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Curiosity for ideas or knowledge is referred to as epistemic 
curiosity, and this form of curiosity is a powerful driver of 
learning. In schools, teachers encourage such curiosity 
from a young age, as the drive to learn new information is 
thought to be linked to academic achievement (von Stumm 
et  al., 2011) and achievement in the workplace (Reio & 
Wiswell, 2000). Curiosity has also been linked to academic 
persistence, question asking, and willingness to spend 
resources on learning (Grossnickle, 2016). In addition, 
studies have demonstrated that the intrinsic desire to seek 
new information is also linked to improvements in learning 
and memory (Kang et al., 2009). Understanding epistemic 
curiosity could therefore have powerful implications for 
classroom practice, and this might be important when 
designing learning programmes for those with learning dis-
orders such as dyslexia. Individuals with dyslexia are 
known to have difficulties learning, particularly when 
information is verbal in nature. However, it is not clear how 
curiosity might interact with learning and memory in this 
group—do those with dyslexia express the same level of 
curiosity for information? Do they get the same curiosity-
driven memory benefits as neurotypical adults? Is this ben-
efit equivalent for visual and verbal tasks? Here, we focus 

on how curiosity about visual and verbal material affects 
learning and memory in adults with dyslexia.

While previous educational research largely focused on 
curiosity as a trait that individuals possess, more recent 
research points to how states of epistemic curiosity influ-
ence learning and memory (reviewed in Grossnickle, 
2016). The link between states of high epistemic curiosity 
and enhanced memory has now been comprehensively 
demonstrated in multiple studies (Brod & Breitwieser, 
2019; Fandakova & Gruber, 2020; Gruber et  al., 2014; 
Halamish et  al., 2019; Kang et  al., 2009). In one of the 
early demonstrations of the role of states of curiosity on 
memory, Kang and colleagues (2009) found that partici-
pants were more likely to remember answers to trivia 
questions they expressed curiosity about, even 11–16 days 
after learning. Heightened states of curiosity can even lead 
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to better encoding of incidental information, such as faces 
presented interspersed between a trivia question for which 
curiosity is expressed, and the answer to the question 
(Fandakova & Gruber, 2020; Gruber et al., 2014). At the 
neural level, curiosity appears to enhance learning through 
increased dopaminergic modulation of hippocampal activ-
ity. High epistemic curiosity is associated with functional 
activity in areas typically associated with reward-process-
ing, such as the caudate nucleus, as well as the midbrain 
and ventral tegmental area (Kang et al., 2009; Lau et al., 
2020). In turn, curiosity-driven memory benefits are asso-
ciated with increased midbrain-hippocampus functional 
connectivity (Gruber et al., 2014). This indicates that curi-
osity can act as an index of intrinsic motivation for learn-
ing, or an anticipation of reward.

Although definitions of epistemic curiosity can vary con-
siderably across studies (Grossnickle, 2016), recent concep-
tualisations have viewed this form of curiosity as a gap in 
knowledge, leading to a drive to acquire new information 
and resolve uncertainty. For instance, the PACE (prediction-
appraisal-curiosity-exploration) framework of curiosity 
(Gruber & Ranganath, 2019) postulates that curiosity is trig-
gered by prediction errors, which indicate that information 
may have value in the future. This framework suggests that 
curiosity-based prediction errors trigger enhanced memory 
encoding, through increases in attention, arousal, and infor-
mation seeking, as well as enhancing the consolidation of 
the received information. The underlying premise is that 
receiving information, or alternately, resolving informa-
tional uncertainty, is inherently rewarding (Bromberg-
Martin & Hikosaka, 2009; Bromberg-Martin & Monosov, 
2020; Charpentier et  al., 2018; FitzGibbon et  al., 2020). 
Supporting this theory, Marvin and Shohamy (2016) dem-
onstrated that information that elicited greater curiosity was 
also associated with greater waiting times in a willingness-
to-wait paradigm, where waiting was used a measure of 
intrinsic reward. Considering information as reward also 
suggests a parallel with the reward-processing literature, 
where the discrepancy between expected and received 
reward (reward prediction error) is associated with learning. 
This framework has recently been extended to examine how 
the discrepancy between the value of expected and received 
information, or an “information prediction error” (IPE), 
might influence learning. Positive IPEs, or instances when 
satisfaction with information received exceeds initial curi-
osity, are associated with better memory in adults (Marvin 
and Shohamy, 2016), as well as in children and adolescents 
(Fandakova & Gruber, 2020). This indicates that it is not 
merely curiosity, but also satisfaction with the information 
received, that drives learning. Indeed, this indicates that a 
new PACE cycle is started when information is received, 
generating prediction errors that can further benefit memory 
(Gruber & Ranganath, 2019).

