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Cognitive functions are directly related to interactions between the brain's functional networks. This functional organization changes in the autism spectrum disorder (ASD). However, the heterogeneous nature of autism brings inconsistency in the findings, and specific pattern of changes based on the cognitive theories of ASD still requires to be well-understood. In this study, we hypothesized that the theory of mind (ToM), and the weak central coherence theory must follow an alteration pattern in the network level of functional interactions. The main aim is to understand this pattern by evaluating interactions between all the brain functional networks. Moreover, the association between the significantly altered interactions and cognitive dysfunctions in autism is also investigated. We used resting-state fMRI data of 106 subjects (5–14 years, 46 ASD: five female, 60 HC: 18 female) to define the brain functional networks. Functional networks were calculated by applying four parcellation masks and their interactions were estimated using Pearson's correlation between pairs of them. Subsequently, for each mask, a graph was formed based on the connectome of interactions. Then, the local and global parameters of the graph were calculated. Finally, statistical analysis was performed using a two-sample t-test to highlight the significant differences between autistic and healthy control groups. Our corrected results show significant changes in the interaction of default mode, sensorimotor, visuospatial, visual, and language networks with other functional networks that can support the main cognitive theories of autism. We hope this finding sheds light on a better understanding of the neural underpinning of autism.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder, which impacts social interactions and communication. It has a series of behavioral symptoms like restricted and repetitive behaviors, disability in making eye contact, and verbal disabilities. Several factors like genetics, biochemical, neuropsychological, and neurophysiological problems can cause ASD (Bosl et al., 2011; Ruggeri et al., 2014; West et al., 2014). ASD has an increasing prevalence with males 4.5 times as likely as their female counterparts (Christensen et al., 2016). ASD diagnosis is according to the criteria like DSM and ICD-R. The diagnosis is on the basis of a set of behavioral symptoms such as low social interaction including verbal and non-verbal communication, however, there is an ongoing debate on the ambiguity of the symptoms and their neural substrates (Lord et al., 1994; Ecker et al., 2013; Raff, 2014). New findings show that there is an association between ASD symptoms and functional connectivity networks of the brain (Kana et al., 2014).

The theory of mind (ToM) hypothesis and the weak central coherence theory are two cognitive theories that can explain behavioral and cognitive symptoms of autism. ToM explains the ability to have mental representations about one's own and other's inner emotional world. ToM hypothesis proposes that individuals with ASD are unable to understand the mental states of others (Baron-Cohen, 1988, 2004; Baron-Cohen et al., 1994). The weak central coherence theory of autism suggests that individuals with ASD are unable to “see the big picture.” They can focus on parts rather than the whole. Performance on visuospatial, perceptual, and verbal-semantic tasks, which need strong central coherence, is impaired in ASDs that support this theory (Ropar and Mitchell, 1999; Happe and Frith, 2006).

In recent decades, neuroimaging techniques are commonly used for observing brain activities. Modalities such as electroencephalography (EEG), functional magnetic resonance imaging (fMRI), and near-infrared spectroscopy (fNIRS) are non-invasive, reliable, and commonly used in ASD studies (Eldridge et al., 2014; Ichikawa et al., 2014; Wang et al., 2014; Devitt et al., 2015). Although it has a low temporal resolution, fMRI is preferred to EEG and fNIRS because of its high spatial resolution and also it can be performed in different mental states, task-based, or task-free (Smith et al., 2005; Zuo et al., 2010). Task-free or resting-state fMRI is used to evaluate different brain networks at the same time (Cole et al., 2010; Lee et al., 2013). To examine the changes in the intrinsic connectivity of different networks, resting-state fMRI is a convenient tool (Hull et al., 2017).

Functional connectivity networks extracted from resting-state fMRI data are called intrinsic connectivity networks (ICNs) and are highly related to cognitive processes (Laird et al., 2011). Some of the most common and widely indicated ICNs are primary, medial, and lateral visual networks, executive networks, salience network, right and left frontoparietal networks, sensorimotor network (SMN), auditory networks, and the default mode network (DMN); however, they change through studies (Smith et al., 2009; Bressler and Menon, 2010; Beckmann, 2012).

