
Behavioral/Cognitive

Neural Representations of Sensory Uncertainty and
Confidence Are Associated with Perceptual Curiosity

Michael Cohanpour,1,2 Mariam Aly,3* and Jacqueline Gottlieb1,2,4*
1Department of Neuroscience, Columbia University, New York, New York 10025, 2Mortimer B. Zuckerman Mind Brain Behavior Institute, Columbia
University, New York, New York 10025, 3Department of Psychology, Columbia University, New York, New York 10025, and 4Kavli Institute for Brain
Science, Columbia University, New York, New York 10025

Humans are immensely curious and motivated to reduce uncertainty, but little is known about the neural mechanisms that generate
curiosity. Curiosity is inversely associated with confidence, suggesting that it is triggered by states of low confidence (subjective
uncertainty), but the neural mechanisms of this link, have been little investigated. Inspired by studies of sensory uncertainty, we
hypothesized that visual areas provide multivariate representations of uncertainty, which are read out by higher-order structures
to generate signals of confidence and, ultimately, curiosity. We scanned participants (17 female, 15 male) using fMRI while they
performed a new task in which they rated their confidence in identifying distorted images of animals and objects and their curiosity
to see the clear image. We measured the activity evoked by each image in the occipitotemporal cortex (OTC) and devised a new
metric of “OTC Certainty” indicating the strength of evidence this activity conveys about the animal versus object categories. We
show that, perceptual curiosity peaked at low confidence and OTC Certainty negatively correlated with curiosity, establishing a
link between curiosity and a multivariate representation of sensory uncertainty. Moreover, univariate (average) activity in two
frontal areas—vmPFC and ACC—correlated positively with confidence and negatively with curiosity, and the vmPFC mediated
the relationship between OTC Certainty and curiosity. The results reveal novel mechanisms through which uncertainty about an
event generates curiosity about that event.
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Significance Statement

Curiosity motivates us to learn and explore. Traditional perspectives hypothesize that curiosity arises from variability in con-
fidence, but the neural mechanisms by which this occurs have been difficult to evaluate. Here, we harness the human visual
system to uncover a neural mechanism of curiosity. We show that a multivariate representation of certainty in the occipito-
temporal cortex is transformed into a univariate representation of confidence in the prefrontal cortex to facilitate curiosity.
These results illuminate how perceptual input is transformed by successive neural representations to ultimately evoke a feel-
ing of curiosity—elucidating how and why we become curious to learn about diverse knowledge domains.

Introduction
Humans are immensely curious—we are motivated to seek infor-
mation even if this comes with no monetary rewards (Gottlieb
and Oudeyer, 2018; Kidd and Hayden, 2015; van Lieshout
et al., 2020). Curiosity compels us to explore, inquire, learn,
and discover. What neural mechanisms underlie curiosity?

Recent studies examined curiosity using tasks in which
participants are shown trivia questions and asked to rate their
curiosity about receiving the answer. These studies have shown
that curiosity ratings are encoded in brain regions implicated
in motivation and reward (Kang et al., 2009; Gruber et al.,
2014). Moreover, curiosity spurs cognitive actions, including
anticipatory shifts of attention for gathering information
(Baranes et al., 2015), and enhancement of memory for the
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answer through functional interactions between the hippocam-
pus and reward circuitry (Gruber et al., 2014; Murphy et al.,
2021).

Despite these important advances, challenging open ques-
tions remain about the mechanisms that generate curiosity.
How does the neural representation of an event—evoke a state
of high or low curiosity about that event?

Converging evidence suggests that this link, between an
internal representation and feelings of curiosity, is mediated
by confidence or uncertainty. Studies of curiosity in which
participants are also asked to rate their confidence about
knowing the answer to a trivia question report that ratings of
confidence and curiosity are inversely related—i.e., lower
confidence is associated with higher curiosity (Kang et al.,
2009; Baranes et al., 2015). This suggests that the representation
of a trivia question may generate low or high uncertainty
which, in turn, evokes high or low curiosity (Berlyne, 1954;
Loewenstein, 1994; Golman and Loewenstein, 2018). However,
the neural mechanisms linking uncertainty, confidence, and
curiosity remain largely unknown, in large part because we
have scant understanding of how the brain represents the
uncertainty of semantic information that is indexed by trivia
questions.

Here we sought to examine this question by capitalizing on
the richer literature on sensory uncertainty. We devised a new
task testing perceptual curiosity—the desire for information
about sensory stimuli (Berlyne, 1954; Nicki, 1970; Jepma et al.,
2012)—and used it in conjunction with fMRI to understand
how visual representations and uncertainty are related to
curiosity.

Converging evidence shows that visual uncertainty is
represented in a distributed network of structures that includes
both primary sensory areas and higher-order associative areas.
Evidence from monkey neurophysiology (Ma et al., 2006;
Walker et al., 2023), human fMRI (van Bergen and Jehee, 2021;
Geurts et al., 2022), and computational modeling (Meyniel
et al., 2015) suggests that visual uncertainty is encoded alongside
stimulus features in the primary visual cortex (V1). V1
orientation-tuned neurons represent the most likely orientation
of a stimulus, and signal the uncertainty about that orientation
in the distributed pattern of activity: a clear, high contrast stimu-
lus evokes a focused activation of the neurons that are tuned to
the stimulus, while an ambiguous, low contrast stimulus activates
a broader population of neurons encoding a range of possible fea-
tures. Thus, uncertainty is conveyed by the pattern of activity
across a population of feature-tuned cells, a type of representa-
tion that we refer to as multivariate certainty (Russell and
Reale, 2019).

Confidence ratings, in contrast, are encoded in higher-order
structures, particularly in the frontal lobe (Del Cul et al., 2009;
Fleming et al., 2010, 2014; Rounis et al., 2010; Lebreton et al.,
2015; Gherman and Philiastides, 2018). Two key areas specifi-
cally involved in perceptual confidence are the ventromedial
prefrontal cortex (vmPFC), which encodes visual confidence in
multiple tasks (Lebreton et al., 2015; Hebscher et al., 2016;
Gherman and Philiastides, 2018), and the anterior cingulate cor-
tex (ACC), which also encodes visual confidence (Bang and
Fleming, 2018; Geurts et al., 2022) and is implicated in cognitive
control (Shenhav et al., 2013) and curiosity-driven information
gathering (Jepma et al., 2012; Silvetti et al., 2023). These results
are consistent with the broader role of the frontal lobe in meta-
cognitive evaluation (Shimamura, 2000; Fleming et al., 2010),
and with the fact that confidence—one’s subjective sense of

uncertainty—depends not only on sensory features but also
behavioral factors like response heuristics, response bias, or con-
text (Maniscalco et al., 2016; Peters et al., 2017; Zylberberg et al.,
2012).

In contrast to the multivariate representation in the primary
sensory cortex, frontal cortical areas convey a univariate
representation of confidence—i.e., encode confidence through
overall increases or decreases in their average BOLD response
(Lebreton et al., 2015; Gherman and Philiastides, 2018). A
prominent hypothesis is that these areas read out the population
representations in sensory areas (Meyniel et al., 2015; Pouget
et al., 2016), which transforms multivariate neural repre-
sentations into simpler, lower-dimensional representations that
can be more readily used for controlling behavior (DiCarlo
and Cox, 2007; Russo et al., 2018). A recent study provides
empirical evidence supporting this view, showing that the
confidence of human observers is related to the multivariate
certainty decoded from the BOLD response in V1 (Geurts
et al., 2022).

