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Abstract
Children with autism spectrum disorder (ASD) struggle with social interactions due to de�cits in theory of mind (ToM). In
this study, we collected behavioral and neuroimaging data from 9 children with ASD and 19 neurotypical children between
the age of 7 and 14 years old, particularly in the area of emotion recognition to better understand those skills needed for
meaningful social interaction. The results suggest impaired abilities in multiple ToM metrics and brain de�cits associated
with ToM-related emotion recognition and processing among children with ASD. Findings from this study are expected to
establish connections between behavior and brain activities surrounding ToM in ASD, which may assist the development of
neuroanatomical diagnostic criteria and provide a way to measure intervention outcomes.

1 Introduction
Autism spectrum disorder (ASD) is a lifelong neurodevelopmental disorder in which an individual’s symptoms can vary
from mild to severe. According to the most recent prevalence rates from the US Centers for Disease Control and Prevention
(CDC), about 1 in every 54 individuals has ASD1. Although many theories exist about the pathology and causes of autism,
such as genetic and environmental factors, ASD is a heterogeneous disorder without a speci�c known cause or cure.
Language and intellectual impairments may or may not be characteristic of children with ASD, but the most signi�cant
challenges they face are di�culties communicating and interacting with others in social situations2. Early diagnosis and
intervention (e.g., speech and language therapy, social cognitive behavioral intervention, etc.) targeting these social
di�culties are especially critical if we wish to improve the social communication skills of children with autism, as well as
help them build relationships, engage in activities with others, and be successful in school.

An important component of social communication and social interaction in children with ASD is theory of mind (ToM).
ToM is the ability to reason about the thoughts and feelings of self and others, including the ability to predict what others
will do or how they will feel in a given situation on the basis of their inferred beliefs3,4. Di�culties with ToM are thought to
lead to impairments in social interactions among individuals with ASD. It has been argued that a diminished ability to
interpret the beliefs, intentions, and emotions of others will undermine the individual’s ability to interact in ways that are
generally considered appropriate and adaptive for a particular social context5. Individuals with ASD often have trouble
interpreting or reading the verbal and non-verbal communications of others, speci�cally in social interactions6.

ToM abilities have been adopted as proxies to functioning level in ASD for several reasons: (1) the developmentally
sequenced acquisition of ToM skills in childhood is well documented7,8; (2) ToM tests have been used in a variety of
populations and cultures9–11; and (3) ToM de�cits ostensibly underlie social communication impairments in ASD12–14.
Additionally, general ToM assessment is internationally applicable in that ToM skills develop in roughly the same manner
across the world15–17. ToM abilities have also been proposed as a potential severity index in ASD: better ToM is associated
with improved behavior towards social rules18, better social interaction skills19,20, and increased language use21,22.

At a neural level, studies have established a ToM network involving the medial prefrontal cortex (mPFC), the posterior
superior temporal sulcus (pSTS), the temporal parietal junction (TPJ), the precuneus, and the posterior cingulate cortex
(PCC). More speci�cally, the mPFC is associated with mental state re�ection; the pSTS is involved in inferring to other’s
actions; and the TPJ with understanding beliefs and socially relevant information23–25. Individuals with ASD exhibit
decreased activation and connectivity among these identi�ed ToM regions, as well as decreased connectivity in the frontal-
medial, frontal-parietal

and medial cerebellum anatomical networks23–25. The purpose of this study is to examine behavioral and neurobiological
measures of emotions involving ToM, contributing to what is known about ToM markers at the brain and behavior levels
that can distinguish those with and without ASD. In the review of the literature that follows, we discuss the development of
emotion recognition as one aspect of ToM in neurotypical (NT) and ASD populations surrounding happiness, sadness,
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surprise, embarrassment and desire-based emotion. This includes a description of how emotion recognition has been
tested and measured at both a behavioral and neural level in individuals with ASD.

1.1 Emotion Recognition in Neurotypical Development
One particular aspect of ToM, emotion recognition, plays a critical role in an individual’s ability to meaningfully engage in
social communication and social interaction. Emotion recognition is the ability to discriminate between different facial
expressions and is key to understanding empathy or the feelings of others. The present study focuses on three speci�c
emotions (i.e., surprise, embarrassment, desire-based emotion) as they are critical aspects of ToM.

