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Abstract: Background/Objectives: Children with Autism Spectrum Disorder (ASD) face challenges
in social communication due to difficulties in considering context, processing information, and
interpreting social cues. This study aims to explore the neural processes related to pragmatic language
communication in children with ASD and address the research question of how functional brain
connectivity operates during complex pragmatic language tasks. Methods: We examined differences
in brain functional connectivity between children with ASD and typically developing peers while
they engaged in video recordings of spoken language tasks. We focused on two types of speech
acts: semantic and pragmatic. Results: Our results showed differences between groups during the
pragmatic and semantic language processing, indicating more idiosyncratic connectivity in children
with ASD in the Left Somatomotor and Left Limbic networks, suggesting that these networks play a
role in task-dependent functional connectivity. Additionally, these functional differences were mainly
localized to the left hemisphere.

Keywords: autism; fMRI; functional connectivity; pragmatic language; semantic; language; social
cognitive neuroscience; idiosyncrasy

1. Introduction

Every day, we engage in a continuous exchange of social information, transmitted not
only through spoken words but also through nonverbal cues that convey nuanced meanings
and emotions. The inability to decipher these contextual cues can lead to confusion and
uncertainty regarding the true intent behind received messages. For individuals on the
autism spectrum, this struggle is a constant, often overwhelming reality. Many individuals
with ASD face significant challenges in navigating conversations due to difficulties in
accurately interpreting nonverbal cues and contextual language. This communication
barrier leaves them feeling disoriented by their inability to fully grasp the intricacies of
interpersonal interactions and the world around them.

ASD is a developmental disability in which there is diminished social communication
and restricted/repetitive interests or behaviors [1]. The prevalence of ASD has increased
significantly throughout recent decades, with the current overall estimated prevalence of 1
in 36 children, according to the National Center for Health Statistics and Centers for Disease
Control and Prevention [2]. ASD is characterized, among other symptoms, by difficulty
integrating and understanding inferences appropriately, attributing meaning to different
contexts, and understanding language in social interaction [3,4]. Research indicates that
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challenges in cognitive flexibility contribute to difficulties in considering communication
context in individuals with ASD [5]. Furthermore, it has been proposed that the pragmatic
language communication impairments observed in ASD involving the interpretation of
language within context [6–9] are associated with a reduced capacity to grasp quickly
evolving socially significant cues [10].

Neuroimaging studies comparing brain activity in individuals with ASD to their
typically developing (TD) peers have significantly advanced our understanding of the
differences between these groups [11–16]. Investigating brain connectivity has elucidated
the neural mechanisms underlying the atypical cognitive processes observed in individuals
with ASD, highlighting how altered connectivity patterns may influence the unique char-
acteristics of ASD behaviors and cognition [17,18]. Symptoms of ASD have been linked
to atypical communication patterns within various brain networks, including the Default
Mode network and the Salience network [19,20]. Several influential theories further shed
light on the neural mechanisms of ASD, particularly the under-connectivity theory, which
posits that individuals with ASD often exhibit reduced neural connections within and
between key brain regions responsible for language and social processing [12,13]. Varia-
tions in connectivity, whether characterized by hyper-connectivity or under-connectivity,
correlate closely with the severity of autistic symptoms, showcasing the diverse neural
profiles present in individuals with ASD.

However, studies examining language processing in individuals with ASD compared
to TD individuals have yielded inconsistent and often contradictory findings, revealing
either increases or decreases in functional connectivity in ASD, or even both [21,22]. Recent
research indicates that rather than a consistent pattern of atypical connectivity, a defining
characteristic of the ASD brain may be variability in functional connectivity among indi-
viduals, often referred to as idiosyncrasy [23]. Idiosyncratic connectivity in ASD reflects
irregular patterns of functional connectivity, marked by greater variability in connectiv-
ity strengths across different brain networks. This variability can influence the ability to
process semantic and pragmatic language, suggesting a unique neural adaptability that
distinguishes individuals with ASD from their typically developing peers. Additionally,
recent findings indicate that this idiosyncrasy in functional network connectivity may relate
to the distinct symptoms commonly associated with ASD [24].

Given the increasing evidence of the importance of altered connectivity among regions
in ASD, it may be the case that social and pragmatic language difficulties arise from altered
idiosyncratic connectivity within and between functional brain networks. Despite the
increased knowledge regarding neural activity associated with various aspects of social and
pragmatic communication processing, little is known about the brain function of people
with ASD when directly observing pragmatically challenging communication situations.

For a more thorough comprehension of pragmatic communication processing, it is
crucial to utilize activities that closely mirror real-world interactions. Such tasks reveal
the root causes of communication challenges experienced by individuals with ASD in
their daily social encounters more effectively than static images or brief phrases. Speech
act stimuli are what better represents social communication hurdles and offers a more
accurate representation of these challenges. Incorporating video stimuli in research not
only minimizes head movements but also lowers arousal levels during functional magnetic
resonance imaging (fMRI) scans [25].

