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ABSTRACT
BACKGROUND: While individuals with autism often face challenges in everyday social interactions, they may
demonstrate proficiency in structured theory of mind (ToM) tasks that assess their ability to infer others’ mental
states. Using functional magnetic resonance imaging and pupillometry, we investigated whether these discrepancies
stem from diminished spontaneous mentalizing or broader difficulties in unstructured contexts.
METHODS: Fifty-two adults diagnosed with autism and 52 neurotypical control participants viewed the animated
short Partly Cloudy, a nonverbal animated film with a dynamic social narrative known to engage the ToM brain
network during specific scenes. Analysis focused on comparing brain and pupil responses to these ToM events.
Additionally, dynamic intersubject correlations were used to explore the variability of these responses throughout the
film.
RESULTS: Both groups showed similar brain and pupil responses to ToM events and provided comparable de-
scriptions of the characters’ mental states. However, participants with autism exhibited significantly stronger cor-
relations in their responses across the film’s social narrative, indicating reduced interindividual variability. This distinct
pattern emerged well before any ToM events and involved brain regions beyond the ToM network.
CONCLUSIONS: Our findings provide functional evidence of spontaneous mentalizing in autism, demonstrating this
capacity in a context that affords but does not require mentalizing. Rather than responses to ToM events, a novel
neurocognitive signature—interindividual variability in brain and pupil responses to evolving social narratives—
differentiated neurotypical individuals from individuals with autism. These results suggest that idiosyncratic
narrative processing in unstructured settings, a common element of everyday social interactions, may offer a more
sensitive scenario for understanding the autistic mind.

https://doi.org/10.1016/j.bpsc.2024.10.007
Autism spectrum condition (ASC) is a neurodevelopmental
disorder marked by difficulties in social communication and
interaction across multiple contexts (1). These difficulties are
frequently associated with theory of mind (ToM)—the ability to
attribute mental states to oneself and others, also known as
mentalizing (2,3). While initial findings suggested diminished
ToM abilities in autism (4,5), subsequent studies have painted
a more complex picture owing to a variety of factors.

First, the reliability of established ToM assessments, such
as the False Belief Test, Strange Stories, and the Reading the
Mind in the Eyes Test, has increasingly come under scrutiny.
These tests have shown inconsistent effect sizes compared
with earlier, smaller-scale studies and exhibited limited corre-
lations with one another, despite their aim to measure similar or
identical ToM constructs (6–9). Second, many studies have not
adequately matched autistic individuals with neurotypical (NT)
control participants based on language abilities, which are
crucial to varying degrees for these tasks (10). This lack of
language matching is particularly significant given the
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generally lower performance in verbal learning and memory
observed in the autism population (11). Lastly, recent research
highlights the remarkable proficiency of autistic individuals in
ToM tasks, especially in situations that require strategic mental
state reasoning (12,13), such as deception (14).

Faced with these empirical challenges, researchers have
turned tomore implicit ToMmeasures. This includes the analysis
of anticipatory eye movements concerning an actor’s false
beliefs (15) and measuring neural activity in the Animated Tri-
angles Task, where participants attribute mental states to mov-
ing shapes (16). Recent findings indicate that while autistic
individuals do show anticipatory gaze responses, these re-
sponses tend to be generally slower, regardless of whether the
character’s beliefs are true or false (17,18). In the Animated Tri-
angles Task, both autistic and NT participants show comparable
brain activation in key ToM regions, such as themedial prefrontal
cortex (mPFC), temporoparietal junction (TPJ), and precuneus
(19). However, individuals with autism typically underperform in
both the mentalizing and nonmentalizing conditions of this
Published by Elsevier Inc. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1. Demographic Characteristics