There are different methods for extracting intrinsic connectivity networks from resting-state fMRI data but one of the commonly used methods is independent component analysis (ICA; Supekar et al., 2008, 2010; Assaf et al., 2010; Bressler and Menon, 2010; Cole et al., 2010; Wiggins et al., 2011; Beckmann, 2012; Mueller et al., 2013; Starck et al., 2013; Di Martino et al., 2014; Dipasquale et al., 2015; Nomi and Uddin, 2015). The ICA approach can generally give the assumption of independence between the components (Beckmann, 2012; Lee et al., 2016). In this method, a mask (template) is applied to the data and a number of components are calculated through the correlation matrix (Wang et al., 2009; Liu et al., 2012; de Reus and van den Heuvel, 2013; Minati et al., 2013; Glasser et al., 2016). These components represent brain areas or networks. Different brain regions associated with a network are considered as a part of the same component. In ICA analysis, a single brain region can be found in multiple components. ICA is specifically useful for whole-brain connectivity analysis and despite ROI seed-based analysis is not limited to predefined brain networks (Beckmann and Smith, 2004; Cole et al., 2010; Hull et al., 2017). A cortical parcellation divides the cerebral cortex into subdivisions which are a set of areas that share special neurobiological properties. They thus provide basic maps for functional neuroimaging and many models of brain function are based on these abstractions. In parcellations, each region specifies a functionally distinct area which is of particular interest, as these encapsulate the fundamental neurobiological principles of functional specialization and segregation, and they form a basis for connectomics (Sporns et al., 2005).

Advances in resting-state analysis techniques have provided the possibility of examining the overall functional connectivity using graph theoretical methods. Brain connectivity networks can be assumed as graphs made up of nodes which can be regions or networks and edges that are functional connections between them (van den Heuvel et al., 2008; Bullmore and Sporns, 2009; Bressler and Menon, 2010; van den Heuvel and Hulshoff Pol, 2010; Sporns, 2011, 2013). Using these methods for resting-state fMRI, data consist of modeling cortical and sub-cortical areas as a set of nodes connected to each other by edges that represent the strength of the functional connectivity between node pairs. This information is expressed by an N × N matrix (connectivity matrix), where N is the number of nodes, and each element of the matrix shows the pairwise measure of connectivity. In analyzing ICNs data, the graph theoretical approach is one of the useful techniques (Sporns, 2011; Maximo et al., 2013). Since they can measure both global and local changes in network connectivity and strength, graph theory and network analysis techniques are applied in ASD studies (Wang et al., 2010; Hull et al., 2017).

Functional connectivity has been used vastly in ASD studies. These studies show changes in functional connectivity in ASD (Di Martino et al., 2008; Smith et al., 2013; von dem Hagen et al., 2013; Ray et al., 2014; Tyszka et al., 2014; Uddin et al., 2015; Olivito et al., 2016; Hull et al., 2017; Guo et al., 2019; Bathelt and Geurts, 2020). A brain region or network can be both under-connected with some areas and simultaneously over-connected with other areas in ASDs compared to healthy controls (HCs; Just et al., 2004; Cherkassky et al., 2006; Kennedy et al., 2006; Assaf et al., 2010; Jones et al., 2010; Weng et al., 2010; Di Martino et al., 2011; Delmonte et al., 2013; Keown et al., 2013; Redcay et al., 2013; Nebel et al., 2014; Cerliani et al., 2015; Chien et al., 2015; Holiga et al., 2019). There are under- and over-connectivity patterns associated with core ASD symptoms which are related to communication and daily living skills. These patterns are not affected by age, sex, or medication status. Under-connectivity is seen in sensory-motor regions and over-connectivity hubs are predominately in prefrontal and parietal cortices (Holiga et al., 2019). DMN, one of the resting-state networks, is active when the brain is in the resting state but deactivates during cognitive tasks or goal-directed behaviors (Raichle and Synder, 2007; Washington et al., 2014). According to different studies, under-connectivity and over-connectivity of DMN have been seen in ASD (Kennedy et al., 2006; Kennedy and Courchesne, 2008; Monk et al., 2009; Assaf et al., 2010; Weng et al., 2010; Wiggins et al., 2011; Rudie et al., 2013; Jung et al., 2014; Yerys et al., 2015; Lee et al., 2016; Olivito et al., 2016; Padmanabhan et al., 2017). DMN changes are more consistent findings in autistic individuals. Subregions of DMN are associated with cognitive functions such as mentalizing, memory, and understanding others' minds that are immediately relevant to cognitive theories of autism (Bathelt and Geurts, 2020). Studies have shown changes in the functional connectivity of other functional networks (Barttfeld et al., 2012; Rudie et al., 2013; Itahashi et al., 2014; Nebel et al., 2014; Verly et al., 2014; Uddin et al., 2015).

