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ABSTRACT

Autistic individuals exhibit differences in Theory of Mind (ToM) compared to neurotypical (NT) individuals. The aim of this
study was to meta-analyse the neural correlates that contributed to the manifestation of the expression differences in ToM be-
tween autistic individuals and the NT population. A total of 328 autistic participants and 314 NT participants from 18 studies
were included. We adopted Activation Network Mapping, which is a novel neuroimaging meta-analysis method based on acti-
vation seeds and functional connectivity to identify brain networks, to investigate how the ToM network of the autistic group
differed from that of the NT group. The thalamus and precuneus robustly participated in the ToM network of the autistic group.
Moreover, the temporoparietal junction and the right hemisphere of the limbic system, especially the thalamus, caudate, and
cingulum, were less involved in the autistic group's ToM network, compared to the NT group. Our findings provide the first
quantitative evidence supportive of the distinct patterns in the ToM brain network in the autistic population. The current find-
ings indicate that the primary difference in ToM task performance in autistic individuals may stem from altered information
processing mechanisms rather than deficits in core ToM abilities.

1 | Introduction to understand the thoughts and feelings of others, because ToM
is important for administering actions and making predictions
Autism spectrum disorder (ASD) is a neurodevelopmental con- (Ho et al. 2022).
dition and its core characterisations are persistent communica-

tion and social interaction difficulties, repetitive behaviour and ~ ToM, a high-order cognitive skill, consists of diverse basic com-

limited interests according to DSM-5 (American Psychiatric
Association 2013). These characterisations impede the autistic
population’s social engagement and lead to different behavioural
patterns. Divergent accounts have been proposed to explain
the challenges in autistic individuals. One influential account
from Baron-Cohen et al. (1985) argues that the varying social
behaviours of the autistic population are caused by the lack of
Theory of Mind (ToM) ability which is defined as the capacity

ponent processes. A potential comprehensive framework sug-
gests that environmental perception, information processing
and belief or intention formation constitute the flow of ToM
(Schaafsma et al. 2015; Schurz et al. 2021; Stacy et al. 2024;
Yang et al. 2015). Numerous studies have demonstrated that
the behavioural performance of ToM in the autistic population
differs from that in the neurotypical (NT) population (Dubey
et al. 2015; Shic et al. 2014; Yang et al. 2017). We will next outline
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existing research related to the behavioural comparisons be-
tween the autistic and NT populations on the basic component
processes mentioned above.

The perception of the environment is generally defined as ap-
prehending the features of the physical environment through
sensory input. Autistic individuals often demonstrate differ-
ent perceptions of the environment from the NT population.
Numerous studies have been conducted with visual stim-
uli because approximately 80% of the information is visual
(Haupt and Huber 2008). There are three major findings from
existing literature. Firstly, autistic children demonstrate en-
hanced ability in visual search tasks because they seem to
be more inclined to take care of detailed information (Joseph
et al. 2009; O'Riordan et al. 2001; Shah and Frith 1983). This
feature of environmental perception remains in autistic adult-
hood (Constable et al. 2010). Secondly, in response to motion
stimuli, autistic individuals pay more attention to repetitive
movements, such as a rolling wheel, as compared to irregu-
lar motion (Gong et al. 2021). There is a deficit in the percep-
tion of biological motion in the autistic population (Federici
et al. 2020; Klin et al. 2009). Lastly, faces are a crucial part
of the environmental information that humans process daily.
Autistic individuals tend to show less interest in faces than
objects without social information (Vacas et al. 2021). The
autistic population also exhibits diminished interest in gaze
fixation (Dalton et al. 2005).

The information processing can be interpreted as the decod-
ing or deconstruction of information in human brains, includ-
ing storing, recognising, extracting features, sorting and other
complex processing (Schaafsma et al. 2015). Working memory
is a typical example of the storing function in information pro-
cessing. Meta-analysis studies on working memory in autistic
individuals reveal poor abilities in both spatial and verbal work-
ing memory (Demetriou et al. 2018; Wang et al. 2017). In the
meantime, autistic individuals often exhibit reduced accuracy
and slower response in facial identity recognition tasks com-
pared to NT individuals (Stantic et al. 2022; Weigelt et al. 2012).
Emotional classification is a widely used paradigm to investigate
the ability to extract features and sorting. Adopting this task,
previous researchers reveal that autistic individuals struggle to
classify emotions accurately by extracting emotional features,
such as the downward corners of the mouth when somebody
expresses sad emotion (Black et al. 2017; Kuusikko et al. 2009).

It has been well-studied that autistic individuals often experi-
ence challenges in forming others' beliefs or intentions (Broekhof
et al. 2015; Carpenter et al. 2001; Cattaneo et al. 2007; Rasga
et al. 2017; Williams and Happe 2010). One of the most classic
paradigms for testing this ability is the false belief task (Baron-
Cohen 1989). In this task, participants are presented with a sce-
nario where Sally leaves her apple in the basket and exits the
room. Anne, another protagonist, then places the apple in the
drawer. The participants would be asked where Sally would
look for the apple upon her return. NT children can infer that
Sally believes the apple is still in the basket, so they predict she
will look there. It demonstrates that NT children form the be-
lief that Sally does not know the apple being moved. In contrast,
autistic children form beliefs based solely on their observations:
since they have seen the apple placed in the drawer, they expect

Sally to look in the drawer. This difference in belief formation
between autistic children and NT children highlights the chal-
lenges autistic children face in passing the false belief task.

Taken together, numerous studies have reported the challenges
in each component of ToM processing in autistic individuals.
However, behavioural experiments can only help us observe the
unique ToM behaviours among autistic individuals, but could
not inform which specific component ultimately leads to the dif-
ferneces in ToM ability.