Investigating the role of states of curiosity during learn-
ing in those with dyslexia may shed light on how to better 

design programmes for those with specific learning diffi-
culties, especially as states of curiosity might be malleable, 
and offer opportunities to enhance learning (Stahl & 
Feigenson, 2015; Subbotsky, 2010). Dyslexia is a neurode-
velopmental disorder characterised by difficulties with 
reading, particularly decoding text. The prevalence of dys-
lexia is estimated at between 3% and 7%, and dyslexia is 
associated with a higher risk of academic difficulty, mental 
health problems, and underemployment (Wagner et  al., 
2020). Individuals with dyslexia are known to read less: 
having a reading disorder has been linked to reductions in 
lifetime exposure to books and print (Snowling et  al., 
2007). This decrease in voluntary reading is thought to 
stem from lifelong difficulties with reading (van Bergen 
et al., 2018). Those with dyslexia have been also shown to 
have difficulties learning semantic information, particu-
larly when this information is verbal in nature. Learning 
difficulties are less marked in the visual domain (Alt et al., 
2017; Clayton et al., 2018). For instance, in a paired asso-
ciate learning tasks, children with dyslexia performed well 
when they learned visual–visual mappings but demon-
strated impairments for learning verbal–visual or verbal–
verbal mappings (Litt & Nation, 2014). To date, relatively 
little research has focused on assessing intrinsic motiva-
tion for semantic information in those with dyslexia. One 
study has shown self-reported curiosity for reading is 
diminished in poor readers in childhood (McGeown et al., 
2012). Yet, it is unclear if by adulthood, intrinsic epistemic 
curiosity will differ in those with dyslexia because of their 
long history of reading difficulty. In other words, do adults 
with dyslexia experience the same level of curiosity, and 
satisfaction with verbal material, as neurotypical individu-
als? If not, is curiosity dampened for verbal material spe-
cifically? Does the relationship between curiosity, reward, 
and memory differ in those with reading disorder?

Here, we assess epistemic differences in curiosity for 
verbal and visual material that taps semantic knowledge. 
We ask if adults with dyslexia present with different levels 
of intrinsic curiosity for these two types of material and 
whether they show the same willingness to wait for infor-
mation as neurotypical adults. We then investigate whether 
curiosity and IPE are associated with better memory and if 
this relationship holds for those with dyslexia.

Methods

Participants

Our aim was to collect a minimum of 30 complete data 
sets in each group. A formal power analysis was not con-
ducted, rather, this was the maximum number feasible 
with available funding. This sample size was also in line 
with or larger than other studies examining the effects of 
curiosity on learning (Kang et  al., 2009; van Lieshout 
et al., 2018).
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We recruited a total of 62 participants for this study (31 
controls [Age M = 28.26, SD = 5.37, 11 females]; 31 adults 
with dyslexia [Age M = 26.06, SD = 6.06, 13 females]). 
Participants were recruited via the participant platform 
Prolific. Participants were between 18 and 40 years of age 
and spoke English as their first language.

We initially invited participants to complete a screening 
session, where they completed demographic information 
including whether they had received a diagnosis of dys-
lexia or any other neurodevelopmental disorders. To iden-
tify controls, we invited participants who answered “no” to 
the Prolific screening question “Literacy Difficulties.” To 
identify participants with dyslexia, we invited participants 
who answered “yes” to the Prolific screening question 
“Literacy Difficulties.” The rationale for further screening 
was to ensure that participants with a self-reported history 
of dyslexia did have a history of reading difficulties (rather 
than spelling difficulties for instance), and in addition, that 
their reading challenges were persistent at the time of test-
ing. All participants were consequently asked to complete 
two brief tests. The first test was the Abbreviated Adult 
Reading History Questionnaire or ARHQ-Brief (Feng 
et al., 2020), which is a questionnaire that allowed us to 
ascertain whether participants had faced reading difficul-
ties in childhood. The second test examined participants’ 
sentence verification ability, which was an objective task 
to allow us to assess reading fluency and comprehension. 
Both measures are described in more detail in the materials 
section below.

Controls were deemed eligible to participate when they 
reported no neurodevelopmental disorders during screen-
ing, and when they scored <.32 on the AHRQ-Brief. We 
also calculated a z-score on the sentence verification task 
described below, participants were required to have a 
z-score > −1 (norms based on performance of 100 con-
trols). We screened 100 participants, of which 73 were eli-
gible to participate. Eligible participants received an 
invitation to participate in the new study; the first 31 par-
ticipants to respond were recruited into the second phase.

Participants with dyslexia were deemed eligible to par-
ticipate on the basis of a self-reported diagnosis of dys-
lexia, an AHRQ-Brief score of >.32. We calculated a 
z-score on the sentence verification task described below, 
participants were required to have a z-score of −1 and 
below to participate. We screened 149 participants, of 
which 66 were eligible to participate. We issued an invita-
tion to all 66; the first 31 participants to respond were 
recruited.

One adult with dyslexia did not complete the memory 
task on Day 2.

Materials

The task was presented using www.gorilla.sc, an online 
experiment platform (Anwyl-Irvine et  al., 2020). Access 

was restricted to those playing using tablets and 
computers.

Screening measures
AHRQ-brief.  The ARHQ-Brief is a 6-item self-report 

questionnaire which is a quick and efficient way to assess 
adults’ reading history. Items included whether partici-
pants had difficulties learning to read in primary school, or 
if they reversed the order of letters or numbers. A previous 
study has shown that this measure is strongly correlated 
with a composite reading ability score (Feng et al., 2020). 
The same study determined that the optimal ARHQ-Brief 
threshold was .32, with scores greater than this indicat-
ing that adults were likely to be poor readers (sensitivity 
72.4%; specificity 81.5%).

Sentence verification task.  Those in the dyslexia group 
self-identified as facing literacy difficulties. We developed 
a sentence verification test to objectively assess partici-
pants’ reading comprehension ability (reading fluency and 
decoding). This test comprised 80 sentences. Participants 
were given 90 s in total to read and verify the truthfulness 
of these sentences, based on real-world knowledge (for 
instance, “All birds are blue”). Each sentence only stayed 
on screen for 3 s. Participants received 1 point for each 
sentence they correctly verified, with a maximum possible 
score of 80. The task can be viewed on Gorilla Open Mate-
rials (https://app.gorilla.sc/openmaterials/237000).