Happiness is considered to be the easiest recognized emotion while sadness is associated with the most negative affective
reactions among the NT population26. Meta-analyses have found that the processing of emotional faces is associated with
increased activation in a number of visual, limbic, TPJ and prefrontal areas, where happy and sad faces speci�cally also
activate the amygdala27. Surprise conveys a sense of novelty or unexpectedness and most research indicates that
accurate recognition of surprise will happen around the preschool years or even later among the NT population28. One
functional magnetic resonance imaging (fMRI) study suggests that rapid recognition of surprised faces is associated with
greater brain activities in the right postcentral gyrus and left posterior insula29.Embarrassment is often described as a ’self-
conscious’ emotion that is associated with a feeling of shame or awkwardness around some action or statement30–33.
Experiencing ’embarrassment’ does suggest some level of self-awareness that an ’expected’ behavior in a social context
was unmet34–39. Embarrassment is evoked during negative evaluation following norm violations and supported by a
fronto–temporo–posterior network. It often recruits greater anterior temporal regions, representing conceptual social
knowledge40. Desire-based emotion recognizes the relationship between getting what you want and feeling happy and not
getting what you want and feeling sad or disappointed. Thus, desire-based emotion can lead to positive emotions or
negative emotions, depending on a ful�lled or unful�lled desire41,42. There is abundant evidence that around the age of
two, NT children understand desire-based emotion and can accurately predict emotional consequences when another’s
desire and the situational outcome are known (i.e., others are judged as ‘happy’ if the outcome was wanted and ‘sad’ if it
was not)43.

1.2 Emotion Recognition in ASD
Children with ASD have impairments in social interaction often due to a lack of understanding of emotions and the minds
of others, as well as di�culty attending to social cues (e.g., gaze, facial expressions, body postures, etc.)44. Some studies
have found that children with ASD use the lower part of the face to determine one’s facial expression and often ignore or
have di�culty identifying negative facial affects evident near the eyes (e.g., distress, fear) as early as the age of three44.
However, other studies suggest that children with ASD have trouble recognizing emotions from the lower part of the face
compared to NT children44. There is a wealth of behavioral evidence showing that recognition of even more early
developing emotions like happiness and sadness are impaired in individuals with ASD45–47. On the other hand, there is
evidence of intact recognition of happiness in some individuals with ASD48 as well as a ‘happy advantage’ as recognition
of happiness within ASD groups tends to be better than recognition of other emotions49–53. Better recognition of happiness
is also associated with greater social competence49. The recognition of negative emotions including sadness is generally
found to be impaired in ASD44,53–55. Poor accuracy during sadness recognition tasks is associated with higher symptom
severity and poorer adaptive functioning in individuals with ASD56.

Research has also demonstrated that during face recognition tasks, individuals with ASD show activity in brain areas
typically related to the object perception pathway in NT individuals57,58, suggesting that individuals with ASD may be
compensating for a lack of functionality in the core and extended face perception pathways by recruiting regions
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comprising more general object perception networks. This may explain why ASD individuals perform reasonably well on
some behavioral tasks involving emotional face processing59, perhaps by adopting a compensatory strategy.

The fusiform gyrus (FG), the superior temporal sulcus (STS), and the amygdala have been implicated in the aberrant
neuropathology of ASD during face processing. In general, there is evidence for atypical patterns of brain activity in the
form of hypoactivation of the FG, STS, amygdala and the occipital lobes, alongside hypoconnectivity of the FG in
individuals with ASD. In addition, individuals with ASD demonstrate hypoactivation and hypoconnectivity in areas of the
face perception network, including the inferior frontal gyrus (IFG)60, ITG (inferior temporal gyrus)60, and middle frontal
gyrus (MFG)57. These results demonstrate that atypical brain activation during emotional face perception is not restricted
to the core face perception pathway, but also extends to other cortical areas related to executive functions such as
attentional control and inhibition. Taken together, these �ndings suggest that atypical face perception in ASD is mediated
by other factors in addition to pure visual perception.

The neural mechanisms underlying the interpretation of basic emotions such as happy and sad faces in ASD are well
studied. Although most studies have reported decreased amygdala activation during emotional face processing (e.g., angry
and fearful), one study has found greater right amygdala activation in the ASD group compared to the NT group when
processing happy and sad faces60–66. Speci�cally, there was a greater positive functional connectivity between the right
amygdala and ventromedial prefrontal cortex to happy faces but less positive functional connectivity between the right
amygdala superior/medial temporal gyri67. Other studies also found that the ASD group showed greater bilateral activation
in the amygdala, vPFC and striatum comparing to the NT group68. Due to high variability across fMRI studies, other brain
regions have also been identi�ed, but overall reduced brain activities when processing happy faces are observed in ASD
groups67,69,70. The literature has also found consistent results that the ASD population is more sensitive to sad faces.
When processing sad faces, ASD groups tend to show greater activation relative to control groups in the amygdala, vPFC,
putamen, and striatum, and younger adolescents show greater activation than older adolescents68,70. However, one study
found decreased activities in mPFC among the ASD group when processing sad faces68.