The current study employs fMRI and video recordings of both pragmatic and semantic
speech acts to examine task-dependent network connectivity in children with ASD and their
typically developing peers during the processing of complex communication situations.
We utilized two sets of nine video clips, totaling eighteen clips, which were organized into
two separate runs. Half of the videos contained a semantic component, while the other half
focused on a pragmatic component. Additional details regarding the stimulus procedures
can be found in Márquez-García et al. (2023) [26].

Social communication difficulties are a hallmark of ASD, and we expect to find ev-
idence of neural correlates of these difficulties. It is essential to clarify that although we
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utilize the same dataset as Márquez-García et al. (2023) [26], our analysis is distinct, focus-
ing on the architecture of brain connectivity rather than its relationship to cognitive metrics.
Therefore, the first aim of this study is to investigate the brain connectivity response of
participants to the speech acts videos representing differences between the groups. The
second aim of this study was to test each network connectivity independently to identify
which networks are driving the differences between groups in the processing of the two
separate categories of speech acts (pragmatic and semantic components).

2. Materials and Methods
2.1. Participants

Two groups of children participated in this study: children with ASD and TD children.
The ASD group included 16 children between 7 and 12 years old (3 females, mean age
10.15 ± 1.32 years old) who were diagnosed with ASD. A diagnosis of ASD in the province
of British Columbia, Canada, involves a standardized procedure using the Autism Diagnos-
tic Observation Schedule (ADOS) and the Autism Diagnostic Interview-Revised (ADI-R)
conducted by a trained clinician. The children in this study were diagnosed by external
clinicians who were not affiliated with the research team. We obtained documentation
from parents to confirm that each child met the diagnostic criteria for ASD in the form of a
clinical diagnostic report or government funding eligibility report.

The TD group included 19 children who did not have ASD or other neurodevelopmen-
tal disorders (6 females, mean age of 9.55 ± 1.56, age range = 7–12 years old). There were
no significant differences in the age groups, and all the participants were right-handed. We
excluded participants who did not have normal or corrected-to-normal vision. Participants
with major neurological or neuropsychiatric impairments (i.e., Down Syndrome, Tuberous
Sclerosis Complex, Epilepsy) other than ASD were excluded. In addition, participants
were excluded from this study if they had standard contraindications for MRI scanning
procedures, such as metallic implants.

Before MRI scanning, the cognitive abilities of the participants were assessed. None
of the participants had intellectual disabilities (IQ < 70). Based on the Full-Scale Intel-
ligence Quotient 2 (FISQ 2) in WASI (subsets: vocabulary and matrix reasoning), there
was no statistically significant difference between the groups (ASD: M = 102.75 ± 19.81;
TD: M = 110.84 ± 11.44; p = 0.16). The participants’ parents also completed the 50-item
Autism Quotient (AQ) questionnaire [27], which showed a significant difference between
the groups (ASD: M = 32.63 ± 7.83; TD: M = 13 ± 6.94; p = 0.001), confirming that individu-
als in the ASD group had more autistic traits.

This study, a part of a larger multidisciplinary research, was conducted with the utmost
respect for ethical standards. Written informed consent was obtained from all participants,
and the research was approved by the Simon Fraser University Research Ethics Board.
All procedures performed in this study were in strict accordance with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards, ensuring the ethical
integrity of this study.

2.2. Stimulus Protocol

The stimuli used in the fMRI consisted of two sets of nine video clips, totaling eighteen
clips, which were divided into two separate runs. Half of the videos featured a semantic
component, while the other half focused on a pragmatic component. Each video depicted
two individuals, referred to as the “Partner” and the “Speaker”, seated across from each
other at a table. Eight objects were placed on the table between them (Figure 1). The
sequence of each video commenced with the Partner saying a context sentence, such as
“What are these called?” for the semantic condition or “What can I get you?” for the
pragmatic condition. This context determined the speech act in which the Speaker would
utter the critical word. Following the context sentence, the Speaker named six of the eight
objects on the table. Depending on the context, the critical word was classified as either a
Naming speech act (associated with semantic processing) or a Request speech act (linked
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to pragmatic processing) [28,29]. Each video had a duration of 20 s, and the actions were
filmed with one male and one female speaker, who alternated roles in half of the videos.
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Figure 1. A schematic illustration of the fMRI experiment for the (A) semantic condition and
(B) pragmatic condition. A trial sequence started with a display of objects and communicating actors.
A context sentence, e.g., “What are these called?” in the semantic condition (A), or “What can I get
you?” in the pragmatic condition (B), was uttered by the Speaker. Following this, a series of 5 scenes
was shown, in which the Speaker’s face appeared together with the critical spoken utterance which
served for naming (semantic) vs. requesting (pragmatic). The words were identical for both speech
acts. The word scenes were followed by a series of 5 acting scenes, involving the objects mentioned
in the worked utterances (handing over an object in the requesting condition or pointing at it in the
naming condition).

To ensure consistency, the left–right positions of the characters were counterbalanced,
with each position utilized in an equal number of videos. During all scenes, the right hand
was used by both speakers to point to or grab the objects. The videos were edited using
Apple’s iMovie software, 10.1.13 and the entire sequence of video blocks was presented
through Presentation Software 18.2, ensuring a uniform viewing experience. Participants’
attention was assessed at the end of each video block by presenting a critical word, prompt-
ing them to confirm whether they had heard that word during the viewing. This measure
aimed to keep participants engaged and ensure that they were actively processing the
language presented in the videos.

