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Abstract

Objective—The anterior insular cortex (AI), which is a part of the “salience network,” is 

critically involved during visual awareness, multisensory perception, and social and emotional 

processing, among other functions. In children and adolescents with autism spectrum disorders 

(ASDs), evidence has suggested aberrant functional connectivity (fc) of AI compared to typically 

developing (TD) peers. While recent studies have primarily focused on the functional connections 

between salience and social networks, much less is known about connectivity between AI and 

primary sensory regions, including visual areas, and how these patterns may be linked to autism 

symptomatology.

Method—The current investigation implemented functional magnetic resonance imaging (MRI) 

to examine resting state fc patterns of salience and visual networks in children and adolescents 

with ASDs compared to TD controls, and to relate them to behavioral measures.

Results—Functional underconnectivity was found in the ASD group between left AI and 

bilateral visual cortices. Moreover, in an ASD subgroup with more atypical visual sensory profiles, 

functional connectivity was positively correlated with abnormal social motivational responsivity.

Conclusion—Findings of reduced fc between salience and visual networks in ASDs potentially 

suggest deficient selection of salient information. Moreover, in children with ASDs who show 

strongly atypical visual sensory profiles, connectivity at seemingly more neurotypical levels may 

be paradoxically associated with greater impairment of social motivation.
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Introduction

The anterior insular cortex (AI) is critically involved in a multitude of sensory processes 

including visual perception (e.g., alertness and awareness; for a review, see1), multisensory 

integration,2–4 and oddball detection.2,5 In addition, this putative “hub” mediates 

interactions between brain networks involved in internally- and externally-oriented 

processing,6 and is implicated in social and emotional awareness,7 interoceptive processing,
8,9 and general mediation of awareness.10

Likely related to these multifunctional roles, the AI, along with the anterior cingulate cortex, 

is considered a key node in the “salience network” (SN), which serves to identify salient 

stimuli and integrate sensory inputs with relevant homeostatic, visceral, and emotional 

information in order to guide behavior.8,11–13 Given the diverse functioning of AI and the 

central role it plays in salience processing,14 aberrations in functional connectivity (fc) or 

response patterns of this region are believed to contribute to the atypical salience processing 

and behavioral impairments observed in clinical populations such as autism.15–17 Autism 

spectrum disorders (ASDs) are pervasive neurodevelopmental disorders that are 

characterized by impairments in social communication, repetitive and restricted interests and 

behaviors, and abnormal sensory reactivity.18,19
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In children and adolescents with ASDs, evidence has suggested aberrant connectivity of the 

SN and AI compared to typically developing (TD) peers. Magnetic resonance imaging 

(MRI) studies examining resting state fc have predominantly indicated underconnectivity 

within SN20–24 (but see25), as well as decreased connectivity between SN nodes and “social” 

brain regions such as the amygdala.20,26 In task-based neuroimaging studies of individuals 

with ASDs, findings have consistently revealed AI to be a locus of hypoactivity in a wide 

range of social cognitive paradigms27,28 (for meta-analysis, see29).

Extensive evidence suggests that visual processing may be relatively spared in ASDs, 

possibly including islands of superior function.30–33 While recent studies have primarily 

focused on the connectivity between salience, default mode, central-executive, and “social” 

networks,8,11,22,26,34 much less is known about fc patterns between salience and visual 

networks and their relation to autism symptomatology. This presents a critical gap in the 

literature, as atypical access to visual information may conceivably contribute to atypical SN 

function in ASDs. Therefore, resting state fc and behavioral measures in children and 

adolescents with ASDs were used to: a) investigate the links between salience and visual 

areas, and b) examine the relation between fc patterns of these regions and core 

symptomatology in autism. We predicted that cross-network fc between AI and visual nodes 

in ASDs would be atypically reduced, based on the predominance of findings indicating 

reduced between-network connectivity with SN regions (cf.25), and furthermore, that this 

atypicality would be related to autism symptom severity (i.e., greater fc abnormality would 

be correlated with increased severity).