With the advancement of neuroimaging methods, researchers
employ functional Magnetic Resonance Imaging (fMRI) to ob-
serve the brain regions involved in the basic cognitive compo-
nents underlying ToM process. The fMRI enables us to further
analyse the neural correlates involved in ToM and address ques-
tions that behavioural experiments alone cannot resolve. Next,
we will review the neural mechanisms underlying the basic
components of the ToM process: environmental perception, in-
formation processing, and belief or intention formation.

Firstly, we will delve into the neural correlates of environmen-
tal perception. Similar to the behavioural experiments reviewed
earlier, we focus here solely on studies adopting visual environ-
mental perception paradigms with fMRI. Several studies have
reported that the medial prefrontal cortex (mPFC) may play a
key role in attention regulation during environmental percep-
tion (Alaerts et al. 2017; Koldewyn et al. 2011). Keehn and his
colleagues employed the visual search task and showed that
autistic individuals exhibited higher activation in the occipital
lobe compared to NT individuals (Keehn et al. 2008), similar to
findings in other studies (Lee et al. 2007; Manjaly et al. 2007).
Additionally, they also found that autistic individuals showed
increased activation in the superior and inferior parietal lobule
as well as the superior and inferior frontal gyrus (IFG) than NT
individuals (Keehn et al. 2008). The results imply that autistic
individuals may increase top-down control to complete the task.
When presented with stimuli containing social information,
such as biological motion stimuli, autistic individuals generally
exhibit reduced activation in the posterior superior temporal sul-
cus (STS) compared to NT individuals (Dakin and Frith 2005).
In summary, environmental perception typically activates the
prefrontal cortex (PFC). When the environment is involved in
social information, the posterior STS is recruited for perception.
Autistic individuals exhibit diverse activation patterns in these
brain regions during environmental perception.

Secondly, regarding the component of information processing,
the PFC and subcortical regions play important roles (Yang
et al. 2015). Autistic individuals (vs. NT individuals) demon-
strate reduced activation in these two brain regions (Adolphs
et al. 2001; Bachevalier and Loveland 2006; Zhao et al. 2021).
Specifically, in visual spatial working memory tasks, autistic
individuals show reduced PFC and cingulate cortex activ-
ity compared to NT individuals (Koshino et al. 2005; Luna
et al. 2002; Urbain et al. 2015). In verbal working memory
tasks, autistic individuals exhibit weaker activation in the
frontal lobe, cingulate gyrus, inferior parietal lobe (IPL),
and precuneus (PC) compared to NT individuals (Desaunay
et al. 2023; Vogan et al. 2018). When it comes to recogni-
tion abilities, faces are the most commonly used stimuli. A
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meta-analysis on the processing of emotional faces reported
reduced hypothalamus activation in autistic individuals com-
pared to their NT counterparts (Aoki et al. 2015). A similar ex-
periment on the emotional judgement task found that autistic
individuals exhibit decreased amygdala activation compared
to NT individuals (Ishitobi et al. 2011).

Finally, numerous studies have demonstrated that the right
temporoparietal junction (TPJ) is a crucial brain region for be-
lief or intention formation (Molenberghs et al. 2016; Vucurovic
et al. 2020). Using the cognitive ToM task, Kim and his col-
leagues found that autistic participants recruited the mPFC, an-
terior cingulate cortex (ACC), and STS (with its posterior part
considered part of the TPJI) (Yang et al. 2015) to a greater ex-
tent than NT individuals (Kim et al. 2016). This suggests that
autistic individuals need to engage additional PFC resources to
compensate for their performance in ToM tasks. Meanwhile,
some researchers have attempted to isolate the belief or inten-
tion formation stage from ToM tasks (Bardi et al. 2017; Yuk
et al. 2018). Employing a modified false belief task, Sommer and
his colleagues defined the phase where participants observed an
agent's actions as the belief formation stage, and found no neural
differences between autistic and NT participants in this stage
(Sommer et al. 2018). Adopting the Reading the Mind in the
Eyes Test (RMET), Holt et al. (2014) discovered that in males,
the NT group exhibited enhanced activation in the left IFG, or-
bitofrontal cortex (OFC), temporal pole (TP), and middle tem-
poral gyrus (MTG) compared to the autistic group. Moreover, in
females, the NT group showed greater activation in the left OFC,
TP, bilateral IFG, and PFC than the autistic group.

Taken together, within the complex process of ToM, autistic
individuals exhibit distinct behavioural and neural activity pat-
terns from NT individuals. However, it remains unclear which
specific component or what kind of interaction among compo-
nents ultimately leads to diverse ToM performances in autistic
individuals. Additionally, it is worth noting that most existing
studies exploring the neural mechanisms of ToM and its basic
components in autistic individuals and their NT counterparts
have mainly focused on different activations of certain isolated
brain regions. However, since brain regions interact with and
influence each other (Shamay-Tsoory et al. 2010), it is crucial
to look at brain networks based on neural connections rather
than individual brain regions when discussing brain functions
(Misi¢ and Sporns 2016). Meanwhile, the previous inconsistent
findings may be explained by diverse ToM paradigms, empha-
sising the need for a quantitative meta-analysis synthesising
studies adopting various ToM tasks. Therefore, in the current
study, our primary two objectives are to construct a potential
neural network for ToM processing in autistic individuals and
to identify which specific component(s) may contribute to the
differences in ToM performance between autistic and NT indi-
viduals. To achieve this goal, we conducted a meta-analysis to
investigate the differences in ToM networks in autistic and NT
groups using data from previous fMRI studies. Particularly, we
applied a novel seed-based meta-approach, Activation Network
Mapping (ANM), to examine heterogeneous fMRI findings
(Peng et al. 2022). ANM allows us to examine whether heteroge-
neous fMRI results are located in a set of common networks to
improve reproducibility. It makes use of functional networks of
independent standardised resting state fMRI connectome from

a large sample of healthy participants to identify the flow of ac-
tivity in processing and team levels.

