with all theoretically justifiable random intercept, slopes and correlations included (sub model
a); one model were we leave out the random correlations with respect to model a (sub model b); and
lastly, one model were we leave out the random structure for the question items with respect to model
a (sub model c¢). Using the /oo function (Vehtari et al., 2017) from the brms package (Burkner, 2017;
Version 2.22.0) we compare these three models with leave-one-out cross-validation. If any of the
more parsimonious models don’t statistically significantly differ from the maximal model, we use the
most parsimonious model in the reporting of our results. If |AELPD/SE| > 2, we deem a model to be
significantly worse than the best performing model, and consequently we will choose the better
performing model.

Additional R packages that were used were, in alphabetical order: the dplyr package
(Wickham et al., 2023), the emmeans package (Lenth, 2024), the ggplot2 package (Wickham, 2016),
the gridExtra package (Auguie, 2017), the jtools package (Long, 2022), the lattice package (Sarkar,
2008) and the psych package (Revelle, 2025).
fMRI pre-processing

Preprocessing was done using fMRIprep, version 24.1.1 for all participants except five
subjects who due to technical issues with the fieldmap co-registration required the updated fMRIprep
version 25.1.2. Registration from 2.5mm3 native bold space to 2mm?3 MNI-152 standard space
(MNI152NLin6Asym) was done by antsRegistration. All further analyses described hereafter were
done in 2mm?3 MNI-152 standard space (MNI152NLin6Asym).

fMRIprep requests all users to include an unedited and standardised ‘boilerplate’ into
research papers with complete information on the preprocessing programs and versions used. You
can find these boilerplates in Appendix G: fMRIprep boilerplates.

We manually checked all visual reports made by fMRIprep to look for any artifacts in the
fieldmap, BOLD and anatomical coregistrations. Based on the estimated FD motion parameter we
excluded a subblock if its mean FD > 0.3 mm or the maximum FD > 3.0 mm.
fMRI analysis

For all our fMRI models, we used FSL’s Feat (Smith et al., 2004; Version 6.00). To estimate
group-level effects, the modelling exists out of three levels with explicitly different FEAT runs. In the

first level (event-based) we added our main effects and their temporal derivatives as regressors, as
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well as motion confounds estimated by fMRIprep. These were convolved with the Double-Gamma
HRF. Prewhitening was done by FEAT. Spatial smoothing with a FWHM of 6mm was used to strike a
balance between sensitivity for presumed larger activation clusters in the cortex without missing out
on specificity in smaller subcortical regions (using recommendations from Mikl et al. (2008)).

First-level contrasts to estimate the different effects are described below. In the second-level,
fixed effects were used to combine subjects’ runs into one. In the third level, group level activation
was estimated using FLAME1+2. Statistical inference was based on cluster-extend based
thresholding using a primary z-threshold of z>3.1 and a family-wise error (FWE) correction cluster p-
value of p<0.05. The primary threshold was preregistered on Open Science Framework (Reniers et
al., 2025) to be z>2.3, but later consideration showed a more conservative threshold to be more fitting
following recommendations from Woo et al. (2014).

We created two fMRI models to investigate difference in brain activity related to two different
reward operationalisations. In fMRI model 1 (Condition Model), we looked at between block effects
related to the R and NR reward conditions, similar to behavioural model 1. In model 2 (Reward Only
Model), we further investigated the effect of the three different levels of reward (0, 1 and 3 euros)
using linear parametric modulation utilising only the reward condition blocks. This model is not entirely
equivalent to behavioural model 2 because NR trials were excluded from this analysis.

In fMRI model 1 and 2, to investigate brain regions that were responsive to differences in
curiosity levels during curiosity induction, we created an explanatory variable (EV) that consisted of a
boxcar function for the duration of the question presentation screen (4 s) for questions that had a high
curiosity value (calculated by individual median values) and one EV for low curiosity questions. Two
contrasts were created to determine brain regions with higher activation for high versus low curiosity
questions (High curiosity > Low curiosity) and vice versa (Low curiosity > High curiosity).

In fMRI model 1 and 2, the curiosity-motivated subsequent-memory effect was
operationalised using an EV that consisted of a boxcar function for the duration of the answer
presentation screen (2.5 s) for questions that had a high curiosity value and were remembered in the
delayed recall test (excluding all forgotten questions) and one EV for low curiosity questions that were
remembered in the delayed recall test. Two contrasts were made to determine brain regions that

showed a positive curiosity-motivated subsequent-memory effect (High curiosity for remembered
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items > Low curiosity for remembered items) and a negative curiosity-motivated subsequent-memory
effect (Low curiosity for remembered items > High curiosity for remembered items).

In fMRI model 1 and 2, the subsequent memory effect (SME) was operationalised using an
EV that consisted of a boxcar function for the duration of the answer presentation screen (2.5 s) for
answers that were remembered during the delayed recall test and an additional EV for items that
were forgotten during the delayed recall test. Two contrasts were made to determine brain regions
that showed a positive subsequent-memory effect (Remembered delayed recall items > Forgotten
delayed recall items) and a negative subsequent-memory effect (Forgotten delayed recall items >
Remembered delayed recall items).

In fMRI model 1, the reward effect was operationalised by created two EV’s in the 2nd-level
(i.e. the first higher level analysis) in FEAT. Per subject, a NR EV combined their three non-rewarded
blocks. A second R EV combined their three rewarded blocks?. These were combined in three 29-
level contrasts per subject: a mean contrast (NR + R), a positive reward (R > NR) and negative
reward (NR > R) contrast, using fixed effects. This resulted in all 15t level contrasts for curiosity and
the subsequent-memory effects, being split into three: a mean version to obtain their main effect, and
two modulated by the negative and positive reward effect. The main reward effect was based on the
average activity for all questions during the answer presentation screen (1.5 s) by combining all
forgotten en remembered items into a 15t level ‘average answer presentation contrast’ and at the
group inference level (3™ level) looking at the positive and negative 2" level reward modulation
contrasts.

In fMRI model 1, the reward-motivated subsequent-memory effect was operationalised as the
combination of the first level positive subsequent-memory effect contrast (Remembered > Forgotten)
and the 2"d-level reward modulation contrasts for the positive reward-motivated subsequent memory
effect (R>NR) and the negative reward-motivated subsequent-memory effect (NR>R).

In fMRI model 2, the reward effect was operationalised by creating one EV with a boxcar
function during the answer screen presentation (2.5 s) that was parametrically modulated by centred
values of 0, 1 and 3 representing the trial-level reward incentives. Two contrasts, a positive and a

negative reward effect, were made from this parametric reward EV.

2 Of course, we adjusted the design matrix for any missing or excluded blocks.
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In fMRI model 2, the interaction between the curiosity- and reward-motivated subsequent-
memory effects were made by using the Interaction option in the 1st-level Feat design, creating two
EV’s: One positive curiosity-motivated SME interacted with the positive parametric reward EV (High
curiosity for remembered items > Low curiosity for remembered items X positive parametrically
modulated reward) and one negative curiosity-motivated SME interacted with the positive parametric
reward EV (Low curiosity for remembered items > High curiosity for remembered items X positive
parametrically modulated reward).

In both fMRI models, we modelled the randomly jittered ISI crosshairs as well as the incentive
presentation and surprise rating screen as boxcars of their respective durations to account for
activation related to these “irrelevant” stimuli. Additionally, the confound regressors estimated by
fMRlIprep that we added to the design matrix to account for movement in the scanner were:
global_signal, a_comp_cor_00, a_comp_cor_01, a_comp_cor_02, a_comp_cor_03, a_comp_cor_04,
trans_x, trans_y, trans_z, rot_x, rot_y, rot_z, cosine00, cosine01, cosine02, cosine03, cosine04,
cosine05, cosine06, cosine07, cosine08.

Region Of Interest analysis

We conducted ROI analysis using pre-defined anatomical regions as preregistered on Open
Science Framework (OSF) (Reniers et al., 2025). We extracted the average z-value within each ROI
per subject using the 2"-level contrasts from FSL. These were analysed in R (R Core Team, 2023)
using a one-sample two-sided t-test. Statistical significance was determined by an alpha level of
p<.01 as a consequence of a Bonferroni correction for comparing five ROI’s.

To create the ROI masks, we used the cortical and subcortical Harvard Oxford atlases pre-
installed in FSLeyes (S. M. Smith et al., 2004). The vmPFC ROI was defined as a combination of the
subcallosal, frontal medial cortex, anterior cingulate gyrus and paracingulate gyrus cut at MNI z —
value = 4 mm and thresholded at . 10. The left and right inferior parietal lobule were created by
combining all supramarginal and angular gyrus subdivisions and thresholded at .10. The left and right
anterior hippocampus were created using the hippocampus masks cut at MNI y — value = —22 mm
(Zeidman & Maguire, 2016) and thresholded at . 10.

MRI set-up?®

3 We follow the guidelines from Poldrack et al. (2008) in reporting our MRI methods.
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Images were acquired on a Siemens Prisma 3.0T Scanner (model: MAGNETOM 3.0T XR
Numaris/X VA60A-0CT2). Each participant came in for one MRI session, which consisted of 6
subblocks (for each of which we had a separate sequence run). Each subblock had a slightly different
amount of volumes due to the randomly jittered ISI after each screen but contained around 1300
volumes. Volumes were obtained using the epfid (Echo-Planner Imaging) sequence using GRAPPA
acceleration with an acceleration factor of 2. The field of view was set to 210mm, with a 2.5mm slice
thickness and an 84 x 84 x 51 matrix size. The acquisition orientation was transversal, and the
coverage of the z-axis was 51 slices x 2.5mm = 127.5mm. We imaged the whole brain, excluding the
full cerebellum. Acquisition was done using an interleaved order, a TR of 380.0ms, TE 1 of 13.40ms,
TE 2 of 34.80ms, TE 3 of 56.20ms and a flip angle of 75°.

Results
Behavioural results
Model 1: Condition Model

Using our first model we investigated our three behavioural hypotheses; If curiosity was
successful in positively predicting recall; Whether there was a difference in recall probability between
the reward and non-rewarded conditions; And if curiosity and reward negatively interacted in
predicting recall.

Firstly, we compared three sub models of Model 1 to see if adding question items into the
random effects structure or including random correlations improved model predictive capabilities
(Table 7). We found that Model 1c¢, which excluded a random structure for the question items,
performed significantly worse than the maximal model 1a in predicting the data (|AELPD/SE| = 2.91 >
2). Model 1b, which excluded the random correlations within the random effects structure, also
performed significantly worse than the maximal model 1a (|AELPD/SE| = 32.87 > 2). Thus, for Model
1, we will report the results from the maximal model 1a.

Table 1

Model comparison between three different Bayesian Condition models (Model 1)

Model ELPD AELPD SE AELPD/SE p_loo
Model_ 1c:_ MM without random structure for 6740.5 1748.6 53.20 32.87 122.4
question items
Model 1b: MM without random correlations -5008.5 -16.6 5.70 -2.91 604.4
Model 1a: Maximal model (MM) -4991.9 632.9

Note: Bold font indicates a significant effect, where | AELPD/SE| > 2 indicated a significant difference between models. The
maximum model was defined as: is_correct ~ 1 + curiosity * condition * test_type + confidence + (1 + curiosity * condition *
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test_type + confidence | participant_ID) + (1 + curiosity * condition * test type + confidence | question ID). Underscored is the
random structure for question items that was not present in model 1 with respect to the maximal model. The random
correlations in model 2 were removed from the maximal model.

Results (see Figure 2) indicate that curiosity is positively associated with recall likelihood
(8=0.08, Error=0.03, 95% CI[0.03, 0.14]), in line with our hypothesis. The Reward Condition was not
associated with significant changes in the likelihood of recall compared to the No Reward condition
(8=0.06, Error=0.11, 95% CI [-0.15, 0.26]), contrary to our hypothesis. The interaction between the
Reward Condition and curiosity was not associated with recall likelihood either (8=0.02, Error=0.03,
95% CI [-0.04, 0.09]), which was again not in line with our expectations.

Figure 2

Recall as a function of curiosity, reward condition and test time point
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Note: Results show that curiosity is positively associated with recall likelihood. We found no statistical difference in recall
likelihood between the no-reward and reward condition nor an interaction effect between curiosity and condition. Results show
that curiosity is positively associated with recall likelihood. We found no statistical difference in recall likelihood between the no-
reward and reward condition. The legend refers to the two different reward conditions. Confidence bands are 95% confidence
intervals.

As for the covariates, the Immediate Test had a higher recall likelihood than the Delayed Test
(B=0.81, Error=0.10, 95% CI [0.62, 1.02]). Additionally, confidence was positively associated with
recall likelihood (8=0.13, Error=0.02, 95% CI [0.08, 0.18]).

Furthermore, test type did not significantly interact with either the curiosity effect (8=0.00,
Error=0.03, 95% CI [-0.06, 0.06]), the condition effect (8=0.10, Error=0.12, 95% CI [-0.13, 0.33]) or the
interaction between curiosity and condition (8=0.01, Error=0.04, 95% CI [-0.07, 0.09]). For a complete

overview of the results, please refer to Table 4 of Appendix C: Behavioural results.
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Model 2: Reward Levels Model

To better understand the effect of the different reward levels within the reward condition on
recall — compared to the no reward condition — we exploratorily created a new model that splits the
reward condition variable by its three levels: 0, 1 and 3 euro. The effects of each of these rewards are
compared to the reference, NR condition.

Firstly, we compare three sub models of model 2 to see which random effects structure is
optimal (Table 2). We find that model 2c, which excludes the random structure for question items,
performs significantly worse (|AELPD/SE| = 33.18 > 2) than the maximal model (model 2a) in
predicting the data. Model 2b, which excludes the random correlations with respect to the maximal
model, does not significantly perform worse than the maximal model (|AELPD/SE| = 1.75 < 2).
Hence, for Model 2, we will report the more parsimonious model without random correlations (model
2b).

Table 2

Model comparison between three different Bayesian Reward Level models (model 2)

Model ELPD AELPD SE AELPD/SE p_loo
Model_ 2c:_ MM without random structure for 6713.7 1801.7 54.3 3318 211.9
question items
Model 2b: MM without random correlations -4921.1 9.1 5.20 -1.75 912.3
Model 2a: Maximal model -4912.0 920.5

Note: Bold font indicates a significant effect, where | AELPD/SE| > 2 indicated a significant difference between models. The
maximum model was defined as: is_correct ~ 1 + curiosity * reward * test_type + confidence + (1 + curiosity * reward *
test_type + confidence | participant_ID) + (1 + curiosity * reward * test type + confidence | question ID). Underscored is the
random structure for question items that was not present in model 1 with respect to the maximal model. The random
correlations in model 2 were removed from the maximal model.