ASC Group,
n = 52

NT Group,
n = 52 Group Difference

Sex, Female:Male 29:23 32:20 c2 = 1.73, p = .19

Age, Years 27.7 (6.3) 25.9 (5.5) t102 = 1.74, p = .08

Verbal IQ, WAIS-III 126 (16) 124 (16) t102 = 0.51, p = .61

Nonverbal IQ, RPM 103 (9) 104 (11) t102 = 20.46, p = .64

Autism Quotient 31 (9) 12 (6) t102 = 12.2, p , .001

Values are presented as n or mean (SD).
ASC, autism spectrum condition; NT, neurotypical; RPM, Raven’s Progressive

Matrices; WAIS, Wechsler Adult Intelligence Scale.
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task, which combined with their generally slower anticipatory
gaze responses, points to broader difficulties in implicit task
settings (20). The extent to which autistic individuals engage in
spontaneous mentalizing, particularly in unstructured settings
that lack an explicitly defined task, as is common in everyday
social interactions, remains largely unknown.

In this study combining functional magnetic resonance im-
aging (fMRI) and pupillometry, we aimed to bridge this knowl-
edge gap by investigating how individuals with and without
autism respond to mental state events embedded in a dynamic
movie narrative. Additionally, we sought to provide insights into
how these individuals process stimuli in less structured envi-
ronments that more closely resemble everyday social in-
teractions. Everyday interactions require a continuous
assessment of stimuli within an evolving narrative (21–23), as
can be seen in how even seemingly minor behaviors like a
voluntary cough or a brief silence can carry significant impli-
cations in certain contexts (24). Failure to recognize these
narrative cues could lead to misunderstandings in scenarios
that require high levels of interpretation, such as irony or
sarcasm, which are areas known to pose challenges for autistic
individuals (25,26). However, capturing this narrative process-
ing is challenging because it likely unfolds differently over time
among individuals exposed to the same stimuli. We reasoned
that narrative processing could manifest as interindividual
variability in responses to movie stimuli, which should be
particularly diminished among those less inclined to interpret
stimuli through a narrative lens (27–30). We investigated this
possibility using intersubject correlation analysis (31), applying
it to 2 complementary methods for assessing cognitive pro-
cessing: brain imaging and measurements of pupil size (32).

To probe spontaneous mentalizing and narrative process-
ing, we recorded participants’ brain and pupil responses as
they viewed the nonverbal animated movie Partly Cloudy (33–
35). Although movies cannot fully replicate the complexities of
real-world social interactions (36), they offer an effective plat-
form for immersing participants in an evolving narrative under
uniform stimulus conditions. To assess differences in narrative
processing between autistic and NT participants at various
points during the movie, we augmented our intersubject cor-
relation analysis with a dynamic sliding window technique and
an adaptive clustering algorithm (37). The movie Partly Cloudy
was chosen for its proven ability to evoke neural activations
within the ToM network through distinct mental state events
(34,38), making it suitable for evaluating spontaneous men-
talizing. After viewing, we analyzed participants’ verbal de-
scriptions of the movie, focusing on their use of language
related to mental states. This experimental approach enabled
us to simultaneously probe spontaneous mentalizing and
narrative processing, thereby providing insights into how these
cognitive functions interact in individuals with autism.

METHODS AND MATERIALS

Preregistration and Data Availability

The study comprised 2 sets of preregistered analyses (39). The
first set focused on spontaneous pupil and brain responses to
movie events anticipated to elicit mental state inferences
complemented by a questionnaire that examined participants’
use of related vocabulary to describe the movie. The second
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set of analyses explored dynamic intersubject correlations to
investigate idiosyncratic narrative processing throughout the
entire movie. Unlike the event-related analyses, these explor-
atory analyses were not limited to specific movie segments. All
resulting pupillometry and fMRI data are publicly available for
additional research (40).