2 | Method
2.1 | Paper Selection

An initial search of the relevant publications was conducted by
a research assistant in July 2024 from the following three data-
bases: PubMed, PsycINFO, and Web of Science. Two research-
ers independently conducted literature screening. To include
as many studies as possible, the search keywords for research
methods, Theory of Mind, and autism were as follows: [(fMRI)
OR (functional MRI) OR (functional magnetic resonance imag-
ing) OR (neuroimaging)] AND [(Theory of Mind) OR (Theory
AND of AND mind) OR (social cognition) OR (social AND cog-
nition) OR (social perception) OR (social AND perception) OR
(social behaviour) OR (social AND behaviour) OR (perspective-
taking) OR (perspective AND taking) OR (mentalizing) OR
(mind reading) OR (mind AND reading) OR (empathy) OR
(empathetic) OR (altruism) OR (sympathy) OR (emotional conta-
gion) OR (compassion)] AND [(autism) OR (PDD-NOS) OR (per-
vasive developmental disorder) OR (Asperger)]. Only studies that
met the following inclusion criteria were selected: (a) Studies
should include ToM tasks-based fMRI scans and examine ToM
ability without additional physical or chemical treatment. (b)
Only original research articles should be included. (c) Studies
should utilize whole-brain analyses and intragroup analyses.
(d) Studies should recruit a group of autistic participants and a
group of NT participants as a control group. (e) Studies should
report results in Talairach or MNI coordinates. (f) The full man-
uscript should be available in English. The process of literature
selection followed the guidelines for the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
(Page et al. 2021). Figure 1 illustrates the process of study search
and selection. Finally, 18 studies met all the criteria and were in-
cluded in the current study. Table 1 shows the abstracts of these
selected studies.

2.2 | ANM Analysis

Peak coordinates reported in the selected studies were counted
by another researcher, and all Talairach coordinates were con-
verted to MNI coordinates using mni2tal (Lacadie et al. 2008).
Firstly, for each peak coordinate, we generated a 6-mm-radius
sphere centred on it. We used the coactivation function in
Neurosynth to combine the spheres from the same study in
order to get the experiment-level inferences. For convenience,
we called combined spheres from the same study coactivation
seeds. Secondly, we utilized the data from the Brain Genomics
Superstruct Project 1000 (GSP1000) Preprocessed Connectome
to get the resting-state functional connectivity (FC) map from
coactivation seeds (Cohen et al. 2020). Specifically, GSP1000
Preprocessed Connectome is from the GSP1000 which contains
data of a total of 1570 participants (Ages 18-36). However, in
the GSP1000 Preprocessed Connectome, 1000 participants (1:1
Male/Female) with high-quality neuroimaging data were se-
lected and Thomas Yeo's Computational Brain Imaging Group
(CBIG) fMRI preprocessing pipeline was adopted for data
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Studies identified from:
PubMed data base search
n =324

Records identified from:
PsycINFO data base search
n =527

Records identified from: ISI Web
of science data base search
n =706

Identification

A

Studies excluded (n = 945):

1) include additional physical stimuli or
chemical treatment: n = 19

2) only rs-fMRI/fNIRS/EEG/MEG/

Studies after duplicates removed
n=1227

behaviour studies: n = 206

3) non-human studies: n = 45

4) reviews, meta-analyses, perspectives,
books and non-journal papers: n = 266

I

5) non-experimental studies and case
studies: n = 144

Studies screened
n = 1227

6) not ToM task: n = 80

7) only patients subjects/only health
subjects/non ASD subjects: n = 180
8) cannot find original text: n =5

|

Full-text studies excluded (n = 264):

Screening

n =282

Full-text articles assessed for
eligibility

1) only rs-fMRI/fNIRS/EEG/MEG/
behaviour studies: n = 20

2) reviews, meta-analyses, perspectives,
books and non-journal papers: n =9

A

3) non-experimental studies and case
studies:n=5

4) not ToM task: n = 59

5) only patients subjects/only health
subjects/non ASD subjects: n =13

6) non-English papers: n =3

n=18

Included

Studies included in quantitative 21
synthesis (meta-analysis)

7) Unknown coordinate system: n = 2
8) non-intergroup analysis studies: n =

9) non-significant results: n = 14
10) non-whole brain analysis studies: n
=27

[

FIGURE1

preprocessing. Thirdly, we used Pearson's correlation coefficient
and Fisher's z transformation to calculate the Fisher z maps be-
tween coactivation seeds and other voxels.

We employed two complementary approaches to acquire group-
level ToM network maps. The first approach is called an over-
lap map. The Fisher z maps from each study were compared
against 0 using the voxelwise one-sample t-test. Additionally,
we set a threshold t-value of 5.66 for the experimental-level t
maps (p<0.05/285,903 voxels=1.76 x10~7). Afterwards, these
experimental-level t maps were binarized. Eventually, in order
to obtain the overlap map, we overlapped the experimental-level
t maps and brain regions were retained in the network map only
if they had functional connections with more than 60% of the
coactivation seeds.

In addition to the overlap map, the second approach is the t
map. We averaged 1000 participant-level Fisher z maps in each
experiment to engender an experiment-level mean Fisher z
map. Furthermore, to get the t map, the experiment-level mean
Fisher z maps were compared against 0 using a voxelwise one-
sample t-test thresholding t-value of 5.66 (p <0.05/285,903 vox-
els=1.76 x 1077). Finally, the t map showed brain regions which
were significantly connected to coactivation seeds.

According to the above mentioned procedure, we generated the
overlap map and t map for both the autistic group and the NT
group. Moreover, we contrasted the autistic group with the NT
group for both the overlap map and the t map.