Method

Participants

Fifty children and adolescents with ASDs and 43 TD participants between 7 and 18 years of 

age were included in the study. Diagnoses of ASDs were established using the Autism 

Diagnostic Interview-Revised (ADI-R35), the Autism Diagnostic Observation Schedule 

(ADOS36), and expert clinical decision according to DSM-5.18 Participants with known 

history of autism-related medical conditions (e.g., Fragile-X syndrome, tuberous sclerosis) 

or other neurological conditions (e.g., epilepsy, Tourette’s Syndrome) were excluded from 

the ASD group. Any TD participants with reported history of ASDs or any other 

neurological or psychiatric conditions were also excluded. There were no significant 

differences between the ASD and TD groups on gender, handedness, age, nonverbal IQ, or 

in-scanner head motion (Table 1). All TD participants scored above the cutoff for intellectual 

disability (Full Scale IQ > 70) on the Wechsler Abbreviated Scale of Intelligence–2nd ed. 

(WASI-II37). Hand preference was assessed with the Edinburgh Handedness Inventory.38 

Parent-report measures including the Sensory Profile Caregiver Questionnaire (SP39), Social 

Responsiveness Scale (SRS40), and Behavior Rating Inventory of Executive Function–2nd 

ed. (BRIEF-241), were obtained for all participants (BRIEF-2 reports from 2 participants in 

the ASD1 subgroup, as well as 6 TD participants, were unavailable). The experimental 

protocol was approved by the Institutional Review Boards of San Diego State University and 

University of California San Diego. Each participant and caregiver provided written 

informed assent and consent, respectively, and was compensated for their time.
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Data Acquisition and Image Preprocessing

Functional and structural imaging data were acquired on a GE 3T MR750 scanner (GE 

Healthcare, Chicago, Illinois) with an 8-channel head coil at the University of California San 

Diego Center for Functional MRI. High-resolution structural images were collected using a 

standard fast spoiled gradient echo T1-weighted sequence (TR: 8.136 ms; TE: 3.172 ms; flip 

angle: 8°; field of view [FOV]: 25.6 cm; matrix: 256 × 192; 172 slices; resolution: 1 mm3). 

Resting-state functional T2*-weighted images were obtained using a single-shot gradient-

recalled, echo-planar pulse sequence. A single 6 min 10 s scan was acquired consisting of 

185 whole-brain volumes (TR: 2000 ms; TE: 30 ms; slice thickness: 3.4 mm; flip angle: 90°; 

FOV: 22.0 cm; matrix: 64 × 64; in-plane resolution: 3.4 mm2). Field maps were acquired 

using a 2D interleaved single shot gradient echo pulse sequence (TR: 614 ms; TE: 6.5 ms; 

slice thickness: 3.4 mm; flip angle: 45°; receiver bandwidth: 31.25 kHz, FOV: 22.0 cm; 

matrix: 64 × 64; in-plane resolution: 3.4 mm2). To allow for equilibration effects, the first 

five time points were discarded, leaving 180 remaining time points for analysis. Participants 

were instructed: “Keep your eyes on the cross-hair, relax, let your mind wander, and try not 

to fall asleep.” Eye status was monitored throughout the duration of the scan using an in-

bore video camera to ensure participant compliance.

Functional MRI data were processed with Analysis of Functional NeuroImages (AFNI42) 

and FMRI software library (FSL43). Functional images underwent slice-time correction in 

order to compensate for temporal offset between slice acquisitions, motion correction to 

align acquired volumes, and field-map correction to minimize any effects of magnetic field 

inhomogeneity. Registration between functional and structural images was conducted using 

FLIRT in FSL.44 Normalization of structural images to the MNI152 template was performed 

using FNIRT, a nonlinear registration tool in FSL, and the resultant transformation matrix 

was then applied to the functional images for similar spatial normalization; functional 

images were resampled to 3 mm isotropic voxels. Functional MRI time series were bandpass 

filtered (.008 < f < .08 Hz) using a second-order Butterworth filter to isolate spontaneous 

low-frequency blood oxygen level-dependent (BOLD) fluctuations.45 Datasets were 

effectively smoothed to a Gaussian full-width half-maximum (FWHM) of 6 mm. Masks of 

cerebral white matter and lateral ventricles for individual participants were created with 

FAST automated segmentation in FSL,46 and an averaged time-series for each was extracted. 

Time courses for white matter, ventricles, and six rigid-body motion parameters, each with 

their first derivatives, were bandpass filtered and input as nuisance regressors.