Participants

A total of 104 participants were enrolled in the study, 52 adults
diagnosed with ASC and 52 NT participants. Recruitment
occurred through Radboud University’s database, social me-
dia, campus postings, and outpatient clinics in Nijmegen and
Arnhem, the Netherlands. Eligibility for the ASC group required
a formal diagnosis from a clinician (1), while exclusion criteria
for all participants included the use of psychotropic drugs,
severe cognitive impairment, systemic diseases, or neurolog-
ical treatment history. As shown in Table 1, both groups were
demographically matched for sex, age (Kullback-Leibler
divergence = 0.05, F51,51 = 0.29), and both verbal and
nonverbal IQ, which were verified through the Similarities and
Vocabulary subscales of the Wechsler Adult Intelligence Scale
(41) (Kullback-Leibler divergence = 0.02, F51,51 = 0.74) and
Raven’s Progressive Matrices (42) (Kullback-Leibler diver-
gence = 0.01, F51,51 = 0.63). Notably, participants with ASC
scored higher on the Autism Spectrum Quotient (43), con-
firming group distinctions. Data collection involved MRI scans
(n = 104) and pupillometry (n = 100) while participants viewed
the film followed by a postviewing questionnaire completed by
most participants (n = 101). All participants provided written
informed consent, which was approved by the local ethics
committee (Committee for Human-Subject Research, region
Arnhem-Nijmegen; file No. 2019-6059), and received
compensation for their participation.

Experimental Design

Participants watched the 5-minute and 45-second animated
short called Partly Cloudy, which depicts the evolving friend-
ship between a stork and a cloud through various social in-
teractions integral to its narrative. After viewing, participants
described the plot to assess narrative comprehension and
articulation of characters’ mental states. Descriptions were
analyzed by independent raters, who categorized words into
mental state terms or other content-related categories, using
the mental state word list from Bang et al. (44). An independent
t test was used to compare the frequency of mental state
words used between groups. The movie featured 3 types of
024; -:-–- www.sobp.org/BPCNNI
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Figure 1. Participants with autism and neurotypical participants viewed a 6-minute animated movie portraying the evolving friendship between a stork and a
cloud, while their pupil and brain responses were recorded. Originally used by Jacoby et al. (34) as a theory of mind (ToM) localizer, the movie includes 3 types
of events—mental, pain, and control—each marked on the movie timeline. Mental and pain events were expected to prompt inferences about characters’
mental and physical states, whereas control events featured no characters in the foreground. The event images shown were generated using Copilot in Bing for
copyright purposes to closely resemble scenes from the movie.
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events, coded by the original research team that introduced it
as a ToM localizer task (34). These included mental, pain, and
control events, each annotated on the movie’s timeline in
Figure 1. Mental events, which totaled 44 seconds across 4
events, were expected to elicit inferences about characters’
mental states, depicting scenarios like characters feeling dis-
tressed while observing others enjoying a cheerful interaction
or mistakenly perceiving betrayal by a friend. Pain events,
which totaled 26 seconds across 7 events, depicted instances
where characters experienced physical discomfort, such as
being shocked by an eel or bitten by a crocodile. Control
events, which totaled 24 seconds across 3 events, showcased
serene moments like birds in flight or panoramic views of
clouds. As detailed in later sections, these categorizations
facilitated the analysis of ToM-related pupillary and neural
responses.

Pupillometry and MRI Data Acquisition

Pupil size was continuously tracked using an SR Research
Eyelink 1000 plus eyetracker at 1000 Hz. MRI data were ac-
quired using a Siemens 3T MRI scanner with a 32-channel
head coil. Structural images were obtained with a T1
magnetization-prepared rapid acquisition gradient-echo
sequence (repetition time = 2200 ms, inversion time = 1100
ms, echo time = 2.6 ms, flip angle = 11�, voxel size = 0.8 mm3,
acceleration factor = 2). Functional images were acquired with
a multiband multiecho sequence (repetition time = 1500 ms,
echo time = 13.4/34.8/56.2 ms, flip angle = 75�, voxel size =
2.5 mm3, acceleration factor = 2). Analysis of head movement
through framewise displacement showed no significant
Biological Psychiatry: Cognitive Neuroscien
differences between the ASC and NT groups. Mean framewise
displacement was mean 6 SD = 0.15 6 0.05 for the ASC
group and 0.16 6 0.09 for the NT group (t102 = 20.78, p = .43),
with maximum framewise displacement values at 0.81 6 0.79
for the ASC group and 1.03 6 1.31 for the NT group
(t102 = 21.09, p = .28). Additionally, assessments of total head
motion, calculated from translation and rotation during the
realignment process, indicated no significant differences
(translation: 109.5 6 74.6 vs. 114.3 6 99.5, t102 = 0.28, p = .78;
rotation: 2.0 6 0.98 vs. 2.2 6 1.2, t102 = 0.74, p = .46).
Pupillometry Data Analysis