Contrary to early-developing emotions (e.g., happy, sad, mad, scared) that are responses to situations, recognizing surprise
among children with ASD appears to lag behind. Knowing that understanding one’s own and others’ desires, beliefs and
values is a particular area of de�cit for children with ASD, it is not unexpected they would be challenged in their ability to
make sense of the concept of ’surprise’30,45–47. Desire-based emotion plays an important role when understanding and
empathizing with others’ thoughts and feelings43,71–75. In general, the understanding of desire among children with ASD is
very limited and they often are unable to generalize their understanding without explicit instruction and support in social
contexts30. Surprise and desire-based emotions have only been examined at a behavioral level in individuals with ASD and
little is known about their neural correlates. Children with ASD may show an emotional response of embarrassment,
although to a lesser degree than their NT peers. Further, they seldom recognize embarrassment or express their experiences
in situations of embarrassment. Often, they miss social gaffes where what is said is perceived as an inappropriate
comment in a social context30,36,76–81. Embarrassment has been studied at a neural level only among adults with ASD,
with evidence suggesting altered circuitry in the mPFC, ACC, IFG, TPJ/pSTS, posterior cingulate cortex (PCC), and
amygdala32,33,40.

1.3 Purpose of the Study
Although ToM has been studied for decades, it still remains a challenging research area due to its multi-faceted
composition. Although the neural mechanisms underlying ToM have been examined, few brain-based studies include
children with ASD. Thus, a greater understanding of the brain-behavior connections associated with ToM in children will
provide researchers a potential link between the biological mechanisms of ToM and behavioral characteristics. It will help
lead to more e�cient diagnostic processes and prognostic indicators for special populations like children with ASD. To
facilitate increased understanding of this linkage, the current study will emphasize emotion recognition ToM with a speci�c
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focus on less well-studied and more complex emotions (i.e., surprise, embarrassment, and desire-based emotion). Surprise
and embarrassment are particularly di�cult for children with ASD to recognize52,56. While desire-based emotions are easier
for children with ASD to recognize, their understanding of these emotions is delicate and often requires explicit
descriptions.

The current study is the �rst to examine the neural correlates of selected ToM constructs including desire-based emotions
and more complex emotions (surprise, embarrassment) to establish connections between behavior and brain activities in
children with ASD (i.e., 7 to 14 years old). We used The Theory of Mind Inventory-2 (ToMI-2)82 and The Theory of Mind
Task Battery (ToMTB)83 to establish the behavioral patterns and identify differences between ASD and NT groups in their
understanding of these less well-studied and complex emotions. We developed two novel fMRI tasks to identify brain
regions associated with the recognition and processing of these emotions. Although our primary interest was in the neural
response to recognition of more complex emotions requiring ToM (i.e., embarrassment and surprise), happy and sad faces
were also included to provide a comparison with previous literature investigating recognition of basic emotions. We
established brain activation patterns in both groups to further probe brain de�cits and neural compensation mechanisms
being adopted by the ASD group. Speci�cally, we expected to see altered brain activity patterns among the ASD group in
brain regions involved in the ToM neural network (e.g., mPFC, pSTS, cingulate cortex, and TPJ). Building upon �ndings
from previous studies, the present study provides a deeper and more systematic understanding of the brain-behavior
connections associated with ToM. This knowledge may lead to both behavioral and neural pathways for examining the
impact of intervention research to achieve more normalized social performance. Such research might also help predict
those brain-behavior pro�les of children most likely to bene�t from speci�c ToM or social cognitive based interventions,
emphasizing the importance of interventions delivered at the cognitive level to bridge behavior with brain function84.

2. Methods

2.1 Participants
Eleven children with ASD (1 female) and 22 NT children (7 females) participated in the study, in which 9 ASD and 19 NT
subjects were included as they completed all of the the behavioral testing, magnetic resonance imaging (MRI) scans and
fMRI tasks. The remaining subjects either completed only the behavioral testing, or withdrew from the study due to dental
appliances precluding MRI scanning or because of study interruption due to COVID-19. The present study was approved by
the University of Vermont (UVM) Research Protection O�ce and IRB committee. The speci�c staff member who approved
the study protocol, 19 − 0005, was Karen Crain. Informed consent forms were obtained from each participant’s legal
guardian and assent forms were obtained from each participant. All research was performed in accordance with relevant
guidelines and regulations in accordance with the Declaration of Helsinki116.

The full study included 2–3 hours of baseline behavioral assessments along with a 1-hour brain scan including T1
imaging, T2 imaging, and two fMRI tasks. Since the understanding of surprise and embarrassment has been shown to
develop substantially between the ages of 5 and 8 years in NT populations36,85,86, we set the minimum cut off age as 7
years old. We expanded the upper age limit to 14 years old to improve recruitment efforts given the challenges of recruiting
subjects with ASD. All children were native English speakers.