11) no coordinates: n = 91

Preferred reporting items for systematic reviews and meta-analysis (PRISMA) flow diagram for the procedure of study identification.

3 | Results

This study comprised 18 individual studies, each with a single
experiment, totally involving 314 NT participants and 328 autis-
tic participants.

3.1 | Behavioural Results

Table 1 summarised the behavioural findings from all studies
included in the meta-analysis. Autistic individuals and their NT
counterparts exhibited similar levels of error rate and response
times in the ToM tasks. Specifically, excluding two studies that
either did not report or were not concerned with behavioural
outcomes, only 37.5% of the studies (6/16) reported a higher
error rate in autistic individuals than that in their NT peers.
The remaining 10 studies found that autistic individuals could
complete the ToM task just as well as NT individuals, with no
significant difference in error rates between the two groups.
Additionally, none of the included experiments found a signifi-
cant difference in response times between the two groups.

3.2 | ToM Network in the NT Group

The results were summarised in Table 2. The results were
presented in descending order of the overlap ratio. Firstly, the
overlap map revealed that the 100% coactivation seeds were
functionally connected to the left thalamus in the NT population
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TABLE 2 | Peaks of the autistic group's ToM network.
MNI coordinates
Map type x y z AAL label BA label
Overlap map -8 -26 2 Thalamus_L Left-Thalamus (50)
-8 =50 48 Precuneus_L Left-BA7
52 —42 20 Temporal_Sup_R Right-BA22
—4 6 10 Caudate_L Left-Caudate (48)
16 -78 -60 Cerebelum_8_R Right-BA19
-14 -80 -58 Cerebelum_7b_L Left-Visual Assoc (18)
58 —58 —48 Cerebelum_Crus2_R Right-BA20
-18 -70 —44 Cerebelum_8_L Left-BA19
-8 -30 26 Cingulum_Post_L Left-BA23
—62 -26 4 Temporal_Mid_L Left-BA22
—26 36 -8 Frontal_Inf Orb_L Left-BA47
—58 -2 -4 Temporal_Sup_L Left-BA22
-60 -16 0 Temporal_Mid_L Left-BA22
—60 -12 0 Temporal_Mid_L Left-BA22
18 —26 60 Precentral_R Right-PrimMotor (4)
20 24 64 Precentral_R Right-PrimMotor (4)
20 48 28 Frontal_Sup_R Right-BA9
20 50 24 Frontal_Sup_R Right-BA10
-62 =22 4 Temporal_Sup_L Left-BA22
t map -4 10 10 Caudate_L Left-Caudate (48)
4 8 8 Caudate_R Right-Caudate (48)
-20 -38 32 Cingulum_Mid_L Left-BA23
14 -82 —54 Cerebelum_7b_R Right-VisualAssoc (18)
58 —58 —46 Cerebelum_Crus2_R Right-Fusiform (37)
26 —40 30 Angular_R Right-PrimSensory (1)
10 -28 2 Thalamus_R Right-Thalamus (50)
-10 —48 48 Precuneus_L Left-BA7
-12 -30 2 Thalamus_L Left-Thalamus (50)
34 20 20 Frontal Inf Tri_R Right-BA44
-20 —44 40 Cingulum_Mid_L Left-BA31
-38 -60 16 Occipital_Mid_L Left-BA39
-2 4 -38 Fusiform_L Left-Parahip (36)
20 —44 42 Precuneus_R Right-BA31
—44 26 14 Frontal_Inf Tri_L Left-BA45
46 -50 12 Temporal_Mid_R Right-Fusiform (37)
-16 —44 42 Precuneus_L Left-BA31
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(See Figure 2). Secondly, the other brain regions of the limbic
system, like the left-caudate, were functionally connected to
over 60% (11/18) of coactivation seeds. Lastly, the parietal lobe
regions, such as the angular gyrus and lingual gyrus, were
substantially connected to coactivation seeds in the NT group
during the different ToM tasks. As for the t map, cingulum and
caudate showed strong FC to coactivation seeds. Several cortex
areas, such as OFC, PC, and IFG, also contributed to the NT
group's ToM network. The similarity (Person correlation) be-
tween the overlap map and the t map of the NT group was 0.65.

3.3 | ToM Network in the Autistic Group

The results were summarised in Table 3 and illustrated in
Figure 3. The results were presented in descending order of the
overlap ratio. Firstly, the overlap map revealed that the left thal-
amus, left PC and right superior temporal lobe robustly plugged
into the ToM network of the autistic population. That is, these
brain regions were functionally connected to 100% coactivation
seeds. Secondly, the frontal brain regions, such as OFC, precen-
tral and paracentral gyrus, of autistic participants were func-
tionally connected with over 60% (11/18) coactivation seeds.
In addition, subcortical regions including the hippocampus
and cingulum were also functionally connected with over 60%
(11/18) coactivation seeds. The t map showed significant results
in subcortical areas. The largest clusters were found in the cau-
date and cingulum. Similar to the overlap map, the t map also

(a) NT group overlap map

revealed the same ToM network pattern in the thalamus and
hippocampus. The similarity between the overlap map and the t
map (Person correlation) of the autistic group was 0.45.

3.4 | Contrast Between the Autistic
and the NT Group

We compared the autistic group and the NT group on both the
overlap map and the t map. Table 4 and Figure 4 illustrated the
results. The contrast results of the overlap map revealed that
the limbic system, like the right thalamus, was more likely to
participate in the ToM network of the NT group as compared
to that of the autistic group. In the meantime, several cortex
areas, such as the inferior temporal lobe (ITL) and left IPL, in
the NT group's overlap map were also more connected with
coactivation seeds than those in the autistic group's overlap
map. The group contrast of the t map showed a similar result.
Results revealed that the limbic system was more likely to be
included in the t map of the NT group's ToM network than that
of the autistic group'’s ToM network. Moreover, the superior
frontal lobe and left-fusiform were more likely to contribute to
the ToM network in the NT group's t map than in the autistic
group's t map. In addition, for both the overlap map and t map,
the group contrast results revealed that the right cerebellum
in the NT population was more likely to be associated with
coactivation seeds than in the autistic population when per-
forming ToM tasks.
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FIGURE2 | The overlap map and t map of the NT group.
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TABLE 3 | Peaks of NT groups's ToM network.