2.3. MRI Data Acquisition

The experimental procedure included functional and anatomical MRI scans. MRI data
were recorded at ImageTech, which is Simon Fraser University (SFU)’s imaging facility
embedded into a public hospital in the Greater Vancouver area. ImageTech houses a
research-dedicated 3T MRI and psychometric assessment facilities. We provided children
with snacks, juice, and/or small gifts (toys or movie passes) to maintain concentration and
motivation. We obtained assent from the children and informed consent from their parents.
We collected high-resolution T1-weighted (T1w) sagittal 3D MPRAGE images covering the
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whole brain. Five minutes of eyes-open resting-state functional MRI were acquired with a
blood-oxygen-level-dependent (BOLD), single-shot, gradient-recalled echo planar imaging
(EPI) multi-band sequence. During the recording, the participants were instructed to fixate
on a centrally displayed stimulus presented through the MRI-compatible screen. After this,
the pragmatic language task used in this research was presented.

MRI scans were acquired with a 3 Tesla Philips Ingenia CX MRI scanner with a 32—channel
dStream head coil. fMRI images were acquired using an echo planar imaging GRE-EPI sequence.
The acquisition parameters were as follows: TR = 2000 ms, TE = 30 ms, and flip angle = 90◦.
Data were collected with an in-plane resolution of 3 × 3 mm and slice thickness of 3 mm with
matrix dimensions of 80 × 80 voxels and 36 slices. High-resolution T1w images were collected
at each session for co-registration of functional images. The acquisition parameters were as
follows: TE = 3.7 ms, and flip angle = 8◦, FOV = 256 × 242. Slice thickness was 1 mm with
matrix dimensions of 256 × 242 voxels and 213 slices, with a sagittal orientation.

2.4. Functional MRI Pre-Processing

To pre-process MRI data, we applied the fMRIPrep pipeline, which uses a combination
of commonly applied packages such as FSL, ANTs, FreeSurfer, and AFNI [30–41]. This
pipeline has been designed to provide automatic workflow for pre-processing fMRI data
and co-register it with the Montreal Neurological Institute (MNI) brain space. The fMRIPrep
pipeline performs several standard pre-processing steps (co-registration, normalization,
unwarping, noise component extraction, segmentation, and skull stripping). Refer to our
earlier publication [26] for details on the pre-processing pipeline.

2.5. Functional Brain Connectivity Analysis

Each participant’s pre-processed fMRI was further characterized by functional brain
connectivity estimated in a network of the cerebral cortex parceled into a relatively small
number (compared to the number of voxels) of brain regions (regions of interest or ROIs).
The parcellation was defined by the Schaefer atlas [42] at the resolution of 500 ROIs. Each
ROI in the parcellation was matched to one of 17 resting-state networks defined by pre-
vious fMRI studies [43]. These networks were defined separately for the right and left
hemispheres. Thus, there were 34 networks in total. The Schaefer atlas [42] provides a
common space where we can link our results to previous findings, thereby facilitating
their interpretation. For each ROI, we extracted its characteristic time series by computing
the mean fMRI time series averaged across voxels within a given ROI from the Schaefer
parcellation. This procedure was performed separately for each run. Then, for each pair of
ROIs in the parcellation, we computed three estimates of coordinated activity (functional
connectivity), separately for each condition: baseline, semantic and pragmatic. We esti-
mated functional connectivity, using the same number of time points across conditions.
More specifically, in run 1, the baseline, semantic and pragmatic conditions had 66, 55,
and 55 data points, respectively. In run 2, these numbers were 54, 44, and 44, respectively.
Different durations of time series might introduce bias when comparing the estimates of
functional connectivity across conditions. To account for this bias, for each run, condition,
and each pair of ROIs, we randomly selected 30 data points and then computed distance
correlation as a measure of connectivity between two time series. We repeated this proce-
dure 100 times. We then combined all the estimates of distance correlation across both runs
and computed its median. The median value was used as an estimate of functional brain
connectivity in a given condition for a given pair of brain regions. We then compared the
functional connectivity across groups and conditions.
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2.6. Statistical Analysis of Differences in Functional Brain Connectivity Across Groups
and Conditions

We applied Partial Least Squares (PLS) analysis to statistically assess group and
condition differences in functional connectivity. This was performed in a multivariate
manner across inter-network or intra-network connections. PLS is a multivariate technique,
which decomposes the entire data matrix (participants by fMRI features) into a set of
latent variables (LVs), similar to Principal Component Analysis [44,45]. We applied the
mean-centered PLS as it is known in the neuroimaging literature and well suited for this
type of analysis [46]. The data for PLS analysis were organized as participants within
conditions within groups times features (estimates of functional connectivity). In our case,
the feature space was defined by all the connections linking two resting-state networks
or all the connections within a specific network. Each feature represented the strength
of functional connectivity between two ROIs. Note that we used brain parcellation with
500 ROIs, each assigned to 1 of 34 resting-state networks. We thus had 34 × 33/2 = 561
unique pairs of networks, representing inter-network connectivity. Connections linking
ROIs within 1 of 34 networks represented intra-network connectivity. In total, we ran
561 + 34 = 595 PLS analyses for an fMRI metric of our choice (e.g., functional connectivity
estimated as distance correlation between two time series in the pragmatic or semantic
condition). We applied two series of mean-centered PLS analyses, testing two metrics of
fMRI connectivity.