We administered the Autism Diagnostic Observation Schedule-2 (ADOS-2)87 and the Social Communication Questionnaire-
Lifetime version (SCQ)88 to con�rm the clinical diagnosis for participants with ASD. Non-verbal intelligence and language
levels were tested for all participants using the Universal Nonverbal Intelligence Test (UNIT-2)89,90 and the Comprehensive
Assessment of Spoken Language (CASL), respectively,91 to ensure participants could demonstrate understanding of the
instructions given in the behavioral and fMRI tasks. The UNIT-2 is a multidimensional assessment of intelligence for
individuals with speech, language, or hearing impairments. It consists of nonverbal tasks that test symbolic memory, non-
symbolic quantity, analogic reasoning, spatial memory, numerical series, and cube design. The CASL is an orally
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administered language assessment consisting of 15 subtests measuring language for individuals ranging from 3 to 21
years of age. For the present study, only those basic subsets that establish the CASL language core were used: Antonyms,
Sentence Completion, Syntax Construction, Paragraph Comprehension, and Pragmatic Judgment.

Full demographic statistics are presented in Table 1. The groups differed on CASL and UNIT-2 scores, with the ASD children
obtaining lower scores on both measures compared to the NT children. Because of these group differences in language
and intellectual abilities, CASL and UNIT-2 scores were included as covariates in statistical analyses of ToM metrics.

2.2 Behavioral Measures of ToM
Two norm-referenced tools were used as behavioral outcome measures to assess ToM. The ToMI-282 measures a parent’s
perception of their child’s ToM understanding of 60 items using a 20-unit rating scale from "De�nitely Not" to "De�nitely".
Primary caregivers use a vertical hash mark to indicate where on the continuous scale best represents their perceptions.
Item, subscale, and composite scores range from 0–20. A higher number indicates a parent’s greater con�dence in their
child’s understanding of a particular ToM skill. The ToMI-2 items represent typical social interactions to ensure it is a
socially and ecologically valid ToM index. The tool demonstrates excellent test-retest reliability, internal consistency, and
criterion-related validity for neurotypical children and children with ASD, as well as contrasting-groups validity and
statistical evidence of construct validity (i.e., factor analysis)82,92,93.

ToMTB83is a direct measure of a child’s understanding of ToM. It consists of nine ToM tasks presented as short vignettes
in a story-book format arranged in ascending di�culty. For each of the nine tasks, children are provided with one correct
response option and three possible distracters. There are 15 total questions asked, including memory control questions
that must be answered correctly to get credit for ToM understanding. The ToMTB has strong test-retest reliability82,83.

To examine subjects’ ToM abilities, we used the total score of the ToMTB, total composite mean of the ToMI-2 (i.e.,
assessing overall ToM ability), early subscale mean of the ToMI-2 (i.e., assessing early developing ToMI ability such as
regulating desire-based emotion and recognition of happy and sad), basic subscale mean of the ToMI-2 (i.e., assessing
basic ToM ability such as recognition of surprise), and advanced subscale mean of the ToMI-2 (assessing advanced ToM
ability such as recognition of embarrassment). We also included scores from single items assessing recognition of simple
emotions such as happy and sad, as well as more complex emotions such as surprise and embarrassment.

2.3 MRI Acquisition
All neuroimaging data was acquired using the University of Vermont MRI Center for Biomedical Imaging 3T Philips Achieva
dStream scanner and 32-channel head coil. The imaging protocol is based on that developed for the multicenter NIH-
funded Adolescent Brain Cognitive Development (ABCD) study, which is derived from large studies such as the Human
Connectome Project (HCP) and the Lifespan Connectome Project. The protocols make extensive use of simultaneous
multislice imaging94–96 (multiband SENSE) to accelerate functional and diffusion MRI acquisitions.

2.4 Task fMRI Parameters and Preprocessing
Task fMRI parameters were: TR 800ms, TE 30ms, �ip angle 52 degrees, 2.4mm isotropic imaging resolution with a
216×216×144mm3 �eld of view using a multiband acceleration factor of 6 (60 slices, no gap). For fMRI acquisitions,
corresponding �eld maps were generated using pairs of reference acquisitions with opposite phase-encode directions. fMRI
preprocessing used the pipelines developed as parts of the HCP96. The HCP functional pipeline corrects for EPI spatial
distortions using magnetic �eld maps and realigns volumes to account for subject motion. Speci�cally, the fMRI surface
pipeline was included in the preprocessing analysis while independent component analysis (ICA) denoising was not.
Participants were trained to remain still during the scan in a mock scanner supplemented by video model (a short video
demonstrating expected behavior in the scan) prior to each assessment. The HCP task fMRI pipelines were used for �rst-
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and second-level analysis of task fMRI data. These pipelines incorporate high-pass �ltering and application of general
linear models (GLMs) to model task parameters and nuisance regressors (e.g., motion parameters)97,98.