MNI coordinates

Map type x y 4 AAL label BA label
Overlap map -4 -12 0 Thalamus_L Left-Thalamus (50)
-6 6 12 Caudate_L Left-Caudate (48)
0 -4 32 Cingulum_Mid_R Right-BA24
—42 18 -10 Frontal Inf Orb_L Left-BA47
50 -38 -36 Cerebelum_Crus2_R Right-BA20
-38 —-60 42 Angular_L Left-BA39
18 -22 20 Caudate_R Right-Caudate (48)
=30 —74 46 Parietal_Inf L Left-BA39
=30 -76 44 Parietal_Inf L Left-BA39
-16 —60 40 Precuneus_L Left-BA7
-26 —40 -18 Fusiform_L Left-Fusiform (37)
-16 -22 20 Thalamus_L Left-Caudate (48)
-18 —-60 2 Lingual L Left-Visual Assoc (18)
=22 —62 44 Parietal_Sup_L Left-BA7
-30 -72 48 Parietal_Inf L Left-BA39
-22 —64 46 Parietal_Sup_L Left-BA7
-32 -68 48 Parietal_Inf L Left-BA7
-32 =70 36 Occipital_Mid_L Left-BA39
-58 -50 0 Temporal_Mid_L Left-Fusiform (37)
-22 —66 -6 Lingual L Left-BA19
46 —54 44 Parietal_Inf R Right-BA39
t map -16 -34 30 Cingulum_Mid_L Left-BA23
58 —58 —46 Cerebelum_Crus2_R Right-Fusiform (37)
—4 10 10 Caudate_L Left-Caudate (48)
38 34 -6 Frontal Inf Orb_R Right-BA47
52 —-48 12 Temporal_Mid_R Right-BA39
-34 10 -10 Insula_L Left-Insula (13)
-10 10 62 Supp_Motor_Area_L Left-BA6
18 —-34 30 Cingulum_Mid_R Right-BA23
-14 —48 46 Precuneus_L Left-BA7
12 -28 6 Thalamus_R Right-Thalamus (50)
2 24 18 Cingulum_Ant_R Right-BA24
-36 4 52 Frontal Mid_L Left-BA6
—54 —46 20 Temporal_Sup_L Left-BA39
-14 -38 38 Cingulum_Mid_L Left-BA31
20 —64 24 Precuneus_R Right-BA31
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FIGURE3 | The overlap map and t map of the autistic group.

4 | Discussion

As previously reviewed, the process of ToM involves multiple
components. However, prior research has yet to elucidate the
neural mechanisms underlying ToM in autistic individuals or
identify which specific components contribute to the differences
in ToM abilities between autistic and NT individuals.

4.1 | Neural Basis of Typical ToM Processing

To address previous research gaps related to the underlying
mechanisms of ToM processing, our first objective is to synthe-
sise previous findings utilising fMRI and exploring the neural
activation in NT and autistic populations during ToM tasks.
This synthesis will help identify the brain network involved
in ToM processing in both groups and evaluate whether the
implicated regions align with our hypothesised basic compo-
nents underlying the ToM process. Specifically, by synthesising
coordinate-based activation data from 18 ToM studies, our find-
ings revealed similar significant involvement of the following
regions across various ToM tasks in both NT and autistic indi-
viduals: the left middle occipital gyrus (1-MOG), left TPJ (1-TPJ),
right TPJ (r-TPJ), PC, left-insula, STS, superior frontal cortex
(SFC) and medial frontal cortex (MFC).

In the introduction, we initially proposed that the basic com-
ponents underlying the ToM process can be divided into three
components: environmental perception, information process-
ing, and belief or intention formation. Next, we will discuss our
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results in light of previous research on the functions of the brain
regions and their relationship with behaviour that shows cross-
population similarities in our findings and attempt to map these
results onto the basic components framework we have proposed.

As stated in the introduction, the first component involved in
ToM is the perception of surrounding visual stimuli. The -MOG
has been identified as a critical component of the visual cogni-
tive network, playing an essential role in the perception of visual
stimuli and movement (Geng et al. 2022; Lan et al. 2024). In line
with this, we hypothesise that the activation of -MOG observed
in both NT and autistic populations within the ToM network
reflects its involvement in environmental perception, consistent
with the proposed model.

Next, we proposed that after perceiving visual stimuli, process-
ing the embedded social information is essential for complet-
ing subsequent ToM processes. Our analysis identified the PC
and insula as integral brain regions of the ToM network. The
PC is involved in visuospatial and motor imagery (Dadario and
Sughrue 2023) and plays a key role in transmitting decoded
information to the motor and visual cortices (Jitsuishi and
Yamaguchi 2021). It is also central to several important brain
networks, including the default mode network (DMN) and cen-
tral executive network (CEN) (Cavanna and Trimble 2006). This
suggests that different regions of the PC are interconnected
with distinct parts of these networks to decode and transmit
information, supporting complex cognitive functions such as
self-referential processing, memory, and emotional regulation.
Similarly, the insula, especially the anterior insula, processes
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TABLE 4 | Peaks of compare NT ToM network with autistic ToM network.