Pupillometry data underwent preprocessing with a combina-
tion of established and custom MATLAB (version 2020a; The
MathWorks, Inc.) routines. Blinks were removed using a noise-
based detection algorithm (45). Squints, marked by unusually
small pupil sizes (46), and gaze jumps, indicative of excessive
translational eye movements, were both identified and elimi-
nated through visual inspection. After these adjustments,
89.3% 6 9.4% of the data remained usable for the ASC group,
and 88.4% 6 10.6% remained usable for the NT group (t98 =
0.48, p = .63). Fixations and saccades were distinguished
using an adaptive velocity threshold (47). Pupil time series
were normalized (z-scored) and adjusted for global luminance
fluctuations modeled using the lm() function from the R stats
package (48) up to the fifth polynomial order, validated with
data from 5 randomly selected participants. Luminance
was quantified using red-green-blue color values based on the
Rec. 709 formula (49).
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Event-related pupil responses were analyzed through a 3 3

2 mixed-design analysis of variance with mean pupil size as
the dependent variable and event condition (mental, pain,
control) and participant group status (ASC, NT) as factors.
Tukey’s honest significant difference tests were used to
investigate ToM-related contrasts further, specifically to
compare mental with both pain and control conditions. To
verify the robustness of our findings against variations in event
timing, a control analysis was conducted by incorporating an
additional time-based regressor into the lm() function during
preprocessing. This adjustment, which was incremented by 1
every second, did not influence the main findings.

Intersubject variability was assessed using dynamic inter-
subject correlation analysis of the pupil time series. Using a
leave-one-out approach, each participant’s time series was
correlated with the composite average time series of all other
group members (50). This analysis was conducted using a 30-
second sliding window at 100-ms intervals, generating a cor-
relation time series for the entire movie duration per partici-
pant. All correlation time series were Fisher z-transformed and
subjected to a nonparametric cluster-based permutation test
(37). This test addresses the multiple comparisons problem in
time-series analysis by clustering significant neighboring data
points. These clusters are tested against a null distribution
formed by randomly shuffling participant labels and recalcu-
lating statistics, allowing the identification of specific time
points where significant differences in pupil response vari-
ability between groups occurred, while effectively controlling
for false positives. Statistical testing was performed using a 2-
sided independent samples t test with 10,000 permutations to
establish the null distribution. Clusters that reached a Monte
Carlo p value of .05 or less were considered statistically
significant.
fMRI Data Analysis

Functional images were preprocessed using SPM12, initially
consolidating multiple echoes into single volumes through
echo-weighted combinations. These volumes were realigned
to the initial image using rigid-body transformations and
second-degree B-spline interpolation and subsequently
unwarped with participant-specific field maps to minimize
spatial distortions and signal dropout. Anatomical images were
coregistered to the mean functional image and segmented into
gray matter, white matter, and cerebrospinal fluid categories
using SPM’s tissue probability maps, enabling normalization to
Montreal Neurological Institute space. An 8-mm full width at
half maximum kernel was applied for spatial smoothing. First-
level regressors estimated activations for mental, pain, and
control events and included adjustments for head movement
(using squared and cubic terms together with first and second
derivatives) and tissue signal intensities. A 0.6 threshold
masking was applied to ensure optimal brain coverage.