2.6.1. Group Differences Across Both Pragmatic and Semantic Conditions

First, we tested differences in the connectivity across two groups (ASD and TD) and
two conditions (semantic and pragmatic). For each subject, the correlation values in both
conditions were normalized with respect to the baseline condition. Specifically, before
PLS, for each unique pair of ROIs, we subtracted the baseline correlation value from the
corresponding correlation values in the semantic and pragmatic conditions. We then
performed 595 PLS analyses for all inter-network and intra-network clusters. For each
PLS, we identified the latent variable (LV) with the highest explained variance, its overall
data-driven contrast across the groups and conditions (a four-dimensional vector), the
corresponding p-value, and the corresponding set of z-scores, each associated with one
ROI pairing. For each PLS analysis, we computed the median values across all the z-scores
for a given LV. If the z-score median was negative, we multiplied the overall contrast and
z-scores by −1. This procedure ensured that the z-scores were always skewed towards
positive values, which facilitated the comparison of overall contrasts across PLS analyses.
p-values from all PLS analyses were then corrected for multiple comparison under the
framework of false discovery rate (FDR) based on the Benjamani–Hochberg procedure [47].
In Section 3, we show the network pairings at two levels of significance: 5% and 10% of
FDR. In essence, these results demonstrated differences in functional connectivity between
ASD and TD across two conditions.

2.6.2. Group Differences for Pragmatic and Semantic Conditions

In the second series of mean-centered PLS analyses, we aimed to investigate to what
degree differences in the connectivity between the semantic and pragmatic conditions
differed across the experimental groups ASD and TD (differences-in-differences). For each
subject, for each ROI pairing, we computed the absolute value of the difference between
the corresponding correlation values in the semantic and pragmatic conditions. Taking
the absolute value implied that we ignored the directionality of the effect, regardless of
the sign of changes in the correlation value. In other words, positive or negative changes
(semantic > pragmatic or pragmatic > semantic) were equalized. Such an approach reflects
the concept of idiosyncrasy in ASD, wherein only deviations from the control group are
considered, regardless of the directionality of the effects [48]. We then performed another
series of 595 PLS analyses for all inter-network and intra-network clusters. As before,
for each PLS, we identified the latent variable LV with the highest explained variance,
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its overall data-driven contrast across the groups (a two-dimensional vector; only one
condition, namely, a difference between the semantic and pragmatic connectivity), its
p-value, and corresponding z-scores, each associated with one connection linking two ROIs.
The p-values were corrected for multiple comparison using the same Benjamani–Hochberg
procedure [47]. We reported the results at two levels of significance: 5% and 10% of FDR.

3. Results
3.1. Idiosyncratic Network Connectivity During Pragmatic Language Processing

We considered 17 fMRI networks per hemisphere, which were represented by 500 brain
ROIs according to the Schaefer Atlas [42]. We investigated the differences in functional
brain connectivity separately for each pair of networks (561 pairs in total for inter-network
connectivity) and for each of 34 networks (intra-network connectivity). We identified a set
of network pairings, expressing significant differences across groups and conditions at two
levels of significance (5% and 10% of FDR). To see the maps of z-scores, refer to Appendix A.
Figure 2 shows the individual connections linking individual ROIs within the functional
networks. Specifically, we provided a graph of connections for each significant network
pairing, which robustly contributed to the contrast representing differences between ASD
and TD. Note that each connection was associated with a z-score. By design, all the
distributions of z-scores (for all network pairings) were positively skewed. For each pair of
the functional networks, we applied a threshold for the z-scores and illustrated only those
connections with a z-score higher than 2.5.

Figure 2 shows the connectivity graphs for the network pairings, which were found
significant at the 5% FDR. Figure 3 shows the connectivity graphs for the network pair-
ings, which were significant at the 10% FDR but not shown in Figure 2. More specifically,
Figure 2A shows the connections within the left hemisphere, whereas Figure 2B shows
inter-hemispheric connections. In turn, Figure 3A,B illustrate the connectivity graphs repre-
senting interactions within the left and right hemispheres, respectively. Figure 2B represents
the interactions across the hemispheres. The robust group differences have been supported
by the following network interactions: left hemisphere Somatomotor B (SomMotB), left
hemisphere Salience/ventral Attention A (SalVentAttnA), left hemisphere Salience/ventral
attention B (SalVentAttnB), left hemisphere Limbic B (LimbicB), left hemisphere Control A
(ContA), left hemisphere Control B (ContB), left hemisphere Default-Mode A (DefaultA),
left hemisphere Default-Mode B (DefaultB), left hemisphere Temporo Parietal (TempPar),
right hemisphere Somatomotor B (SomMotB), right hemisphere Salience/Ventral Atten-
tion A (SalVentAttnA), right hemisphere Limbic B (LimbicB), right hemisphere Control C
(ContC), right hemisphere Default-Mode A (DefaultA), right hemisphere Default-Mode B
(DefaultB).