2.5 fMRI Emotion Recognition (fER) Task
This task was designed to assess emotion recognition, which was also a behavioral item tested on both ToMI-2 and
ToMTB82,93. The fMRI task required participants to either identify the emotions expressed in cartoon faces (emotion
recognition) or judge the gender of the same emotional faces (perceptual control). Faces depicting happiness, sadness,
surprise, and embarrassment were included. Since we did not �nd existing stimulus/picture sets depicting embarrassment
or of facial expressions of children in general, we hired a professional artist to create digital drawings of the cartoon face
stimuli that matched the age of the participants and the style of pictures used in the ToMTB and ToMI-2. An independent
sample of 163 NT participants from Amazon Mturk validated and selected the expressions that were recognized with 80–
90% accuracy and were matched for valence. The �nal selection included eight different characters and two versions of
each expression for each character, leading to 16 unique stimuli for each expression (see Fig. 1 panel b for examples).

The fER task utilized a mixed design, with a block design for task (emotion recognition of surprise/embarrassment,
emotion recognition of happy/sad, and perceptual control) and an event-related design for facial expression within each
block (surprise/embarrassment or happy/sad). Across two runs, we presented 8 blocks of emotion recognition of surprise
and embarrassment, 8 blocks of emotion recognition of happy and sad, and 8 blocks of perceptual control. Each block
presented 8 faces in an event-related fashion for 2 seconds each with a jittered ISI (i.e., multiples of the TR, optimized using
the optseq tool99. Participants pressed one of two buttons to indicate the emotional expression (surprise/embarrassment
or happy/sad, in emotion recognition blocks) or the gender of the face (boy/girl, in perceptual control blocks; see Fig. 1,
panel a). An instructional cue (i.e., Label Emotion, Label Gender) was provided before each block. Between blocks there
was an 8 second interval. The mixed design allowed us to not only create different contrasts between each emotion, but
also between advanced emotion processing (i.e., recognition of combined embarrassment and surprise) with basic
emotion processing (i.e., combined happy and sad).

2.6 fMRI Theory of Mind (fToM) Task
We developed this fMRI task to directly model the desire-based emotion task in the ToMTB83. Participants were required to
infer the reaction of a cartoon character to a gift using the knowledge provided about the preferences of that character.
Each trial was broken into three images: encoding, probe, and decision-making (see Fig. 2). In the encoding image (2.4s), a
child was seen holding a gift box. Two items were presented in thought bubbles displaying the preferences for that
character. One item was presented with hearts to indicate the character likes the item, the other with an X over it to indicate
the character dislikes that item. In the probe image (2s), a top view of the unwrapped gift box showed the
desired/undesired item. Finally, in the decision-making image (2s), participants saw two images of the character’s face
expressing either happiness or sadness and respond by pressing a button to indicate which face best captured the reaction
of the character to the gift. In control trials, participants saw an empty thought bubble and gift box and were asked at the
decision-making step to indicate the gender of the cartoon face. There were 10 different characters and 30 unique items
ranging from items commonly recognized as desired by children (e.g., lollipop) to items commonly recognized as
unwanted (e.g., spider). This task was presented in an event-related manner over 2 runs and included 15 trials where the
character got what he/she likes, 15 trials where the character did not get what he/she likes, and 30 control trials, with a
jittered inter-trial interval (ITI) of 0.8-3.2s.

3 Statistical Analyses
Behavioral analyses compared the ToM metrics from the ToMI-2 and the ToMTB, as well as the response time and
accuracy from the two fMRI tasks. For analyses of the ToMI-2 and the ToMTB, group comparisons were performed using
an analysis of covariance (ANCOVA) with group as a between-subjects factor and CASL score (i.e., language assessment)
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and UNIT-2 score (i.e., non-verbal intelligence assessment) as covariates. For the fER task, behavioral response times and
response accuracy were evaluated for both NT and ASD groups using independent sample t-tests for: all conditions
combined (overall), surprise condition, embarrassment condition, happy condition, sad condition, happy and sad
conditions combined (HS, to examine basic emotion processing), embarrassment and surprise condition combined (ES, to
examine advanced emotion processing), and the control (gender) condition. For the fToM task, response times and
response accuracy were evaluated for both NT and ASD groups using independent sample t-tests for: all conditions
combined (overall), control (gender) condition, and experimental conditions (dislike and like conditions combined).