Two 2 3 2 mixed-design analyses of variance were con-
ducted to analyze ToM activations across mental, pain, and
control conditions and participant groups (ASC, NT). The first
contrast (mental . pain) sought to confirm previous findings of
enhanced ToM network activity (34), while the second contrast
(mental . control) extended these findings to scenes that lack
foreground characters. Results were subjected to whole-brain
4 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging - 2
cluster-level correction (familywise error–corrected p [pFWE] ,
.05), with anatomical locations identified using the SPM
Anatomy Toolbox (51). Additionally, a region of interest anal-
ysis focused on 3 peak brain regions and was complemented
by Bayesian analysis (52) to evaluate consistent neural acti-
vation within the ToM network across groups, reporting evi-
dence with Bayes factors (BFs). Robustness against event
timing variations was confirmed through a control analysis with
a first-level regressor added that incremented with each
volume.

Intersubject variability at the neural level was assessed us-
ing dynamic intersubject correlation analysis of voxel time
series adjusted for head movement and tissue signals. Mir-
roring the pupillometry analysis, a leave-one-out and sliding
window method generated whole-brain correlation time series
for each participant. For computational efficiency, the data
were spatially and temporally downsampled by a factor of 3,
which resulted in a voxel resolution of 7.5 mm and a sampling
interval of 4.5 seconds. These data underwent a nonparametric
cluster-based permutation test (37), which corrected for mul-
tiple comparisons across voxels and time points using a 2-
sided independent samples t test with 10,000 permutations
(Monte Carlo p , .05). The analysis was further refined with a
spatially adaptive clustering algorithm that identified variations
in brain response patterns between groups. The spatial dis-
tribution of the identified spatiotemporal brain cluster was
visualized by summing t values across all time points, pro-
ducing a 3-dimensional representation of significant variability.
The degree of overlap between this cluster and the ToM
network was quantified by comparing their spatial volumes.
Lastly, a supplementary analysis without the sliding window
approach calculated correlations across the entire voxel time
series, pinpointing a smaller cluster in the left supramarginal
gyrus. Consistent with the main findings, this cluster demon-
strated reduced intersubject variability in the ASC group.

RESULTS

Postviewing Movie Descriptions

After the film viewing, participants were asked to recount the
story of the stork and the cloud’s evolving friendship in their
own words. We analyzed these descriptions for the use of
mental state words and other content-related terms
(Figure 2A). Statistical analysis revealed no significant differ-
ences in the frequency of mental state word usage between
the autistic and NT participants (meanASC = 0.063, meanNT =
0.054, t99 = 0.84, p = .40) (Figure 2B), with a BF in favor of the
null hypothesis (BFNull = 3.49). This finding suggests that par-
ticipants in the autistic and NT groups engaged similarly with
the mental states depicted in the film.

Event-Related Pupil Responses

Participants’ pupil sizes were continuously tracked throughout
the movie to assess responses to events expected to elicit
mental state inferences, such as the cloud reflecting on the
stork’s actions. We also analyzed responses to events ex-
pected to evoke physical state inferences, like the stork
experiencing pain, as well as to control scenes that were
devoid of character interactions. Pupillometry analysis
024; -:-–- www.sobp.org/BPCNNI
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Figure 2. Comparable mental state descriptions and pupil responses across groups. (A) Word cloud depicting the frequency of mental state–related vo-
cabulary used by participants in their postviewing movie descriptions. The size of each word corresponds to its frequency of use. (B) Bar graphs displaying the
ratio of mental state words to other content-related terms in these descriptions, which show no significant differences between the 2 groups. (C) Pupil re-
sponses across all event conditions, which reveal similar response patterns in both the autistic and neurotypical (NT) groups. Asterisks denote significant
differences between event conditions (all ps, .001), with no significant differences observed between groups. Outliers are represented by dots, while whiskers
display a 1.5 interquartile range. ASC, autism spectrum condition.
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identified distinct responses to these 3 event types (F2,196 =
73.0, p , .001, BFNull = 0.00) (Figure 2C), with the largest pupil
dilation occurring during pain events (mean = 0.22, z score),
followed by mental events (mean = 20.12) and control events
Figure 3. Comparable neural activation patterns during mental state events ac
mental state events, as assessed through the mental . control and mental . p
contrast between the autistic and neurotypical (NT) groups. (B) Box plots depict
mental . pain (in red underlining) comparisons across various regions of interest
prefrontal cortex (mPFC) were selected as ROIs based on theory of mind literature
in that region for both theory of mind contrasts. Across all ROIs and contrasts,
represented by dots, while whiskers display a 1.5 interquartile range. ASC, autis