Several quality assurance measures were adopted during data preprocessing and analysis to 

minimize the impact of head motion on BOLD correlations.47,48 Specifically, six rigid-body 

motion parameters and their first derivatives were used as nuisance regressors. Time points 

with head motion > 0.5 mm, including two subsequent volumes, were censored and 

excluded from subsequent analyses. All participants selected for the current investigation 

retained a minimum of 80% of total time points (or 144 out of 180 volumes). Furthermore, 

while no significant group differences were discovered in the root mean squared 

displacement (RMSD; Table 1) – suggesting that any detected connectivity differences were 

unlikely related to differences in motion – statistical analyses included motion as a covariate. 

No age-related effects in terms of significant correlations with fc were detected at the group 
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level, but given extensive evidence of age-related changes in fc in children and adolescents,
16 age was nevertheless included as a covariate.

Regions-of-Interest Selection and Functional Connectivity Analyses

Regions-of-Interest (ROIs) were derived from the Harvard-Oxford (HO) and Jülich 

Histological (JH) atlases.49–53 Four areas were identified, separately in the left and right 

hemispheres: two in the SN – anterior insula (AI) and anterior cingulate cortex (ACC); and 

two in the visual network – primary visual cortex (V1) and secondary visual plus extrastriate 

cortices (V2+; Figure 1A). The insular region of the HO atlas was parcellated along its 

midpoint on the MNI y-axis (i.e., y ≥ 5) to obtain the anterior aspect of the insula. The ACC 

ROI was selected from the HO atlas. The ROIs derived from the HO atlas were grey-matter 

masked. The JH regional probability maps, which provide greater spatial specificity in 

sensory areas, were used to extract visual ROIs. After a winner-take-all step to determine the 

most likely identity of each voxel (e.g., V1 vs. V2), each JH probability map was further 

binarized and grey-matter masked. The V1 region, corresponding to Brodmann Area (BA) 

17, was extracted as a single ROI, while our V2+ ROI combined the V2 mask 

(corresponding to BA 18) with extrastriate masks from V3v, V4, and V5. The resulting 

masks were then applied to the individual participants.

Averaged time-series were extracted from each of the eight ROIs and Pearson-correlated 

with the time-series of all other ROIs. The resultant correlations were normalized using 

Fisher’s r-to-z’ transformations. Analyses of variance (ANOVA) models controlling for age 

and head motion RMSD were used to determine between-group effects for all unique ROI-

to-ROI pairings, and were adjusted for multiple comparisons via FDR correction.54 Effect 

sizes (Cohen’s d) were also calculated for each pair.

Additionally, functional connectivity (z’) between all unique pairs of regions within each 

network (i.e., SN, visual) was averaged for each participant in the ASD and TD groups. 

Two-tailed t-tests were conducted to examine group differences in within-network 

connectivity strength.

Whole-brain analyses using the ROIs as seed regions were also performed. In group-level 

comparisons (ASD vs. TD), however, there were no seed-to-whole brain effects that 

survived cluster correction for any of the ROIs.

ASD Subgrouping

Given the known heterogeneity in autism, particularly regarding sensory processing abilities,
55–57 two ASD subsamples (ASD1, ASD2) were determined using a median split of mean 

scores of the nine visual items from the Visual Processing section of the SP measure (Figure 

S1A, available online). This method of subgrouping was performed to maximize sample size 

within each subgroup, as there was no clear bimodal distribution of mean visual SP scores 

(Figure S1B, available online). The parent-report questionnaire rates individual items on a 

Likert scale from 1 to 5 (1 = Always; 5 = Never), such that lower scores indicate more 

atypical sensory processing responses. For instance, one visual item reads: “Is bothered by 

bright lights after others have adapted to the light.”
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Based on the median split, one ASD subgroup encompassed the range of mean scores 

presented in the TD group, thus resulting in a “more atypical” ASD subgroup (ASD1) and a 

“less atypical” ASD subgroup (ASD2) with respect to visual sensory profiles. ANOVA 

models controlling for age and head motion RMSD were used to determine between-group 

effects for the ROI pairings with medium to large effect sizes (i.e., Cohen’s |d| > 0.5). Post-

hoc two-tailed t-tests were performed to isolate the pairwise group differences.

Correlational Analyses

Functional connectivity (z’) data from the ROI-to-ROI pairs for which medium to large 

between-group (ASD vs. TD) effect sizes (Cohen’s d) were detected were entered into 

correlational analyses with subscores of the ADOS (Social interaction, Communication, 

Repetitive and restricted interests), ADI-R (Social interaction, Communication, Repetitive 

behaviors), and SRS (Motivation, Awareness, Cognition, Communication, Autistic 

mannerisms) within each ASD subgroup to explore the links between neural measures and 

autism symptomatology. Covariates including age and head motion (RMSD) were included 

in these analyses. Due to a significant difference (and large variance) in verbal IQ between 

ASD and TD groups, verbal IQ was also included as a covariate. Separate partial 

correlations controlling for nonverbal IQ and full-scale IQ, in addition to age and RMSD, 

followed very similar patterns.