In order to detect neural activation related to the two fMRI tasks, �rst-level neuroimaging analyses were performed �rst.
Vectors of stimuli onsets using the stimulus duration were created for each trial type and were convolved with a canonical
double gamma hemodynamic response function to produce a regressor for each condition. Six motion regressors were
included as covariates. For second-level neuroimaging group analyses, whole-brain between-group changes in activation
patterns over time were assessed for each experimental condition using FSL’s permutation-based non-parametric testing
and threshold-free cluster enhancement to control for multiple comparisons100. Analyses were restricted to gray matter.
Different group GLMs were constructed for each hypothesis separately. For the fER task, GLM models were constructed for
contrasts between happy vs. gender, sad vs. gender, surprise vs. gender, embarrassment vs. gender, happy & sad vs. gender
(HS, to assess basic emotion processing), and embarrassment & surprise vs. gender (ES, to assess advanced emotion
processing). For fToM task, GLM models were constructed for contrasts between dislike & like (experimental) vs. control.
CASL scores (i.e., language assessment) and UNIT-2 scores (i.e., non-verbal intelligence assessment) were also included as
covariates in the permutation analysis of linear models (PALM) for group comparisons101.

4 Results

4.1 Behavioral Results
When adjusted for covariates of the CASL (i.e., language assessment) and UNIT-2 scores (i.e., non-verbal intelligence
assessment), the NT group had a signi�cantly better performance on the ToMI-2 total score (F(1,24) = 4.48, p < 0.05) and
the ToMI-2 early subscale score (F(1,24) = 7.76, p < 0.01; see Table 2).

On the fER task, the NT group responded signi�cantly faster than the ASD group when considering all conditions together
(t(54) = 2.56, p = 0.01; see Fig. 3), as well as in conditions of surprise (t(54) = 2.58, p = 0.01), embarrassment (t(54) = 2.64, p 
= 0.01), sadness (t(54) = 2.03, p < 0.05), control (t(54) = 2.73, p < 0.01), and ES (embarrassed + surprise) (t(54) = 2.77, p < 
0.01). There was no signi�cant difference found for the happy condition (t(54) = 1.75, p = 0.09) or the HS (happy + sad)
condition (t(54) = 1.95, p < 0.06). On this task the NT group also had a signi�cantly higher response accuracy compared to
the ASD group when considering all conditions together (t(54) = 2.55, p = 0.01), as well as in conditions of ES (t(54) = 2.29,
p = 0.03) and control (t(54) = 2.52, p = 0.02). There was no signi�cant difference in terms of response accuracy between the
two groups in conditions of surprise (t(54) = 1.92, p = 0.06), embarrassment (t(54) = 1.87, p = 0.07), happiness (t(54) = 0.77,
p = 0.44), sadness (t(54) = 1.89, p = 0.06), or HS (t(54) = 1.77, p = 0.08).

On the fToM task, there was no signi�cant difference in response time between the NT and ASD groups for any of the
comparisons: all conditions combined (t(54) = 1.27, p = 0.21; see Fig. 4), experimental condition (t(54) = 1.14, p = 0.26), and
control condition (t(54) = 1.33, p = 0.19). The NT group had a signi�cantly higher response accuracy compared to the ASD
group when considering all conditions combined (t(54) = 2.21, p = 0.03) and for the experimental condition only (t(54) = 
2.23, p = 0.03). There was no signi�cant difference in response accuracy for the control condition (t(54) = 1.92, p = 0.06).

4.2 Brain Activity Patterns
Cohen’s D effect size maps were generated for each contrast of both fMRI tasks. The present study adopted a threshold of
d = 0.5 (medium) to show the effect size of the difference in brain activities between the ASD and NT groups. The contrast
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was conducted as ASD minus NT. Positive d-values (hot colors) indicate greater activation in the ASD group compared to
the NT groups, while negative d-values (cool colors) indicate less activation in the ASD group compared to the NT groups.

In the fER task, when recognizing happy faces the ASD group showed greater brain activation in the mPFC and the angular
gyrus (AG) compared to the NT group (see Fig. 5), but less brain activation in most areas of the frontal cortex, the temporal
lobe especially around the inferior temporal sulcus (ITS), and the TPJ. When recognizing sad faces, the ASD group showed
greater brain activation in the left temporal lobe, the left AG, the anterior and posterior cingulate cortex, the occipital lobe,
and the perirhinal area, but less brain activation in the right temporal lobe, the mPFC, and the inferior part of the post
central gyrus. When combining happy and sad faces (i.e., HS), the brain activation pattern was similar to recognizing sad
faces alone.

When recognizing surprised faces in the fER task, the ASD group showed greater brain activation in the left AG, the left
temporal pole and STS, the left anterior and posterior cingulate cortex, and the perirhinal area, but less brain activities in the
visual cortex and the mPFC, comparing to the NT group (see Fig. 5). When recognizing embarrassed faces, the ASD group
showed greater brain activities in the TPJ, the AG and the right pre and post central gyrus, the visual cortex and the
perirhinal area, but less brain activities in the mPFC. When combining surprise and embarrassed faces (i.e., ES), the brain
activation pattern was similar to recognizing embarrassment faces alone.