Figure 3 individually shows each pair of networks that represent statistical signif-
icance at 10% of FDR (excluding the ones at 5% significance of FDR). Figure 3A shows
connections within the left hemisphere, Figure 3B shows connections between hemispheres,
and Figure 3C shows connections within the right hemisphere.

3.2. Idiosyncratic Network Connectivity During Pragmatic Language Processing in ASD

We also tested the absolute differences in functional connectivity between the semantic
and pragmatic task conditions across the groups. The analysis was performed similarly
to how we tested functional connectivity across the two groups and two conditions. Only
in this case was the contrast two-dimensional, which represented the overall differences
between ASD and TD. We explored differences in functional brain connectivity between the
pragmatic and semantic conditions across the groups separately for each pair of networks
(again, 561 network pairings in total) and for each of the 34 networks. The p-values
were corrected for multiple comparisons with FDR. At the level of 5% or 10% FDR, we
identified one network pairing, specifically, the Somatomotor B (SomMotB) and Limbic
A (LimbicA) networks, both located in the left hemisphere. The distribution of z-scores,
each associated with two ROIs linking these two networks, was positively skewed towards
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the positive values. Together with the overall contrast defined as ASD > TD, this indicates
that the idiosyncrasy in the functional connectivity between the pragmatic and semantic
task processing was higher in the ASD group compared to the TD group. In other words,
these connections showed a greater increase in idiosyncratic functional connectivity for
the ASD children, relative to the TD children, when contrasting pragmatic and semantic
task conditions. Conceptually, this is similar to a group-by-condition interaction reflecting
increased idiosyncrasy specific to pragmatic language processing. Figure 4 shows the
connectivity graph, which includes connections with the z-scores higher than 2.5.
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identified one network pairing, specifically, the Somatomotor B (SomMotB) and Limbic A 
(LimbicA) networks, both located in the left hemisphere. The distribution of z-scores, each 
associated with two ROIs linking these two networks, was positively skewed towards the 
positive values. Together with the overall contrast defined as ASD > TD, this indicates that 
the idiosyncrasy in the functional connectivity between the pragmatic and semantic task 
processing was higher in the ASD group compared to the TD group. In other words, these 
connections showed a greater increase in idiosyncratic functional connectivity for the ASD 
children, relative to the TD children, when contrasting pragmatic and semantic task con-
ditions. Conceptually, this is similar to a group-by-condition interaction reflecting in-
creased idiosyncrasy specific to pragmatic language processing. Figure 4 shows the con-
nectivity graph, which includes connections with the z-scores higher than 2.5.  

Figure 3. Brains showing each network separately and the connections that showed statistical
significance at 10%. (A) Significant connections within the left hemisphere. (B) Significant connections
between hemispheres. (C) Significant connections within the right hemisphere. The red lines represent
each network pairing marked as significant in the analysis. The dots represent different ROIs. Every
connection contributed to the overall data-driven contrast representing differences between ASD and
TD. Each connection was associated with a z-score and all the z-score distributions were positively
skewed, indicating increased task-dependent functional connectivity in children with ASD.

Brain Sci. 2024, 14, x FOR PEER REVIEW 12 of 23 
 

 
Figure 4. Brains showing each network separately form the pair of networks associated with signif-
icant increases in idiosyncratic task dependent connectivity in children with ASD. 

4. Discussion 
The present study investigated differences in brain connectivity between children 

with ASD and their TD peers while they processed two categories of speech acts: semantic 
(naming) and pragmatic (giving). We analyzed all the networks identified in the Schaefer 
brain atlas and discovered that the left Somatomotor and left Limbic networks were par-
ticularly associated with the differences observed between the groups in processing these 
speech acts. Additionally, we found that the ASD group exhibited higher levels of idio-
syncrasy compared to the TD group. 

Higher idiosyncrasy in individuals with ASD has been previously documented and 
is linked to the characteristic symptomatology of the disorder [23,24]. Our findings extend 
this understanding by demonstrating that higher idiosyncrasy is also present in relation 
to pragmatic language difficulties. This unique neural connectivity may affect the integra-
tion of sensory information, language processing, and social cognition, contributing to 
pragmatic language deficits and challenges in social communication [49]. As highlighted 
by the pioneering research of Pegado et al. in 2020 [50], individuals with ASD often dis-
play idiosyncratic neural connectivity in higher-level perceptual areas within the visual 
and auditory domains. This suggests that such idiosyncrasies may arise from the cumu-
lative impact of sensory processing on higher-order cognition, influencing how individu-
als with ASD perceive and respond to social cues during communication, an essential in-
sight for understanding the condition. 