To construct sentences for the sentence verification 
task, we developed a pool of key words. These words were 
drawn from the MRC Psycholinguistic Database, based on 
several characteristics: age of acquisition, concreteness, 
familiarity, imageability, and written frequency. These key 
words were assigned to one of five blocks, with later 
blocks containing more challenging words. Sixteen sen-
tences were generated per block (sentences used in the task 
are available on the OSF, see https://osf.io/j6fp4/). Each 
sentence contained a maximum of two key words, and 
words were not repeated. Sentence length also increased 
across the five blocks. Consequently, over the course of 
the task, we expected the sentences to become more diffi-
cult to read.

Experimental tasks.  We first describe the stimuli used, 
which were common to all experimental tasks, followed 
by the design of the three experimental tasks.

Stimuli.  Stimuli were chosen to tap visual or verbal 
semantic knowledge. In a piloting phase, we established 
that neurotypical adults (N = 30) scored <20% accuracy 
for each item chosen. We also established that curiosity 
and satisfaction ratings showed similar distributions for 
the visual and verbal stimuli in this piloting phase.

For verbal stimuli, we chose 60 unusual words (for 
example, “atoll”). The words selected were either a noun 

www.gorilla.sc
https://app.gorilla.sc/openmaterials/237000
https://osf.io/j6fp4/
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or an adjective—no verbs were included. Each word was 
paired with a definition taken from the Cambridge 
Dictionary (https://dictionary.cambridge.org/). Definitions 
were shortened to eliminate any examples given and to 
ensure that no definition exceeded 15 words. As an exam-
ple, the definition of atoll was “A ring-shaped island 
formed of coral.” Items were selected from a range of 
themes (science and medicine, geography, history, art and 
music, general knowledge, and media) to help ensure a 
spread of curiosity ratings across individuals.

Visual stimuli were drawn from the same themes as the 
verbal stimuli. The visual stimuli were trivia-based ques-
tions with a visual element to the question. For example, 

“Which country has a particular flag?.” We chose 60 items 
in total.

The questions are openly available on Gorilla (https://
app.gorilla.sc/openmaterials/237000).

Willingness to wait task.  In this task, participants were 
presented with the 120 trivia questions described in the 
stimuli section (see Figure 1a for a trial schematic). The 
presentation of visual and verbal questions were inter-
leaved in blocks of 8 (4 visual/ 4 verbal), to ensure that 
participants did not see one type of stimuli excessively at 
any point in the experiment. Within each block, the presen-
tation of items was random. Participants had a maximum 

Figure 1.  Experimental paradigm. Panel (a) shows the willingness-to-wait task, where participants were shown a question and 
three possible choices. If participants chose “Wait,” they waited for the amount of time displayed alongside the trial and were 
then shown the answer. They then rated their satisfaction with the answer. If they chose “Skip” or “Know,” they advanced to 
the next trial after a brief pause of 500 ms. Panel (b) shows the curiosity task participants completed after the willingness-to-wait 
task. Participants rated all the questions they encountered using a 7-point scale (1—Not curious at all, 7—Very Curious). Panel (c) 
shows example trials from the memory task that participants completed on the next day (one visual and one verbal question are 
shown). Participants were given an “I don’t know” option, in addition to the correct answer, and two closely related semantic lures.

https://dictionary.cambridge.org/
https://app.gorilla.sc/openmaterials/237000
https://app.gorilla.sc/openmaterials/237000
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of 10 s to read the question and choose their response. They 
were provided with three response choices: Skip, Wait, 
and Know. If they already knew the answer, they were 
instructed to press the Know key. They were instructed to 
press Skip if they did not know the answer but were not 
interested in finding out the answer, or were not willing 
to wait the amount of time designated by the Wait option. 
After a brief fixation, both the Skip and Know responses 
were followed directly by the next question. Participants 
were instructed to press the Wait button if they did not 
know the answer and were interested in finding out the 
answer, as well as willing to wait the amount of time des-
ignated. The time delays associated with the Wait option 
varied, in 5-s increments, from 10 to 30 s (the time delay 
associated with each item was counterbalanced across 
participants). Upon choosing the “Wait” option, partici-
pants saw a fixation cross for the duration of the wait time 
and then the answer appeared. Once they chose to wait, 
they could not change their choice. Participants were then 
asked to rate their satisfaction with the answer, on a scale 
from 1 (Not satisfied at all) to 7 (Very Satisfied).

Curiosity ratings.  Participants were shown the same 120 
questions they encountered in the willingness-to-wait task 
and were asked to rate their curiosity upon first seeing 
each question. They responded on a scale from 1 (Not at 
all curious) to 7 (Very curious); see Figure 1b. The ques-
tions were randomly ordered.

Memory task.  For use in the memory task, we created 
two alternate definitions (lures) for each word or visual 
item. The lures were written to match the same theme as 
the target word. Particular care was taken to ensure that 
lures did not represent any definition similar to that of the 
target word to avoid confusion. For each target word, the 
fourth option was “I don’t know.”