A key open question, however, is whether and how this dis-
tributed circuitry relates to curiosity. The study of Geurts and
colleagues used a traditional task in which participants were
trained to discriminate the orientation of a Gabor stimulus and
decoded multivariate certainty from human V1 based on the
restrictive assumption that orientation is encoded by neurons
with well-defined cosine tuning curves (Geurts et al., 2022; see
also Walker et al., 2023; van Bergen and Jehee, 2021). In contrast,
curiosity arises spontaneously and is evoked by complex natural
stimuli that are represented in higher-level visual areas like the
occipitotemporal cortex (OTC) that lack well-defined tuning
curves. OTC is involved in visual recognition (Grill-Spector
and Malach, 2004; Kar et al., 2019) and encodes biologically rel-
evant stimulus categories using multivoxel activity patterns
(Konkle and Oliva, 2012; Konkle and Caramazza, 2013; Long
et al., 2018), but no study has quantified the certainty of its object
representations.

We introduced three key innovations to understand whether
and how the OTC visual representations are related to curiosity.
First, we devised a new task in which participants reported
their confidence and curiosity about ambiguous visual images
rather than trivia questions. Second, we used synthetic images
of animals and man-made objects (“texforms”) that could be dis-
torted according to a well-defined algorithm (Long et al., 2018) to
activate OTC multivoxel category representations. Finally, we
developed a trial-by-trial metric of OTC Certainty—the certainty
conveyed by OTC multivoxel patterns—that made no assump-
tions about canonical tuning curves and was inspired instead
by the modern machine learning literature (Hüllermeier and
Waegeman, 2021).

Using these methods, we show that the OTC conveys a mul-
tivariate representation of visual uncertainty, which influences
curiosity through a pathway mediated by the vmPFC.
Consistent with findings from trivia questions (Gruber et al.,
2014; Baranes et al., 2015), ratings of perceptual curiosity were
inversely related with ratings of confidence about image identity.
Also consistent with previous findings, BOLD activity in the
vmPFC and ACC increased in function to confidence ratings
and, reflecting the inverse relationship between confidence and
curiosity, decreased with curiosity. Crucially, OTC Certainty
about image category correlated with perceptual curiosity, and
this link was mediated by the vmPFC but not the ACC, revealing
a mechanism through which perceptual curiosity can arise from
the sensory representation of a stimulus.
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Materials and Methods
Participants
Thirty-two individuals (17 female; all right-handed; all normal or
corrected-to-normal vision) participated for monetary compensation
($20/h; $40 in total). The participants’ self-reported ages ranged between
18 and 35 (mean = 27.2; SD = 4.5), and their years of education ranged
between 13 and 25 (mean = 16.1; standard deviation = 2.8). The study
was approved by the Institutional Review Board at Columbia
University. Participants were recruited via mailing lists and a research
participation pool at Columbia University. Written informed consent
was obtained from all participants. Participants also passed a health
and safety screening on their eligibility for the MRI scanner.

Stimuli
To elicit curiosity, we used texforms (Long et al., 2018; Deza et al., 2019).
We first collected 42 images of animals and 42 images of man-made
objects from the Konkle Lab image database and normalized them for
contrast and luminance across the whole set using the SHINE
Toolbox in MATLAB. Then, we used an existing algorithm (Deza
et al., 2019) that calculated thousands of first- and second-order image
statistics from individual pooling regions overlaid across each image.
Finally, we generated the texform by starting from a white noise dis-
play and coercing it to match the measured image statistics using sto-
chastic gradient descent (100 iterations). The resulting texform looked
like a distorted version of the original one. The size of the pooling
regions (spatial pooling factor) determined the degree of distortion;
all the images we used had a constant pooling factor of 0.28.

To investigate if low-level visual properties can predict our variables
of interest (e.g., OTC Certainty), we measured the luminance, contrast,
and spatial frequency of the texforms. Luminance was determined by cal-
culating the mean of the intensity histogram, while root-mean-squared
(RMS) contrast (i.e., standard deviation of the luminance distribution)
was used to measure contrast, as is typical in vision studies using natural
stimuli (Peli, 1990). Spatial frequency was calculated by first using 2-D
Fast Fourier Transform (fft2 in Matlab), calculating power spectra in
each dimension, and calculating the square root of the sum of squares
of the resulting power spectra [i.e., sqrt(power(x)2 + power(y)2)].
Average spatial frequency was then calculated as the slope of this result-
ing power spectrum and provided a measure of the amount of high ver-
sus low frequency information in the image. This approach to calculate
spatial frequency content has been used in previous studies (Eskicioglu
and Fisher, 1995; Li et al., 2001; Flitcroft et al., 2020).

Experimental design and statistical analysis
Design and procedure

Perceptual curiosity task. Stimuli were presented using the
Psychophysics Toolbox for MATLAB (Psychtoolbox). For all trial com-
ponents that required participants to enter a rating, participants did so
on a continuous scale from 0 to 100 using an MR-compatible trackball.
The initial slider position was randomized on every trial. Participants
had up to 5 s to respond to each prompt; the trial advanced to the
next screen after a response was entered.

The design of the perceptual curiosity task was inspired by Gruber
et al. (2014) and Jepma et al. (2012). Participants were informed that
they would view images that will be recognizable to different degrees
and would be equally likely to depict and animal or man-made object
and, on each of 84 trials, were shown a texform (see above, Stimuli)
that was randomly drawn from either category. The texform remained
on the screen for 4 s, and participants were instructed to come up with
their best guess for what the original (undistorted) image was. Next, par-
ticipants were prompted to rate their confidence in their best guess for
the original image and their curiosity to see the original image. Finally,
participants viewed the original image for 2 s. Trials were divided evenly
into four runs. Importantly, participants were paid a fixed amount of $40
regardless of performance, ensuring that their confidence and curiosity
ratings are independent of monetary incentives.

Localizer task. After this task, participants completed an unan-
nounced localizer run, in which they viewed alternating miniblocks of

clear (undistorted) animal and man-made object images that were not
seen earlier in the task. Each of the 24 miniblocks (12 animal miniblocks
and 12man-made miniblocks) consisted of the presentation of 20 images
presented in rapid succession (333 ms per image and 333 ms inter-
stimulus interval). Between miniblocks, participants were presented
with a fixation screen (13 s), which allowed for separation of BOLD
activity between miniblocks. During image presentation, participants
completed a one-back cover task, in which they were asked to detect
and respond to repeat images using a button box.

Behavioral analysis
All mixed-effects models of behavior were conducted using the fitlme
function in MATLAB.