There are a number of studies that have used graph theory (Di Martino et al., 2013; Keown et al., 2013; Redcay et al., 2013; You et al., 2013; Ray et al., 2014; Balardin et al., 2015; Itahashi et al., 2015). A reduction in modularity, clustering, and local efficiency with increased local efficiency (shorter path lengths) has been detected (Rudie et al., 2013). An increase in local functional connections and betweenness centrality in the prefrontal region has been reported in adolescents with ASD (Redcay et al., 2013). The organization of the hub nodes has been changed in ASD (Itahashi et al., 2014; Balardin et al., 2015; Sadeghi et al., 2017). Changes in local and global parameters are contributed to the functional organization of the brain in individuals with ASD; however, they are inconsistent through studies.

On the basis of the international research literature on the changes in the brain's functional networks in ASD, the current study aimed to explore the interactions of whole-brain functional networks through four different parcellations. We evaluated the changes of the brain functional networks in ASDs compared to HCs.

Moreover, we explored how cognitive theories of autism can follow patterns of changes in the brain functional network. Prior studies just considered limited numbers of brain networks to investigate the functional interactions within or between the networks (Hull et al., 2017). In other words, this study was designed to discover (a) interactions of all brain functional networks (modular organization) in ASD subjects, as well as (b) the associations between the resting-state functional connectivity disorganizations of ASD with two of the main cognitive theories of autism, e.g., the theory of mind (ToM) and the weak central coherence theory.



Materials and methods


Participants

The included data in the current study were obtained from the ABIDE (http://fcon_1000.projects.nitrc.org/indi/abide/) database. We used the data sets contributed by the Georgetown University and New York University Langone Medical Center. One hundred six male and female subjects (5–14 years, 83 male and 23 female) were selected from both datasets and classified into two groups: (46 ASD, 41 male, and five female; 60 HC, 42 male, and 18 female).

ASD diagnosis included DSM-IV-TR criteria or DSM-V and confirmed with ADI-R1 and ADOS for the combined social and communication score. IQ (full, performance, and verbal IQ) scores were obtained for all participants using either the Wechsler Intelligence Scale for Children (WISC-IV) or Wechsler Abbreviated Scale of Intelligence (WASI) or the six subtests of the Differential Ability Scales, Second Edition (DAS-II; see Table 1). Table 1 presents statistics of Age, handedness, FIQ, PIQ, VIQ, ADOS (Autism Diagnostic Observation Schedule), and SRS (Social Responsiveness Scale). Gender and handedness are considered independent covariates.


TABLE 1 Demographics of the subjects.
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For all participants, full-scale IQ below 80, other neurological diagnoses, use of antipsychotics, and contraindications for MRI or pregnancy were exclusionary. The original studies included in ABIDE received approval from each site's Institutional Review Board (IRB) and were performed aligned with the declaration of Helsinki protocols.



Data acquisition

Participants of the New York University Langone Medical Center were scanned using a 3-Tesla Siemens Allegra following diagnostic assessment. During the resting-state fMRI scan, participants were asked to relax with their eyes open, while a white cross-hair against a black background was projected on a screen. Functional images were acquired in a T2* MR sequence with the following parameters: TR/TE= 2,000/15 ms, 33 slices, 3.0 × 3.0 × 4.0 mm3 voxel size, 4 mm slice thickness, and the total volumes of 180 and flip angle= 90°. Anatomical images were acquired in a T1w MR sequence with the following parameters: TR/TE = 2,530/3.25 ms, 1.3 × 1.0 × 1.3 mm3 voxel size, and 1.33 mm slice thickness and flip angle = 7°.