The memory task was completed at least 24 hrs after the 
session on the first day. Participants saw the same 120 
questions they had seen the previous day and selected the 
answer to each question. If participants picked the correct 
definition/target, the item was scored as accurately 
remembered.

Procedure

As described above, a large pool of participants were ini-
tially screened using the AHRQ-Brief questionnaire and 
the sentence verification task. Once participants completed 
the screening phase, eligible participants were invited to 
participate in the experiment via Prolific. They were 
informed the study involved two parts. However, they 
were not given any details about what was involved on the 
second day.

On the first day, participants provided informed consent. 
They then completed the willingness-to-wait task. 

Participants were instructed that the entire task was expected 
to approximately 45 min; however, in reality, the task was 
not timed to allow participants to experience all the items. 
We embedded three attention checks in the willingness-to-
wait task, that is, a rating scale where participants were 
instructed to press a specific button. We planned to exclude 
participants who did not pass all three attention checks; no 
participant was excluded on this basis. Trials where partici-
pants did not respond using the three options within the 
specified time window (10 seconds) were also excluded.

After the willingness-to-wait task, participants pro-
vided their ratings of curiosity. Participants were sent a 
link to complete the memory task approximately 24 hrs 
after their first session.

Analysis

All analyses were performed using R (R Core Team, 2020). 
Mixed-effect logistic regression models were conducted 
using the lme4 package (Bates et  al., 2014). Plots were 
generated using the effects package for R (Fox & Hong, 
2009).

Decision to wait.  We hypothesised that participant decision 
to wait would be influenced by curiosity. We also hypoth-
esised that the relationship between curiosity and willing-
ness to wait would differ in dyslexia, and this would be 
likely to be the case for verbal stimuli. We therefore 
included a three-way interaction between group, curiosity, 
and stimulus type, including all lower-order interactions 
and main effects. In addition, we expected longer delay 
times to be associated with a reduced willingness to wait. 
The interaction of group, wait times, and stimulus type 
was included in case those with dyslexia behaved differ-
ently with respect to wait times, and in the case of specific 
stimuli. To address these hypotheses, we first excluded 
“Know” trials from the data set. We then fit a model with 
fixed effects including two key terms, (a) all interactions 
and main effects between curiosity, group (Dyslexia vs. 
Control), and type of stimulus (verbal vs. visual), and (b) 
all interactions and main effects of delay time, Group, and 
type of stimulus. Delay time and curiosity scores were 
centred prior to model fit.

Memory.  Our hypothesis was that memory for items would 
be influenced by group, with those with dyslexia remem-
bering fewer items, especially when these were verbal in 
nature. In addition, we expected higher curiosity and 
higher IPE to be associated with better memory. We also 
expected that the relationship between curiosity and IPE 
could differ by group, and might be modulated by stimulus 
type. To address these hypotheses, we first excluded 
“Skip” and “Know” trials from the data set. We then calcu-
lated IPE for each item, specifically, this was different 
between the satisfaction rating provided by a participant 
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for that item and their curiosity for that item. Curiosity and 
IPE were centred prior to model fit. The initial model was 
a maximal fixed-effect model including main effects of 
curiosity, group (Dyslexia vs. Control), type of stimulus 
(verbal vs. visual), and IPE and all interactions between 
these variables. We also fit a similar model with fixed 
effects of main effects and all interactions between curios-
ity, group (Dyslexia vs. Control), type of stimulus (verbal 
vs. visual), and satisfaction.

Model fitting.  To determine the best model structure, we 
constructed initial models with a maximal fixed-effect 
structure as detailed above and random intercepts for 
item and participant only. Using a backwards selection 
procedure, we then removed each interaction within the 
fixed-effect structure, with highest-order interactions 
explored first (i.e, the four-way interaction, then the 
three-way interaction, and so on). At each stage, the 
model was compared to each previous model, using like-
lihood ratio tests (LRTs) to determine any model change, 
with a liberal criterion of p < .20. Where the removal of a 
fixed effect did not affect the model (i.e., p > .2), the 
removal of this fixed effect was deemed justifiable. In 
addition, where the removal of a fixed effect was not jus-
tified, all lower-order interactions were retained. We then 
ascertained if random slopes were warranted. A forward 
model selection process was used, with inclusion criteria 
of p < .2 via LRT. The intercept with the greatest contri-
bution was explored first when establishing random 
slopes. This approach has been taken in other studies that 
have examined word learning and memory (James et al., 
2020). The scripts are available on the OSF (https://osf.
io/j6fp4/).

Results

Curiosity and waiting.  Using the model fitting process out-
lined above, the best fitting model for likelihood of wait-
ing was:

WaitingDecision ~ StimulusType*Group*Curiosity + 
StimulusType*Group*DelayTime + (1 | item) + (1 +  
StimulusType + Curiosity + DelayTime | ID)

Participant choices to wait were informed by their curi-
osity (β = .33, SE = .13, z = 2.61, p = .009) and the wait time 
associated with the trial (β = –.48, SE = .17, z = –2.79, 
p = .005). Specifically, all participants were more likely to 
wait for information they were curious about, and less 
likely to wait when items were associated with longer 
delays (Figure 2a and b). These main effects were interro-
gated using LRTs. A reduced model (where the main effect 
of curiosity was removed while preserving all lower-order 
interactions) was a marginally poorer fit to the data than 
the full model, χ2(1) = 3.01, p = .083. A model where the 
main effect of delay time was removed, while preserving 

all lower-order interactions, was a significantly poorer fit 
to the data, χ2(1) = 5.83, p = .016. Group and type did not 
emerge as significant main effects; for a table showing all 
effects see Supplementary Table 1.