The estimated model indicates that curiosity is positively associated with recall likelihood
(B=0.07, Error=0.03, 95% CI [0.01, 0.13]), in line with the result from model 1 and with our hypothesis.
The effects of reward levels (in the Reward condition) were compared against the No Reward (NR)
condition trials. Of these three, the difference between NR and 0-euro trials were positively associated
with recall likelihood (8=0.31, Error=0.16, 95% CI [0.01, 0.62]). The difference between NR and 3-
euro trials were also positively associated with recall likelihood (8=0.52, Error=0.17, 95% CI [0.19,
0.88]). For 1-euro trials, the difference with NR trials was not associated with recall likelihood (8=0.27,
Error=0.17, 95% CI [-0.05, 0.60]). These combined results (Figure 3) are seemingly in contrast with
our first model (model 1) in which we found no significant effect of reward condition on recall

likelihood. However, they are partly in line with our hypothesis in which we predicted that reward
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would have a positive effect on recall. However, we did not predict specifically that this reward-effect
would not be present for 1-euro trials.

When looking at the 1-euro reward level, there was a positive interaction between curiosity
and reward on recall likelihood (8=0.12, Error=0.06, 95% CI [0.01, 0.23]). Thus, there is a stronger
effect of curiosity on recall likelihood in 1-euro trials compared to no-reward condition trials. However,
when looking at the 0-euro (8=0.05, Error=0.06, 95% CI [-0.06, 0.16]) and 3-euro (8=0.02, Error=0.06,
95% CI [-0.09, 0.13]) reward levels, the interaction between the reward effect and curiosity was not
associated with recall likelihood. I.e., there was no difference in the strength of the curiosity effect in
NR trials compared to 0- and 3-euro trials. These results are not in line with the results from model 1,
where we found no interaction between reward condition and curiosity on recall likelihood. We did
predict that curiosity and reward would interact, only we expected a negative and not a positive
interaction. Additionally, we did not predict that the interaction between curiosity and reward on recall
likelihood would only exist for 1-euro trials but not the other trials.

Figure 3

Recall as a function of curiosity, reward level and test time point
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Note: Results showed that there was a significantly positive effect of curiosity on recall likelihood. Compared to the baseline
No-Reward condition, 0- and 3-euro trials positively predicted recall likelihood, whilst 1-euro trials did not. Additionally, we found
a positive interaction between curiosity and 1-euro trials (compared to the No-Reward condition), but no interaction was found
for 0- and 3-euro trials. The legend refers the four different reward levels. Error bars are the mean plus and minus the standard
error of the mean.

Additionally, we found that the covariates test type and confidence both had credible intervals

not including zero and were hence found to be associated with recall likelihood. Specifically, there was
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a lower recall likelihood in the Delayed test compared to the Immediate test (8=-0.74, Error=0.09,
95% CI [-0.93, -0.55]), and the higher ones confidence in knowing the answer, the higher the recall
likelihood (8=0.15, Error=0.02, 95% CI [0.10, 0.20]). This agrees with the findings from the first model,
model 1.

Additionally, we found that test type (delayed recall compared to the reference immediate
recall) did not statistically significantly interact with the curiosity effect (6=0.00, Error=0.03, 95% CI [-
0.05, 0.06]), the 0-euro (B8=-0.21, Error=0.16, 95% CI [-0.53, 0.11]), 1-euro (8=-0.22, Error=0.17, 95%
Cl1[-0.54, 0.11]) or 3-euro (5=-0.08, Error=0.17, 95% CI [-0.41, 0.25]) reward effect or the interaction
between curiosity and the 0-euro (8=0.04, Error=0.06, 95% CI [-0.08, 0.17]), 1-euro (8=-0.05,
Error=0.06, 95% CI [-0.17, 0.07]) or 3-euro (8=-0.01, Error=0.06, 95% CI [-0.13, 0.12]) reward effect in
predicting recall likelihood. For a complete overview, please refer to Table 5 in Appendix C:
Behavioural results.

Model 3: Trial Model

The interaction effects in model 1 and 2 were counter to our predictions, so we looked into
explanations of the effect. Previous research has shown that variability in cognition plays an important
factor in behaviour (Judd et al., 2024) so we wondered how the interaction effect changed over time,
as a proxy for variability within the sample. Thus, we created a third (exploratory) model in which we
investigate the temporal progressions of the reward and curiosity effects (see Figure 4). We did this
by including the trial number as a variable in the model and modelled the interactions between trial
number and both curiosity and reward separately (2-way interactions) and together (3-way
interaction). In order to reduce model complexity, and the fact that none of its interactions in the
models described above were significant, we removed the interactions of test type with curiosity and
reward and included it only as a main variable.

The main effect of curiosity on recall likelihood was found to be significantly positive
(B=0.0764, Error=0.0277, 95% CI [0.0217, 0.1304]), consistent with our hypothesis and the results
from model 1 and model 2. For the reward effect, only the 3-euro reward shows a significant increase
in recall likelihood compared to NR trials in this model (=0.6899, Error=0.2071, 95% CI [0.3021,
1.1169]). Conversely, 0-euro trials (8=0.2279, Error=0.1611, 95% CI [-0.0867, 0.5535]) and 1-euro
trials (8=0.2735, Error=0.1897, 95% CI [-0.0852, 0.6676]) did not show to be statistically significantly

predictive of recall likelihood. The fact that the 0-euro effect now has the lowest effect size from the
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three reward levels and is not significant anymore is different from model 2. However, the 3-euro
effect consistently significantly improves recall likelihood in both model 2 and this model. The
hypothesis that reward improves recall likelihood is thus still partly corroborated when correcting for
the effect of trial number.

We found that the main effect of trial was not statistically different from 0 (8=0.0021,
Error=0.0019, 95% CI [-0.0017, 0.0059]), however, trial number did negatively interact with the 3-euro
reward incentive (compared to NR) (8=-0.0114, Error=0.0050, 95% CI [-0.0212, -0.0017]) — i.e. the
further on in the experiment, the less effective the 3-euro reward incentive was.

The interaction effects of curiosity with the 0-euro (8=0.0754, Error=0.0592, 95% CI [-0.0399,
0.1913]) , 1-euro (8=0.0793, Error=0.0598, 95% CI [-0.0391, 0.1957]) and 3-euro (8=-0.0022,
Error=0.0613, 95% CI [-0.1256, 0.1171]) reward levels (compared to NR) all included zero, meaning
there was no statistically significant effect. Thus, compared to model 2, the 1-euro interaction with
curiosity on recall likelihood is now not statistically significant anymore whilst the interactions between
the 0- and 3-euro rewards with curiosity on recall likelihood remain insignificant compared to model 2.

Interestingly, we found that the interaction between trial and all reward levels was positively
modulated by curiosity. The three-way interaction of trial, curiosity and the 3-euro reward (8=0.0039,
Error=0.0017, 95% CI [0.0007, 0.0073]) excluded zero and was thus found to be statistically
significant. Additionally, the 1-euro reward (8=0.0031 Error=0.0015, 95% CI [0.0000, 0.0061]) and the
0-euro reward (8=0.0031, Error=0.0013, 95% CI [0.0005, 0.0057]) were also positive and statistically
significant. This means that the decreasing effectiveness of the 3-, 1- and 0-euro rewards in improving
recall as the trials progressed, became less strong the more a participant was curious for a question.
In other words, curiosity seemed to ameliorate the detrimental effect of trial progression on the reward
effects.

For illustration, in odds ratio terms, this means that at trial 1, the model estimates that the
interaction between curiosity and 0-euro (OR=0.87), 1-euro (OR=0.87) and the 3-euro (OR=0.76)
rewards (with respect to NR) are lower than 1 —i.e. the effect of the respective rewards goes down as
curiosity goes up. Whilst at trial 144, the model estimates that the interaction between curiosity and 0-
euro (OR=1.34), 1-euro (OR=1.35) and the 3-euro (OR=1.32) rewards (with respect to NR) are higher

than 1 —i.e. the effectiveness of the respective rewards goes up as curiosity goes up. Thus, this
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means that the negative interaction effect between curiosity and reward is there — like we predicted —
but only so in earlier trials — a novel finding we did not predict at all.
Figure 4

Effect of trial on recall per reward level and split between low and high curiosity
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Note: The results from model 3 showed that curiosity was found to positively predict recall likelihood. Only 3-euro trials, and not
0- and 1-euro trials, showed to have a significantly higher recall likelihood compared to the No-Reward condition. The main
effect of trial number was not significant, but we found a significantly negative interaction effect between trial number and 3-
euro trials (compared to NR trials). Lastly, we found that the 3-way interactions between trial, curiosity and all three reward
levels was positive. In other words, we found that in early trials there was a negative interaction effect between curiosity and the
three reward levels compared to baseline (NR), and in later terms there is a positive interaction between curiosity and the three
reward levels — which expressed itself as curiosity reducing the negative effect of all rewards on recall.

The legend refers to the four different reward levels. Plots are split based on the by-participant median curiosity. The mixed-
effect regression model included curiosity as a numerical predictor ranging from 1-10, not a categorical split variable. The
confidence bands are 95%-confidence intervals based on the mean proportions correct at each combination of reward level
and curiosity level.

The effect of the covariate test type was significantly different from zero — where recall in the
delayed recall test was lower than in the immediate recall test (6=-0.9309, Error=0.0943, 95% CI [-
1.1196, -0.7488]. Confidence was again positively predictive of recall (8=0.1627, Error=0.0295, 95%
CI1[0.1060, 0.2208]). Both findings are consistent with the results from model 1 and model 2. For a
complete description of the model results, please refer to Table 6 in Appendix C: Behavioural results.
Neuroimaging results

In order to better understand the neural correlates of curiosity and reward and their effects on
memory, we investigate both whole brain activation patterns and BOLD activity for specific regions of
interest (ROI). We investigate our results in two ways. The first, the Condition Model (fMRI model 1),

considers reward as a between-block variable. In this model we compare non-rewarded trials with
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rewarded trials to obtain the reward effect, regardless of the magnitude of the reward in the rewarded
trials. Additionally, we delve deeper in the effect of the different magnitude of reward on brain activity
in a model that only considers the rewarded trials — directly replicating Duan et al. (2020) — the
Reward Only Model (fMRI model 2).

Curiosity induction

Firstly, we investigated neural activity during the induction of curiosity, which takes place
when participants get to see the question (for the second time, after having seen it during the
prescreening out of the scanner), without getting an answer to the question yet. We hypothesised that
high curiosity questions would elicit higher activity in the bilateral IPL and the vmPFC than for low
curiosity questions.

Firstly, we look at regions that show higher BOLD activity during the presentation of high
curiosity questions, compared to low curiosity questions — i.e. activity related to curiosity induction
during the question presentation screen. Due to some estimation problems in the Condition Model
(fMRI model 1), we will only use the results from the Reward Only Model (fMRI model 2) to look into
neural activity related to curiosity induction“.

We see a large cluster with peak activity (see table fMRI model 2: Reward Levels Only Model)
in the left paracingulate gyrus, as well as clusters in the bilateral precuneous, bilateral frontal pole, the
left superior parietal lobule — with overlap of the angular gyrus, a main structure of the inferior parietal
lobule. More clusters were found in the left middle frontal gyrus, left insular cortex, right frontal orbital
cortex, the posterior middle temporal gyrus and lastly in the inferior frontal gyrus pars opercularis
(Figure 5, yellow shade).

When we look at regions where BOLD activity is higher for low curiosity questions compared
to high curiosity questions, we see clusters with peak activity in the bilateral postcentral gyrus and the
right posterior supramarginal gyrus, all overlapping the inferior parietal lobule. Additionally, clusters
were found in the bilateral inferior lateral occipital cortex, the right superior lateral occipital cortex,

right precentral gyrus, right posterior cingulate gyrus, right insular cortex, right frontal pole, one cluster

4 The variation COPE (varcope) for the High Curiosity variable in the first level of the model could not
be estimated properly by FSL FEAT, causing an incapability of the model to compute t-values for the
group level estimates for the variables High, High > Low and Low > High Curiosity during the question
(curiosity induction) presentation.
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in the right thalamus and lastly a cluster with overlap (not peak activity®) in the left anterior
hippocampus and amygdala (Figure 5, blue shade).

To determine more specifically, based on our hypotheses, if our regions of interest are
implicated in curiosity induction, we conducted an ROI analysis. Activity in the right inferior parietal
lobule was significantly lower for high curiosity questions compared to low curiosity questions, M=-
0.38, SE=0.07, tu40=-5.33, p<.001 (Figure 6), partly confirming our hypothesis that the inferior parietal
lobule is implicated in curiosity induction — but against our prediction that activity would be higher for
high curiosity questions, not low curiosity. Contrary to our expectation, BOLD activity in the vmPFC
did not significantly differ between high and low curiosity questions (M=-0.02, SE=0.08, t40=-0.24,
p=.88). Neither did BOLD activity in the left IPL (M=-0.11, SE=0.07, {40=-1.49, p=.144). Even though
we made no hypotheses about activity in the hippocampal formation during curiosity induction, activity
in the right aHPC (M=-0.19, SE=0.11, t40=-1.72, p=.093) and left aHPC (M=-0.17, SE=0.11, {40)=-

1.52, p=.137) was not associated with curiosity.

5 Peak ‘activity’ was in white matter, but the cluster extended into the hippocampus and amygdala.
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Figure 5 Figure 6
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Bonferroni correction to p<.01 for the five-fold comparison.

Curiosity-motivated subsequent-memory effect

We have seen where curiosity induction is associated with BOLD activity in the brain. We are
also interested in how curiosity supports learning and memory. Therefore, we look at the curiosity-
motivated subsequent-memory effect (SME). We do this by comparing activity for remembered
answers only (in the delayed recall) during curiosity relief, i.e. the answer presentation screen. Of
these remembered answers, we compare activity during the answer screen for high curiosity
questions compared to low curiosity questions. We predicted that the bilateral IPL, bilateral aHPC and
vmPFC would show higher activity for high curiosity and remembered questions compared to low
curiosity and remembered questions.