Mixed-effects modeling of curiosity. To examine the relation between
confidence and curiosity ratings, we constructed two mixed-effects mod-
els. In the quadratic model, curiosity was predicted by confidence, confi-
dence2, and participant-specific random slopes (confidence|participant
and confidence2|participant) and intercepts (1|participant):

curiosity � confidence+ confidence2

+ (1+ confidence+ confidence2|participant). (1)

In the linear model, curiosity was predicted by confidence and
participant-specific random slopes (confidence|participant) and inter-
cepts (1|participant):

curiosity � confidence+ (1+ confidence |participant). (2)

To examine whether the relation between confidence and curiosity per-
sists when including low-level visual properties as covariates, we con-
structed a mixed-effects model in which curiosity was predicted from
confidence, luminance, contrast, and spatial frequency, as well as
participant-specific random slopes (confidence|participant, luminance|
participant, contrast|participant, and spatial frequency|participant) and
intercepts (1|participant):

curiosity � confidence+ luminance+ contrast

+ spatial frequency + (1+ confidence|participant)
+ (1+ luminance|participant)+ (1+ contrast|participant)
+ (1+ spatial frequency|participant). (3)

Independent variables across both models were z-scored within
participant.

MRI acquisition
MRI data were collected on a 3 T Siemens Magnetom Prisma scanner
with a 64-channel head coil. Functional images were obtained with a
multiband echoplanar image (EPI) sequence (repetition time, 2 s; echo
time, 30 ms; flip angle, 80° acceleration factor, 3; voxel size, 2 mm isotro-
pic; phase encoding direction: posterior to anterior), with 69 axial slices
(14° transverse to coronal) acquired in an interleaved fashion. There were
five functional runs: four for the perceptual curiosity task and one for the
localizer task. Whole-brain high-resolution (1.0 mm isotropic)
T1-weighted structural images were acquired with a magnetization-
prepared rapid acquisition gradient-echo (MPRAGE) sequence.

fMRI analysis
Software. Preprocessing and analyses were performed using FEAT,

FNIRT, and command-line functions in FSL (e.g., fslmaths).
Subsequent analyses were performed using custom MATLAB scripts.
Code is available upon request.

ROI definition. The vmPFC region of interest (ROI) was based on
Mackey and Petrides (2014), but voxels were removed that overlapped
with the corpus callosum. The OTC ROI and ACC ROI were derived
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from the Harvard-Oxford Brain Atlas using the atlas tool (threshold, 50)
in fslview. All ROIs were in 1.0 mm MNI space.

Preprocessing. We performed brain extraction (using BET), motion
correction (using MCFLIRT in FEAT), high-pass filtering (cutoff,
100 ms), and spatial smoothing (3 mm FWHM Gaussian kernel).
Functional images were registered to the standard 1 mm MNI152 struc-
tural image using a nonlinear transformation with 12 degrees of freedom.
This registration was done on first-level analysis output (beta maps from
individual trials or miniblocks).

GLM #1: localizer GLM. We implemented a GLM for each partici-
pant that predicted BOLD activity of every voxel from a design matrix
that modeled each localizer miniblock as a boxcar from the onset of
the first image in each miniblock to the offset of the last image in each
miniblock (16.66 s). Thus, for each of the 24 miniblocks, we included
one regressor in the design matrix, yielding one beta map for each mini-
block. This design matrix also contained fixed-body motion-realignment
regressors (x, y, z, pitch, roll, and yaw) and their respective first deriva-
tives. All regressors were convolved with a double-gamma hemodynamic
response function. Autocorrelations in the time series were corrected
with FILM prewhitening.

Formation of animal and man-made object templates from GLM#1.
To create the animal template, beta maps for the 12 animal miniblock
regressors (from GLM #1) were averaged within the OTC ROI. To create
the man-made object template, beta maps for the 12 man-made object
miniblock regressors (from GLM #1) were averaged within the OTC
ROI.

GLM #2: single trial GLM. We implemented a GLM for each partic-
ipant that predicted BOLD activity of every voxel from a design matrix
that separately modeled the texform presentation on each trial as a 4 s
boxcar (i.e., 21 texform regressors per run). This design matrix also
contained fixed-body motion-realignment regressors (x, y, z, pitch,
roll, and yaw) and their respective first derivatives. Other regressors
modeled trial components that were not of primary interest for
fMRI analyses: one regressor that modeled all the confidence ratings
periods, each as a boxcar with a duration equal to the participant’s
response time (RT); one regressor that modeled all the curiosity rat-
ings, each as a boxcar with a duration equal to the participant’s RT;
and one regressor that modeled all the clear image presentations,
each as a boxcar with a duration of 2 s. Each run was modeled sepa-
rately, resulting in four different models per participant. All regressors
were convolved with a double-gamma hemodynamic response func-
tion. Autocorrelations in the time series were corrected with FILM
prewhitening.

Univariate activity in vmPFC, ACC, and OTC during the texform
period was obtained by averaging beta values across voxels, separately
for each texform presentation. Multivariate activity patterns in OTC dur-
ing the texform period were obtained by extracting the activity pattern
across voxels, separately for each texform presentation.

Quantification of OTC certainty. We calculated ra, Pearson’s correla-
tion coefficient between the animal template and texform pattern on a
given trial, and rmm, Pearson’s correlation coefficient between the man-
made template and texform pattern. We quantified OTC Certainty on
every trial as the product of two terms: (1) relative evidence, the absolute
value of the difference between ra and rmm and (2) mean evidence, the
mean of ra and rmm.

Mixed-effects modeling. We constructed mixed-effects models using
the fitlme function in MATLAB to examine relationships between brain
measures and between brain measures and behavior:

To examine the relationship between confidence and OTC Certainty,
we constructed two mixed-effects models. In the quadratic model, confi-
dence was predicted by OTC Certainty, OTC Certainty2, and

participant-specific random slopes and intercepts:

confidence � OTC Certainty +OTC Certainty2

+ (1+OTC Certainty + OTC Certainty2|participant). (4)

In the linear model, confidence was predicted by OTC Certainty and
participant-specific random slopes and intercepts:

confidence � OTC Certainty

+ (1+ OTC Certainty |participant). (5)

To examine the relation between curiosity and OTC Certainty, we con-
structed two mixed-effects models. In the quadratic model, curiosity was
predicted by OTC Certainty, OTC Certainty2, and participant-specific
random slopes and intercepts:

curiosity � OTC Certainty +OTC Certainty2

+ (1+OTC Certainty + OTC Certainty2|participant). (6)

In the linear model, curiosity was predicted by OTC Certainty and
participant-specific random slopes and intercepts:

curiosity � OTC Certainty + (1+ OTC Certainty |participant). (7)

Similar models were constructed to examine the relationships between
confidence and vmPFC activity, curiosity and vmPFC activity, OTC
Certainty and vmPFC activity, confidence and ACC activity, curiosity
and ACC activity, and OTC Certainty and ACC activity.

To examine whether the relationship betweenOTC Certainty and curi-
osity persists when including low-level visual properties as covariates, we
constructed a mixed-effects model in which curiosity was predicted from
OTC Certainty, luminance, contrast, and spatial frequency, as well as
participant-specific random slopes (curiosity|participant, luminance|
participant, contrast|participant, and spatial frequency|participant) and
intercepts (1|participant). Similar models were constructed to examine
whether vmPFC/ACC activity could be predicted by low-level visual
properties:

curiosity � OTC Certainty + luminance+ contrast

+ spatial frequency + (1+ OTC Certainty|participant)
+ (1+ luminance|participant)+ (1+ contrast|participant)
+ (1+ spatial frequency|participant). (8)

Independent variables across all models were z-scored within participant.