The likelihood of waiting was significantly influenced 
by an interaction between stimulus type and curiosity 
(β = .18, SE = .08, z = 2.17, p = .030). An LRT showed that 
the model including the interaction between type and curi-
osity was a significantly better fit relative to a reduced 
model without the interaction, χ2(2) = 24.82, p < .001. 
Plotting the relationship between curiosity and likelihood 
of waiting for each stimulus type indicated that this rela-
tionship was stronger in the case of the visual stimuli 
(Figure 2c). We also observed an interaction between 
group membership, type of stimuli, and delay time (β = .59, 
SE = .24, z = 2.49, p = .013), and a trend for an interaction 
between group membership, type of stimuli, and curiosity 
(β = .21, SE = .12, z = 1.79, p = .073), see Figure 2c and d. 
An LRT indicated that the model including the three-way 
interaction between group membership, type of stimuli, 
and delay time offered a significantly better fit relative to a 
model without the interaction, χ2(1) = 5.83, p = .016, and 
the model including group membership, type of stimuli, 
and curiosity was a marginally better fit to a model without 
this interaction, χ2(1) = 3.01, p = .083.

To understand the two three-way interactions better, we 
focused on each type of stimuli independently. Given con-
vergence issues, we used simple models with random 
intercepts alone. We first examined the effects of 
Group*Curiosity and Group*Delay Time in decisions to 
wait for visual stimuli. As in the main model, we found 
significant main effects of curiosity and wait time. 
Importantly, we also observed a significant interaction 
between Group and curiosity, β = .30, SE = .06, z = 4.90, 
p < .001. On plotting this interaction, we observed that the 
slope of the relationship between curiosity and likelihood 
of waiting was steeper in those with dyslexia. The interac-
tion between group and wait time was not significant in the 
case of the visual stimuli, p = .293. We then modelled the 
same fixed effects to assess how they modulated decisions 
to wait for verbal stimuli. As before, we observed signifi-
cant main effects of curiosity and wait time. The interac-
tion between group and curiosity (p = .38) was not 
significant. The interaction between group and wait time 
was significant, β = –.33, SE = .16, z = 2.09, p = .037. Those 
with dyslexia were less likely to wait when delay times 
were longer. Taken together, this suggests the three-way 
interaction between group, stimulus type, and curiosity 
was driven by a steeper slope between curiosity and likeli-
hood of waiting in the participants with dyslexia for the 
visual stimuli. The three-way interaction between group, 
stimulus type, and delay time was driven by a steeper slope 
between delay time and likelihood of waiting in the par-
ticipants with dyslexia for verbal stimuli alone.

We additionally assessed if sentence verification scores 
might modulate the aforementioned pattern of effects, by 

https://osf.io/j6fp4/
https://osf.io/j6fp4/
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adding these scores as a fixed effect in our best-fitting 
model. The expanded model with these scores did not offer 
a substantially better fit to the data, χ2(1) = 1.53, p = .22.

Curiosity, IPE, and memory.  Using the model fitting process 
outlined above, the best-fitting model for likelihood of 
remembering an item was:

Memory ~ IPE*Group + Curiosity*StimulusType + (1 
| item) + (1 + StimulusType | ID)

Participant memory was influenced by group (β = –.77, 
SE = .29, z = –2.67, p = .008), curiosity (β = .25, SE = .06, 
z = 4.41, p < .001), and IPE (β = .33, SE = .05, z = 7.14, 
p < .001), see Figures 3a–c (see Supplementary Table 2 for 

Figure 2.  Participants were more likely to wait for an answer when (a) they expressed greater curiosity, or (b) they encountered 
a longer delay time. (c) All participants were more likely to wait when they were curious about visual information (illustrated in 
orange, this relationship was attenuated for verbal information (illustrated in blue)). (d) Relative to controls, participants with 
dyslexia were more likely to wait for visual information they were curious about (illustrated in orange)). Both groups showed a 
similar relationship between curiosity and waiting times in the case of verbal information (illustrated in blue). (e) Participants with 
dyslexia were less likely to wait for verbal information (illustrated in blue) that was associated with longer wait times, relative to 
visual information (illustrated in orange). In all plots, solid lines indicate the influence of the factor on the probability of deciding to 
make a “wait” decision. Lines are scaled by response. The bands around the solid lines indicate the 95% confidence interval. The 
black lines on the x-axis visually indicate the number of observations at each level of the factor.
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the full model). Across both stimulus types, adults with 
dyslexia remembered fewer items than controls. A reduced 
model where the main effect of group was removed while 
preserving all lower-order interactions was a poorer fit to 
the data than the full model, χ2(1) = 6.93, p = .008. People 
were also more likely to remember items for which they 
expressed greater curiosity. A reduced model (where the 
main effect of curiosity was removed while preserving 
lower-order interactions) was a much poorer fit to the data 
than the full model, p < .001. In addition, people were 
more likely to remember items when IPE was more posi-
tive, that is, when satisfaction was greater than curiosity. A 

reduced model without the main effect of IPE also offered 
a poorer fit to the data, p < .001.