Moreover, the networks exhibiting group differences in task-dependent connectivity 
for language processing across both semantic and pragmatic conditions included the Lim-
bic, Somatomotor, Salience/Ventral Attention, Default-Mode, and Control networks. 
These networks displayed a similar trend, with increased idiosyncrasy observed in the 
ASD group compared to their TD counterparts. Previous studies have reported similar 
trends in various tasks, such as emotional face processing [51] and resting-state connec-
tivity [52,53]. Notably, the differences between groups were predominantly lateralized in 
the left hemisphere, consistent with prior research highlighting atypical functional lateral-
ization of language in ASD [54–60]. 

The increased idiosyncratic connectivity observed in children with ASD could indi-
cate that individualized therapies tailored to the unique neural profiles of each child might 
be beneficial. This approach aligns with the emerging trend in personalized medicine, 
where interventions are customized based on individual neurological and behavioral 
characteristics. 

4.1. Limbic Network 
In our study, increased idiosyncratic connectivity was observed in children with ASD 

while processing the language task (including both conditions), particularly in connec-
tions involving the Limbic network and other networks. This includes the left hemisphere 
Limbic network B and the right hemisphere Limbic network B, both associated with the 

Figure 4. Brains showing each network separately form the pair of networks associated with
significant increases in idiosyncratic task dependent connectivity in children with ASD.

4. Discussion

The present study investigated differences in brain connectivity between children
with ASD and their TD peers while they processed two categories of speech acts: semantic
(naming) and pragmatic (giving). We analyzed all the networks identified in the Schaefer
brain atlas and discovered that the left Somatomotor and left Limbic networks were
particularly associated with the differences observed between the groups in processing
these speech acts. Additionally, we found that the ASD group exhibited higher levels of
idiosyncrasy compared to the TD group.

Higher idiosyncrasy in individuals with ASD has been previously documented and is
linked to the characteristic symptomatology of the disorder [23,24]. Our findings extend
this understanding by demonstrating that higher idiosyncrasy is also present in relation to
pragmatic language difficulties. This unique neural connectivity may affect the integration
of sensory information, language processing, and social cognition, contributing to prag-
matic language deficits and challenges in social communication [49]. As highlighted by
the pioneering research of Pegado et al. in 2020 [50], individuals with ASD often display
idiosyncratic neural connectivity in higher-level perceptual areas within the visual and
auditory domains. This suggests that such idiosyncrasies may arise from the cumulative
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impact of sensory processing on higher-order cognition, influencing how individuals with
ASD perceive and respond to social cues during communication, an essential insight for
understanding the condition.

Moreover, the networks exhibiting group differences in task-dependent connectivity
for language processing across both semantic and pragmatic conditions included the Limbic,
Somatomotor, Salience/Ventral Attention, Default-Mode, and Control networks. These
networks displayed a similar trend, with increased idiosyncrasy observed in the ASD group
compared to their TD counterparts. Previous studies have reported similar trends in various
tasks, such as emotional face processing [51] and resting-state connectivity [52,53]. Notably,
the differences between groups were predominantly lateralized in the left hemisphere,
consistent with prior research highlighting atypical functional lateralization of language in
ASD [54–60].

The increased idiosyncratic connectivity observed in children with ASD could indicate
that individualized therapies tailored to the unique neural profiles of each child might
be beneficial. This approach aligns with the emerging trend in personalized medicine,
where interventions are customized based on individual neurological and behavioral
characteristics.

4.1. Limbic Network

In our study, increased idiosyncratic connectivity was observed in children with ASD
while processing the language task (including both conditions), particularly in connections
involving the Limbic network and other networks. This includes the left hemisphere
Limbic network B and the right hemisphere Limbic network B, both associated with the
anterior Limbic network, which encompasses the hypothalamus and an anterior group of
thalamic nuclei. Additionally, differences between groups in processing the two conditions
(pragmatic and semantic, separately) indicated a more idiosyncratic connectivity in children
with ASD between the left Somatomotor network and the left Limbic network. These
results align with previous studies that have noted atypical functions and structures within
the Frontotemporal and Limbic networks, which are connected to social and pragmatic
language difficulties [61–63].

The literature consistently indicates that the Limbic system plays a crucial role in
social and emotional functioning [64], with established differences in Limbic function
and connectivity observed in individuals with ASD [65]. Notably, structures such as the
cingulate gyrus and amygdala have been implicated in specific facets of social cognition,
mediating cognitive and affective processes that are atypical in ASD. Differences in the
basolateral circuit, a Limbic structure integral to social cognition, have also been reported
in individuals with ASD [66]. In a systematic review conducted by Caroline Larson in
2022 [67], the functional connectivity of language networks in individuals with ASD was
examined through a review of 96 studies utilizing fMRI. The review highlights the critical
role of the Limbic system, particularly the cingulate cortex and amygdala, in emotion
regulation, social behavior, and memory—all essential for language processing and social
interaction. Furthermore, findings indicate that individuals with ASD may exhibit local
over-connectivity within certain Limbic-related areas, such as the cingulate gyrus, while
experiencing global under-connectivity with other brain regions, including the prefrontal
cortex and temporal lobe, which impacts language integration and social cognition. The
review also notes correlations between Limbic connectivity and ASD symptomatology, sug-
gesting that under-connectivity may be associated with social communication difficulties.