Firstly, within fMRI model 1 (see table fMRI model 1: Condition Model), we look at cluster
activity in the whole brain by investigating where high curiosity questions whose answers were
remembered show higher BOLD activity than low curiosity questions whose answers were
remembered (Figure 7, yellow shade). We find peak activity in clusters in the bilateral superior lateral

occipital cortex with overlap of the bilateral IPL. Additionally a cluster showed peak activity in the left
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anterior paracingulate gyrus with overlap of the vmPFC. We found more clusters in the right superior
frontal gyrus, bilateral frontal pole with an additional cluster in the left frontal pole, bilateral frontal
orbital cortex, the left posterior middle temporal gyrus, and right cerebellum.

Regions where BOLD activity was higher for low curiosity questions whose answers were
remembered than high curiosity questions whose answers were remembered (Figure 7, blue shade)
had peak activity in clusters in the bilateral superior lateral occipital cortex and the left occipital pole —
all with a very small overlap of the IPL in their respective hemispheres. Additional clusters were found
in the right inferior lateral occipital cortex, the right precentral gyrus, the left inferior frontal gyrus pars
opercularis, the right central opercular cortex and lastly the left posterior superior temporal gyrus.

We compare this with the Reward Only Model (see table fMRI model 2: Reward Levels Only
Model) for completeness. Clusters where activity was greater for high curiosity questions whose
answers were remembered than for low curiosity questions (Figure 8, yellow shade) had peak activity
in the left superior lateral occipital cortex, with overlap of the left IPL, as well as the right occipital pole,
left inferior frontal gyrus pars opercularis and left frontal pole.

The opposite contrast, where low curiosity questions show greater activity than high curiosity
questions whose answers are remembered (Figure 8, blue shade) showed clusters with peak activity
in the right postcentral gyrus but extending down into the right IPL. Two clusters in the bilateral
planum temporale, one in the right temporooccipital middle temporal gyrus, one in the right parietal
operculum cortex and one in the left inferior lateral occipital cortex also extended up into the IPL
within their respective hemispheres. A cluster in the right medial frontal pole showed a large overlap
with the right and to a smaller degree the left vmPFC. Additionally, a cluster was found in the left

insular cortex and lastly a cluster overlapping (but not with a peak in) the right thalamus.
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Figure 7 Figure 8
Curiosity-motivated subsequent-memory effect during  Curiosity-motivated subsequent-memory effect during
curiosity relief, whole brain analysis of the Condition curiosity relief, whole brain analysis of the Reward

Model (fMRI model 1) Only Model (fMRI model 2)

Note: Values in this map are group-level z-value. The yellow  Note: Values in this map are group-level z-value. The yellow

shade represents the High Curiosity > Low Curiosity for shade represents the High Curiosity > Low Curiosity for
Remembered items during the answer presentation screen Remembered items during the answer presentation screen
contrast. The blue shade represents the Low Curiosity > contrast. The blue shade represents the Low Curiosity >
High Curiosity for Remembered items during the answer High Curiosity for Remembered items during the answer
presentation screen contrast. presentation screen contrast.

Images are with a Left-Right orientation (neurological Images are with a Left-Right orientation (neurological
convention). MNI152-coordinates (6, 18, -7). convention). MNI152-coordinates (5, -2, -1).

ROI analysis within the condition model (fMRI model 1) showed that BOLD activity in none of
the ROIs was significantly modulated by the curiosity-motivated SME: left aHPC (M=0.00, SE=0.03,
t40=0.13, p=.90), right aHPC (M=-0.02, SE=0.02, f40=-0.65, p=.52), left IPL (M=0.00, SE=0.05,
t409=0.08, p=.94), right IPL (M=0.04, SE=0.06, f40=0.72, p=.48) nor the vmPFC (M=0.10, SE=0.07,
tu=1.37, p=.177) — against our expectation that activity in the IPL, aHPC and vmPFC would have
been. Comparing this with the results from the Reward Only Model (fMRI model 2), we see one
interesting difference. Namely, BOLD activity in the right IPL does seem to be modulated by the
curiosity-motivated SME (M=-0.18, SE=0.06, {(40=-3.00, p=.005); i.e. activity in the right IPL is lower
for high curiosity questions whose answers were remembered compared to low curiosity questions.
This is again partly in line with our hypothesis in the sense that activity in the IPL is associated with
the curiosity-motivated SME. However, it is again our expectation that this effect is negative and not
positive. Activity in the other regions was not significantly modulated by the curiosity-motivated SME:

left aHPC (M=0.09, SE=0.10, t45)=0.88, p=.38), right aHPC (M=0.07, SE=0.10, {0=0.66, p=.51), left
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IPL (M=-0.00, SE=0.06, t40=-0.05, p=.96) and vmPFC (M=-0.09, SE=0.08, t40=-1.13, p=.26) — again,

against our expectations.
Figure 9
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Figure 10
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We are also interested in the effect of reward incentives on BOLD activity. During the

presentation of the reward incentive at the beginning of the trial, different BOLD activity can be the

cause of dissimilar stimuli being presented (a euro coin versus a circle with a question mark).

Therefore, we look into the effect of reward during the remembering stage of the trial — i.e. during the

answer screen presentation. We predicted that the vmPFC would show higher activity within the

reward compared to the no reward condition and that the vmPFC would show higher activity as the

reward magnitude goes up.

A whole brain analysis of the Condition Model (see table fMRI model 1: Condition Model)

results in two significant clusters where BOLD activity is higher in the Rewarded blocks compared to

the No Reward blocks. The first cluster had peak activity in the left occipital pole and the second
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cluster did so in the middle frontal gyrus (Figure 717). There were no significant clusters that showed
greater activity for the No Reward condition compared to the Reward condition.

When we parametrically modulated the reward level (0, 1 or 3 euro) for only those trials in the
rewarded blocks, we find more widespread activity across the brain (see table fMRI model 2: Reward
Levels Only Model). For the positive parametric modulation of reward magnitude (Figure 72, green
shade), we found clusters with peak activity in the left occipital pole, left precentral gyrus, left inferior
frontal gyrus pars triangularis, left posterior middle temporal gyrus and left amygdala but overlapping
the anterior hippocampus. This means that within these regions, a linear increase in reward incentive
was associated with higher BOLD activity. The two clusters from the Condition Model (fMRI model 1)
described above also fall within two of these Reward Only Model (fMIRI model 2) clusters.

Clusters where the reward magnitude negatively parametrically modulated BOLD activity
(Figure 12, blue shade) had peak activity in the bilateral anterior supramarginal gyrus, both falling
mostly within the IPL. A cluster in with its peak in the left superior lateral occipital cortex touched and
very slightly overlapped the posterior part of the IPL. Another cluster in the right paracingulate gyrus
and one with peak activity in the right subcallosal cortex were partially contained within the vmPFC.
Additionally, two separate clusters in the right precuneous cortex, the left superior parietal lobule, the

right precentral gyrus, right superior frontal gyrus and the right frontal pole were found.
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Figure 11 Figure 12
Reward incentive effect during curiosity relief, Parametric modulation of reward incentive during
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ROI analysis within the Condition Model (fMRI model 1), showed that none of the ROIs were
significantly modulated by the reward condition (Figure 13): left aHPC (M=0.13, SE=0.07, t40=1.72,
p=.092), right aHPC (M=0.01, SE=0.03, t40=0.17, p=.87), left IPL (M=0.00, SE=0.06, t.40=0.02,
p=.99), right IPL (M=-0.09, SE=0.09, t40=-0.99, p=.33), vmPFC (M=-0.11, SE=0.08, t40=-1.45,
p=.156). We did not expect to not find any effect in the vmPFC.

Within the Reward Only Model (fMRI model 2) only the right inferior parietal lobule was
significantly modulated by reward incentive magnitude, M=-0.19, SE=0.06, {40=-3.09, p=.004. |.e. the
right inferior parietal lobule showed less BOLD activity as the reward incentive went up in value
(Figure 14) . We did not predict this in our a-priori hypotheses as we described the IPL solely to
curiosity-related processing. This finding suggests a more general motivational role of the right IPL.
The left aHPC did not survive Bonferroni correction (M=0.20, SE=0.09, f40=2.08, p=.044), and the
right aHPC (M=0.19, SE=0.10, t49=2.01, p=.051) and the left IPL (M=-0.06, SE=0.05, tu4p=-1.28,

p=.21) were also not statistically significantly modulated by reward magnitude during curiosity relief.



A Common Currency of Motivation: How Curiosity and Reward Shape the Brain’s Memory Systems

Counter to our expectations, activity in the vmPFC was not related to reward processing either

(M=0.02, SE=0.07, t40=0.24, p=.81).
Figure 13
Reward effect during curiosity relief, ROl analysis for
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Now that we know which brain regions are associated with reward, estimated using both the

condition model (fMRI model 1) and the reward only model (fMRI model 2), we are also interested in

how reward supports memory for trivia question answers, i.e. the reward-motivated subsequent-

memory effect. We hypothesised that activity in the vmPFC and the bilateral aHPC would be higher

for remembered compared to forgotten questions in the rewarded versus the non-reward condition.

We also predicted these regions to increase their activity for the subsequent-memory effect when

rewards increased in magnitude.

Within the Condition Model (see table fMRI model 1: Condition Model), we find that there is

one significant cluster where we find increased activity for the no reward condition compared to the
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rewarded condition in relation to the subsequent memory effect: in the right paracingulate gyrus
(Figure 15). So, BOLD activity here is greater when answers are remembered (compared to
forgotten) and the trial is in a non-rewarded (compared to a rewarded) block. Another way of saying
this is that there is deactivation in the rewarded context in support of the subsequent-memory effect.

More significant clusters were found in the Reward Only Model (see table fMRI model 2:
Reward Levels Only Model). We found clusters whose subsequent-memory effect (activity for
remembered items that is greater than for forgotten items) is positively parametrically modulated by
reward (Figure 16, orange shade) to have peak activity in the left occipital pole, left precentral gyrus,
right inferior frontal gyrus pars triangularis, right posterior temporal fusiform cortex and right superior
lateral occipital cortex — the last of which showed overlap with the right IPL.

For regions where reward negatively modulates activity for the subsequent-memory effect
(Figure 16, green shade), we find peak cluster activity in the right planum temporale and left parietal
operculum cortex, both clusters mostly contained by the IPL. A cluster in the right frontal medial cortex
was fully part of our vmPFC defined volume. Other clusters were found in the left postcentral gyrus,
right frontal pole and right superior lateral occipital cortex, slightly overlapping the posterior part of the
IPL. In other words, when one is rewarded, these regions show a deactivation pattern in support of

the subsequent-memory effect.
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Figure 15
Reward-motivated subsequent-memory effect,
whole brain analysis of the Condition Model (fMRI
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Figure 16

Reward-motivated subsequent-memory effect, whole
brain analysis of the Reward Only Model (fMRI model
2)

Note: Values in this map are group-level z-values. The orange
shade represents the interaction of reward with the
Remembered > Forgotten during the answer screen
presentation contrast, for rewarded blocks only. The green
shade represents the interaction of negative reward with the
Remembered > Forgotten during the answer screen
presentation contrast, for rewarded blocks only. Images are
with a Left-Right orientation (neurological convention).
MNI152-coordinates (3, -27, 22).

ROI analysis of the Reward Only Model (fMRI model 2) showed that none were modulated by

the reward-motivated subsequent-memory effect. The effect in the right aHPC did not survive

Bonferroni correction (M=0.18, SE=0.09, {40=2.04, p=.048). Additionally, activity in the left aHPC

(M=0.13, SE=0.09, t40=1.52, p=.137) and vmPFC (M=-0.07, SE=0.08, t«40=-0.86, p=.0.39) was also

not significantly modulated by the reward-motivated subsequent-memory effect — all counter to our

hypotheses. Activity in the left IPL (M=-0.03, SE=0.06, t40=-0.56, p=.58) and right IPL (M=-0.12,

SE=0.07, t40=-1.78, p=.082) was also not modulated by reward magnitude.
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Figure 17
Reward-motivated subsequent-memory effect, RO/

analysis for the Condition Model (fMRI model 1)
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Figure 18
Reward-motivated subsequent-memory effect, RO/

analysis, for the Reward Only Model (fMRI model 2)
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Overlap in the curiosity- and reward-motivated subsequent-memory effects

We have seen how curiosity and reward separately support memory formation. Comparing

the effects from the Reward Only Model (fMRI model 2) directly (see Figure 19), we see overlapping

activation and a few distinct hubs. We now visually describe these regions — i.e. no statistical method

like conjunction analysis was used for this thesis to determine similarity in activation patterns.

The large occipital pole clusters that stretch bilaterally for both the curiosity- and reward-

motivated SME’s overlapped almost entirely. The curiosity cluster in the inferior frontal gyrus

overlapped partly with that of the reward-cluster that peaked in the precentral gyrus, but the reward-

cluster reached more posteriorly and the curiosity-cluster more anteriorly. The reward-motivated

inferior frontal pole cluster and the curiosity-motivated SME cluster in the frontal pole also overlapped

partly and showed the same posterior-anterior patterns as the former two clusters.

For the negative effects, i.e. higher activity for low curiosity (or deactivation for high curiosity)

and decreased activity for higher reward magnitude, we again find multiple overlapping clusters.
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Activity in the posterior precuneous is only expressed for the negative reward effect but more
anteriorly in the precuneous both effects are represented. Both show overlap across the post- and
precentral gyrus, the bilateral posterior cingulate gyrus as well as the bilateral superior parietal lobule.
Activity in the right IPL is seen for both effects, but in the left IPL, there is a tiny cluster for the reward
effect only. vmPFC activity is represented by two overlapping clusters for both the curiosity- and
reward-motivated SMEs stretching the paracingulate gyrus and frontal pole. Subcallosal activity is
specific to the negative reward-motivated SME effect and a thalamic cluster for the negative curiosity-
motivated SME. Bilateral posterior insular clusters that extended into the planum temporal were also
only found for the curiosity-motivated subsequent-memory effect.

Figure 19

Compatrison between the curiosity- and reward-motivated subsequent memory effects, whole brain analysis of

the Reward Only Model
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Note: Values in this map are group-level z-values. The effects represent the curiosity- and reward-motivated subsequent-
memory effects during the answer presentation screen, i.e. during curiosity relief, for the Reward Only Model. The different
overlays are copies from, in order, Figure 8 and Figure 16 (note that the colours for the reward-motivated subsequent-memory
effect had to be changed from those used in figure 18 to make the overlay more contrasting with the curiosity-motivated SME).
MNI-coordinates (7, -30, -2).
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Reward x Curiosity-motivated subsequent-memory effect

Having seen the commonalities and differences between the curiosity- and reward-motivated
subsequent-memory effects, we are also interested in whether they interact. |.e., does the effect of
curiosity differ when we present rewards compared to no reward or when we modulate the magnitude

of the reward. We exploratorily looked at this effect, since we have made no a-priori hypothesis. We
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found no significant clusters for the former effect. Thus, we found no regions where the effect of the
curiosity-motivated subsequent-memory effect changed between the rewarded and non-rewarded
blocks (fMRI model 1).