The likelihood of remembering an item was also influ-
enced by an interaction between stimulus type and curios-
ity (β = .17, SE = .06, z = 2.63, p = .008). A reduced model 
without this interaction was a poorer fit to the data, 
χ2(1) = 6.74, p = .009. When examining the effect of curi-
osity in each stimulus type independently, we found that 
although curiosity was a significant predictor of memory 
for both stimulus types, the relationship between curiosity 
and memory was stronger in the case of the visual stimuli, 
see Figure 3d.

Figure 3.  Participants were more likely to remember information when they (a) expressed greater curiosity, or (b) had positive 
information prediction errors or IPEs. (c) Participants with dyslexia were less likely to remember items than controls. (d) The 
relationship between curiosity and memory was stronger for visual items (illustrated in orange), relative to verbal items (illustrated 
in blue). This relationship is plotted pooling over those with dyslexia and those without, as the three-way interaction was not 
significant. (e) Adults without dyslexia were more likely to remember information when they had a positive information prediction 
error, that is, when they found the answer more satisfying than their rated curiosity. Adults with dyslexia showed a significant but 
weaker relationship between IPE and memory. In all plots, solid thick lines indicate the influence of the factor on the probability of 
remembering items. The coloured bands around the solid lines, or the error bars in plot C, indicate the 95% confidence interval. 
The black lines on the x-axis indicate the number of items per level of the factor.
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Finally, we observed that the likelihood of remember-
ing an item was also influenced by an interaction between 
group and IPE, (β = .14, SE = .05, z = 2.67, p = .007). A 
reduced model without this interaction was a poorer fit to 
the data, χ2(1) = 6.998, p = .008. We found that both groups 
showed significant main effects of IPE, but this relation-
ship was attenuated in those with dyslexia, see Figure 3e. 
In other words, those with dyslexia showed a reduced 
effect of IPE on memory.

As before, we assessed if sentence verification scores 
might modulate this pattern of effects, by adding these 
scores as a fixed effect in our best-fitting model. The 
expanded model with these scores did not offer a substan-
tially better fit to the data, χ2(1) = .575, p = .45.

Given that IPE was the difference between satisfaction 
and curiosity, we sought to confirm the effect of these two 
factors on memory independently. We built a model where 
we included curiosity and satisfaction, in addition to group 
and type. The results were broadly consistent with the 
model described above. In brief, we observed a significant 
main effect of group and satisfaction, an interaction 
between type and curiosity, an interaction between group 
and curiosity, and a trend for an interaction between group 
and satisfaction (see Supplementary Table 3 for full model 
results). This model did not offer a better fit to the data 
relative to the model using IPE, p = .22. Given that the 
model with IPE removed the potential effect of curiosity 
on satisfaction, we chose to use the model with IPE. Taken 
together, these results suggest that curiosity and satisfac-
tion influence memory and that this relationship is differ-
ent in adults with dyslexia.

Discussion

In this study, we examined whether adults with dyslexia 
would show the same effect of curiosity on waiting times, 
and curiosity-driven memory enhancements, as neurotyp-
ical adults. We additionally examined how stimulus type 
(visual/verbal) might affect our conclusions. We used a 
willingness-to-wait task to assess if participants found 
information rewarding and were willing to spend time 
waiting for these pieces of information. We found that 
participants were more likely to wait for information 
when they were curious. We observed that the relationship 
between curiosity and likelihood of waiting was stronger 
in the case of visual stimuli. In addition, we found that for 
visual stimuli alone, the relationship between curiosity 
and likelihood of waiting was stronger in those with dys-
lexia relative to controls. Finally, our results from the 
willingness-to-wait task suggested that those with dys-
lexia were less likely to wait longer intervals for verbal 
stimuli, suggesting that they placed lower intrinsic value 
on these items. When investigating memory for items pre-
sented, we observed that adults with dyslexia had poorer 
memory than adults without dyslexia. However, in line 

with the literature on curiosity and memory, we found that 
participants with and without dyslexia were more likely to 
remember information they expressed greater curiosity 
about. In addition, we observed that type of stimuli modu-
lated the effect of curiosity on memory. Curiosity had a 
stronger influence on memory for visual items, relative to 
verbal items. Finally, we found that IPEs, which index the 
disparity between anticipated value of information and 
judgement of the information received, were positively 
predictive of memory. Interestingly, this relationship 
between IPE and memory and was stronger in controls 
than in adults with dyslexia.

Broadly speaking, our results are entirely consistent 
with previous research on curiosity. For instance, we repli-
cate effects of curiosity on the likelihood of waiting for 
information (Kang et al., 2009; Marvin & Shohamy, 2016; 
van Lieshout et al., 2018, 2019) and on memory (Fandakova 
& Gruber, 2020; Jepma et  al., 2012; Kang et  al., 2009; 
Marvin & Shohamy, 2016). We used varying wait times 
and presented it to participants as a positive control, and 
indeed, we did find that longer wait times were associated 
with a reduced likelihood of waiting (Marvin & Shohamy, 
2016; Roberts et al., 2020). Finally, we replicated findings 
suggesting that satisfaction, or specifically the discrepancy 
between the anticipated value of expected information and 
judgement of information received, modulates memory 
beyond curiosity (Fandakova & Gruber, 2020; Marvin & 
Shohamy, 2016; McGillivray et al., 2015). Taken together, 
this increasing points to need to understand intrinsic moti-
vation and active sampling, moving beyond participant 
responses to externally imposed stimuli and thinking about 
how states of curiosity influence learning (Gottlieb & 
Oudeyer, 2018; Gross et al., 2020; Kidd & Hayden, 2015). 
Below, we highlight the effects of stimulus type and group, 
which we focused on in this experiment.