Model comparison. We compared the relative goodness-of-fit of the
quadratic versus linear mixed-effects models using the Bayesian informa-
tion criterion (BIC). Using the conventions from Raftery (1995), a BIC
difference of ≥2 indicates evidence for one model over another.

Mediation analysis. To examine the hypothesis that univariate activ-
ity in our confidence ROIs mediates the correlation between OTC
Certainty and curiosity, we used the Baron and Kenny approach to medi-
ation (Baron and Kenny, 1986) implemented in MATLAB by Wager
et al. (2009). This approach compares c’ (e.g., the effect size of the linear
term of OTC Certainty on curiosity when controlling for confidence ROI
activity) with c (e.g., the effect size of the linear term of OTC Certainty on
curiosity alone). Statistical mediation occurs when c’ is smaller in mag-
nitude than c. We included quadratic terms in all pairwise comparisons
because some had a significant quadratic relationship; but we only exam-
ined the change of magnitude of the linear terms when testing for medi-
ation, consistent with established mediation approaches. Similar results
were obtained if we only incorporated linear terms in the mediation anal-
ysis. We z-scored the three variables of interest (OTC certainty,
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confidence ROI activity, and curiosity ratings) within participant and
bootstrapped with replacement to obtain a distribution of c’ and c values
across 1,000 iterations. We then took the difference of the c and c’ distri-
butions and calculated the fraction of this new distribution that did not
exceed 0. We then doubled this value to obtain our two-tailed p value.

Results
The perceptual curiosity task
Thirty-two participants (17 female) completed a task (Materials
and Methods, Design and procedure, Perceptual curiosity task)
that measured perceptual curiosity while undergoing fMRI scan-
ning. Participants were informed that they would view a series of
images of animals or man-made objects that were distorted to
evoke visual uncertainty (Fig. 1A). The images were “texforms,”
synthetic images that preserve some texture and form informa-
tion but are difficult to recognize at the exemplar level (Long
et al., 2018) and reliably activate OTC multivoxel patterns
(Long et al., 2018). On each trial, participants viewed a texform
that was randomly drawn from one category, followed by a delay
period during which they were instructed to imagine their best
guess for what the original (undistorted) image was and by
prompts to rate their confidence in their best guess and their curi-
osity to see the original image (Fig. 1B). After providing their rat-
ings, participants were shown the original image. This procedure
is similar to studies of epistemic curiosity (Kang et al., 2009;
Gruber et al., 2014; Baranes et al., 2015) except that participants
reported their curiosity and confidence about a visual image
rather than a trivia question; thus, the texforms can be considered
the “questions” and the undistorted image the “answers” in our
task. Participants reported all the ratings by rotating an
MRI-safe trackball to position a cursor on a 0–100 scale, with
the initial cursor position randomized to control for motor con-
founds. Each participant completed 84 trials divided evenly into
four runs. To ensure that the ratings were unbiased by instru-
mental incentives, participants received only a fixed

compensation for completing the task ($40) but no payoffs or
feedback based on the ratings they gave. Thus, the ratings strictly
reflected subjective confidence and curiosity independently of
external (objective) benchmarks.

Confidence and curiosity ratings share a negative, quadratic
relationship
We found that perceptual curiosity and confidence ratings were
negatively related (Materials and Methods, Behavioral analysis):
curiosity tended to peak at relatively low confidence and declined
as individuals became more confident in their answer (Fig. 1C).
The relationship had a significant quadratic component. A
mixed-effects model with linear and quadratic terms produced
significant coefficients for both terms (Eq. 1; βlinear =−13.46,
p< 0.0001, 95% CI= [−15.8 −11.0]; βquadratic =−5.60, p<0.0001,
95% CI= [−7.21 −3.99]) and quantitative comparisons showed
that models containing both terms were superior to containing
only a linear term (BICquadratic–BIClinear =−180). Analyses of ran-
dom effects coefficients produced no evidence for effects of age
(Pearson’s correlations; age vs linear terms, r=−0.1, p=0.9; age
vs quadratic terms, r=0.01, p=0.5), years of education (linear
terms, r=−0.06, p=0.8; quadratic terms, r=0.008, p=0.9), or
sex (two-sample t tests; linear terms, t=0.001, p=0.8; quadratic
terms, t=0.002, p=0.1), consistent with the null effects of these
demographic descriptors in other curiosity tasks (Kobayashi
et al., 2019; Rischall et al., 2023). Similarly, we found no evidence
for significant effects of low-level image properties. Models that
included luminance, contrast, and spatial frequency as covariates
(Materials and Methods; Eq. 3) reproduced the linear–quadratic
relationship between curiosity and confidence (βlinear =−13.46,
p< 0.0001, 95% CI= [−15.8 −11.0]; βquadratic =−5.58, p<0.0001,
95% CI= [−7.19 −3.98]), and showed that these properties were
not reliable predictors of either curiosity [luminance (β=0.70,
p=0.11, 95% CI= [−0.17 1.57]); contrast (β=−0.36, p=0.41,
95% CI= [−1.2 0.51]); spatial frequency (β=−0.73, p=0.16,
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Figure 1. A, Stimuli. Texforms of camel and hat (left), with corresponding clear images (right). Texforms are generated using texture synthesis algorithm from Deza et al. (2019) and preserve
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what the original image was. Participants then rate how confident they are in their best guess on a continuous scale from 0 to 100, rate how curious they are to see the original image from 0 to
100, and finally see the original image for 2 s. C, Confidence predicts curiosity. All variables were z-scored within participant; the black curve is the curve of best fit (fixed effects) from the
polynomial regression model (Materials and Methods; Eq. 1). For visualization purposes only, points were binned according to confidence (30 bins: equal number of points in each bin). The gray
error bars indicate mean curiosity ±1 SEM.
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95% CI= [−1.75 0.30])] or confidence [luminance (β=−0.30,
p=0.60, 95% CI= [−1.44 0.84]); contrast (β=1.20, p=0.056,
95% CI= [−0.07 2.3]); spatial frequency (β=0.76, p=0.19, 95%
CI= [−0.38 1.90])]. In sum, consistent with epistemic curiosity
(Kang et al., 2009; Gruber et al., 2014), perceptual curiosity and
confidence showed a negative quadratic relationship, with curiosity
being higher when participants had low or intermediate confidence
in recognizing an item.

OTC certainty is positively correlated with confidence and
negatively correlated with curiosity
To analyze the sensory underpinnings of perceptual curiosity, we
focused on an anatomically defined ROI in the OTC, which
encodes animal and man-made object categories across multivoxel
activity patterns (Kriegeskorte et al., 2008; Konkle and Caramazza,
2013) and is thus a good candidate area for representing multivar-
iate certainty about the categories in our task. Because existingmea-
sures of sensory certainty are limited to elementary visual features
like orientation, our first goal was to develop a measure of sensory
certainty from multivoxel activity patterns in OTC (“OTC
Certainty”).

To this end, we ran a localizer task in which participants viewed
alternatingminiblocks of undistorted animal andman-made object
images (delivered unannounced after the main task and using
images that differed from those in the main task; see Materials
and Methods, Design and procedure, Localizer task). We then
used a whole-brain general linear model to estimate the OTCmul-
tivoxel activity pattern evoked by each miniblock (Materials and
Methods, fMRI analysis, GLM #1: localizer GLM). We verified
that activity patterns evoked by miniblocks of the same category
(i.e., animal/animal and man-made/man-made) showed higher
pairwise correlations relative to patterns evoked by different-
category miniblocks (i.e., animal/man-made; average Pearson’s r,
0.80 vs 0.58; p=0.008), confirming that our OTCROI conveys reli-
able category representations. We then averaged the responses to
miniblocks of each category to obtain, respectively, an “animal tem-
plate” and a “man-made template”—the averagemultivoxel activity
pattern expected for each image category.