We found one cluster in the Reward Only model (see table fMRI model 2: Reward Levels
Only Model), namely in the lingual gyrus (Figure 20). Thus, when the reward magnitude linearly
increased, the lingual gyrus showed an increasing greater activity for high curiosity questions whose
answers were later remembered compared to low curiosity questions.

ROI analysis of the Reward Only model (fMRI model 2) showed that none of the ROIs were
significantly modulated by the interaction between the reward- and curiosity-motivated subsequent-
memory effects (Figure 27). The vmPFC showed marginal significance for the uncorrected alpha
level, M=-0.13, SE=0.06, t40=-2.01, p=.051 — but would nonetheless not survive Bonferroni
correction. The effect in the left aHPC (M=-0.02, SE=0.09, {40=-0.26, p=.80), right aHPC (M=0.03,
SE=0.08, t40=0.32, p=.75), left IPL (M=0.00, SE=0.05, f40=0.08, p=.93) and right IPL (M=0.02,

SE=0.06, t40=0.27, p=.79) were also not statistically significant.
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Figure 20 Figure 21
Interaction between the reward and curiosity- Interaction between the reward and curiosity-
motivated subsequent-memory effect, whole brain motivated subsequent-memory effect, ROl analysis of

analysis of the Reward Only Model (fMRI model 2) the Reward Only Model (fMRI model 2)
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Note: Values in this map are group-level z-values. The Note: The orange bars represent the mean z-value of the
orange shade represents the interaction of the positive respective ROIs for the interaction of the positive parametric
parametric modulation of reward with the High > Low modulation of reward during curiosity relief (i.e. the answer

Curiosity for Remembered items contrast, during the answer  presentation screen) with the High > Low Curiosity for

presentation screen. Images are with a Left-Right orientation ~ Remembered items contrast, from the Reward Only Model.

(neurological convention). MNI152-coordinates (10, -78, - The grey bars represent the mean z-stat of the respective

11). ROls for the interaction with the Low > High Curiosity for
Remembered items contrast. Both contrasts are redundantly
displayed for clarity but note the symmetry. Error bars
represent the mean plus and minus the standard error of the
mean.

Subsequent-memory effect

We have seen how curiosity and reward are expressed functionally in the brain, and how they
might support learning by looking at their respective motivated subsequent-memory effects. In order
to put these results into perspective, we will also exploratorily — i.e. we made no a-priori hypotheses —
look into the unmotivated subsequent memory effect and see how our chosen ROIs behave during
encoding using fMRI model 1 (Condition Model).

During the encoding phase, i.e., the answer presentation screen. We found that both the left
aHPC (M=0.030, SE=0.011, t40=2.85, p=.007) and the right aHPC (M=0.0025, SE=0.0009, {40=2.91,
p=.006) showed significantly higher BOLD activity for later remembered trivia answers compared to
forgotten answers. The left IPL also showed significantly higher BOLD activity for remembered items
(M=0.26, SE=0.06, t40=4.08, p<.001). The right IPL showed a trend where BOLD activity decreased

for remembered items, compared to forgotten items, but this did not survive Bonferroni correction
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(M=-0.15, SE=0.06, tu40p=-2.61, p=.013). The vmPFC did show statistically significantly higher BOLD
activity in the remembered over forgotten trials (M=0.20, SE=0.06, t40=3.07, p=.003).

Figure 22

Subsequent-memory effect, ROl analysis (fMRI model 1)
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Note: The red bars represent the mean z-value of the respective ROls for the Remembered > Forgotten contrast during the
curiosity relief screen, i.e. answer presentation screen, from the Condition Model. The blue bars represent Forgotten >
Remembered contrast. Both contrasts are redundantly displayed for clarity but note the symmetry. Error bars represent the
mean plus and minus the standard error of the mean.

* Indicates that the z-value is significantly different from 0 after Bonferroni correction to p<.01 for the five-fold comparison.

Discussion

In this thesis we aimed to understand the effects of curiosity and reward incentives on
memory formation by looking at both behavioural and neural patterns related to motivated learning.
We found that curiosity is a positive predictor of recall, in accordance with our hypothesis. Rewards
show a more complex pattern; there was no difference in recall likelihood between the reward
conditions (model 1), but when viewed separately, 0- and 3-euro trials — but not 1-euro trials —
positively predicted recall likelihood when compared to the no reward condition (model 2).
Furthermore, within this model only for 1-euro trials (compared to the no-reward condition) there was
a significant, positive interaction effect between curiosity and reward incentives, again counter to our
hypothesis that there would a negative interaction between curiosity and condition. Further
investigation showed that these effects changed when considering trial number (model 3). l.e., the
further on in the experiment, the less effect rewards had on recall compared to the no-reward
condition. Additionally, curiosity seemed to ameliorate this time-dependent deterioration of the reward

effect. Thus, early on in the experiment there was a negative interaction effect — an effect we had
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predicted to span the entire experiment — but later trials showed an opposite positive interaction in
which curiosity decreased the late-onset negative effects that reward had on recall likelihood.
Neurally, we found both positive and negative IPL activity in support of the curiosity- and
reward-motivated SME’s — counter to our ideas that there would only be positive activity for the
curiosity-motivated SME. The hippocampus was implicated with unmotivated but neither motivated
subsequent memory. Within the ROl analyses, the vmPFC was not implicated in either motivated
subsequent-memory effect, however whole brain analysis did show a downregulation of the vmPFC in
support of curiosity and reward-motivated subsequent-memory. Further investigation of the fMRI
BOLD dataset should investigate the temporal changes in the reward effect and the curiosity and
reward interaction effect we found behaviourally to understand how changes in brain states are
associated with changes in motivation and motivated memory.
Curiosity predicts memory formation, supported by diverse IPL neural processing
In all three behavioural models we found that curiosity improves recall, whether it is

immediate (same day) or delayed (a week later). This is in line with previous findings showing that
curiosity can be a strong motivator for memory formation in both immediate and delayed recall (Duan
et al., 2020; Fastrich et al., 2018; Gruber et al., 2014; Kang et al., 2009; Meliss & Murayama, 2022).
Within the nature of the trivia paradigm is the more subjective rating of curiosity we obtain, in contrast
with more computational designs that manipulate for example the level of uncertainty (e.g. Jepma et
al., 2012; Ten et al., 2021; Van Lieshout, Vandenbroucke, Miiller, Cools, & de Lange, 2018) . Future
research could combine stochastic relief of curiosity, implicit measures of curiosity like waiting time
one is willing to pay for an answer (Van Lieshout, Vandenbroucke, Muller, Cools, & de Lange, 2018),
choice of question instead of being given one per se (similar to the choice paradigm used by Ten et al.
(2021) or the pseudo-choice of question used by Hankel (2023)); or the possibility to obtain more
information after curiosity relief (Hankel, 2023) combined within the trivia paradigm to allow a deeper
and less task-specific understanding of curiosity’s effect on memory formation.
Neural activity during curiosity induction

In order to understand how curiosity motivates memory formation, we conducted both region of
interest (ROI) and whole brain analyses. In the whole brain analysis, as predicted, we found left IPL
activity that was higher for high curiosity questions during curiosity induction. Interestingly though, the

left IPL was not modulated within the ROI analysis, perhaps owing to the fact that we used rather
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large ROI's that were anatomically defined by the whole theoretical IPL, whereas specific activity
associated with curiosity processing could be smaller in size, muddying potential statistical
significance. We found a cluster that increased activity in the aHPC for low curiosity compared to high
curiosity questions, counter to our prediction that aHPC activity would only positively show up for the
curiosity-motivated SME. We also found, against our prediction, no cluster in the vmPFC. Previous
research has implicated the left inferior parietal lobule in curiosity induction; Relating it to uncertainty
that correlated with curiosity (Van Lieshout et al., 2018); to positive modulation of curiosity during
question presentation in another trivia experiment (Duan et al., 2020); or to an increase in intersubject
brain similarity within the adjacent supramarginal gyrus in response to high versus low curiosity
(Meliss et al., 2024). Given the results from Van Lieshout, Vandenbroucke, Miiller, Cools, & de Lange
(2018) and the previous activity found in the IPL related to curiosity, the information-gap theory from
Loewenstein (1994) is still a possible explanation of curiosity’s antecedent: namely, that curiosity is a
drive motivated by a need to reduce uncertainty.

Neural activity during curiosity relief: the curiosity-motivated subsequent-memory effect

Within the ROI analysis of the reward only model (fMRI model 2), we found the curiosity-
motivated subsequent-memory effect (SME), measured during curiosity relief, to be modulated by
significant downmodulation of the right IPL. Interestingly, during curiosity induction we also found
significant downmodulation of the right IPL for high curiosity questions. Van Lieshout, Vandenbroucke,
Mdiller, Cools, & De Lange (2018) found the right IPL to be associated with curiosity relief only, and
not induction. Within our whole brain analyses, we found clusters including the bilateral IPL with both
higher activity associated with the curiosity-motivated SME and decreased activity associated with the
curiosity-motivated SME. We did not predict the negative activity in the IPL related to the curiosity-
motivated SME — especially not that there would be both positive and negative modulation of
curiosity-motivated SME within the IPL.

Numssen et al. (2021) found right IPL activity to be especially related to attentional processes.
Uncapher & Wagner (2009) found that subsequent-memory related activity in the ventral posterior
parietal lobule, i.e. the inferior parietal lobule, is mostly negative. Daselaar et al. (2004) also show that
deactivation for remembered items is beneficial during cognitively demanding tasks. This allows us to
interpret our deactivation clusters and ROI results in both curiosity-motivated models as beneficial

downregulation of attentional processing for attributes that are not important for the task at hand.
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The positive modulation of IPL subregions could on the other hand be associated with the actual
processing of curiosity, like uncertainty (resolution). To disentangle these complex and nuanced
results, it is of importance in future research to delve into the specific roles of different subregions
within the IPL that are either associated with curiosity as a construct or with the motivated
subsequent-memory effect and any related attentional processes.

Interestingly, t we did not find hippocampal activity for the curiosity-motivated SME, even though
we did for the unmotivated subsequent-memory effect or for curiosity induction. Gruber et al. (2014)
found hippocampal anticipatory activity during question presentation (curiosity induction) to predict
subsequent memory whilst we measured the SME during the relief stage. Poh et al. (2022b) specify
this by finding that ventral tegmental area (VTA) univariate activity modulated hippocampal pattern
specificity (a measure a trial’s similarity to a typical high curiosity state) which in turn is thought to
influence the effect of curiosity on recall. So perhaps our theory that hippocampal activity during relief
supports motivated memory should be sharpened to anticipatory activity in the hippocampus —i.e.,
there is a ‘warming up’ of the hippocampus during an unrelieved state of curiosity that predicts later
recall whilst it is not hippocampal activity during encoding of the answer that supports motivated
memory formation.

Additionally, within the reward-only model (fMRI model 2), for the curiosity-motivated SME we
found a cluster that showed decreased vmPFC activity for high curiosity and remembered items, in
contrast with our hypothesis. This is remarkable since the unmotivated subsequent-memory effect
was positively associated with vmPFC activity, as vmPFC activity is usually associated with
integrating information with preexisting knowledge (Miendlarzewska et al., 2016). Bialleck et al. (2011)
found the vmPFC to preferentially activate when rewards were predictable, and when they were
remembered whilst Ligneul et al. (2018) found vmPFC activity to correlate positively with surprise
ratings of trivia answers and when they were remembered — i.e. the vmPFC can respond to
predictable rewards or very surprising answers, assuming that answers are rewarding by relieving
curiosity. Further analysis with the surprise and confidence ratings could elucidate the counterintuitive
effect we found in the vmPFC.

Rewards can be helpful in memory formation, but the relationship is nuanced
We found that being in a reward-contingent condition did not result in larger recall benefits

compared to being in a non-rewarded context when ignoring the reward magnitude (model 1).
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However, when we included the magnitude of rewards in model 2, we did find that the potential to win
0 or 3 euros for a correct answer did improve memory later on, however receiving a 1-euro incentive
did not — partly in line with previous research that found rewards to boost memory performance
(Adcock et al., 2006; Wittmann et al., 2008, 2008) or recall within the trivia paradigm (Duan et al.,
2020; Swirsky et al., 2021).

The comparison between trials in the non-rewarded condition and 0-euro incentivised trials in the
rewarded condition showed that the rewarding context contributed to recall performance, even though
the reward incentive itself was worth nothing, in line with previous research (Loh, Deacon, et al.,
2016; Murayama & Kitagami, 2014).

Areason as to why we find these reward-level specific effects might be that the rewarding nature
of the 3-euro (and perhaps 1-euro) incentives could have caused a tonic up-regulation of
dopaminergic release in the SN/VTA that lasted longer than one trial, spilling over into 0-euro trials
and causing 0-euro ‘boosts’ in memory performance (Loh, Kumaran, et al., 2016). Our additional
behavioural analysis (see Appendix D: Additional Analyses, analysis 1) however showed no evidence
for this hypothesis. Secondly, the reward effect might not have depended solely on reward magnitude
but also on reward salience (Madan & Spetch (2012). As the two extremes, 0- and 3-euro trials would
be the most salient. l.e., they earn you the least and the most; they are the most distant from the
average reward; and attentionally the easiest to anchor to. Hence, as the most salient rewards they
would subsequently have to most impact on recall likelihood.

Neural activity related to reward incentives and the reward-motivated subsequent-memory
effect

Reward incentives and the reward-motivated subsequent-memory effect were associated with
widespread clusters across the brain. Within the ROI analysis for the main parametric reward effect,
we found activity in the right IPL to decrease as reward increases, similar to the pattern found for
curiosity induction and relief. In the whole brain analysis, we found that next to the right IPL, the left
IPL also contained a cluster with decreasing activity for higher rewards.