Biological Psychiatry: Cognitive Neuroscien
(mean = 20.20). Comparisons of pupil responses between
autistic and NT participants revealed no significant differences
(F1,98 = 0.03, p = .86, BFNull = 7.8) or interaction effects be-
tween participant groups and event types (F2,196 = 2.1, p = .12,
ross groups. (A) Brain sections showing whole-brain responses specific to
ain contrasts. There were no significant differences in activation for either
ing the contrast estimates for the mental . control (in blue underlining) and
(ROIs) for both groups. The right temporoparietal junction (rTPJ) and medial
, while the precuneus was selected because of the peak voxel being located
no significant differences were observed between the groups. Outliers are
m spectrum condition.
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BFNull = 2.5). This suggests that both groups reacted similarly
to the different event types in the movie.

Event-Related Brain Responses

A whole-brain fMRI analysis was conducted to examine neural
activations during mental events compared with control and
pain events. As depicted in Figure 3A, this analysis identified
robust activation in key areas of the ToM network (53), spe-
cifically in the right and left TPJ (right TPJ: Montreal Neuro-
logical Institute coordinates [x, y, z] = [48, 262, 32], t = 16.85,
pFWE , .001; left TPJ: [246, 262, 32], t = 16.92, pFWE , .001),
the precuneus ([6, 264, 40], t = 20.64, pFWE , .001), mPFC
([26, 52, 38], t = 7.33, pFWE , .001), and left middle temporal
gyrus ([252, 2, 226], t = 11.51, pFWE , .001). Echoing the
pupillometry findings, no significant differences in neural acti-
vation were observed between autistic and NT participants.
Complementary region of interest analysis (Figure 3B) and
Bayesian analysis reinforced these findings, providing evi-
dence favoring the null hypothesis over alternative models
suggesting group differences. This was consistently demon-
strated across all evaluated regions of interest for both mental
. pain contrasts (right TPJ: BFNull = 4.83, precuneus: BFNull =
1.73, mPFC: BFNull = 4.01) and mental . control contrasts
(right TPJ: BFNull = 3.43, precuneus: BFNull = 3.63, mPFC:
BFNull = 4.71), underscoring a similarity in neural processing of
mental states among autistic and NT individuals.

Movie-Driven Variability in Pupil Responses

Having observed comparable pupil and brain responses to
mental state events and similar verbal descriptions from both
autistic and NT participants, we expanded our investigation to
narrative processing differences across the entire movie
through dynamic intersubject correlation analysis of the pupil
time series. This analysis revealed an interval from 40 to 71
seconds when individuals with autism demonstrated signifi-
cantly stronger correlations in pupil responses, indicating
Figure 4. Reduced pupil response variability in autistic participants. Dynamic
correlation in both the autistic and neurotypical (NT) groups at the start of the mo
when individuals with autism showed stronger correlations in their pupil respo
pattern of reduced variability emerged well before the mental state events highligh
determined by a cluster-based permutation test. ASC, autism spectrum conditio
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reduced intersubject variability, than NT participants
(meanASC = 0.61, meanNT = 0.55, cluster stat = 777, p = .045)
(Figure 4). This interval preceded any mental state events and
coincided with scenes featuring storks flying through the air
and clouds morphing into baby animals. Although this reduced
variability continued throughout the film, it did not reach sta-
tistical significance outside this interval after adjustment for
multiple comparisons. Furthermore, differences in variability
were not due to variations in saccadic eye movements
because their frequency and variability remained consistent
between groups (Figure S1).