Next, returning to the perceptual curiosity task, we measured
the OTC activity pattern evoked by each texform (Materials and
Methods, fMRI analysis, GLM #2: single trial GLM) and calcu-
lated Pearson’s correlation coefficients between this activity pat-
tern and each of our templates. For each texform-evoked activity
pattern, we thus obtained two correlation coefficients—ra, which
measures its correlation with the animal template, and rmm,
which measures its correlation with the man-made template
(Fig. 2B). We ascertained that texform responses were more
highly correlated with the matching relative to non-matching
template (average Pearson’s r, 0.50 vs 0.43; paired t test p=
0.01), confirming that the OTC responses generalized across
the perceptual curiosity and localizer tasks and the coefficients
ra and rmm were valid measures of the similarity between a
texform-evoked pattern and the multivariate representation of
the animal and man-made categories.

Next, we defined a metric of OTC Certainty that combined
two functions of ra and rmm—the mean of these terms and their
absolute difference:

OTC Certainty = mean(ra , rmm)∗|ra - rmm|.

This metric is motivated by the machine learning literature that
emphasizes the importance of two types of uncertainty: model
uncertainty and approximation uncertainty (Hüllermeier and

Weigeman, 2021; see Discussion). The first term in our function,
the mean of ra and rmm, corresponds to model uncertainty—the
degree to which a measured response is consistent with the
hypotheses that are considered by the model (i.e., correlates
with one or both templates). The second term in the function,
the absolute difference between ra and rmm, corresponds to
approximation uncertainty—the degree to which a measured
response distinguishes between the alternative hypotheses (i.e.,
correlates better with one template vs the other).

To better illustrate this new metric, Figure 2C represents the
OTC texform responses into two ways: as a function of the
mean and absolute differences of rmm and ra (left) and as a func-
tion of the raw values of rmm and ra (right). In each plot, the x-
and y-coordinates of each point correspond to one texform
response and the color of the point indicates OTC Certainty.

As shown in the left plot, OTC Certainty increases (more yel-
low) along the positive diagonal—i.e., if both the mean and the
absolute differences are high, reflecting the multiplicative combi-
nation of the terms. In the right plot, OTC Certainty increases as
points move further away from the equality diagonal and as they
move toward the upper and right portions of the plot. The former
effect stems from the absolute difference term, which drives OTC
Certainty higher as rmm and ra become less similar to each other
(their absolute difference increases). The increase in the upper
right quadrant stems from the mean (rmm, ra) term, which drives
OTC Certainty higher as the coefficients become larger.

To further unpack these relationships, consider four individ-
ual texforms (labeled 1–4 in both panels) illustrating different
ways in which a response can gain high or low OTC Certainty.
Texforms 1 and 2 have high OTC Certainty, indicated by their
yellow hue. In both plots, these texforms lie in the upper right
quadrants indicating that they have high rmm and ra [and conse-
quently, high mean (rmm, ra)]. The left plot shows that the tex-
forms also have high absolute difference values, and the right
plot shows that this results from the fact that Texform 1 is
more consistent with the man-made versus animal template
while Texform 2 is more consistent with the animal versus man-
made template. These texform responses thus have both high
model certainty (as they are captured by at least one of the tem-
plates in our model) and high approximation certainty (correlate
better with one of these templates than the other), resulting in
high OTC Certainty. Texforms 3 and 4, on the other hand, are
ascribed low OTC Certainty through distinct mechanisms.
Texform 3 has a low absolute difference between rmm and ra
(left) reflecting the fact that its two coefficients, while high, are
similar to each other (right). Texform 4 has a low mean of rmm

and ra (left) reflecting the fact that its two coefficients, despite
having a large absolute difference, are overall low (right). Thus,
low OTC Certainty can independently result from model uncer-
tainty or approximation uncertainty (i.e., the mean or the abso-
lute difference terms), reflecting the fact that these terms are
minimally correlated (left panel; r=−0.1; p= 0.04).

Having established the properties of the OTC Certainty met-
ric, we next investigated whether and how it was related to confi-
dence and curiosity ratings. We found that OTC Certainty had a
positive relation with confidence ratings (β= 1.95; p= 0.0008;
95% CI = [0.80 3.09]; Eq. 4; Fig. 2D, top). Consistent with the
negative relationship between confidence and curiosity, OTC
Certainty also had a negative relation with curiosity ratings (β
=−1.21; p= 0.007; 95% CI = [−2.08 −0.33]; Eq. 6; Fig. 2D, bot-
tom). Both relationships were linear, with model comparisons
favoring models of confidence and curiosity that contained
only linear terms for OTC Certainty over those that contained
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both linear and quadratic terms (confidence: BICquadratic–
BIClinear = 17; curiosity: BICquadratic–BIClinear = 23). Thus, tex-
forms that elicited higher OTC Certainty were more confidently
recognized and evoked lower curiosity, while those that elicited
lower OTC Certainty evoked higher curiosity.

Control analyses ruled out several confounds that may have
affected these findings. One concern relates to pooling artifacts
—the possibility that different participants contributed to differ-
ent portions of the distributions in Figure 2C,D. However, in the
above analyses, OTC Certainty and behavioral ratings were first
z-scored within each participant before pooling across partici-
pants, factoring out individual differences. Moreover, we verified
the results we robust to alternative normalizations that z-scored
the raw rmm and ra or the mean and absolute difference terms
rather than the final OTC Certainty metric. Second, a few of
our texforms had rmm or ra values that happened to have negative
signs (not significantly different from 0), but these constituted
fewer than 4% of the data, and removing them from the analyses
did not alter the final results. Finally, the findings in Figure 2D

could not be explained by confounds related to head movements
(which were included as nuisance regressors in GLM #2;
Materials and Methods), cursor displacement (starting position
was randomized on each trial), or the scaling factor controlling
texform distortion (which was constant; Materials andMethods).

An important question is whether, in addition to OTC
Certainty, curiosity may also relate to univariate OTC activity
—but we found no evidence supporting this possibility.
Although texforms evoked a wide range of average responses
in the OTC ROI (a range of [−5.5, 3.5] z-score units vs [−3.5,
2.5] for curiosity ratings), a model relating curiosity to OTC uni-
variate activity produced a nonsignificant coefficient (β=−0.23;
p= 0.63; 95% CI = [−1.17 0.72]). Thus, curiosity is specifically
associated with a multivariate pattern indicating OTC
Certainty rather than merely the strength of the OTC response
to a texform.