Participants of the Georgetown University were scanned using a Siemens Trio 3-T scanner following diagnostic assessment. During the resting-state fMRI scan, participants were asked to relax with their eyes open, but to remain awake. Functional images were acquired in a T2* MR sequence with the following parameters: TR/TE = 2000/30 ms, 43 slices, 3.0 × 3.0 × 2.5 mm3 voxel size, 2.5 mm slice thickness, flip angle = 90°, and the total volumes of 154. Anatomical images were acquired in a T1w MR sequence with the following parameters: TR/TE = 2,530/3.5 ms, 1.0 × 1.0 × 1.0 mm3 voxel size, 1.0 mm slice thickness, and flip angle = 7°.



fMRI data preprocessing

We used the FMRIB software library (FSL: http://www.fmrib.ox.ac.uk/fsl; Jenkinson et al., 2012) and analysis of functional neuroimaging (AFNI: http://afni.nimh.nih.gov/afni) to perform standard preprocessing on imaging data (Cox, 1996). Structural images of all participants were deobliqued before reorientation to FSL-friendly space. Preprocessing steps for resting-state fMRI data were as follows: dropping the first five volumes, slice time correction for interleaved acquisitions (using Fourier interpolation), 3D motion correction (using least-squares alignment of three translational and three rotational parameters for 3D volume registration), despiking of extreme time series outliers (using a continuous transformation function), mean-based intensity normalization of all volumes by the same factor, spatial smoothing with Gaussian kernel of full-width half maximum 6 mm, temporal band-pass filtering between 0.009 and 0.01 Hz. Resting-state fMRI images were registered to structural images of the participants and then normalized to the MNI152 standard atlas using linear (FLIRT) and non-linear (FNIRT) transformations (9). Confounding time series of motion (three translational and three rotational parameters), white matter (WM), and cerebral spinal fluid (CSF) were then omitted from the data (Smith et al., 2013; Sadeghi et al., 2017; Lindquist et al., 2019).

We checked all structural MRI data, for motion artifacts visually. The resting-state fMRI data with movement of more than 4 mm were eliminated. From the two datasets, just 46 ASDs and 60 HCs could pass the quality control steps, mentioned above. Then the preprocessed fMRI data were used to construct the brain functional networks for each participant.



Brain parcellation

In this study, we used the whole-brain parcellation method and laid four different masks (templates) on the fMRI data to compute a set number of brain functional networks, through the decomposition of the correlation matrix for each mask. Templates include 14 functionally parcellated networks (https://findlab.stanford.edu/functional_ROIs.html; Richiardi et al., 2015), seven functionally parcellated networks (Yeo et al., 2011), 17 functionally parcellated networks (Yeo et al., 2011), and 13 functionally parcellated networks (Thomason et al., 2011). The analysis presented in the main text body is based on the parcellation of Stanford University, while the results of other parcellations are presented in the Supplementary materials.



Functional connectivity analysis

For each subject, the time series of each network were estimated by averaging the resting-state fMRI data of the nodes of a network. Then the functional interactions are measured by estimating temporal correlations between BOLD signals of every pair of the networks, defined by each template, and then a temporal correlation matrix was calculated using Pearson's correlation between the time series of every pair of networks. Then, an undirected weighted graph was calculated by considering each intrinsic connectivity network as a node and defining values of connectivity strength between the networks as the edges.



Graph theoretical analyses

We used graph theoretical analysis for functional connectivity networks estimated in the previous step. Networks are supposed as the nodes of the graph and association between the networks, as the edges each functional network, also was characterized with local and global parameters. Local measures include: nodal degree, a measure of the number of connections (edges) of each node with the other network nodes; efficiency, which indicates the information transfer between nodes; local efficiency of an individual node is the inverse of the shortest path length connecting all the neighbors of that node; closeness centrality is calculated as the reciprocal of the sum of the length of the shortest paths between the node and all other nodes in the graph; betweenness centrality, which measures the number of shortest paths that pass through a node and indicates the importance of a node for efficient communication and integration across a network; and custering coefficient, which measures the rate of existing edges between the nearest neighbors vs. possible connections and reflects the presence of smaller subgraphs. Global measures include: clustering coefficient, the average path length, and a measure of global connectedness which indicates the average shortest connection length (i.e., the mean of the shortest path length values recorded for all the single node pairs); efficiency, global efficiency is the average of the local efficiency and includes all the nodes of the graph; and modularity, is the measure of the strength of divisions of a network into modules (Latora and Marchiori, 2001; Rubinove and Sporns, 2010; Sporns, 2014).