Movie-Driven Variability in Brain Responses

When applied to the fMRI data, dynamic intersubject correla-
tion analysis identified a spatiotemporal cluster where in-
dividuals with autism showed significantly stronger
correlations in their brain responses than NT participants
(Figure 5). This cluster spanned the entire movie (cluster stat =
1332, p = .002) and included peaks in the right and left
supramarginal gyrus (right supramarginal gyrus: [52, 234, 32],
tmax. = 3.88; left supramarginal gyrus: [254, 240, 32], tmax. =
4.54), the right inferior temporal gyrus ([54, 222, 228], tmax. =
5.90), and the left calcarine gyrus ([6, 2102, 210], tmax. = 4.20).
The reduced variability was consistent across these regions for
most of the movie (Figure S2), and it emerged well before and
continued after any mental state events. The cluster’s overlap
with the ToM network was minimal, comprising ,20% of the
total cluster size (Figure 6). This indicates that the observed
reduced variability in brain responses among autistic partici-
pants extended beyond regions involved in mental state pro-
cessing, suggesting broader differences in neural processing
between the groups.

DISCUSSION

Using fMRI and pupillometry, this study provides functional
evidence of spontaneous mentalizing abilities in individuals
intersubject correlation analysis initially showed comparably high levels of
vie. However, a significant divergence emerged around the 40-second mark,
nses, indicating reduced intersubject variability, than NT participants. This
ted by the pink areas. Solid lines delineate statistically significant intervals, as
n. *p , .05.
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Figure 5. Reduced brain response variability in autistic participants. Dynamic intersubject correlation (ISC) analysis identified a spatiotemporal brain cluster
where autistic individuals demonstrated significantly stronger correlations in their brain responses, indicating reduced intersubject variability, than neurotypical
(NT) participants. This cluster persisted throughout the movie and featured peaks in the right and left supramarginal gyrus, the right inferior temporal gyrus, and
the left calcarine gyrus. Echoing the pupillometry data, this pattern of reduced variability in autistic participants emerged well before the mental state events
highlighted by the pink areas. ASC, autism spectrum condition; LH, left hemisphere; RH, right hemisphere.
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with autism. Compared with NT participants matched on sex,
age, and both verbal and nonverbal IQ, individuals with autism
exhibited similar brain and pupil responses during movie
scenes known to activate the ToM network (34,38). Activity in
the ToM network was enhanced during scenes that encour-
aged viewers to contemplate the actions and mental states of
depicted characters. Conversely, scenes that prompted
physical state inferences, such as characters experiencing
physical discomfort, or control scenes that lacked central
characters, resulted in weaker ToM activations. Verbal de-
scriptions provided by participants after the movie corrobo-
rated these findings, indicating an engagement with the mental
state events depicted in the movie on par with that of NT
participants. These results extend previous evidence of pre-
served mentalizing in autism (19,54), showcasing this capacity
in a situation that affords but does not require mentalizing.