MNI coordinates

Map type x y z AAL label BA label
Overlap map 8 -26 6 Thalamus_R Right-Thalamus (50)
2 -20 4 Thalamus_R Right-Thalamus (50)
14 -28 26 Cingulum_Mid_R Right-BA23
14 -16 28 Caudate_R Right-BA23
44 —54 —64 Cerebelum_8_R Right-BA20
34 —54 —66 Cerebelum_8_R Right-BA20
40 -10 —54 Temporal_Inf R Right-BA20
28 -10 —54 Fusiform_R Right-BA20
42 -52 —64 Cerebelum_8_R Right-BA20
52 —52 —58 Cerebelum_7b_R Right-BA20
—44 -14 -52 Temporal_Inf L Left-BA20
-50 -14 -50 Temporal_Inf L Left-BA20
24 -32 36 Parietal_Inf L Left-PrimSensory (1)
14 76 -10 Frontal _Med_Orb_R Right-BA10
62 =20 —42 Temporal_Inf R Right-BA20
t map 8 -26 6 Thalamus_R Right-Thalamus (50)
2 =20 4 Thalamus_R Right-Thalamus (50)
14 —24 28 Cingulum_Mid_R Right-BA23
-12 —-14 30 Cingulum_Mid_L Left-BA23
44 —54 —64 Cerebelum_8_R Right-BA20
34 —54 —66 Cerebelum_8_R Right-BA20
42 -60 —64 Cerebelum_8_R Right-BA20
42 -52 —64 Cerebelum_8_R Right-BA20
32 -70 —64 Cerebelum_8_R Right-Fusiform (37)
-12 -96 -2 Calcarine_L Left-Visual Assoc (18)
52 —52 —58 Cerebelum_7b_R Right-BA20
-32 10 74 Frontal_Sup_L Left-BA6
—48 6 64 Precentral L Left-BA6
42 -6 24 Rolandic_Oper_R Right-BA6
=30 12 74 Frontal_Sup_L Left-BA6
-30 -2 —-54 Fusiform_L Left-BA38

and integrates sensory information from both internal and ex-
ternal sources (Sterzer and Kleinschmidt 2010). Specifically, the
insula is thought to be the primary region responsible for pro-
cessing interoceptive information (Bamiou et al. 2003; Ibanez
et al. 2010; Naqvi et al. 2007), which is a function crucial for
emotional experiences (Couto et al. 2013). Like the PC, the in-
sula exhibits increased activation in tasks involving perception,
intentional behaviour, and consciousness (Gasquoine 2014;
Wang et al. 2019). Additionally, both the PC and the insula are

involved in self-attributional processes (Cabanis et al. 2013).
Thus, we hypothesise that the activation of the PC and insula
within the ToM network of both autistic and NT individuals re-
flects their roles in information processing and integration, con-
sistent with our model, where these regions correspond to the
second component of the basic cognitive framework.

In our proposed model, the final stage of the ToM process in-
volves belief or intention formation. Our findings align with this
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(a) NT group overlap map > ASD group overlap map
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FIGURE4 | The comparison result of the overlap map and the t map.

model, showing the activation of several brain regions associ-
ated with ToM in both autistic and NT population, including
the TPJ (right STS/left IPL) and the middle and superior frontal
lobes. Much research has explored the roles of the TPJ, MFC,
especially the mPFC, and SFC in ToM (Frith and Frith 2012;
Schurz et al. 2014; Van Overwalle 2009). The SFC is uniquely
situated at the crossroads of key brain networks, including the
DMN, the dorsal attention network, and the CEN (Schaefer
et al. 2018; Yeo et al. 2011). This positioning suggests that the
SFC plays a crucial role in integrating and coordinating higher-
order cognitive functions, such as attention allocation and
cognitive control (Engen and Anderson 2018; Focquaert and
Platek 2006). Moreover, the left superior frontal gyrus has been
implicated in self-awareness processes (Goldberg et al. 2006;
Lee et al. 2017). The mPFC is central to mental state attribu-
tion, both for oneself and others, particularly during action plan-
ning and execution (Denny et al. 2012; Frith and Frith 2006;
Ninomiya et al. 2018). Meta-analyses have further broken down
the specific roles of these regions: the posterior zone is linked
to monitoring movement and performance, the middle zone to
cognitive control, pain, and affect, and the anterior zone to re-
ward processing, social cognition, and episodic memory (de la
Vega et al. 2016). The TPJ, in particular, is essential for under-
standing the intentions of others and engaging in perspective-
taking. As initially proposed by Saxe (2006), it is a core region
in processing information related to the mental states of others.
Additionally, a meta-analysis found significant TPJ activation
during implicit ToM processes, particularly in belief forma-
tion (Boccadoro et al. 2019). Together, these regions interact to
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enable individuals to process, integrate, and synthesise social
information, facilitating more sophisticated cognitive functions.
These brain regions allow us to form interpretations and predic-
tions about the thoughts and behaviours of both us and others,
representing the final, crucial component of the ToM cognitive
model we have proposed.

4.2 | Functional Significance of Altered Activation
Patterns in Autistic Individuals

Our second research objective is to compare brain network dif-
ferences between the NT and autistic individuals during ToM
tasks, aiming to uncover the underlying reasons for the ob-
served disparities in ToM performance. Our analysis revealed
that, compared to NT individuals, autistic individuals showed
less significant FC with coactivation seeds in brain regions such
as the superior temporal lobe, IPL, right thalamus, right cau-
date, and ITL. In the following section, we will interpret these
findings within the framework of the ToM cognitive model we
proposed, discussing the identified brain regions and their asso-
ciated functions.