Supporting these findings, a study conducted by Rui Zhou and colleagues in 2024 [68]
investigated the connectivity patterns of the Limbic network in individuals with ASD
using resting-state functional magnetic resonance imaging (rs-fMRI). The study revealed
increased inter-network connectivity between the Limbic network and the Subcortical
network, indicating potential compensatory hyper-connectivity related to emotional pro-
cessing. Conversely, the researchers noted a significant decrease in inter-network connec-
tivity between the Limbic network and the Default Mode network (DMN), suggesting a
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disconnect that may impact self-referential thought processes and social communication
abilities. In conclusion, individuals with ASD demonstrate distinct differences from TD
individuals in language processing and the functioning of social and emotional processing
areas, such as the Limbic network, especially while observing speech acts in videos. Over-
all, these findings emphasize the importance of the Limbic network in understanding the
neurological basis of ASD and suggest avenues for enhancing diagnostic and therapeutic
strategies.

4.2. Somatomotor Network

In our study, the Somatomotor network, also known as the Sensorimotor network,
exhibited significant differences between groups in connectivity within and between dif-
ferent networks. The Somatomotor network encompasses both somatosensory regions in
the postcentral gyrus and motor regions in the precentral gyrus, extending into the supple-
mentary motor areas [69]. Functional connectivity involving the Sensorimotor network has
been implicated in the development of motor skills as well as the core symptoms of ASD,
which include social difficulties and restricted and repetitive behaviors, as demonstrated
by prospective studies involving infant siblings. More specifically, research has shown that
functional connectivity within the motor network and the DMN correlates with milestones
such as the onset of walking and gross motor functioning [70].

Further insights are provided by the work of Rui Zhou et al. (2024) [68], which
examines altered connectivity patterns in individuals with ASD. Their findings indicate
a significant decrease in inter-network connectivity involving the Somatomotor network,
particularly with the Salience/Ventral Attention network (SVAN) and the Frontoparietal
network. This reduction suggests a functional segregation or altered processing between
sensory and motor areas and cognitive networks. Conversely, this study points to an
increase in inter-network connectivity between certain regions of the Limbic network
and the Somatomotor network, suggesting a potentially heightened interaction between
these networks.

Moreover, A.S. Nunes et al. (2019) [24] investigated the idiosyncratic organization of
cortical networks in individuals with ASD using rs-fMRI. Their study reveals that indi-
viduals with ASD exhibit a more variable organization of intrinsic connectivity networks
(ICNs), particularly within the Somatomotor network. This variability is characterized by a
significant reduction in the stability of network connectivity in the Somatomotor network
among participants with ASD when compared to TD individuals, indicating that the activa-
tion patterns of the Somatomotor network may be less consistent. Furthermore, the study
finds a negative correlation between the idiosyncratic organization of the Somatomotor
network and the severity of ASD symptoms, as measured by the Autism Diagnostic Obser-
vation Schedule (ADOS). This correlation suggests that greater variability in Somatomotor
network connectivity is associated with more pronounced symptomatology, underscoring
the potential role that altered Somatomotor network connectivity may play in the social
and sensory processing difficulties commonly observed in ASD.

In conclusion, the examination of the Somatomotor network reveals critical insights
into the neurodevelopmental differences present in individuals ASD. The variations in
connectivity not only highlight the complexities of motor and sensory integration but also
suggest potential pathways for understanding the neurological underpinnings of social
challenges in pragmatic language communication.

4.3. Default-Mode Network

In our study, we found distinct differences in the connectivity of the Default Mode
network (DMN) between children with ASD and TD children during the proposed language
task. The DMN is composed of several key regions, including the posterior cingulate cortex,
precuneus, medial prefrontal cortex, temporoparietal junction, and hippocampus [71,72].

Extensive evidence suggests that structural and functional disruptions to crucial nodes
within the DMN, along with abnormal connectivity patterns with other brain regions,
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significantly contribute to the symptomatology of ASD [12,73–83]. The current literature
indicates that the atypical integration of self-referential and social information within the
DMN may underlie the social difficulties commonly observed in individuals with ASD.
Our results suggest that this integration also influences language processing, particularly
during the interpretation of speech acts in videos.

Furthermore, connectivity between visual processing networks and higher-order
networks, such as the Dorsal Attention network (DAN) and posterior DMN, is associated
with the initiation of joint attention [84]. Additionally, functional connectivity patterns
among visual areas, the DMN, and the Frontoparietal Control network are related to specific
aspects of restricted and repetitive behaviors [85].

A recent study by Rui Zhou and colleagues (2024) [68] highlighted reductions in intra-
network connectivity within both the DMN and the Dorsal Attention network, suggesting
disruptions in attention and self-processing that are prevalent in ASD. Moreover, a meta-
analysis by Wang et al. (2021) [86] focusing on resting-state connectivity in the DMN
among individuals with ASD found evidence of over-connectivity among visual, motor,
and social–emotional regions within the DMN (e.g., right middle temporal gyrus [MTG],
right supramarginal gyrus [SMG], cerebellum), alongside under-connectivity primarily
linked to the angular gyrus. These results point to a pattern of spatially distant global
over-connectivity combined with spatially proximal local under-connectivity.