We did not find this effect in the ROI analysis of the reward-motivated subsequent-memory
effect; however, in the whole brain analysis of the reward only model (fMRI model 2) we did find
bilateral downmodulation of activity for the reward-motivated subsequent-memory effect in the IPL

(i.e. when reward increases) — but also an increase in activity for the reward-motivated SME in a
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cluster in a different subregion of the IPL. These complex results resemble those of the curiosity-
motivated SME.

We did not hypothesise that the IPL would be modulated by the reward-motivated SME, but
our results show a similar complex pattern as for the curiosity-motivated SME. Thus, we must adjust
our idea that the IPL is a curiosity-specific region with regard to motivated subsequent-memory.
Dubey et al. (2020) found the IPL to increase its activity in response to increased effort exertion during
a social reward task. Thus, perhaps we found the positive IPL modulation in both curiosity- and
reward-motivated memory because its processing is more related to increased effort: when the
potential to earn more is higher, or when you are more curious, you exert more effort. On the other
hand, the negative modulation of the IPL for reward-motivated SME could be related to decreasing
attention for encoding-unrelated processes — similar to that of the curiosity-motivated SME.

Future research on the topic should focus on more fine-grained neural hypotheses to
elucidate the inner workings of the IPL in motivated memory formation.

Additionally, we found no hippocampal and negative vmPFC activation, equivalent findings to
those of the curiosity-motivated SME. Hippocampal activity could thus be more anticipatory, instead of
during answer presentation. Deactivation of vmPFC activity for high rewards in combination with
subsequent memory is still highly elusive and could be further investigated using surprisal and
confidence ratings in tandem with reward effects.

The interaction between curiosity and reward incentives

Interestingly, we also found a behavioural interaction between reward and curiosity, but only
for 1-euro trials compared to no-reward trials. l.e., for 1-euro trials the effect of curiosity on recall
became stronger than it was in no-reward trials. Within 0- and 3-euro trials, there was no indication of
an interaction effect, relative to the no-reward condition. These results are in stark contrast with the
results from Swirsky et al. (2021), who found a negative interaction, or Duan et al. (2020), who found
no significant interaction between reward and curiosity. Swirsky et al. (2021) hypothesise that
experimental design differences like incidental versus intentional recall or a blocked versus a trial-
based design might relate to the differences in results, however, we have shown that an interaction
can exist in intentional recall and a trial-based reward operationalisation too. Perhaps our interaction

effect is a result of our higher resolution or sensitivity — especially since we used 10 levels of curiosity
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which has been shown to slightly improve sensitivity (Leung, 2011) — opposed to the seemingly three-
bin curiosity scale from Duan et al. (2020).
The temporally dependent curiosity-reward interaction effect: a novel exploratory finding

Recent work has also established that there is considerable variability between people and
trials within cognitive tasks (Judd et al., 2024). We wondered whether variability over time can explain
any of the different findings regarding the interaction effect in the literature. We investigated whether
including trial number — a proxy for how long someone has been doing the experiment — into the
model changes anything in the effects we find.

The most important finding is that for low curiosity questions, there is a positive effect of
reward on recall in early trials, but an undermining effect in later trials — i.e. when reward decreases
performance. This positive effect of reward in early trials was there as well for high curiosity questions
but decreased significantly in late trials — albeit not leading to an undermining effect as it did for low
curiosity questions. This partly aligns our results with those of Swirsky et al. (2021) and Murayama &
Kuhbandner (2011) — namely that at trial 1, we saw that the interaction between all reward conditions
and curiosity is negative. However, as the trials progress, the interaction grows positively, eventually
turning signs. Such that at trial 144 the model estimates that for rewarded trials the effect of curiosity
is increased compared to non-rewarded trials, which does not agree with Swirsky et al. (2021) and
Murayama & Kuhbandner (2011). However, this increase in the reward-curiosity interaction is
characterised by counteracting the undermining effect of rewards on recall in later low-curiosity trials.

Previous research showed that food as a rewarding reinforcer can habituate in animals (Lloyd
et al., 2014) or human children (Temple et al., 2008), where in the latter, novel foods cancelled this
effect. Since there is evidence that food reinforcement behaves similar as reward incentive
reinforcement (Lehner et al., 2017), this might explain the diminishing effectiveness of rewards as the
trials progress. Interestingly, the effect of curiosity did not seem to decrease as time progressed.
Showing there are potential differences in how curiosity versus reward incentives motivate memory
formation.

These results shed light on the importance of the temporal dynamics of motivational effects
and give researchers guidance to look further into the temporal dynamics of interacting motivational
incentives. These temporal dynamics could be of great interest to educational researchers and

educators, since in educational contexts, students are engaged for long periods of time with many
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different intrinsic and extrinsic motivators influencing their behaviour. Understanding the short time-
scale changes in effectiveness of reward reinforcers and the potential benefit of curiosity in
ameliorating any reward-based undermining effects could be of major importance and gives way for
more research into the topic.

Conclusion

We found that curiosity and reward incentives both support long-term semantic memory. Their
combined behaviour is complex and depends on an interaction that changes over trial number,
suggesting under-the-hood temporal dynamics that thus far have not been found and discussed.
Whilst curiosity’s beneficial effect on memory is robust and does not change over time, rewards do
seem to deteriorate in their effectiveness on memory formation. The temporal nature of the interaction
between curiosity and reward is highly relevant to educational contexts. These results highlight the
importance of looking at (temporal) variability when investigating learning and motivation — something
that educational researchers and educators should take note of.

Neurally, the curiosity- and reward-motivated learning effects show very similar activation
patterns. We found complex inferior parietal lobule activations that show both increases and
decreases in activity within different subregions in support of both curiosity- and reward-motivated
subsequent memory. We also found counterintuitive downmodulation of the ventral medial prefrontal
cortex in support of the motivated subsequent-memory effects. Hippocampal activity did not positively
predict motivated subsequent memory during answer presentation, counter to our predictions —
showing it might be more related to anticipatory processes in relation to motivated memory formation.

Overall, we have provided insight in how curiosity and reward are both linked to memory
formation and have opened up new avenues for researchers to form more specific hypotheses on the

similarities and differences between intrinsic and extrinsic motivators of memory formation.
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Appendix A: Descriptives

Table 3

Appendix

Descriptive statistics of the variables of interest including bivariate correlations with 95% confidence intervals (N=43, n=6024)

Mean
Variable SD 1 2 3 4 5
[95%-Cl]
6.21
1. Curiosity 2.70
[6.14, 6.28]
) 3.01 337
- 2.31
Confidence [2.95, 3.07] [.314, .359]
548 .030 -230
3. Surprise 2.99 [-.253, -
[5.40, 5.56] [.005, .056] 206,
4. Immediate 74.04 152 148 -096
Recall [72.93, 75.14] 80 (128, .177) [123,.173]  [-121-
(% correct) R ' e ' e .070]
5. Delayed 64.34 160 160 -139 671
: 47.90
Recall [-.164, -
(% correct) [63.13, 65.55] [135,.184]  [.135,.184] 115] [.657, .685]
6. Condition 0-50 -.005 ~003 003 027 015
: 0.50
(NR(0)—R  Count: 3000 (0), _ [-.028, ] )
) 3024 (1) [-.031, .020] 6.023] [-022,.028] [.001,.052] [-.010, .041]
1.33 023 .009 .036 023 .039
7. Reward* 1.25
[1.29, 1.38] [-012, .059] [-.026,.045] [.000,.072] [-013,.058] [.004,.075]

Note: These descriptives are based on the selected trials after the prescreening, since only 144 trials were further selected for
the MRI and test phases. Correlations are reported with 95%-Cls; SD = Standard Deviation, Cl = Confidence Interval.
* Only for the Reward Condition trials (N=43, n=3024).

Appendix B: Power Analysis

Below is a description of how we estimated power in our preregistration with details that were

not mentioned in the Method Sample size justification paragraph.

In our statistical analysis, we have aimed for the use of (near-) maximal model. For this

analysis, in practice, it turned out that a power calculation using a maximal model was

computationally too time-consuming and resource heavy. Hence, we have only used estimates of the

random intercepts in our models to estimate power.
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We aimed for a power of 80%, given an alpha of 5%. Within the models, this alpha of 5% is
represented by a critical value of 2 (Kumle et al., 2021).

First, we create an artificial dataset of 40 participants times 144 trials - which is based on the
practical number of participants we can sample given the costs of an fMRI experiment and the
number of trials that fit in one continuous MRI session without taking too long (while staying divisible
by six). We shuffle all question id’s between participants and alternate the condition variable value
(effect coded using -1 for a non-rewarded trial and +1 for a rewarded trial). Then, using the dataset
from Fastrich et al. (2018) we calculate the standard deviation for the curiosity and confidence ratings
and randomly assign ratings to all trials based on these standard deviations (the values are
demeaned and hence their mean is 0). We now have an artificial dataset which we will use in the
building of the artificial model. From Fastrich et al. (2018) we get the estimates of the fixed effect of
confidence, and the estimates for the variances of the random intercepts for both the participant and
question random intercepts. We base these estimates on the study from Fastrich et al. (2018)
because Swirsky et al., (2021) don’t report these. Swirsky et al., (2021) do have a reward incentive
included in their paradigm which Fastrich et al. (2018) don’t have, making their available effect sizes
more exemplary of our study. Then, using the effect sizes from Swirsky et al. (2021) and the data-
based estimates from Fastrich et al. (2018) we fit an artificial glmer model using the ‘makeGIlmer’
function from the ‘simr’ package (Green & MacLeod, 2016; Version 1.0.7). Using this artificial model,
and the artificial dataset, we estimate the power for a range of different participant sample sizes using
the ‘mixedpower’ function of the ‘mixedpower’ package (Kumle et al., 2020; Version 0.1.0).

The results from this power analysis are shown in Figure 23 from the appendix. We conclude
that 40 participants and 144 trials are enough to detect the required effect sizes (condition, curiosity
and their interaction) reported in the literature with more than 80% power. We are not interested in the
confidence estimate and only include it as a controlling variable; hence, its power is not of concern to
us.

Figure 23

Estimated effects based on the power analysis
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Note: The confidence effect is not of interest for us and only included as a covariate in the models. We will therefore not be
bothered by its estimated power given a sample of 40.

Appendix C: Behavioural results
Model 1: Condition Model
Table 4

Condition Model: Bayesian mixed-effects model results

95% CI*
Effect Estimate Error
LL uL
Fixed Effects

Intercept 1.01 0.20 0.61 1.41
Curiosity® 0.08 0.03 0.03 0.14
Condition (R) 0.06 0.11 -0.15 0.26
Test (Imm.) 0.81 0.10 0.62 1.02
Confidence® 0.13 0.02 0.08 0.18
Curiosity® x Condition (R) 0.02 0.03 -0.04 0.09
Curiosity® x Test (Imm.) 0.00 0.03 -0.06 0.06
Condition (R) x Test (Imm.) 0.10 0.12 -0.13 0.33
Curiosity® x Condition (R) x Test (Imm.) 0.01 0.04 -0.07 0.09

Note: N=43, n=6024 (number of observations in long format=12048). Effects with a credible interval not including zero are in
bold (excl. intercept). Random effects were estimated for both participants and questions. Cl = Credible Interval; ¢ = centred
variable; LL = Lower Limit; UL = Upper Limit; R = Reward Condition (with respect to the No Reward Condition); Imm. =
Immediate Recall (with respect to the Delayed Recall test).

Model formula: is_correct ~ 1 + curiosity * condition * test_type + confidence + (1 + curiosity * condition * test_type +
confidence | participant_ID) + (1 + curiosity * condition * test_type + confidence | question_ID).

Model 2: Reward Levels Model
Table 5

Reward Level Model: Bayesian mixed-effects model results
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95% ClI 95% CI (OR)
Effect Estimate Error OR
LL UL LL uL
Fixed Effects

Intercept 1.78 0.20 1.38 2.19 5.96 3.99 8.94
Curiosity® 0.07 0.03 0.01 0.13 1.08 1.01 1.14
Reward (0) 0.31 0.16 0.01 0.62 1.36 1.01 1.85
Reward (1) 0.27 0.17 -0.05 0.60 1.31 0.95 1.82
Reward (3) 0.52 0.17 0.19 0.88 1.69 1.21 2.40
Test (Del.) -0.74 0.09 -0.93 -0.55 0.48 0.40 0.57
Confidence® 0.15 0.02 0.10 0.20 1.16 1.11 1.22
Curiosity® x Reward (0) 0.05 0.06 -0.06 0.16 1.05 0.94 1.18
Curiosity® x Reward (1) 0.12 0.06 0.01 0.23 1.13 1.01 1.26
Curiosity® x Reward (3) 0.02 0.06 -0.09 0.13 1.02 0.92 1.14
Curiosity® x Test (Del.) 0.00 0.03 -0.05 0.06 1.00 0.95 1.06
Reward (0) x Test (Del.) -0.21 0.16 -0.53 0.11 0.81 0.59 1.11
Reward (1) x Test (Del.) -0.22 0.17 -0.54 0.11 0.81 0.58 1.12
Reward (3) x Test (Del.) -0.08 0.17 -0.41 0.25 0.92 0.66 1.28
Curiosity® x Reward (0) x Test (Del.) 0.04 0.06 -0.08 0.17 1.04 0.93 1.18
Curiosity® x Reward (1) x Test (Del.) -0.05 0.06 -0.17 0.07 0.95 0.84 1.08
Curiosity® x Reward (3) x Test (Del.) -0.01 0.06 -0.13 0.12 0.99 0.88 1.12

Note: N=43, n=6024 (number of observations in long format=12048). Effects with a credible interval not including zero are in
bold (excl. intercept). Random effects were estimated for both participants and questions. Cl = Credible Interval; ¢ = centred
variable; LL = Lower Limit; UL = Upper Limit; Del. = Delayed Recall (with respect to the Immediate Recall test). Rewards are
compared to the NR condition.

Model formula: is_correct ~ 1 + curiosity * reward * test_type + confidence + (1 + curiosity * reward * test_type + confidence ||
participant_ID) + (1 + curiosity * reward * test_type + confidence || question_ID).