Our study revealed that autistic individuals exhibited a re-
duced activation probability in the right thalamus, cingulate
cortex, and caudate nucleus compared to NT individuals when
performing ToM tasks. These brain regions are critical for the
limbic system and are closely involved in processing social be-
haviours and emotions. The caudate, as a part of the striatum, is
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sensitive to goal-oriented behaviours (Graff-Radford et al. 2017).
ToM requires the assessment of the agent's target, and thus the
weakening of caudate activation affects the performance in ToM
tasks (Votinov et al. 2021). The thalamus and caudate are also
essential for processing sensory inputs and facilitating commu-
nication between subcortical and cortical areas (Sherman and
Guillery 2002; Simpson et al. 2010). Additionally, the cingulate
cortex and caudate nucleus contribute to attributing emotional
significance to stimuli and supporting joint attention, which is
vital for distinguishing one's own mental states from others and
inferring others' intentions (Barbas 2007; Williams et al. 2005).
Joint attention, involving mirror self-recognition or visual
perspective-taking, is essential for individuals to differentiate
their own mental states from those of others and to infer others'
intentions (Sodian and Kristen-Antonow 2015). The reduced ac-
tivation in these regions in autistic individuals aligns with the
information processing component of our proposed ToM model.

Previous research has found differences in sensory process-
ing and integration of social information between autistic
individuals and NT individuals (Rudie et al. 2012). These
sensory-perceptual differences in autistic individuals have been
associated with disruptions in local thalamic connectivity and
thalamocortical networks (Hardan et al. 2008; Tomasi and
Volkow 2019). Additionally, research indicates a negative cor-
relation between the strength of connections among the cingu-
late, caudate, and various cortical regions, including the limbic
lobe and medial frontal gyrus, and the severity of the autistic
condition (Hoffmann et al. 2016). Since many brain areas in the
cortex are responsible for processing complex social signals, this
long-distance underconnectivity, which has also been identi-
fied, may lead to unique ToM function in the autistic population
due to the decreased of efficient signal transmission between
subcortical and intercortical areas (Williams 2011).

Additionally, it is worth noting that previous studies have
revealed that ToM is a cognitive process that requires bilat-
eral brain coordination (Santiesteban et al. 2012; Saxe and
Kanwisher 2003). In particular, the right hemisphere plays an
indispensable role in the normal formation of ToM (Brownell
et al. 2000; Mitchell 2008; Shamay-Tsoory et al. 2005). Moreover,
it has been found that autistic individuals exhibit different later-
alisation in various brain functions (Li et al. 2023). Therefore,
the inability to effectively engage both the left and right brain re-
gions associated with information processing and coordination
during ToM tasks may contribute to the behavioural differences
observed between autistic and NT individuals. Specifically, au-
tistic individuals have more difficulty accurately judging the
agent's intentions in ToM tasks than NT individuals.

Secondly, the right cerebellum showed weaker activation in the
ToM brain network of autistic individuals compared to NT in-
dividuals. Traditionally linked to motor coordination, the cer-
ebellum is also involved in cognitive and emotional processing
(Stoodley 2012). For example, one study comparing autism with
cerebellar degenerative diseases has shown that the posterior
right cerebellum is key to emotional reasoning and facial expres-
sion recognition, whereas the middle cerebellum is linked to
cognitive reasoning difficulties. Damage to this region can im-
pair understanding of others’ beliefs and intentions in tasks in-
volving belief comprehension and reasoning (Clausi et al. 2021),

thereby affecting the accuracy of autistic individuals in ToM
tasks. Additionally, resting-state FC studies have shown re-
duced cerebellar connectivity with the prefrontal, parietal, and
temporal lobes in autism (Khan et al. 2015). In summary, our
findings align with previous research, suggesting that reduced
cerebellar activation in autism reflects its role in ToM tasks, and
may indicate different cerebellar recruitment in autistic individ-
uals compared to NT individuals.

Thirdly, our findings initially indicated that in the ToM brain
network of autistic individuals, the bilateral ITL, right OFC, and
left IPL showed weaker activation compared to the network of
NT individuals when performing the task.

The TPJ, includes both the IPL and the caudal location of the
STS (also called pSTS). The pSTS, an integral component of the
social brain, plays a significant role in processing social percep-
tion, ranging from basic recognition of biological movements
like body gestures and eye movements to more intricate social
cognitive processes (Brothers 1990; Dahl et al. 2010; Thompson
and Parasuraman 2012). Specifically, in the domain of brain
function related to ToM, it has been identified as a core of pro-
cessing information associated with the mental states of others
initially proposed by Saxe (2006). Thus, the current finding
reconfirmed the crucial function of the TPJ in facilitating the
detecting and describing of the mental states of others in ToM
tasks, whether inferring emotions or joint attention. Whilst both
the IPL and pSTS in the TPJ, are responsible for the represen-
tation of mental states as the initial stage of ToM (Schaafsma
et al. 2015; Schurz et al. 2021; Stacy et al. 2024; Yang et al. 2015).
The OFC is also a crucial brain region of the so-called “social
brain” (Brothers 2002; Carrington and Bailey 2009). Abnormal
functioning in this region can impair an individual's ability to
consider social norms, moral principles, and rules during so-
cial cognition, resulting in difficulties in adjusting behaviour
in response to socially aversive cues during ToM tasks (Beer
et al. 2006; Krajbich et al. 2009; Kringelbach and Rolls 2004).
In summary, these three brain regions correspond to the belief
formation component of ToM in our model. The differences in
activation of these regions in the ToM network between autistic
individuals and NT individuals may explain the behavioural dif-
ferences observed in ToM tasks.