Stimulus type modulates the relationship 
between curiosity and the likelihood of waiting 
for information

Previous studies have used trivia questions to examine the 
relationship between curiosity, reward, and memory. Here, 
we built on these studies by building two different sets of 
stimuli, specifically, questions that were visual in nature 
(similar to trivia questions in previous studies but drawing 
on some visual knowledge), and questions that involved 
verbal knowledge (learning the meaning of unusual 
words). We found that for both types of stimuli, increased 
curiosity was associated with a greater likelihood of wait-
ing for information, suggesting both verbal and visual 
information was perceived as rewarding. For the visual 
stimuli, this finding was entirely consistent with the exist-
ing literature using trivia questions (Fastrich et al., 2018; 
Kang et al., 2009; Marvin & Shohamy, 2016). However, it 
is worth emphasising that our visual questions were quite 
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diverse, tapping quite distinct themes. In addition, although 
all questions required an association, in some cases, this 
was more abstract such as the association between a coun-
try and its flag, and in other cases a unique visual image 
was shown and then participants were asked to label it. 
Given this, it is useful to see that the relationship between 
curiosity and waiting was replicated for these stimuli. It 
would be interesting to parse this further and assess if spe-
cific types of visual stimuli would be associated with dif-
ferent likelihood functions.

In this vein, our findings using verbal stimuli extend the 
literature somewhat beyond the typically used trivia ques-
tions, suggesting that participants showed curiosity for 
learning the meaning of novel words. Ripollés and col-
leagues have previously shown that extracting the mean-
ing of words from context during reading is intrinsically 
rewarding, associated with greater subjective ratings of 
pleasure, brain activity in reward-related regions, and with 
memory gains associated with reward (Bains et al., 2020; 
Ripollés et al.,2016, 2014). Our findings add to this line of 
research and show that participants are willing to spend 
time waiting for the meaning of words when they are curi-
ous. This further reinforces the idea that learning word 
meaning is rewarding.

Our stimuli were designed to tap epistemic curiosity, 
rather than perceptual curiosity. However, perceptual 
would be an interesting domain to explore further. 
Perceptual curiosity is typically aroused by novel, strange, 
or ambiguous stimuli. For instance, Jepma and colleagues 
(2012) used a task where participants were shown blurred 
pictures, these pictures were revealed, and participants had 
to later remember these pictures. Participants’ curiosity 
was relieved when the ambiguity was resolved, and this 
was associated with increased activity in reward-process-
ing areas in the brain, as well as improved incidental mem-
ory for items. In future studies contrasting perceptually 
challenging visual and auditory stimuli would be interest-
ing to carry out with these groups.

Stimulus type modulates the effect of curiosity 
on the likelihood of remembering information

In our assay of long-term memory, we also found an influ-
ence of the type of stimuli on the relationship between 
curiosity and memory. The likelihood of remembering 
visual stimuli was more strongly associated with curiosity 
than for verbal memory. This influence of curiosity of 
memory for our visual stimuli is consistent with previous 
work that has used trivia-based questions (Fastrich et al., 
2018; Gruber et  al., 2014; Marvin & Shohamy, 2016). 
However, for verbal stimuli, the effect of curiosity on 
memory was reduced. Our results examining IPE shed 
some light on this, as IPEs were also strongly predictive of 
participant’s likelihood of remembering items correctly. 
Although we did try to ensure that prior knowledge of the 

words we used was limited, participants may have had a 
more elaborate framework within which to incorporate 
word meaning. For instance, they may have been familiar 
with word stems, morphological conventions, and so on—
and this may have made a partial prediction about word 
meaning possible. The later confirmation (or rejection) of 
this prediction may have led to a stronger discrepancy 
between expected and received information, which in turn 
had a strong effect on memory (also see Murayama et al., 
2019). In our opinion, this points to the need to use differ-
ent kinds of stimuli to fully assess the influence of curios-
ity on memory and learning. Our findings indicate that the 
relationship between states of curiosity and memory are 
influenced by the nature of the stimuli, even when both 
have epistemic value.

The role of curiosity in decision to wait and 
memory in adults with dyslexia

We primarily designed this study to examine if those with 
dyslexia would show diminished curiosity, particularly for 
verbal stimuli. To a large extent, our results indicate that 
states of curiosity influence those with dyslexia similarly 
to controls. Those with and without dyslexia found both 
visual and verbal information rewarding, and were willing 
to spend time waiting for this information. In fact, adults 
with dyslexia showed a stronger effect of curiosity on their 
waiting preferences for visual stimuli, suggesting that vis-
ual stimuli may be more intrinsically rewarding in this 
group. As suggested above, this may either be driven by 
the more diverse nature of the visual stimuli, or because of 
the reduced verbal demands—further studies are needed to 
disentangle these factors. But crucially, these findings 
indicate that a history of reading difficulty does not dimin-
ish the relationship between curiosity for verbal informa-
tion and likelihood of waiting for it (at least for the simple 
definitions used within this task). This is particularly inter-
esting as one assumption would be that those with dyslexia 
would be more uncertain about verbal information, so 
even when they were curious, the threshold for when they 
choose to wait would be altered. However, the data do not 
support this argument.