Model 3: Trial Model
Table 6

The effect of trial on recall within an adapted Reward Levels Model: Bayesian mixed-effects model

results
Effect Estimate SE 95% CI
LL uL
Fixed Effects
Intercept 1.9490 0.2280 1.5036 2.4015
Trial (main) 0.0021 0.0019 -0.0017 0.0059
Curiosity® 0.0764 0.0277 0.0217 0.1304
Reward (0) 0.2279 0.1611 -0.0867 0.5535
Reward (1) 0.2735 0.1897 -0.0852 0.6676
Reward (3) 0.6899 0.2071 0.3021 1.1169
Confidence® 0.1627 0.0295 0.1060 0.2208
Test (Del.) -0.9309 0.0943 -1.1196 -0.7488
Trial® x Curiosity® -0.0009 0.0006 -0.0020 0.0003

Trial° x Reward (0) -0.0042 0.0042 -0.0124 0.0041
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Trial® x Reward (1) -0.0031 0.0048 -0.0126 0.0063
Trial® x Reward (3) -0.0114 0.005 -0.0212 -0.0017
Curiosity® x Reward (0) 0.0754 0.0592 -0.0399 0.1913
Curiosity® x Reward (1) 0.0793 0.0598 -0.0391 0.1957
Curiosity® x Reward (3) -0.0022 0.0613 -0.1256 0.1171
Trial® x Curiosity® x Reward (0) 0.0031 0.0013 0.0005 0.0057
Trial® x Curiosity® x Reward (1) 0.0031 0.0015 0.0000 0.0061
Trial® x Curiosity® x Reward (3) 0.0039 0.0017 0.0007 0.0073

Note: N=43, n=6024 (number of observations in long format=12048). Effects with a credible interval not including zero are in
bold (excl. intercept). Random effects were estimated for both participants and questions. Cl = Credible Interval; ° = centred

variable; LL = Lower Limit; UL = Upper Limit; Del. = Delayed Recall (with respect to the Inmediate Recall test). Rewards are
compared to the No Reward condition.

Model formula: is_correct ~ 1 + trial * curiosity * reward + test_type + confidence + (1 + trial * curiosity * reward + test_type +
confidence | participant_ID) + (1 + trial * curiosity * reward + test_type + confidence | question_ID).

Appendix D: Additional Analyses
Additional analysis 1: The effect of 0-euro trials does not depend on past presentation of 3-
euro trials

We found that 0-euro trials showed to have a significant impact on recall compared to trials in
the non-rewarded context. Thus, even though the probability to receive rewards in the NR condition
and 0-euro trials in the R condition was equal (i.e. zero), 0-euro trials still showed higher levels of
recall. Some theories suggest that a long-lasting tonic dopaminergic firing might cause reward-
motivating effects from non-zero rewards (i.e. 1 and 3 euro trials) to ‘bleed’ into temporally proximate
non-rewarded trials (Loh, Kumaran, et al., 2016). To see if proximity to the highest (and only
significant non-zero) reward level — 3 euro — is related to recall, we test whether recall is dependent
on the number of trials since a 3-euro incentivised trial. We use a Bayesian mixed effects model
including reward, the number of trials since the 3-euro reward and their interaction, including by-
question and by-participant random slopes.

We found that recall performance was not based on the number of trials since the previous 3-
euro trial (8=0.019, Error=0.050, 95% CI [-0.078, 0.121]), and this effect also did not interact with 1-
euro (5=0.040, Error=0.089, 95% CI [-0.130, 0.226]) or 3-euro (8=-0.021, Error=0.074, 95% CI [-
0.164, 0.125]) trials compared to 0-euro trials — i.e. there is no evidence that any effect of distance to
3-euro trials is different in 0-euro trials compared to 1- or 3-euro trials. We did find, as would be
expected, that 3-euro trials had higher recall relative to 0-euro trials (8=0.340, Error=0.160, 95% CI [-
0.031, 0.661]), although 1-euro trials did not (6=0.114, Error=0.146, 95% CI [-0.167, 0.409]).

Table 7

Effect of distance to past 3-euro trials on recall
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95% CI*
Effect Estimate SE
LL uL
Fixed Effects
Intercept 1.360 0.209 0.953 1.782
Reward (1) 0.114 0.146 -0.167 0.409
Reward (3) 0.340 0.160 0.031 0.661
Trials since 3 euro 0.019 0.050 -0.078 0.121
Reward (1) x Trials since 3 euro 0.040 0.089 -0.130 0.226
Reward (3) x Trials since 3 euro -0.021 0.074 -0.164 0.125

Note: N=43, n=3024 (number of observations in long format=6048). Only rewarded trials were included. Effects with a credible
interval not including zero are in bold (excl. intercept). Random effects were estimated for both participants and questions. Cl =
Credible Interval; LL = Lower Limit; UL = Upper Limit. Rewards are compared to the No Reward condition.

Model formula: is_correct ~ 1 + trials_since_3euro * reward + (1 + trials_since_3euro * reward | participant_ID) + (1 +
trials_since_3euro * reward + | question_ID).

Additional analysis 2: Ceiling effects

In our second behavioural model (see Model 2: Reward Levels Model), we found that the
interaction effect between curiosity and reward in the reward levels model was only statistically
significantly different from zero for the 1-euro level, and not for the 3-euro level. There might be
reason to suspect a ceiling effect in recall, limiting the ability for the curiosity estimate to interact with
higher levels of reward given that performance is already at or close to maximum. To explore the
possibility of this ceiling effect, we correlate the random slope estimates of the different reward levels
with people’s mean recall performance proportion. We find that there is no significant correlation
between the mean recall performance and the curiosity and 3-euro reward level interaction by-
participant random slope estimates (r=.094, p=.55). Hence, we find no evidence for a ceiling effect
that might drive the fixed effect estimate for the curiosity and 3-euro reward level interaction effect
from these data. See Figure 24 for a graphical representation of these effects.

Additionally, there is no significant correlation between the individual random effect estimates
for the interaction between curiosity and the 3-euro reward and the main effect of curiosity (r=.011,
p=.52). Thus, there is no evidence that for people who were already influenced by curiosity to a higher
degree, that there was no more ‘room’ for an extra curiosity-recall boost by the 3-euro reward.

Figure 24

Ceiling effect
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Note: The Reward level effect is with respect to the NR (No Reward) condition. Random slope estimates are from the by-
participant random structure.

Additional analysis 3: Confirming the inverted-U shape between curiosity and confidence

The level of curiosity one has to get to know an answer to a trivia question and the confidence
they feel for already knowing the answer are known to correlate strongly (e.g. Kang et al., 2009). This
relation is known to be of an inverted-U type. To confirm this relation and provide a rationale for
including confidence as a covariate in our models estimating the effects of curiosity on recall, we ran a
Bayesian mixed-effects model using a Gaussian link function. Curiosity was predicted using the
quadratic formula with a centred and squared transformation of confidence whilst including random
intercepts and random slopes for confidence for both participants and question items.

Model results (N=45, n=11131; see Table 8) indicate a statistically significant negative term for
the squared confidence term (8=-0.11, Error=0.01, 95% CI [-0.13, -0.09]). However, the significance of
this negative square term does not imply a significant inverse-U relation (Uri & Leif, 2014). We use
their proposed two-line method to explicitly test for an inverse-U shape in the relation between
confidence and curiosity.

We estimate two linear regression lines, one left of the maximal confidence value
(confidencemax = 5.57) and one right of the maximal confidence value. If the left line is positive, and
the right is negative, and both are statistically significant, we may conclude that there is an inverse U
shape in the relation between curiosity and confidence. The results (see Table 9) indicate that the left
regression line is indeed positive (8=0.57, Error=0.06, 95% CI [0.46, 0.68]) and the right line is
negative (8=-0.43, Error=0.09, 95% CI [-0.61, -0.25]). Thus, we conclude that the relation between

curiosity and confidence is of an inverse-U shape type.
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Figure 25

Inverse-U relationship between curiosity and confidence

curiosity
[=]

25 5.0 75 10.0
confidence

Note: Each line represents the relationship for one participant.

Table 8

Curiosity as a function of confidence: Bayesian mixed-effects model results

95% CI
Effect Estimate Error
LL UL
Fixed Effects
Intercept 7.10 0.19 6.72 7.47
Confidence 0.41 0.04 0.32 0.49
Confidence® -0.11 0.01 -0.13 -0.09

Note: Sample size was N=45 (not 43 as in the main behavioural analyses) for this model. Total number of trials was n=11131.
Effects with a credible interval not including zero are in bold (excl. intercept). Random effects were estimated for both
participants and questions. *? = square transformation; Cl = Credible Interval.

Model formula is based on the quadratic formula: curiosity ~ confidence + confidence®® + (1 + confidence + confidence® |

participant_ID) + (1 + confidence + confidence*® | question_ID).

Table 9

Two-line interrupted regression for the inverted-U model: Bayesian mixed-effects model results

95% CI
Effect Estimate Error
LL UL
Fixed Effects
Intercept 8.02 0.19 7.65 8.41
Confidence (Left of Max) 0.57 0.06 0.46 0.68

Confidence (Right of Max) -0.43 0.09 -0.61 -0.25
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Line (Right) -0.29 0.15 -0.58 0.00

Note: Sample size was N=45 (not 43 as in the main behavioural analyses) for this model. Total number of trials was n=11131.
Effects with a credible interval not including zero are in bold (excl. intercept). Random effects were estimated for both
participants and questions. Cl = Credible Interval.

Model formula: curiosity ~ confidenceer + confidencegn: + linergn: + (1 + confidenceer + confidencegn + linegn | participant_ID)
+ (1 + confidencen + confidencegn + linegn: | question_ID).

Line is a dummy code with 1 for the right line and 0 for the left line.

Figure 26
The two-line method interrupted regression results for the inverted-U effect of curiosity and

confidence
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Discussion additional analysis 3: Curiosity and uncertainty, an odd relationship

We took the liberty to investigate how curiosity and the confidence in knowing the answer to a
trivia questions are related to each other. Previous findings had shown that they were related
according to an inverse-u shape, where an optimal intermediate level of confidence would predict the
highest level of curiosity (Kang et al., 2009). We indeed found and confirmed this earlier finding by
using an interrupted two-line linear model (Uri & Leif, 2014) which can robustly test for inverse-u
shapes, but is not typically used. These results imply that curiosity is related to uncertainty (the
inverse of confidence), as has been reported before for curiosity for lottery outcomes (Van Lieshout,
De Lange, et al., 2021; Van Lieshout, Traast, et al., 2021; Van Lieshout, Vandenbroucke, Miller,
Cools, & De Lange, 2018) and for perceptual curiosity (Cohanpour et al., 2024). However, these
previous findings showed a linear or mere polynomial relationship between curiosity and uncertainty
and no (inverse-)u shape. Poli et al. (2024) discuss how there exist three potential antecedents of

curiosity: uncertainty, information gain and learning progress and these three can be differently
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combined to enforce optimal exploratory behaviour. Perhaps differences between optimal exploring
demands for perceptual, stochastic lottery and epistemic tasks require different recruitment of
uncertainty which results in these differing confidence/uncertainty-curiosity relationships.
Additional analysis 4: Order effects

We were also interested in whether there are any order effects within the data. Therefore, we
plotted the mean recall performance (both immediate and delayed) as a function of the starting
condition and the condition itself (see Figure 27 and Table 10). Visually, mean proportion correct is
lower for people who started in the No Reward compared to the Reward condition. Their performance
is especially low during the No Reward condition itself (M=65.03, 95% CI [63.36, 66.71]) and gets
boosted in the Reward condition (M=68.97, 95% CI [67.35, 70.60]). To formally test if we can speak of
order effects, we ran a Bayesian Mixed Effects model to predict recall with starting condition, condition
and their interaction. We found no statistically significant estimates (see

Table 11) for any of the effects (i.e. no 95% credible interval excluded 0). Hence, we conclude
there is no evidence for reward condition order effects.

Figure 27

Order effects for the mean proportion of correct answers between reward conditions
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Note: Take note of the scale of the graphs when interpreting the magnitude of these effects.

Table 10

Mean percentage of correct answers between starting reward conditions and reward conditions

Mean
percentage 95% ClI
correct (%)

Reward

Starting Condition Condition
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No Reward

Reward

NR
R
NR
R

65.03 [63.36, 66.71]
68.97 [67.35, 70.60]
71.70 [70.06, 73.35]
71.38 [69.74, 73.02]

Note: Cl = Confidence Interval; NR = No Reward; R = Reward

Table 11

Order effects for the Reward variable: Bayesian Mixed-Effects Model

95% ClI
Effect Estimate Error
LL uL
Fixed Effects
Intercept 1.35 0.18 0.99 1.71
Start Condition (NR) -0.13 0.15 -0.43 0.16
Condition (NR) -0.05 0.05 -0.14 0.05
Start Condition (NR) : Condition (NR) -0.02 0.05 -0.11 0.07

Note: Effects with a credible interval not including zero are in bold (excl. intercept). Random effects were estimated for both
participants and questions. For all variables and their interaction, sum-to-zero contrasts were used. Cl = Credible Interval.
Model formula: is_correct ~ 1 + start_condition * condition + (1 + start_condition * condition | participant_ID) + (1 +

start_condition * condition | question_ID).