While individuals with and without ASC showed comparable
brain and pupil responses during mental state events, dynamic
intersubject correlation analysis revealed significant differ-
ences in the correlation of these responses over extended
movie intervals. Participants with autism exhibited significantly
stronger correlations, indicating reduced interindividual vari-
ability, across several brain regions outside the ToM network.
These included the right and left supramarginal gyrus, linked to
empathic judgment (55,56); the right inferior temporal gyrus,
associated with narrative comprehension (57); and the left
calcarine gyrus, crucial for visual processing (58). This reduced
Biological Psychiatry: Cognitive Neuroscien
variability was not due to differences in bottom-up processing,
as autistic and NT groups exhibited similar saccadic eye
movement patterns throughout the film. The most pronounced
differences emerged during early scenes featuring storks flying
through the air and clouds morphing into baby animals, which
likely introduced significant narrative ambiguity. This ambiguity
may have prompted NT viewers to idiosyncratically interpret
how these visual elements fit into the evolving storyline,
resulting in less consistent responses. In contrast, autistic
participants’ responses appeared to be more consistently
aligned with the movie’s stimuli, possibly reflecting a height-
ened focus on specific details rather than the broader narrative
context (59–63). Importantly, these differences manifested in
cognitive and neural processing rather than in eye movements,
suggesting that the variability observed in NT responses may
represent a neurocognitive signature of top-down processing.

The neuroanatomical bases of the observed changes in
response variability are consistent with existing research on
autism and social interaction. Previous studies have docu-
mented structural alterations in the gray matter of both the
right and left supramarginal gyrus in individuals with autism
(64–66), as well as reduced anatomical connectivity in the right
inferior temporal cortex (67,68). This region exhibits prolonged
activations during tasks that involve story comprehension and
interactive communication (57,69), highlighting its role in inte-
grating stimuli within an evolving narrative. This integration is
crucial for complex social interactions, which necessitate the
Figure 6. Limited spatial overlap between brain re-
gions showing reduced intersubject variability in autistic
participants and theory of mind (ToM) activation. The
overlap comprised ,20% of the total cluster size. For
clarity, the cluster is visualized using a cumulative t value
threshold of$20. Lateral brain images provide an overlay
with a search distance of 10 mm. ISC, intersubject cor-
relation; LH, left hemisphere; RH, right hemisphere.
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continuous assessment of diverse stimuli to maintain narrative
coherence with others (21–23). A key direction for future
research is to examine how response variability in the identified
brain regions differs across various social contexts. Such in-
vestigations will not only help to illuminate the specific chal-
lenges faced by autistic individuals in everyday social
situations but could also inform the development of in-
terventions by identifying environments that promote effective
social interaction (70).

It is worth noting that our intersubject correlation patterns
differ from previous studies that demonstrated greater brain
response variability in autistic individuals than in NT partici-
pants (71–78). Several factors could explain these discrep-
ancies. First, our study used an animated film with fictional
characters as opposed to the more realistic human portrayals
used in other studies. Although the type of characters may
influence brain responses in autism (79), greater neural vari-
ability has been noted with fictional characters (74). Second,
we implemented an adaptive clustering algorithm to identify
spatiotemporal clusters of brain response variability within 30-
second intervals. This approach is potentially more sensitive to
brain response variations associated with subtle shifts in
interpretation than whole-movie analyses, which emphasize
consistent patterns over significantly longer durations (10–67
minutes). This approach may more effectively capture the hy-
pothesized increased reliance on bottom-up sensory stimula-
tion in autism (80), possibly leading to less variability in neural
signals related to narrative interpretation. More generally, our
findings invite a reconsideration of theories that propose pre-
cise neural synchronization as a means to manage individual
perspectives in daily interactions (81). These theories suggest
that aligning neural responses to external cues helps in-
dividuals achieve a common viewpoint, thereby facilitating
social interaction (82,83). However, contrary to expectations
based on their social difficulties, participants with autism in our
study displayed stronger neural correlations when exposed to
the same external stimuli, thereby challenging the assumed
role of precise neural synchronization in social interaction (84).

Conclusions

This study offers functional evidence of spontaneous mental-
izing in autism, showcasing this capacity in a context affording
but not requiring mental state inferences. More distinctively,
our findings identify a novel neurocognitive signature—
interindividual variability in brain and pupil responses to
evolving social narratives—that differentiates NT individuals
from individuals with autism. These results underscore the
importance of idiosyncratic narrative processing in unstruc-
tured settings, a common feature of everyday social in-
teractions, as a potentially more sensitive framework for
understanding the autistic mind.
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