The brain connectivity toolbox (http://www.brain-connectivity-toolbox.net) was used for graph analysis (Rubinove and Sporns, 2010).



Statistical analysis

We applied a two-sample t-test on functional connectivity values and graph theoretical measures to compare ASD and HC statistically. Age, gender, handedness, and full IQ are considered independent covariates. The false discovery rate (FDR) method was applied to perform multiple comparisons correction (Storey and Tibshirani, 2003). Statistical analysis was carried out using SPSS software (IBM SPSS Statistics 22). Figure 1 presents the schematic diagram of data analysis.
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FIGURE 1
 Schematic diagram of data analysis.





Results

As mentioned before, we used four different parcellations to extract functional networks and performed statistical comparisons separately for each parcellation. The comparison was carried out for functional connectivity values between pairs of networks and graph measures (local and global), between ASDs and HCs.

The results showed that there is no significant change in seven networks parcellation in ASDs compared to HCs but there are changes in functional connectivity values between some pairs of networks in 13, 14, and 17 networks parcellations. According to the results, in ASDs, there is a significant increase in functional connectivity between DMN and language networks and between primary-visual and posterior-salience networks but there is a decrease in functional connectivity between high-visual and sensorimotor networks and between visuospatial and salience networks (see Table 2). Table 2 presents the pairs of networks which are significantly different in ASDs compared to HCs, according to the parcellation used by Richiardi et al. (p < 0.05, FDR corrected).


TABLE 2 Significant changes in interactions between brain functional networks in ASD as compared to HC based on Richiardi et al. parcellation method.
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In global graph measures, there is no significant change between the two groups. In local graph measures, the results indicate the decrement of betweenness centrality in visuospatial, high visual, and networks in ASDs compared to HCs through four parcellations (p < 0.05, FDR corrected). Table 3 presents the networks that have a significant decrease in betweenness centrality in ASDs compared to HCs, according to the parcellation used by Richiardi et al. (p < 0.05, FDR corrected). The results of the parcellations used by Yeo et al. and Thomason et al. are presented in the Supplementary materials.


TABLE 3 Significant decreases in betweenness centrality of brain networks in ASD as compared to HC based on Richiardi et al. parcellation method.
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Subsequently, the relationship between significant changes in functional connectivity between the functional networks and the social responsiveness scale (SRS) was also checked. A score of 76 or higher indicates deficiencies in reciprocal social behavior that are clinically significant. Such scores are strongly associated with the clinical diagnosis of autism spectrum disorder. The significant decrement in the functional connectivity between high-visual and sensorimotor networks is correlated with the SRS-total scores of autistic subjects. Figure 2 presents the most significant result.


[image: Figure 2]
FIGURE 2
 Relationship between significant changes in functional connectivity between high-visual and sensorimotor networks and autism diagnosis criteria.




Discussion

In this study, we used resting-state fMRI data to define brain functional networks. We calculated functional connectivity between pairs of networks and graph theoretical measures (global and local) to study interactions between them in ASDs compared with HCs. According to the results, there are alterations in functional connectivity between some pairs of networks. DMN, language, visual, visuospatial, posterior-salience, frontoparietal, and sensorimotor networks have the most alterations. Although the anatomical properties of these networks are not exactly the same through different parcellations, they are more or less comparable. Based on the results, there is a significant increase in functional connectivity between DMN and language, posterior-salience, and frontoparietal networks in ASDs. These results are consistent with previous studies (Kennedy and Courchesne, 2008; Redcay et al., 2013; Rudie and Dapretto, 2013). Functional connectivity between visual network and sensorimotor network and between posterior-salience and visuospatial networks has significantly decreased, but there is an increase in functional connectivity between posterior-salience and visual networks, which have been reported in previous studies (Ebisch et al., 2011; Cerliani et al., 2015; Lee et al., 2016; Sadeghi et al., 2017). In addition, the results indicate the decrease of betweenness centrality in somatomotor, IFG-middle-temporal, visuospatial, high-visual, dorsal attention, and limbic networks in ASDs compared with HCs, which have also been reported (Cherkassky et al., 2006; Gotts et al., 2012; Rudie et al., 2013; Sadeghi et al., 2017).