Appendix E: Whole brain results
fMRI model 1: Condition Model

Table 12

Whole brain Condition Model significant clusters

Coordinates

Peak Structure Hemisphere ?P;;/s ue g)ilzuester p — value « y

Reward effect (answer screen)

Reward > No Reward

Occipital Pole Left 4.35 191 0.00146 -30 92 -6
Middle Frontal Gyrus Left 43 112 0.0256 -44 12 30
No Reward > Reward

Subsequent-memory effect (answer screen)

Remembered > Forgotten

Superior Frontal Gyrus Left 6.89 17449 0 -4 42 58
Lateral Occipital Cortex, superior division Left 6.66 2878 7.61e-23 -40  -70 32
Cerebellum Right 6.32 546 2.98e-07 14 -82 -28
Lateral Occipital Cortex, superior division Right 5.01 480 1.25e-06 48 -66 32
Cerebellum Left 4.76 310 7.42e-05 -16 -82 -28
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Temporal Fusiform Cortex, posterior
division

Forgotten > Remembered

Precentral Gyrus, medial

Precentral Gyrus, lateral

Lateral Occipital Cortex, inferior division
Lateral Occipital Cortex, inferior division
Insular Cortex

Frontal Pole

Precentral Gyrus, lateral

Superior Frontal Gyrus

Middle Frontal Gyrus

Frontal Pole

Curiosity effect*

Left

Right
Left
Left

Right

Right

Right

Right
Left
Left

Right

5.28

6.33

5.83

5.88

5.97

6.06

6.17

4.87

4.47

4.34

4.3

171

15289

2744

2381

2096

1709

1184

312

304

120

102

0.00392

0

4.06e-22

4.38e-20

2.05e-18

5.09e-16

1.87e-12

7.05e-05

8.68e-05

0.0216

0.0414

Curiosity-motivated subsequent-memory effect (Remembered only; answer screen)

High Curiosity > Low Curiosity (Remembered items)

Superior Frontal Gyrus

Lateral Occipital Cortex, superior division
Frontal Pole

Frontal Pole

Frontal Orbital Cortex

Frontal Orbital Cortex

Middle Temporal Gyrus, posterior division
Frontal Pole

Paracingulate Gyrus

Lateral Occipital Cortex, superior division

Cerebellum

Right
Right
Left
Right
Right
Left
Left
Left
Left
Left

Right

Low Curiosity > High Curiosity (Remembered items)

Lateral Occipital Cortex, superior division
Occipital Pole

Central Opercular Cortex

Lateral Occipital Cortex, inferior

Inferior Frontal Gyrus, pars opercularis
Precentral Gyrus

Lateral Occipital Cortex, superior division

Superior Temporal Gyrus, posterior division

Right
Left
Right
Right
Left
Right
Left

Left

5.12

4.7

4.53

4.26

4.82

4.66

4.15

4.25

4.47

3.94

4.2

4.99

5.6

4.71

4.23

4.55

4.65

4.29

4.32

Reward-motivated subsequent-memory effect (answer screen)

1195

739

336

324

294

193

187

179

177

161

109

3821

1826

682

520

447

360

261

183

2.52e-12

8.1e-09

5.06e-05

6.85e-05

0.000149

0.00252

0.00302

0.00386

0.0041

0.00679

0.0393

2.66e-27

1.66e-16

2.47e-08

7.15e-07

3.58e-06

2.79e-05

0.000359

0.00341

34

38

56

36

28

30

46

20

52

50

20

20

48

20

-2

28

42

68

36

24

66

36

-2

34

14

38

54

10

30

38

36
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Remembered > Forgotten and No Reward > Reward
Paracingulate Gyrus Right 3.74 119 0.0233 6 30 32
Forgotten > Remembered and Reward > No Reward

Paracingulate Gyrus Right 3.74 119 0.0233 6 30 32

Note: Anatomical labels were obtained from the Harvard-Oxford Cortical (and Subcortical) Structural Atlas in FSLeyes, Version
1.5.0 and FSL Version 6.0.6; Cluster significance was determined using a primary z-threshold of 2.3 (p<.01) and a secondary
cluster threshold of p<.05.

* There were no clusters for the High > Low and Low > High curiosity (during the question screen) contrast due to an inability
for FSL to estimate the variance of the High Curiosity COPE. We look more closely at the curiosity effect in the Reward Levels
Only model.

fMRI model 2: Reward Levels Only Model
Table 13

Whole Brain Reward Levels Only Model significant clusters

z Coordinates

Peak Structure Hemisphere value Clst;:éer p — value
(peak) X y z

Curiosity effect (question screen)
High Curiosity > Low Curiosity
Paracingulate Gyrus Left 5.17 1265 8.77e-14 -6 32 40
Precuneous Cortex Bilateral 5.17 1019 7.61e-12 0 -74 32
Frontal Pole Left 4.94 991 1.29e-11 -44 44 -2
Middle Frontal Gyrus Left 4.32 435 1.97e-06 -48 24 42
Superior Parietal Lobule Left 4.81 352 1.69e-05 -34 -58 40
Middle Temporal Gyrus, posterior division Left 4.76 336 2.6e-05 -58 -40 -14
Insular Cortex Left 4.96 294 8.37e-05 -28 24 -2
Frontal Orbital Cortex Right 4.73 240 0.000411 30 26 -4
Inferior Frontal Gyrus, pars opercularis Left 4.3 134 0.014 -50 20 10
Frontal Pole Right 5 129 0.0168 38 40 -10
Low Curiosity > High Curiosity
Lateral Occipital Cortex, inferior division Left 5.61 2630 7.28e-23 -42 -68 -14
Lateral Occipital Cortex, inferior division Right 5.67 2391 2.04e-21 44 -74 -8
Postcentral Gyrus Right 4.97 1660 1.19e-16 46 -26 40
Lateral Occipital Cortex, superior division Right 5.08 1021 7.33e-12 26 -66 46
Postcentral Gyrus Left 5.4 675 7.63e-09 -56 -20 24
Insular Cortex Right 4.36 375 9.18e-06 40 -2 -16
Frontal Pole Right 4.61 324 3.61e-05 34 42 22
Cingulate Gyrus, posterior division Right 4.05 235 0.000479 10 -26 38
Precentral Gyrus Right 4.25 156 0.00634 46 2 32
Supramarginal Gyrus, posterior division Right 4.75 119 0.0245 44 -36 12
Thalamus Right 4.57 114 0.0296 18 -26 4
Choterposkon o bordr funtomater Lt 40z 01 oo @2 8 9
Reward effect (parametric modulation; answer screen)
Positive modulation
Occipital Pole Left 6.45 7791 0 -26  -92 14
Precentral Gyrus Left 4.75 630 2.55e-10 -50 -8 50

Inferior Frontal Gyrus, pars triangularis Left 4.6 525 4.76e-09 -58 28 -4
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Middle Temporal Gyrus, posterior division Left
Amygdala Left
Negative modulation

Precuneous Cortex Right
Precuneous Cortex Right
Superior Parietal Lobule Left
Superior Frontal Gyrus Right
Frontal Pole Right
Supramarginal Gyrus, anterior division Left
Paracingulate Gyrus Right
Lateral Occipital Cortex, superior division Left
Precentral Gyrus Right
Supramarginal Gyrus, anterior division Right
Subcallosal Cortex Right

Subsequent-memory effect (answer screen)

Remembered > Forgotten

Occipital Pole Right
Precentral Gyrus Left
Superior Frontal Gyrus, medial Left
Putamen Left
Superior Temporal Gyrus, posterior division Right
Lateral Occipital Cortex, superior division Right
Thalamus Left
Insular Cortex Right
White matter, cI_uster overlapping the Right
thalamus and hippocampus 9
Temporal Pole Right
Forgotten > Remembered

Superior Parietal Lobule Left
Heschl's Gyrus Left
Ventricle, cluster overlapping thalamus Right
Ventricle (Type 1 error) Left
Lateral Occipital Cortex, inferior division Right
Precuneous Cortex Right
Middle Frontal Gyrus Left
Cerebellum Right
Lateral Occipital Cortex, inferior division Left

4.26
4.44

5.43
5.12
5.15
4.61
4.29
4.4
4.33
3.85
4.72
4.08
3.9

9.72
7.14
5.57

6.39
6.04
6.49
4.78

6.02

8.73
5.94
5.06
5.06
5.6
4.58
5.41
4.52
4.81

144
98

2012
440
358
287
225
210
118
106

94
91
86

16561
5005
729
290
278
254
180
138

126
100

17748
2009
474
418
353
345
321
166
84

0.00229
0.0198

2.68e-23
5.96e-08
7.75e-07
8.64e-06
8.36e-05
0.000149
0.0075
0.0133
0.0242
0.0281
0.0363

0
1.29e-43
1.67e-11
7.33e-06
1.13e-05
2.68e-05
0.000475
0.0029

0.00501
0.0174

0
2.25e-23
1.95e-08
1.19e-07
8.34e-07
1.13e-06

2.5e-06
0.000853
0.0394

Curiosity-motivated Subsequent-memory effect (answer screen; Remembered items only)

High Curiosity > Low Curiosity (Remembered items)

Occipital Pole Right
Inferior Frontal Gyrus, pars opercularis Left
Lateral Occipital Cortex, superior division Left
Frontal Pole Left
Low Curiosity > High Curiosity (Remembered items)

Postcentral Gyrus Right
Planum Temporale Right
Insular Cortex Left

Frontal Pole, medial Right

8.07
4.94
4.74
4.51

5.61
4.69
5.08
4.41

7075
487
328
299

5549
880
334
316

1.78e-08
2.5e-06
6.62e-06

5.97e-13
2.03e-06
3.7e-06

-10

46
36
74
66
42
44

34
74
32

16
42
50

28
44
-18
12

12
26
52
-12

68
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Middle Temporal Gyrus, temporooccipital

part Right 4.04 241 5.19e-05 42 -50 10
Parietal Operculum Cortex Right 4.4 188 0.000397 34 -28 18
Planum Temporale Left 4.31 163 0.00111 -562 -24 8
Ventricle (Type 1 error) Left 4.66 152 0.00177 -22 -46 10
Lateral Occipital Cortex, inferior division Left 5.44 124 0.00611 -48 -66 14
:/Xgli;e;nT:tter, cluster overlapping the Right 4.25 11 0.0112 6 24 18

Reward-motivated Subsequent-memory effect (answer screen; Reward x Subsequent-Memory Effect))

Reward x (Remembered > Forgotten)

Occipital Pole Left 6.27 4732 1.32e-41 -8 -94 -8
Precentral Gyrus Left 4.26 238 5.41e-05 -46 4 46
Inferior Frontal Gyrus, pars triangularis Right 4.21 237 5.62e-05 48 22 12
Temporal Fusiform Cortex, posterior division Right 4.69 146 0.00218 36 -38 -26
Lateral Occipital Cortex, superior division Right 44 114 0.00936 40 -74 52
Reward x (Forgotten > Remembered)

Postcentral Gyrus Left 5.28 1551 2.28e-19 -4 -40 78
Planum Temporale Right 4.89 470 2.62e-08 64 -24 14
Parietal Operculum Cortex Left 4.66 256 2.79e-05 -60 -30 22
Frontal Pole Right 4.1 139 0.00297 8 62 10
Frontal Medial Cortex Right 3.95 109 0.0119 8 52 -8
Lateral Occipital Cortex, superior division Right 3.85 99 0.0193 16 -60 62

Reward x Curiosity-motivated Subsequent-memory effect (answer screen; Reward x (High Curiosity > Low
Curiosity with Remembered items only))

Reward x (High Curiosity > Low Curiosity (Remembered items))
Lingual Gyrus 4.05 186 0.00156 6 -86 -8

Note: Anatomical labels were obtained from the Harvard-Oxford Cortical (and Subcortical) Structural Atlas in FSLeyes, Version
1.5.0 and FSL Version 6.0.6; Cluster significance was determined using a primary z-threshold of 2.3 (p<.01) and a secondary
cluster threshold of p<.05.

Appendix F: Additional discussion of exploratory findings in the whole brain analysis
Processing in the superior parietal lobule

Within both the curiosity- and reward-motivated SME'’s we see significant clusters in the
superior parietal lobule with decreased activity for high curiosity or high reward trials. During the
question presentation, we see no large overlaps of clusters in the SPL related to curiosity. During the
answer presentation, the main effect of reward does show to be negatively modulating activity in the
SPL too.

Murphy et al. (2021) found the superior parietal lobule and default-mode network connectivity
to predict curiosity-motivated memory and Meliss et al. (2024) found a negative effect of curiosity-
motivated SME in the superior parietal lobule using inter-subject representational similarity analysis —
with very similar activity in default-mode and frontal-parietal network areas. Uncapher & Wagner
(2009) explain how the superior parietal lobule is part of a dorsal attention network that is related to

top-down modulation of attention, whereas the ventral network, including the inferior parietal lobule, is
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associated with more bottom-up attention. Their review shows that the superior parietal lobule
generally tends to be positively associate with the subsequent-memory effect, in contrast to our
findings.

Our negatively extending clusters for both motivated-SME effects extend from the mid-
posterior parietal cortex into the precuneus and post- and central gyrus, as it did for Duan et al.
(2020), who attribute this effect to attentional resources needing to be diverted from irrelevant stimuli,
like the reward. Similarly, Daselaar et al. (2004) found that deactivation in relation to the subsequent-
memory effect can be beneficial. Since our main reward effect, and the two motivated subsequent-
memory effects were estimated during answer presentation, when the task demands were mostly
related to remembering the answer and not the task-unrelated motivational aspects of curiosity and
reward, it might have been necessary for the brain to deactivate this regions in support of correct
encoding for later recall.

The anterior insula: a potential intrinsic motivation hub

Within the reward only model, respectively during curiosity-induction and curiosity-relief, clusters
of BOLD activity in the posterior insula showed a downmodulation for high curiosity and the high
curiosity-motivated SME. Contrarily, we saw bilateral clusters within the anterior insula that showed
increased activity for high curiosity levels during curiosity induction and for remembered high curiosity
items (i.e. the curiosity-motivated SME) during curiosity relief within the condition model — similar to
previous findings related to the curiosity-motivated SME (Duan et al., 2020; Meliss et al., 2024; Van
Lieshout, Vandenbroucke, Muller, Cools, & De Lange, 2018). Slightly differently, Jepma et al. (2012)
found anterior insular activity to increase for high perceptual uncertainty states during curiosity
induction and the posterior insula to be related to uncertainty relief.

As Meliss et al. (2024) discuss, the anterior insula has been related to uncertainty processing
during decision-making (e.g. Volz et al., 2005). Ligneul et al. (2018) found that nonspecific curiosity is
related to a reduction in BOLD response in the anterior insula. Another account specifies that the
posterior part of the insula is generally associated with bodily processes. The more anteriorly one
goes, the more that activity in the insula represents abstract, integrated states (Uddin et al., 2017)
such as curiosity related processes.

Di Domenico & Ryan (2017) hypothesize that the anterior insula, as a main constituent of the

salience network (Menon & Uddin 2010), integrates information on what is motivationally valuable and
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will then deploy the central executive network to enact control on behaviour based on this motivational
salience. According to their idea, the anterior insula would be an intrinsic motivation hub. This
hypothesis is in line with our curiosity-related findings and could provide one piece of the puzzle of
motivated memory.

A role for cognitive control in motivated memory formation

We also saw two distinct clusters in the left middle frontal gyrus — a region that encompasses the
dorsolateral prefrontal cortex (dIPFC) — and in the left frontal pole — a region overlapping the rostral
lateral prefrontal cortex (rlPFC) — for high curiosity questions during curiosity induction and high
curiosity remembered questions during curiosity relief (curiosity-motivated SME). Multiple earlier
studies have found the curiosity-motivated SME (Duan et al., 2020; Meliss et al., 2024) or curiosity
induction-related outcome uncertainty (Van Lieshout, Vandenbroucke, Miiller, Cools, & de Lange,
2018) to be related to left or bilateral middle frontal gyrus activity. Gruber & Ranganath (2019) discuss
how their PACE framework predicts that the lateral prefrontal cortex appraises incoming information
gaps and/or prediction errors which would result in either curious, exploratory behaviour or anxiety.