A second question is whether the associations between OTC
Certainty and curiosity reflect low-level image properties.
Arguing against this hypothesis, when we entered the luminance,
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Figure 2. A, Anatomical OTC ROI. Coronal (left) and sagittal (right) views showing the OTC ROI used for subsequent analyses (yellow). B, Method for quantifying OTC Certainty. We extracted
category templates from an independent localizer by averaging multivoxel patterns from animal and man-made miniblocks. We then correlated each category template with the multivoxel
pattern elicited by the texform on each trial and calculated OTC Certainty as the product of the average and absolute value of the difference in these two correlations (see text for details).
C, Explanation of the OTC Certainty metric. The OTC Certainty metric (color) is shown as a function of the average and absolute differences of rmm and ra (left panel) and as a function of the
rmm and ra values themselves (right). Each point shows the response to one texform in one participant. OTC Certainty values are z-scored within participants before pooling. Labels 1–4 indicate 4
example texforms (corresponding in the two panels) as described in the text. D, OTC Certainty predicts confidence and curiosity. All variables were z-scored within participant; the black line is the
line of best fit (fixed effects) from the linear regression model (Materials and Methods; Eqs. 4, 6). For visualization purposes only, points were binned according to OTC Certainty (30 bins: equal
number of points in each bin). The gray error bars indicate mean confidence (top)/curiosity(bottom) and ±1 SEM in each OTC Certainty bin.
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contrast, and spatial frequency of our texforms as covariates in
the model linking OTC Certainty and curiosity (Materials and
Methods), we obtained no significant coefficients for these prop-
erties [luminance (β= 0.68, p= 0.12, 95% CI = [−1.07 0.68]); con-
trast (β=−0.19, p= 0.66, 95% CI = [−1.07 0.68]); spatial
frequency (β=−0.71, p= 0.17, 95% CI = [−1.72 0.31])], but rep-
licated a significant effect of curiosity (β=−1.15; p= 0.011; 95%
CI = [−2.03 −0.26]). Thus, the relationship between OTC
Certainty and curiosity in our task was not contaminated by var-
iation in the overall luminance, contrast, or spatial frequencies of
the texforms.

As a different approach to this question, we asked if our OTC
Certainty metric may have been explained by activity in the pri-
mary visual cortex (V1). Contrary to this hypothesis, we found
no evidence that V1 encodes animal versus man-made catego-
ries. Specifically, we applied our analyses to V1 but first measur-
ing the multivoxel activity pattern templates for animal and
man-made objects in this area and then calculating Pearson’s
correlation coefficients between these templates and the
texform-evoked activity patterns. In contrast with the OTC,
texform-evoked activity patterns in V1 were not more correlated
with the template of the true versus the alternate category
(average Pearson’s r, 0.57 vs 0.57; paired t test p= 0.90), and
certainty derived from these patterns did not predict confidence
(β= 0.12; p= 0.8; 95% CI = [−1.04. 1.30]) or curiosity (β= 0.04;
p= 0.9; 95% CI = [−0.90, 0.99]). Since a category differentiation
was necessary for our neural certainty metric, this makes it
very unlikely that V1 activity accounts for our findings on
OTC Certainty. Thus, OTC Certainty contributes to perceptual
curiosity independently of lower-level representations (although
the latter may contribute through distinct mechanisms, see
Discussion).

vmPFC, but not ACC, mediates the link between OTC and
curiosity
Our finding that OTC Certainty was related to both curiosity and
confidence (Fig. 2), together with the strong association between
the two ratings (Fig. 1C), raise the question of the nature of this
relationship. One scenario, suggested by previous studies of sen-
sory certainty (van Bergen and Jehee, 2021; Geurts et al., 2022), is
that multivariate OTC Certainty is transformed into a univariate
confidence representation elsewhere in the brain, which is in turn
linked to curiosity. An alternative possibility, however, is that
OTC Certainty influences curiosity ratings independently of uni-
variate confidence representations. To adjudicate between these
possibilities, we analyzed whether the relationship between
OTC Certainty and curiosity may be mediated by two frontal
brain areas implicated in perceptual confidence: the vmPFC
(Fig. 3A; Mackey & Petrides Atlas) and the ACC (Fig. 3B;
Harvard-Oxford Atlas).

We first verified that both areas showed univariate activity
that scaled with confidence (Materials and Methods) as reported
by previous studies (Lebreton et al., 2015; Bang and Fleming,
2018; Gherman and Philiastides, 2018). Indeed, confidence rat-
ings were positively associated with univariate activity in the
vmPFC (β= 3.32; p < 0.0001; 95% CI = [1.80 4.85]; Fig. 3A, left)
and the ACC (β= 2.34; p < 0.0001; 95% CI = [0.88 3.79];
Fig. 3B, left). Both relationships were better fit by models with
only a linear term relative to those with an additional quadratic
term (vmPFC: BICquadratic–BIClinear = 23; ACC: BICquadratic–
BIClinear = 26).

Consistent with the fact that confidence was inversely related
to curiosity, univariate activity was also negatively associated

with curiosity ratings, in vmPFC (βlinear =−2.43; p < 0.0001;
95% CI = [−3.58 −1.28]; Fig. 3A, right) and ACC (βlinear =
−1.14; p < 0.0001; 95% CI = [−2.26 −0.02]; Fig. 3B, right). In
the ACC, the relation between univariate activity and curiosity
was equally well fit by models with and without a quadratic
term (BICquadratic–BIClinear = 0; βquadratic =−0.53; p= 0.005; 95%
CI = [−1.03 −0.02]) and in the vmPFC, the model that included
a quadratic term produced a marginally better fit (BICquadratic–
BIClinear =−3; βquadratic =−0.66; p= 0.005; 95% CI = [−1.13
−0.20]). Including low-level visual properties in the model
revealed no significant relationships (ACC luminance β=1.34,
p=0.24, 95% CI= [−2.56 1.37], contrast β=−2.07, p=0.06, 95%
CI= [−4.29 0.15], spatial frequency β=−2.00, p=0.11, 95% CI=
[−4.45 0.44]; vmPFC luminance β=−0.61, p=0.52, 95% CI=
[−2.49 1.27], contrast β=−0.90, p=0.35, 95% CI= [−2.77 0.97],
spatial frequency β=−2.05, p=0.08, 95% CI= [−4.40 0.28]) while
preserving the significant relationships with confidence and curios-
ity (confidence: ACC β=2.42, p=0.0011, 95% CI= [0.96 3.88];
vmPFC β=3.37, p<0.0001, 95% CI= [1.84 4.90]; curiosity: ACC
βlinear =−1.41, p=0.017, 95% CI= [−2.58 −0.25]; βquadratic =
−0.54, p=0.03, 95% CI= [−1.04 −0.03]; vmPFC βlinear =−2.48,
p< 0.0001, 95% CI= [−3.63 −1.33]; βquadratic =−0.66, p=0.005,
95% CI= [−1.12 −0.20]). Thus, both vmPFC and ACC were
robustly activated by confidence consistent with the previous liter-
ature and had negative associations with curiosity, consistent with
the negative relationship of this rating to confidence.

To understand the relationship between OTC Certainty, curi-
osity, and vmPFC and ACC, we performed mediation analyses
(Materials and Methods, fMRI methods, Mediation analysis).
According to the Baron and Kenny Mediation algorithm,
mediation occurs if the effect of OTC Certainty on curiosity is
reduced after controlling for activity in a frontal ROI (Baron
and Kenny, 1986). Specifically, the algorithm generates two
parameters indicating the strength of the associations between
OTC Certainty and curiosity. Parameter c quantifies the strength
of the association before considering the frontal ROI and
parameter c’ quantifies this strength after accounting for the
frontal ROI activity. Mediation occurs if c’ is significantly smaller
than c—that is, activity in the frontal ROI explains away a
significant portion of the association between OTC Certainty
and curiosity.