Although functional connectivity between visual networks and some mentioned networks increases but the decrement of betweenness centrality of this network shows the decrement of its total interactions. In addition, language, visual, and attention networks that have increased functional connectivity with DMN show decreased betweenness centrality which indicates a relationship between the increase of functional connectivity with DMN and the decrease in total interactions. Such a finding has been reported in other studies (Verly et al., 2014; Yerys et al., 2015).

As mentioned above, DMN is involved in attention to internal emotional states, self-referential processing and highly responds to the theory of mind (ToM) and social cognition (Bressler and Menon, 2010; Laird et al., 2011; Yeo et al., 2014; Bathelt and Geurts, 2020) which are notably impaired in ASDs. The changes in the functional connectivity of DMN with other networks can be associated with the symptoms like inability to understand others, ToM, perception of social behavior, and hyper-sensitivity (Hull et al., 2017; Holiga et al., 2019); Unlike DMN, salience network is involved in survival-relevant events in the environment (Bressler and Menon, 2010; Laird et al., 2011; Yeo et al., 2014) and alterations of this network can be the cause of impaired attention in ASDs. Alterations in interactions between language network (IFG-middle-temporal) and limbic network in ASDs can be associated with impairments in social behavior and interactions and language, which has also been reported in other studies (Gotts et al., 2012; Yerys et al., 2015). In addition, the limbic network is involved in the discrimination of emotional faces and emotional pictures especially those related to fear, cheer, and humor (Laird et al., 2011) which is notably impaired in ASDs.

As mentioned above, according to The weak central coherence, ASDs can focus on parts rather than the whole, which means they are not able to “see the big picture” and concentrate on the whole (Happe and Frith, 1996; Ropar and Mitchell, 1999). The alterations of total interaction between visuospatial and high-visual networks and also the changes in interactions between posterior-salience and visuospatial, in ASDs can support this theory (Ropar and Mitchell, 1999; Happe and Frith, 2006; Laird et al., 2011). Visual, visuospatial, and sensorimotor networks are the networks that have a mixture of functions related to stimuli integration coordination and execution. Their interactions are related to cognitive control of visuomotor timing and preparation of executed movements and are highly related to behavioral domains such as action imagination, perception, and visual motion. They respond to stimuli such as visual targets and fixation points (Laird et al., 2011). Thus, the changes in the interactions of these networks in ASDs can be related to the repetitive and aimless movement behavior in ASDs. In this study, we explored the relationship between the resting-state functional connectivity disorganizations of ASD with cognitive theories of ASD based on the previous studies in the literature. We just suggest that functional disorganizations of ASD are related to cognitive theories of ASD and subsequently to the quantitative scores of behavioral representations. Of course, extensive future studies are needed to test these hypotheses by studying the relationships between such functional disorganizations and the quantitative scores of behavioral representations. Moreover, careful consideration of the sample size of the participants is also suggested.



Conclusion

We analyzed functional connectivity values and global and local parameters of the brain connectome in ASDs and HCs and compared them with each other. According to the analyses of the functional connectivity between pairs of networks, there is a significant increase in functional connectivity between DMN and language networks, and visual and ventral attention networks. Moreover, functional connectivity between visual networks and frontoparietal and salience networks increases but there is a decrease in functional connectivity between visual and sensorimotor networks. Although the global functional connectivity measures have alterations in ASDs compared to HCs, these changes are not significant. In local measures, there is a decrease in betweenness centrality of sensorimotor, visuospatial, visual, dorsal attention, language, and limbic networks, through four parcellations. In summary, there are alterations of interactions between brain functional connectivity networks in ASDs. These alterations are different due to the heterogeneous nature of autism and age, gender, and IQ of the participants and analysis methods. DMN, sensorimotor, visuospatial, visual, and language networks have the most alteration. These changes can be associated with the cognitive and behavioral impacts of autism which are explained by cognitive theories, such as the theory of mind and the weak central coherence.
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