In the fToM task examining desire-based emotions, the ASD group showed greater brain activation in most of the frontal
regions especially around the right mPFC, the AG, the cingulate cortex, and the posterior STS, but less brain activation in
the left TPJ and the left temporal lobe, comparing to the NT group (see Fig. 6).

5 Discussion
The current study adopts behavioral and neuroimaging measurements to examine the brain-behavior connections of ToM
among children with ASD, speci�cally in the area of emotion recognition. The results demonstrate behavioral impairments
and different brain activation patterns when performing ToM-related tasks in the ASD group compared to the NT group.
Scores of behavioral tests suggest that the ASD group has poorer abilities and skills in multiple ToM metrics assessed by
the ToMI-282 and ToMTB83 before taking language and non-verbal intelligence levels into account. Speci�cally, as
predicted, the ASD group has more di�culty in recognizing and processing surprise, embarrassment and desire-based
emotions, but are equally as good as NT participants at recognizing and processing happy and sad emotions. However,
when language and non-verbal intelligence levels are considered, the group differences are only apparent in the ToMI-2
total and early subscale domains. These �ndings suggest that impairments of ToM abilities are largely associated with
language and intellectual levels, especially during more complex emotion recognition. In addition, these �ndings are
consistent with the diagnostic criteria and other common challenges in ASD, including language and intellectual
impairments and social challenges requiring advanced ToM abilities.

According to the results from the fER task, the ASD group takes longer to recognize facial expressions of surprise, embar-
rassment and sadness. This phenomenon is especially apparent when combining conditions of surprise and
embarrassment (ES). This is consistent with previous studies suggesting intact ability for recognizing happiness in
children with ASD48 but impair- ments in recognizing sadness48,53–55. There are more severe impairments among children
with ASD for recognizing surprise and embarrassment compared to happiness and sadness, as these advanced emotions
require more cognitive processes52,56. Thus, it makes sense that the ASD group needs more time to recognize
embarrassment and surprise faces. In addition, the ASD group does not recognize surprise and embarrassment faces as
accurately as the NT group. Results from the fToM task also indicate poorer performance (i.e., response accuracy) in
processing desire-based emotion in the ASD group than the NT group, providing evidence that children with ASD have
impaired skills in understanding ToM-associated desire-based emotion.
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The brain activation pattern generated by the novel fMRI tasks demonstrate some consistent �ndings from previous
literature. Speci�cally, when recognizing basic emotions such as happy and sad, the ASD group displays unusual brain
activation patterns in the mPFC, the temporal sulcus, and the AG, compared to the NT group. In addition, compared to
happiness, recognition of sadness in the ASD group seems to engage a more diverse range of brain regions including the
occipital lobe, the left temporal lobe and the perirhinal area associated with the amygdala. This implies that the ASD
population has more di�culty recognizing sadness compared to happiness as there is greater brain effort as well as
different brain areas that are recruited as compensatory mechanisms48–56. On the other hand, when recognizing happiness
there is less brain activation in the TPJ but more brain activation in the AG among the ASD group as compared to the NT
group. Multiple studies have established the collaborative relationship between the TPJ and AG during ToM-related tasks
among children with ASD, where the AG would display signi�cantly increased activation if a particular ToM task required
TPJ activation102,103. When recognizing more complex emotions such as surprise and embarrassment, the ASD group
displayed more brain activation in the left AG but less brain activity in the mPFC area compared to the NT group. This
suggests that advanced emotion recognition requires more ToM related abilities than abilities related to executive
functions among the ASD group. It also seems that ToM requires more effort for the ASD group to recognize
embarrassment compared to surprise as the ASD group engages in more brain activation in regions of the TPJ, the pre and
post central gyrus, the visual cortex and the perirhinal area. This implies that the recognition of embarrassment requires
more visual information processing and advanced ToM abilities, and may trigger the brain’s fear center104–106. When
processing desire-based emotion, the ASD group displays more brain activity around the right mPFC, the AG, the anterior
cingulate cortex, and the posterior STS, but less brain activity around the left TPJ and the left temporal lobe, compared to
the NT group. It is obvious that desire-based emotion processing is associated with traditional ToM related brain network
including the TPJ, the STS, and the cingulate cortex. With decreased brain activation in the TPJ area, the ASD group seems
to engage in the AG as a compensatory mechanism. In addition, the ASD group showed increased brain activity in the
mPFC area compared to the NT group suggesting the possibility of recruiting more executive control regions to process the
task to compensate for poorer ToM abilities.