Additionally, within our reward only model, activity in the dIPFC (left MFG) was positively
parametrically modulated by reward magnitude and the reward-motivated SME during answer
presentation. The left IPFC was also positively modulated by reward magnitude during answer
presentation.

Ballard et al. (2011) showed using dynamic causal modelling that the dIPFC was the primary input
in a dIPFC, nucleus accumbens (NAcc) and ventral tegmental (VTA) network for reward-motivated
initiation of behaviour. They conclude that the dIPFC sends information about what is valuable
towards the NAcc and VTA in support of goal-directed behaviour. Similarly, both regions have been
attributed to hierarchical control (Badre & Nee, 2018). The rIPFC is thought to contain schematic
information and this information is sent to the dIPFC. The dIPFC is then thought to function as a
contextual controller on the top of the control hierarchy. In other words, based on the context
behaviour or thoughts are controlled.

Combining these converging findings in our experiment and those of the reward and curiosity
literature, we can interpret the consistent activation of the dIPFC (part of the MFG) and the rIPFC (part
of the frontal pole) in response to the reward, curiosity and motivated SME effects as the prefrontal

system organising the motivational incentives into its control system. Based on the motivational
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incentives (information incentives for curiosity or reward incentives for the euro rewards), the dIPFC
controls what is deemed important enough to remember, and what not. Functional connectivity
analysis of our data could in the future show if there is input into the dIPFC, from the (left) inferior
parietal lobule and insular cortex and output towards the midbrain, NAcc and subsequently the
hippocampus for curiosity and/or reward-motivated memory.

Appendix G: fMRIprep boilerplates

Below are exact copies of the automatically generated boilerplate from the fMRIprep HTML report.
Version 24.1.1

Results included in this manuscript come from preprocessing performed using fMRIPrep 24.1.1
(Esteban et al. (2019); Esteban et al. (2018); RRID:SCR_016216), which is based on Nipype 1.8.6 (K.
Gorgolewski et al. (2011); K. J. Gorgolewski et al. (2018); RRID:SCR_002502).

Preprocessing of Bo inhomogeneity mappings

A total of 2 fieldmaps were found available within the input BIDS structure for this particular subject. A
Bo nonuniformity map (or fieldmap) was estimated from the phase-drift map(s) measure with two
consecutive GRE (gradient-recalled echo) acquisitions. The corresponding phase-map(s) were
phase-unwrapped with prelude (FSL None).

Anatomical data preprocessing

Atotal of 1 T1-weighted (T1w) images were found within the input BIDS dataset. The T1w image was
corrected for intensity non-uniformity (INU) with N4BiasFieldCorrection (Tustison et al. 2010),
distributed with ANTs 2.5.3 (Avants et al. 2008, RRID:SCR_004757), and used as T1w-reference
throughout the workflow. The T1w-reference was then skull-stripped with a Nipype implementation of
the antsBrainExtraction.sh workflow (from ANTSs), using OASIS30ANTSs as target template. Brain
tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was
performed on the brain-extracted T1w using fast (FSL (version unknown), RRID:SCR_002823, Zhang,
Brady, and Smith 2001). Brain surfaces were reconstructed using recon-all (FreeSurfer 7.3.2,
RRID:SCR_001847, Dale, Fischl, and Sereno 1999), and the brain mask estimated previously was
refined with a custom variation of the method to reconcile ANTs-derived and FreeSurfer-derived
segmentations of the cortical gray-matter of Mindboggle (RRID:SCR_002438, Klein et al. 2017).
Volume-based spatial normalization to two standard spaces (MNI152NLin6Asym,

MNI152NLin2009cAsym) was performed through nonlinear registration with antsRegistration (ANTs
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2.5.3), using brain-extracted versions of both T1w reference and the T1w template. The following
templates were were selected for spatial normalization and accessed with TemplateFlow (24.2.0, Ciric
et al. 2022): FSL’s MNI ICBM 152 non-linear 6th Generation Asymmetric Average Brain Stereotaxic
Registration Model [Evans et al. (2012), RRID:SCR_002823; TemplateFlow ID: MNI152NLin6Asym],
ICBM 152 Nonlinear Asymmetrical template version 2009c¢ [Fonov et al. (2009), RRID:SCR_008796;
TemplateFlow ID: MNI152NLin2009cAsym].

Functional data preprocessing

For each of the 6 BOLD runs found per subject (across all tasks and sessions), the following
preprocessing was performed. First, a reference volume was generated from the shortest echo of the
BOLD run, using a custom methodology of fMRIPrep, for use in head motion correction. Head-motion
parameters with respect to the BOLD reference (transformation matrices, and six corresponding
rotation and translation parameters) are estimated before any spatiotemporal filtering using mcflirt
(FSL, Jenkinson et al. 2002). The estimated fieldmap was then aligned with rigid-registration to the
target EPI (echo-planar imaging) reference run. The field coefficients were mapped on to the
reference EPI using the transform. The BOLD reference was then co-registered to the T1w reference
using bbregister (FreeSurfer) which implements boundary-based registration (Greve and Fischl 2009).
Co-registration was configured with six degrees of freedom. Several confounding time-series were
calculated based on the preprocessed BOLD: framewise displacement (FD), DVARS and three
region-wise global signals. FD was computed using two formulations following Power (absolute sum
of relative motions, Power et al. (2014)) and Jenkinson (relative root mean square displacement
between affines, Jenkinson et al. (2002)). FD and DVARS are calculated for each functional run, both
using their implementations in Nipype (following the definitions by Power et al. 2014). The three global
signals are extracted within the CSF, the WM, and the whole-brain masks. Additionally, a set of
physiological regressors were extracted to allow for component-based noise correction (CompCor,
Behzadi et al. 2007). Principal components are estimated after high-pass filtering the preprocessed
BOLD time-series (using a discrete cosine filter with 128s cut-off) for the two CompCor variants:
temporal (tCompCor) and anatomical (aCompCor). tCompCor components are then calculated from
the top 2% variable voxels within the brain mask. For aCompCor, three probabilistic masks (CSF, WM
and combined CSF+WM) are generated in anatomical space. The implementation differs from that of

Behzadi et al. in that instead of eroding the masks by 2 pixels on BOLD space, a mask of pixels that
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likely contain a volume fraction of GM is subtracted from the aCompCor masks. This mask is obtained
by dilating a GM mask extracted from the FreeSurfer’s aseg segmentation, and it ensures
components are not extracted from voxels containing a minimal fraction of GM. Finally, these masks
are resampled into BOLD space and binarized by thresholding at 0.99 (as in the original
implementation). Components are also calculated separately within the WM and CSF masks. For
each CompCor decomposition, the kK components with the largest singular values are retained, such
that the retained components’ time series are sufficient to explain 50 percent of variance across the
nuisance mask (CSF, WM, combined, or temporal). The remaining components are dropped from
consideration. The head-motion estimates calculated in the correction step were also placed within
the corresponding confounds file. The confound time series derived from head motion estimates and
global signals were expanded with the inclusion of temporal derivatives and quadratic terms for each
(Satterthwaite et al. 2013). Frames that exceeded a threshold of 0.5 mm FD or 1.5 standardized
DVARS were annotated as motion outliers. Additional nuisance timeseries are calculated by means of
principal components analysis of the signal found within a thin band (crown) of voxels around the
edge of the brain, as proposed by (Patriat, Reynolds, and Birn 2017). All resamplings can be
performed with a single interpolation step by composing all the pertinent transformations (i.e. head-
motion transform matrices, susceptibility distortion correction when available, and co-registrations to
anatomical and output spaces). Gridded (volumetric) resamplings were performed using nitransforms,
configured with cubic B-spline interpolation.

Many internal operations of fMRIPrep use Nilearn 0.10.4 (Abraham et al. 2014, RRID:SCR_001362),
mostly within the functional processing workflow. For more details of the pipeline, see the section

corresponding to workflows in fMRIPrep’s documentation.

Copyright Waiver

The above boilerplate text was automatically generated by fMRIPrep with the express intention that
users should copy and paste this text into their manuscripts unchanged. It is released under the CCO
license.
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Results included in this manuscript come from preprocessing performed using fMRIPrep 25.1.2
(Esteban et al. (2019); Esteban et al. (2018); RRID:SCR_016216), which is based on Nipype 1.10.0
(K. Gorgolewski et al. (2011); K. J. Gorgolewski et al. (2018); RRID:SCR_002502).

Preprocessing of Bo inhomogeneity mappings

A total of 2 fieldmaps were found available within the input BIDS structure for this particular subject. A
Bo nonuniformity map (or fieldmap) was estimated from the phase-drift map(s) measure with two
consecutive GRE (gradient-recalled echo) acquisitions. The corresponding phase-map(s) were
phase-unwrapped with prelude (FSL None).

Anatomical data preprocessing

A total of 1 T1-weighted (T1w) images were found within the input BIDS dataset. The T1w image was
corrected for intensity non-uniformity (INU) with N4BiasFieldCorrection (Tustison et al. 2010),
distributed with ANTs 2.6.0 (Avants et al. 2008, RRID:SCR_004757), and used as T1w-reference
throughout the workflow. The T1w-reference was then skull-stripped with a Nipype implementation of
the antsBrainExtraction.sh workflow (from ANTs), using OASIS30ANTSs as target template. Brain
tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was
performed on the brain-extracted T1w using fast (FSL (version unknown), RRID:SCR_002823, Zhang,
Brady, and Smith 2001). Brain surfaces were reconstructed using recon-all (FreeSurfer 7.3.2,
RRID:SCR_001847, Dale, Fischl, and Sereno 1999), and the brain mask estimated previously was
refined with a custom variation of the method to reconcile ANTs-derived and FreeSurfer-derived
segmentations of the cortical gray-matter of Mindboggle (RRID:SCR_002438, Klein et al. 2017).
Volume-based spatial normalization to two standard spaces (MNI152NLin6Asym,
MNI152NLin2009cAsym) was performed through nonlinear registration with antsRegistration (ANTs
2.6.0), using brain-extracted versions of both T1w reference and the T1w template. The following
templates were were selected for spatial normalization and accessed with TemplateFlow (24.2.2, Ciric
et al. 2022): FSL’s MNI ICBM 152 non-linear 6th Generation Asymmetric Average Brain Stereotaxic
Registration Model [Evans et al. (2012), RRID:SCR_002823; TemplateFlow ID: MNI152NLin6Asym],
ICBM 152 Nonlinear Asymmetrical template version 2009c [Fonov et al. (2009), RRID:SCR_008796;
TemplateFlow ID: MNI152NLin2009cAsym].

Functional data preprocessing
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For each of the 6 BOLD runs found per subject (across all tasks and sessions), the following
preprocessing was performed. First, a reference volume was generated from the shortest echo of the
BOLD run, using a custom methodology of fMRIPrep, for use in head motion correction. Head-motion
parameters with respect to the BOLD reference (transformation matrices, and six corresponding
rotation and translation parameters) are estimated before any spatiotemporal filtering using mcflirt
(FSL, Jenkinson et al. 2002). The estimated fieldmap was then aligned with rigid-registration to the
target EPI (echo-planar imaging) reference run. The field coefficients were mapped on to the
reference EPI using the transform. The BOLD reference was then co-registered to the T1w reference
using bbregister (FreeSurfer) which implements boundary-based registration (Greve and Fischl 2009).
Co-registration was configured with six degrees of freedom. Several confounding time-series were
calculated based on the preprocessed BOLD: framewise displacement (FD), DVARS and three
region-wise global signals. FD was computed using two formulations following Power (absolute sum
of relative motions, Power et al. (2014)) and Jenkinson (relative root mean square displacement
between affines, Jenkinson et al. (2002)). FD and DVARS are calculated for each functional run, both
using their implementations in Nipype (following the definitions by Power et al. 2014). The three global
signals are extracted within the CSF, the WM, and the whole-brain masks. Additionally, a set of
physiological regressors were extracted to allow for component-based noise correction (CompCor,
Behzadi et al. 2007). Principal components are estimated after high-pass filtering the preprocessed
BOLD time-series (using a discrete cosine filter with 128s cut-off) for the two CompCor variants:
temporal (tCompCor) and anatomical (aCompCor). tCompCor components are then calculated from
the top 2% variable voxels within the brain mask. For aCompCor, three probabilistic masks (CSF, WM
and combined CSF+WM) are generated in anatomical space. The implementation differs from that of
Behzadi et al. in that instead of eroding the masks by 2 pixels on BOLD space, a mask of pixels that
likely contain a volume fraction of GM is subtracted from the aCompCor masks. This mask is obtained
by dilating a GM mask extracted from the FreeSurfer’'s aseg segmentation, and it ensures
components are not extracted from voxels containing a minimal fraction of GM. Finally, these masks
are resampled into BOLD space and binarized by thresholding at 0.99 (as in the original
implementation). Components are also calculated separately within the WM and CSF masks. For
each CompCor decomposition, the kK components with the largest singular values are retained, such

that the retained components’ time series are sufficient to explain 50 percent of variance across the
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nuisance mask (CSF, WM, combined, or temporal). The remaining components are dropped from
consideration. The head-motion estimates calculated in the correction step were also placed within
the corresponding confounds file. The confound time series derived from head motion estimates and
global signals were expanded with the inclusion of temporal derivatives and quadratic terms for each
(Satterthwaite et al. 2013). Frames that exceeded a threshold of 0.5 mm FD or 1.5 standardized
DVARS were annotated as motion outliers. Additional nuisance timeseries are calculated by means of
principal components analysis of the signal found within a thin band (crown) of voxels around the
edge of the brain, as proposed by (Patriat, Reynolds, and Birn 2017). All resamplings can be
performed with a single interpolation step by composing all the pertinent transformations (i.e. head-
motion transform matrices, susceptibility distortion correction when available, and co-registrations to
anatomical and output spaces). Gridded (volumetric) resamplings were performed using nitransforms,
configured with cubic B-spline interpolation.

Many internal operations of f/MRIPrep use Nilearn 0.11.1 (Abraham et al. 2014, RRID:SCR_001362),
mostly within the functional processing workflow. For more details of the pipeline, see the section

corresponding to workflows in fMRIPrep’s documentation.

Copyright Waiver

The above boilerplate text was automatically generated by fMRIPrep with the express intention that
users should copy and paste this text into their manuscripts unchanged. It is released under the CCO
license.
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