There is some indication that those with dyslexia are 
less likely to wait for verbal information when longer wait-
ing times are used. This perhaps suggests that there is less 
intrinsic value to verbal information, but curiosity might 
mediate this relationship. These results speak to the value 
in empirically examining intrinsic motivation in dyslexia, 
and other populations (also see Gottlieb & Oudeyer, 2018). 
They have important educational implications, suggesting 
that eliciting curiosity in those with dyslexia could be a 
powerful strategy for enhancing their learning. This is 
especially as our findings show participants with dyslexia 
appear to receive similar curiosity-driven memory benefits 
during learning.
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Adults with dyslexia show diminished effects of 
IPE on memory

When examining the disparity between anticipated reward 
and received reward, and how this disparity predicted 
future memory, we found that those with dyslexia received 
a smaller boost than controls. Those with dyslexia may be 
less sensitive to a change in outcome value in the context 
of reward-based learning, which may in turn lead to 
reduced memory benefits. Specifically, diminished cue-
outcome evaluation, or reduced incongruity between the 
prediction and outcome, may make those with dyslexia 
less likely to remember information that they perceived as 
interesting or controls. Alternately, individuals with dys-
lexia may have been less likely to generate a detailed pre-
diction about the received information when an item was 
presented, which again might lead to a smaller effect of 
prediction error on memory. Again, future work is neces-
sary to disentangle these possibilities. One way of doing so 
is to explicitly make individuals generate a prediction and 
assess whether these differences are ameliorated. Another 
approach may be to use neuroimaging methods to study 
the key regions implicated in epistemic curiosity in dys-
lexia (Gruber et  al., 2014; Kang et  al., 2009; Lau et  al., 
2020; Valji et al., 2019), focusing particularly on structural 
and functional connectivity in the mesolimbic dopaminer-
gic circuit and the hippocampus.

These results suggest that IPE warrants further investi-
gation in dyslexia, as it has consequences for future behav-
iour. Murayama and colleagues (2019) have argued a 
rewarding experience updates the expected value of future 
new information, which can influence information-seek-
ing behaviour in the future, setting up a positive feedback 
loop. A similar prediction is set out by the PACE model 
(Gruber & Ranganath, 2019). There is also some empirical 
evidence suggesting that information seeking is enhanced 
when received knowledge is inconsistent with our expec-
tations (Vogl et al., 2020). Indeed, these may be particu-
larly important in development. Novelty or surprise of 
events is known to provoke explanation-seeking in chil-
dren, and these behaviours are thought to be powerful 
drivers of learning (Liquin & Lombrozo, 2020).

Limitations

This study has several limitations. First, we were not able 
to conduct a power analysis to determine sample size, 
given our use of mixed-effect models and the lack of 
availability of suitable data to simulate when we started. 
Consequently, the sample size we used is relatively small, 
and these results therefore do require replication in a 
larger sample. Second, in this task, we asked people to 
provide curiosity ratings after they had completed the 
willingness-to-wait task, similar to the process followed 
by Marvin and Shohamy (2016). In other studies, such as 

those by Kang et al. (2009), these ratings were obtained 
before participants completed the willingness-to-wait 
task. The similarity of our findings to these other papers 
does suggest that the ordering of tasks does not have a 
large effect; however, one way to empirically test this 
would be to counterbalance task order across participants. 
Third, our distinction between visual and verbal stimuli is 
quite broad. Future studies could disentangle this relation-
ship in greater detail, probing the presence of familiar/
unfamiliar phonological items in the case of verbal items, 
or distinctions between perceptual and epistemic curiosity 
in the case of the visual items. Finally, we did not ask 
participants to provide an initial guess when presented 
with a question. This means we cannot assess the relation-
ship between satisfaction and existing knowledge, that is, 
we do not know if an answer where participants made an 
incorrect guess would be associated with greater or lesser 
satisfaction. Previous studies have suggested that sur-
prise, associated with receiving the correct answer after 
providing an incorrect one, modulates brain activity, and 
could be distinct from satisfaction (Kang et  al., 2009). 
However, other researchers suggest that satisfaction rat-
ings typically employed to calculate IPE do index sur-
prise, setting a positive feedback loop into place 
(Murayama et  al., 2019). The relationship between sur-
prise and satisfaction is likely to be modulated by both 
individual personality traits, participant’s confidence 
about an answer, as well as situational variables. In future 
studies, allowing participants to have a guess before the 
answer is revealed, and rating their confidence about their 
guess, might help disentangle these related issues.

Summary and conclusion

Our study shows that curiosity appears undiminished in 
those with dyslexia, including for challenging verbal mate-
rial. This strongly indicates that adults with and without 
dyslexia find visual and verbal information rewarding, and 
this is the first demonstration of this effect in those with 
dyslexia. Consistent with the available literature on curios-
ity and memory, our findings also indicate a close relation-
ship between states of high curiosity and enhanced 
memory. This indicates that stimulating curiosity in indi-
viduals with and without dyslexia could have beneficial 
effects on memory, a finding which could be very impor-
tant for classroom practice. In addition, the relationship 
between IPEs and memory was attenuated in those with 
dyslexia. These findings strongly point to a need to look at 
the link between information seeking and memory in dys-
lexia. These exciting new avenues may point to ways to 
design better intervention tools for those with dyslexia. 
They also suggest that curiosity and curiosity-driven mem-
ory are important avenues for exploration in other neu-
rodevelopmental disorders, where information seeking 
may be altered in different ways.
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