As a pilot study, one major contribution of the present study is the successful implementation of two novel fMRI tasks
targeting emotion recognition and processing associated with ToM. To our knowledge, this is the �rst time a set of facial
stimuli were able to be adapted to an fMRI task to include expressions of surprise and embarrassment using the faces of
children. It is also the �rst time that neural mechanisms underlying desire-based emotion processing are examined through
fMRI. Further, these tasks are directly adapted from the ToMTB and ToMI-2 which allows comparison between behavioral
and neuroimaging measurements. In addition, nearly all behavioral tests of ToM currently available only examine one or a
few aspects of ToM; however, the ToMI-2 and ToMTB used in the present study are multi-faceted tools that cover several
aspects of ToM (e.g., emotion recognition, false belief, perspective taking etc.), including information from both a parent
and the child. These tools have helped to identify speci�c domains in ToM that are a struggle for ASD children. The present
study has also identi�ed brain activation maps associated with such domains by using two novel fMRI tasks. These maps
provide evidence of how different brain regions are involved in the ability to re�ect on mental states (i.e., mPFC),
understand other’s actions (i.e., pSTS), integrate relevant social information (i.e., TPJ), create and process emotions (i.e.,
cingulate cortex), and regulate negative emotions (i.e., amygdala)23–25, 68, 107.

6 Limitations
Studies using MRI/fMRI technology face the typical challenges for any population with the requirements for tolerating loud
noises, remaining still during the assessment and managing feelings of claustrophobia. For an ASD population these
challenges are exacerbated, particularly in the recruitment phase of the study and in obtaining usable data. These
challenges along with children being �tted with dental pieces precluded our ability to complete the MRI/fMRI images and
COVID restrictions further limited access to an ASD population.
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To address the challenges for using MRI/fMRI, all participants participated in a mock scanner experience. They viewed two
videos explaining the process including one video speci�cally made to rehearse the experience. These strategies supported
the successful participation of many of the participants with ASD but not all, which led to missing data.

As a part of our recruitment efforts, we expanded the age limit to 14 years old. The age of the participants in this study
ranged from early childhood to the early adolescent period, typically an ideal age range to measure brain size while
considering other possible neuroanatomical variables. Importantly, as the brain continues to grow and change into
adulthood with rapid and signi�cant development among adolescence108,109, the interpretation of the results provides
insights for children in general, but does not provide age-speci�c information. Further, language abilities varied, so the
possibility exists that participants may not have fully comprehended the instructions of the fMRI tasks and hence given
wrong or negligent responses. To address these concerns, all participants were provided with in-person introductions for
both tasks which were also practiced on a computer with the same response device outside the scanner to ensure correct
understanding and performance. During the scan, a research team member monitored the response signal box in the
monitor room at all times to reassure that participants were paying attention to the task and following task instructions.

7 Conclusions And Implications
Currently, the diagnosis of ASD is based on behavioral symptoms alone. Delays in diagnosis of ASD can be 13 months and
longer for minority and lower socioeconomic status groups110–114. It is also believed that a substantial number of
individuals on the spectrum remain undetected115. Children with ASD are a challenging population to engage in
experimental procedures that have speci�c task requirements and involve neuroimaging measurements. However, it is
crucial to gather both behavioral and neuroimaging data to increase our understanding of the nature of the social de�cits
characteristic in ASD. This is important if we wish to advance the diagnostic process and implement intervention methods
for which we are able to show positive behavioral and neural outcomes. Insights derived from this study are expected to
help scientists and physicians understand how social de�cits surrounding ToM in ASD are associated with the brain. By
taking advantage of such knowledge, we might be able to offer insights into the development of neuroanatomical
diagnostic criteria to allow for more e�cient diagnosis and early identi�cation of high-risk populations. It might also help
provide a vehicle for examining neural and behavioral outcomes following individualized treatment methods. Although the
present study has some limitations including a relatively small sample size, the successful implementation of two novel
fMRI tasks among children with ASD and the comprehensive �ndings from both behavioral and neuroimaging perspectives
should stimulate future research when working with special populations such as those with ASD.
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Figure 1

Illustration of the fMRI Emotion Recognition (fER) Task

Figure 2

Illustration of the fMRI Theory of Mind (fToM) Task
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Figure 3

fMRI Emotion Recognition (fER) Task Response Time and Accuracy

Figure 4

fMRI Theory of Mind (fToM) Task Response Time and Accuracy
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Figure 5

fMRI Emotion Recognition (fER) Task Brain Activation CohenD Maps, thresholded at d=0.5

Figure 6

fMRI Theory of Mind (fToM) Task Brain Activation CohenD Maps, thresholded at d=0.5
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