In contrast, research by Vissers et al. (2012) [87] provided robust evidence of spatially
distant global under-connectivity related to the DMN and areas associated with social-
emotional processing (e.g., the insula and somatosensory regions), while indicating minimal
evidence of spatially proximal local over-connectivity.

4.4. Salience/Ventral Attention Network

We observed notable differences between the groups concerning the Salience/Ventral
Attention network, specifically within the left hemisphere Salience/Ventral Attention A, left
hemisphere Salience/Ventral Attention B, and right hemisphere Salience/Ventral Attention A.
This network plays a crucial role in various attentional processes, including error monitoring,
selective attention, and task switching [88,89]. Our findings indicate that children with ASD
exhibit differences in the strength of functional connectivity within the Salience/Ventral
Attention networks compared to their typically developing peers. These results align with a
growing body of research highlighting atypical functional connectivity of large-scale executive
networks both at rest [90–92] and during task performance [23,93–96].

4.5. Implications of Idiosyncratic Connectivity in the Cerebellum and Mirror Neurons in ASD

Idiosyncratic connectivity patterns in the cerebellum significantly contribute to the
manifestation of ASD symptoms. Disruptions in the cerebellum’s functional connectivity
with brain regions related to social behavior may contribute to the social communication
challenges faced by children with ASD [97]. The cerebellum plays a crucial role in ASD
by influencing cognitive and affective development. Its disruptions during sensitive
periods can impair the maturation of neural circuits related to social behavior, including the
cerebellar–thalamic–cortical pathways, fronto-cerebellar connections, and circuits linking
the cerebellum to the amygdala and prefrontal cortex. Research indicates that cerebellar
dysfunction correlates with autism’s core symptoms, including social impairments. Early-
life injuries to the cerebellum significantly increase autism risk, supporting the idea that
the cerebellum integrates sensory and emotional information, which is vital for social
capacities [98].

Recent work has shown that the cerebellum critically modulates mirror neuron system
(MNS) activity and impacts the networks related to social cognition. This relationship sug-
gests potential inhibitory mechanisms through which the cerebellum influences both motor
and cognitive systems, enhancing our understanding of ASD pathophysiology [99,100]. No-
tably, cerebellar-specific genetic mutations have been linked to autistic-like behavior [101],
emphasizing the genetic complexity underlying cerebellar dysfunction in ASD [102]. Fur-
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thermore, cerebellar connectivity with regions such as the right temporo-parietal junction is
associated with social abilities and cognitive functions [103]. Atypical connectivity patterns,
particularly in the sensorimotor cerebellum, have been linked to sensory over-responsivity
in ASD [97].

In conclusion, while the manuscript has focused on other networks, recognizing the
cerebellum’s role in modulating MNS activity enhances the discussion around the interplay
between motor and cognitive systems in pragmatic language deficits in ASD.

4.6. Limitations and Future Directions

One limitation of the present study is its relatively small sample size, which was
influenced by the challenges of acquiring usable imaging data in this age group. In
addition, it is worth considering that the additional fundamental group differences in
network connectivity may have been masked by differential maturational trajectories
across the sampled age range [23].

In the context of future research directions, we emphasize the importance of longi-
tudinal studies to enhance our understanding of brain connectivity changes over time in
children with ASD. Such investigations can provide insights into the dynamic interplay be-
tween atypical connectivity patterns and language acquisition, potentially revealing critical
periods where interventions may be most effective. Furthermore, it would be beneficial for
future research to incorporate age-related covariates in their analyses to statistically parse
the specific contributions of age. Such analyses could refine our understanding of how
age impacts the neural mechanisms of language processing and connectivity in children
with ASD. Moreover, future research should aim for more comprehensive demographic
matching to strengthen findings in this area.

Additionally, while our focus was primarily on cortical networks, we recognize the
potential significance of the cerebellum in the context of ASD [104]. Moving forward, we
suggest that future studies include the cerebellum in their data collection and analyses,
exploring its implications based on the emerging literature surrounding its role in social
cognition and action observation.

5. Conclusions

Our study investigates the neural connectivity involved in social communication and
emphasizes the processing of speech acts in children with ASD. We found distinct differ-
ences in how children with and without ASD process speech acts related to pragmatic and
semantic language, particularly within the Limbic and Somatomotor networks. These areas
are crucial for social cognition, emotional processing, and motor skills. Furthermore, we
observed idiosyncratic functional connectivity in children with ASD during pragmatic lan-
guage processing. These findings align with existing evidence indicating that children with
ASD exhibit lateralized differences and heightened variability in connectivity compared to
typically developing children.
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Figure A1. Map of z-scores showing the contrast of ASD vs. TD children, with the semantic and
pragmatic conditions tested together. The map of inter-network connectivity presents each data-
driven contrast from PLS at 5% significance. Each network presents a four-dim dimensional contrast.
The labels, starting from left to right bars, are ASD group, pragmatic condition; ASD group, semantic
condition; TD group, pragmatic condition; and TD group, semantic condition.
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