We first verified that our data satisfy the necessary conditions
for the mediation analysis—namely, significant pairwise associa-
tions between all the nodes in the model. As we showed above,
curiosity was significantly associated with OTC Certainty
(Fig. 2D), with vmPFC activity (Fig. 3A) and with ACC activity
(Fig. 3B). Moreover, OTC Certainty was significantly associated
with vmPFC activity (Fig. 4A, left; βlinear = 5.55; p < 0.0001; 95%
CI = [2.91, 8.10]; BICquadratic–BIClinear = 17) and with ACC activ-
ity (Fig. 4A, right; βlinear = 9.00; p < 0.0001; 95% CI = [6.70, 11.3];
BICquadratic–BIClinear = 3). In the mediation model, these associa-
tions are reflected in, respectively, parameters a, b, and c, which
were highly significant for both the vmPFC and the ACC models
(Fig. 4B).

However, analysis of parameter c’ that quantifies the mediated
relationship between OTC Certainty and curiosity produced evi-
dence for mediation by the vmPFC but not ACC. Consistent with
the findings in Figure 2D, OTC Certainty showed a highly sign-
ificant negative association with curiosity before accounting for
activity in the frontal ROIs (parameter c=−0.046; p < 0.009;
bootstrapped; Fig. 4B). When vmPFC was entered as a mediator,
this relationship became nonsignificant (Fig. 4B, left; c’= 0.036;
bootstrapped p= 0.08). Comparisons of parameters c and c’
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showed that the latter was significantly reduced (closer to 0; boot-
strapped c’-c= 0.0109; two-tailed p < 0.001), meaning that the
vmPFC activity accounted for a significant portion of the associ-
ation between OTC Certainty and curiosity. In contrast, when
ACC was entered as a mediator, c’ remained highly significant
(p < 0.001; Fig. 4B, right), and it was statistically similar to c
(bootstrapped c’-c= 0.002; two-tailed p= 0.30; Fig. 4B, right)

and stronger than c’ in the vmPFC model (Kolmogorov–Smirnov
test on bootstrapped c’ distributions; ks-stat = 0.60; p<0.001).

Thus, the ACC was similar to the vmPFC in that it had a
robust response to curiosity (Fig. 3B) and correlated with OTC
Certainty (Fig. 4A, right) but differed specifically in providing
no evidence that it mediated the association between OTC
Certainty and curiosity. Together, the findings suggest that
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Figure 3. A, The vmPFC encodes curiosity and confidence. The top panel shows the anatomical ROI for vmPFC (yellow). The bottom panels show the relationship between vmPFC activity and
confidence and vmPFC activity and curiosity in the same format as in Figure 2C. B, The ACC encodes curiosity and confidence. The top panel shows the anatomical ROI for the ACC (yellow). The
bottom panels show the relationship between ACC activity and confidence and ACC activity and curiosity in the same format as Figure 3A.
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OTC Certainty is associated with curiosity through a mechanism
that is mediated by the vmPFC, while the relation between ACC
and curiosity emerges through a distinct mechanism.

Discussion
We tested the novel hypothesis that a neural representation of
sensory certainty is transformed into a univariate confidence sig-
nal that generates curiosity. We used a new task in which partic-
ipants rated their confidence and curiosity about images that
were difficult to recognize and showed that perceptual curiosity
had a negative relation with confidence analogous to findings
on epistemic curiosity (Kang et al., 2009; Baranes et al., 2015).
By using synthetic images known as “texforms” (Long et al.,
2018), we elicited multivoxel representations of animate and
inanimate categories in the OTC and derived a trial-by-trial mea-
sure of the sensory uncertainty these representations conveyed.
We showed that OTC Certainty was correlated with curiosity
ratings and this relationship was specifically mediated by the
vmPFC but not the ACC. These results go beyond previous

studies that merely identified brain regions encoding curiosity
about trivia questions (Kang et al., 2009; Gruber et al., 2014) or
presented blurry visual images without collecting curiosity and
confidence ratings (Jepma et al., 2012) and suggest a mechanism
by which a neural representation of the (un)certainty about an
event can generate curiosity.

Empirical evidence that the visual cortex provides a multivar-
iate representation of stimulus certainty comes from a study
using imaging in human V1 during a task of orientation discrimi-
nation (Geurts et al., 2022). However, while that study decoded
V1 uncertainty based on the assumption that V1 cells have cosine
tuning for orientation (Walker et al., 2023; van Bergen and Jehee,
2021; Geurts et al., 2022), this assumption does not apply to
higher-level visual regions like the OTC, where individual neu-
rons and voxels show complex selectivity to stimulus categories
(Kriegeskorte et al., 2008). Thus, our field lacks analytical models
that can decode the uncertainty of higher-order representations
of visual stimuli, semantic concepts, or categories.

Our new metric of OTC Certainty addresses this limitation
using an analytical strategy that eschews restrictive assumptions

Figure 4. A, OTC certainty significantly correlates with vmPFC and ACC activity, fulfilling a necessary condition for mediation analysis. Conventions as in Figure 2D. B, Significant mediation
occurs for the vmPFC (left) but not the ACC (right). In each path diagram, a, b, and c are the Pearson’s correlation coefficients between, respectively, OTC Certainty and the frontal ROI, the frontal
ROI and curiosity, and OTC Certainty and curiosity. c’ is the correlation coefficient between OTC Certainty and curiosity, when the frontal ROI response is controlled for. The numbers indicate the
coefficients and their p values. Thick arrows show significant coefficients (p< 0.05). C, Cartoon summarizing the functional interactions supported by the results. OTC Certainty contributes to
curiosity through a pathway that is mediated by vmPFC, while the ACC contributes through a distinct mechanism. Note that the arrows in this diagram do not imply direct anatomical con-
nections, but only functional associations detected through correlation or mediation analyses.
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about tuning curves and relies instead on two types of uncer-
tainty emphasized in the machine learning literature. Model
certainty denotes the extent to which the data fall within the
space of hypotheses that are considered by an analytical model;
in contrast, approximation certainty denotes how well the model
can differentiate between the hypotheses (Hüllermeier and
Waegeman, 2021). We verified that our data satisfy two key
assumptions of this strategy—that the correlation coefficients ra
and rmm estimated the evidence in favor of the modeled catego-
ries and the OTC Certainty metric captures both types of uncer-
tainty through the distinct, multiplicative contributions of two
functional terms—the average and absolute differences of ra
and rmm (Fig. 2C). Importantly, we found that the OTC
Certainty for a texform correlated with the participants’ confi-
dence in recognizing the texform and with their curiosity in see-
ing the true image. These findings provide a new method for
measuring perceptual certainty for visual categories, which may
be in the future extended to other types of abstract information
such as semantic concepts or categories.

One potential limitation of our approach is that multivariate
certainty was measured at the level of animal and man-made
object categories, while participants were instructed to generate
best guesses about the distorted image with as much specificity
as they could and may have generated guesses at the level of
exemplars. However, our approach requires a single assumption:
that generating a guess within one category activates patterns
elicited by that category more than patterns elicited by other cat-
egories (regardless of the level of specificity). As we show, this
assumption was met in our study, establishing the validity of
our approach. Nevertheless, future studies can attempt to quan-
tify multivariate certainty at the level of exemplars rather than
categories and determine whether and how more granular repre-
sentations account for the elicitation of curiosity.