In summary, the thalamus, caudate, and cingulum play crucial
roles as neural components involved in information processing
and transmission. These structures facilitate efficient collabo-
ration between different brain regions, aiding individuals in ac-
curately representing and processing both their own thoughts
and emotions and those of others (Preckel et al. 2018). Therefore,
differences in ToM task performance between autistic and NT
individuals may also stem from divergent roles of the thalamus,
caudate, and cingulum in these tasks, hindering effective pro-
cessing and reasoning of gathered information, thereby affect-
ing accurate inference of others' intentions. Additionally, based
on our findings, the engagement of the TPJ and OFC within
the ToM network varies significantly more among individuals
on the autism spectrum compared to NT individuals. The TPJ,
involved in perspective-taking and empathy, and the OFC, es-
sential for evaluating social cues and adjusting behaviour based
on social context, show less consistent activation in autistic in-
dividuals. This variability potentially contributes to differences

16 of 22

PsyCh Journal, 2026

85UB01 SUOWIWOD SAIIERID 3[dedl|dde ayy Aq peusenob afe sajoie YO ‘s Jo SNl 1oy Areiq1T8UlUO A8]IA UO (SUONIPUOD-PUE-SWB) W00 A8 1M AReq) Ul UO//:Sdny) SUOIPUOD pue SWwe 1 8y 88S *[9202/T0/20] uo ARigiTauluo Ajim ‘mese i 1O AiseAlun Ag 09002 14od/zZ00T 0T/10p/woo A8 im Areiq1jpul|uoy//sdny wouy pepeojumod ‘T ‘9202 ‘0920902



in their ToM abilities. Reduced involvement of the superior tem-
poral lobe in ToM tasks among autistic individuals may further
impair their ability to establish an understanding of others' in-
tentions and take appropriate actions, leading to distinct perfor-
mance patterns in these tasks.

This study employed an innovative methodology that integrated
overlap maps and t maps from existing literature to construct
comprehensive ToM network maps for both autistic and NT in-
dividuals. Instead of directly calculating the probability of FC
within specific brain regions for each group, we compared these
resulting maps to identify key differences. Although we did not
perform explicit FC calculations for the autistic group, this ap-
proach allows us to draw a meaningful network regarding how
differences in brain region connectivity contribute to the diver-
gent ToM performance observed in the autistic and NT individu-
als. Our methodology provides valuable insights into the neural
network of ToM, emphasising specific FC patterns in the autis-
tic population that may underlie their distinct cognitive profile.
Furthermore, these findings allow us to infer which potential
components may relate to the unique ToM performance charac-
teristics observed in autistic individuals, thereby advancing our
understanding of the neurobiological basis of social cognition
differences in autistic population.

4.3 | Limitations and Future Directions

When analysing the findings of this research, it is imperative
to take into account a number of constraints. Firstly, the num-
ber of valid coordinates included in this study is constrained by
the availability of pertinent research. This is because acquiring
fMRI data from autistic individuals is challenging. The sensory
discomfort caused by fMRI leads to intolerable motion artefacts
in some participants’ data. Thus the researchers have to exclude
these data from analysis. It is hoped that forthcoming research
can explore the development of more autism-friendly fMRI ex-
perimental environments, and deliberately concentrate on the
neural regions and functional connectivity elicited by the ToM
task among autistic individuals. This will promote a deeper un-
derstanding of neurodiverse populations including autistic indi-
viduals. Furthermore, it should be noted that the present study
did not incorporate medication and co-morbidities of the partic-
ipants as moderating variables in the analysis. This is due to the
fact that the studies included in the analysis barely accounted
for these characteristics of the participants. However, previous
studies have suggested that co-morbidities may influence the
altered brain activity of participants while completing ToM
tasks (Ilzarbe et al. 2020). There is a desire for further research
to study the influence of co-occurring medical conditions and
co-morbidities in autistic individuals on their ToM-related neu-
ral activities. Third, this study considered all autism syndromes
as a continuum spectrum and did not classify them. Due to the
intricate classification of autism as a spectrum disorder, further
investigations will be required to accurately classify autistic
individuals.

The findings of this study carry several clinical and transla-
tional implications. First, autistic individuals have encountered
challenges in both diagnosis and subsequent intervention (Hus
and Segal 2021). Neuroimaging approaches offer a promising

avenue for enhancing diagnostic accuracy and assessment. This
meta-analysis, which integrated data from 328 autistic individu-
als and 314 NT counterparts, and employed the novel analytical
method to improve reproducibility, identified candidate brain
regions that may exhibit differential activation during ToM
tasks. These brain areas warrant further investigation as poten-
tial biomarkers for the autistic condition, particularly in their
specificity for assessing social information, thereby supporting
early diagnosis and prognostic evaluation. Second, the study
sheds light on possible mechanisms underlying the distinctive
social behaviours observed in autistic individuals during ToM
tasks. Although various ToM-based interventions, such as
Thought Bubble Training (Wellman et al. 2002), have been de-
veloped, evidence for their long-term efficacy remains limited
(Fletcher-Watson et al. 2014). Our proposed model advocates for
deconstructing ToM into three components and targeting these
individually through intervention. Future research should ex-
plore information-processing-based strategies to support autistic
individuals.

5 | Conclusion

The present meta-analysis provides a comprehensive overview
of the brain networks that are likely to appear during ToM
tasks. Our findings confirmed the important role of these re-
gions of the 1-TPJ/r-TPJ, PC, STS and mPFC, thalamus, and
caudate-limbic system in the execution of ToM function in in-
dividuals. Furthermore, the current study revealed that ToM
neural network of autistic individuals was less likely to involve
the STS, right thalamus, right caudate, and ITL in ToM tasks,
and a weaker FC in the right thalamus, right caudate, and infe-
rior temporal lobe with coactivation seeds in the ToM network
of autistic group, as evidenced by the t map and overlap map
analyses. These findings suggest this unique ToM network and
different functional connections between the aforementioned
regions may lead to challenges in processing and integrating
information in autistic individuals. This may underlie the dis-
tinct ToM function observed in the autistic group relative to the
NT group. In general, the outcomes of this investigation provide
insight into the neural underpinnings of ToM and carry signif-
icant ramifications for the implementation of ToM-based inter-
ventions in autistic children.
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