Our analyses showed that ratings of confidence and curiosity
were not influenced by low-level image properties (overall tex-
form luminance, contrast, and spatial frequency) and that V1
responses lacked category specificity and could not account for
OTC Certainty. However, given the evidence for a role of V1
in encoding uncertainty (Walker et al., 2023; van Bergen and
Jehee, 2021; Geurts et al., 2022), it is possible that V1 did encode
uncertainty about local visual features in ways we did not capture
with our analysis and that such signals could be recruited to gen-
erate curiosity in different conditions—e.g., in a task in which
participants were queried about local feature properties. Thus,
our results leave open the possibility that different types of sen-
sory uncertainty, encoded at different levels of the sensory hier-
archy, contribute to perceptual confidence and curiosity through
distinct mechanisms.

We showed that, in addition to their relationship with OTC
Certainty, confidence and curiosity ratings correlated with aver-
age (univariate) responses in vmPFC and ACC. Although the
vmPFC and ACC are sensitive to rewards (Kable and
Glimcher, 2007; Shenhav et al., 2013) and curiosity is associated
with intrinsic rewards (Litman, 2005; Kang et al., 2009; Gruber
and Ranganath, 2019), the curiosity responses we found are likely
separable from a subjective value response. While value
responses have positive scaling—producing higher responses
for higher rewards in both vmPFC and ACC (Kable and
Glimcher, 2007; Cai and Padoa-Schioppa, 2012; Shenhav et al.,
2013; Clithero and Rangel, 2014; Goh et al., 2021; Yee et al.,
2021)—the curiosity response we report had negative scaling
(lower responses for higher curiosity), inconsistent with a value
response.

Our mediation analyses suggest that multiple mechanisms
contribute to curiosity. One mechanism involves a mediated
pathway whereby multivariate OTC Certainty is translated into
a univariate confidence response in the vmPFC, which then cor-
relates with curiosity. A second mechanism involves univariate
activity in the ACC, which is associated with curiosity indepen-
dently of OTC Certainty. Both mechanisms are defined in func-
tional rather than anatomical terms and may be mediated by
direct or indirect anatomical pathways.

Our finding that vmPFC mediates the link between OTC
Certainty and curiosity is consistent with the reliable encoding
of confidence in this area (Lebreton et al., 2015; Hebscher
et al., 2016; Gherman and Philiastides, 2018) and with the direct
anatomical connections between the vmPFC and the OTC
(Catani et al., 2003; Furl, 2015). Interestingly, curiosity ratings
had a linear relationship with OTC Certainty but a quadratic
relationship with vmPFC activity—whereas in a mediated
pathway, the two relationships may be expected to have a
similar form (i.e., both should be linear or quadratic). One
possibility is that we failed to detect a quadratic relationship
between OTC Certainty and curiosity due to statistical noise
(especially since the evidence for a quadratic relationship for
vmPFC was moderate). Alternatively, an additional pathway
may mediate the link between OTC Certainty and curiosity in
which all the relationships are linear. Future work can examine
whether these pathways exist and how they uniquely contribute
to curiosity.

The fact that the ACC did not show significant mediation
despite a robust encoding of confidence and curiosity suggests
that it plays distinct roles in curiosity relative to vmPFC. One
possibility is that the ACC computes confidence based on factors
unrelated to OTC Certainty, such as response heuristics or biases
(Zylberberg et al., 2012; Maniscalco et al., 2016; Peters et al.,
2017) or even elementary visual features encoded in V1
(Geurts et al., 2022). Another, not mutually exclusive, possibility
is that the ACC is not primarily involved in generating the sub-
jective sensation of curiosity, but rather in recruiting cognitive
functions to satisfy curiosity. This view is consistent with the
roles of ACC in executive function (Shenhav et al., 2013) and
attentional information gathering (Foley et al., 2017; Horan
et al., 2019; White et al., 2018; Gottlieb et al., 2020; Silvetti
et al., 2023) and suggests that the role of this area may be better
revealed in tasks in which satisfying curiosity involves attentional
effort (e.g., a participant is asked to find the information that
relieves curiosity through effortful visual search). Thus, the
specific role of the ACC in various types of decisions involving
confidence and information demand remains an important topic
for future investigations.

The evidence for significant mediation by the vmPFC implies
a multistep mechanism, whereby OTC provides a multivariate
representation of visual certainty, which is then translated into
a univariate response to confidence in the vmPFC that triggers
curiosity. What could be the computational advantage of this
intricate process? We speculate that the answer is in providing
different representations of uncertainty that are suited for differ-
ent computational goals. A multivariate representation can con-
vey (un)certainty while also signaling complex visual features. In
contrast, a univariate representation is better suited for control-
ling actions—e.g., generating a lower-dimensional signal that
regulates the level of arousal, curiosity, or attentional focus based
on uncertainty. Thus, consistent with the representational untan-
gling hypothesis (DiCarlo and Cox, 2007; Russo et al., 2018), we
propose that the key advantage of a multistage process is to link
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high-dimensional representations of sensory information to
lower-dimensional representations that control actions.

Mechanistically, this process may be implemented through
direct or indirect connections between the OTC and vmPFC.
The OTC responses to visual categories have been well-
documented and are believed to arise through a template-
matching mechanism whereby a bottom-up stimulus activates
a “template” reflecting category knowledge stored in the OTC
(Mur et al., 2017). Our study, however, did not focus on how
the category response emerges but on whether and how it is
linked to curiosity. Our findings suggest that the templates that
are activated by the texform in the OTC drive activity in
vmPFC in a winner-takes-all fashion. Thus, the vmPFC acts
like an exclusive-OR gate, generating high activity if one, and
only one, of its inputs is active at a given time point but respond-
ing less if two inputs are weakly and/or similarly active. Thus,
high vmPFC activity is associated with high confidence and
with high model and approximation certainty in the OTC, while
lower activity is associated with low confidence and low OTC
Certainty. In principle, this readout may be implemented in
the direct connections between the two areas (Catani et al.,
2003; Furl, 2015). However, in natural behavior confidence mon-
itoring requires high capacity and flexibility—i.e., individuals
must monitor their confidence about multiple features that can
rapidly change depending on the situation at hand. Thus, we
believe it more likely that the readout involves indirect pathways
perhaps including frontal and parietal areas, as can be deter-
mined in future research.

In conclusion, our results are consistent with the hypothesis
that multivariate representations of certainty are transformed
into univariate confidence in frontal cortex to generate curiosity.
We speculate that this transformationmight generalize outside of
visual processing into other stimulus domains in which stimulus
representations are probabilistic (Pouget et al., 2016; Lindskog
et al., 2021) and likely described by multivariate certainty
(Meyniel et al., 2015). Our findings shed light on the neural
mechanisms of curiosity—specifically, how the brain may evalu-
ate the neural representation of an event to generate high or low
curiosity about that event.

Author’s note
Mariam Aly is also affiliated with Department of Psychology,
University of California Berkeley, Berkeley, CA 94720, USA.
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