Results

Patterns of Functional Connectivity

ANOVA models of between-group comparisons (ASD vs. TD) for the entire pairwise ROI-

to-ROI connectivity matrix revealed significant and trending main effects of group between 

left anterior insula (L AI) and bilateral primary visual (V1) and secondary visual and 

extrastriate (V2+) cortices (Table 2; Figure 1B; see Figure S2A, available online, for within-

group patterns). Across all ROI-to-ROI pairings, medium to large between-group effect sizes 

(i.e., Cohen’s |d| > 0.5) were detected in four ROI pairs (L AI – L V1: |d| = 0.65; L AI – L 

V2+: |d| = 0.54; L AI – R V1: |d| = 0.62; L AI – R V2+: |d| = 0.68). Mean fc (z’) of the four 

ROI pairings in the ASD and TD groups are presented in Figure 1C.

Within-network group comparisons (ASD vs. TD) showed marginally greater visual network 

fc in the ASD cohort (t(91) = 1.80, p = 0.076). There was no significant group difference for 

fc within the SN (t(91) = 0.54, p = 0.592).

Subgrouping of ASDs Based on SP Visual Processing

Sensory processing abnormalities in the visual domain (based on parent-report from the SP) 

were not found to be correlated with fc patterns in the overall ASD group. In subsequent 

analyses, the ASD cohort was divided into two ASD subgroups using SP visual mean scores. 

A median split (median = 3.6) into greater (ASD1: mean = 3.13, SD = 0.50) or fewer 

(ASD2: mean = 4.11, SD = 0.32) atypical responses was used (Figure 1D). According to the 

SP, a score of 3 indicates that responses made in the manner described in the items occur 

occasionally; in the ASD1 subgroup, these behaviors occurred approximately 50 to 100% of 

the time. A score of 4 on the SP indicates that those responses seldom occur; in the ASD2 
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subgroup (and TD group), the behaviors occurred less than 25% of the time. The median 

split resulted in two subsamples that were significantly different from the TD group (TD: 

mean = 4.67, SD = 0.29; ASD1 vs. TD: t(66) = −16.21, p< 0.001; ASD2 vs. TD: t(66) = 

−7.47, p< 0.001; ASD1 vs. ASD2: t(48) = −8.33, p< 0.001). The two ASD subsamples, 

however, did not significantly differ on demographic or diagnostic measures, or on overall 

intellectual functioning (Table 3). Moreover, the two subgroups were largely similar 

regarding fc patterns (Figure S2B, available online), and did not show any significant 

between-group differences after FDR correction for multiple comparisons (Figure S2C, 

available online). Although there was a main effect of group for all four of the ROI pairings 

described in the preceding subsection, these effects were driven solely by significantly 

greater mean fc (z’) in the TD group compared to the ASD1 and ASD2 subgroups (Table 2; 

Figure 1E; see Figure S2D, available online, for group comparisons of the entire fc matrix).

Post-hoc Examination of ASD Subgroups

To further characterize the two ASD subgroups, and given evidence suggesting that ACC 

and AI are involved in executive functioning,58,59 a post-hoc examination of executive 

function in ASD1 and ASD2 was conducted. BRIEF-2 indices of behavioral, emotional, and 

cognitive regulation were compared between the two subgroups using two-tailed t-tests, 

which revealed greater impairments in ASD1 compared to ASD2 in emotional regulation 

(t(46) = 2.19, p = 0.033; ASD1: mean = 73.52, SD = 9.12; ASD2: mean = 67.40, SD = 

10.16), as well as cognitive regulation (t(46) = 2.43, p = 0.019; ASD1: mean = 68.43, SD = 

8.28; ASD2: mean = 62.36, SD = 8.98). Behavioral regulation, however, was not 

significantly different between the two ASD subgroups (t(46) = 1.25, p = 0.217; ASD1: 

mean = 65.30, SD = 9.03; ASD2: mean = 61.68, SD = 10.85). As expected, both ASD 

subgroups combined showed increased dysregulation compared to the TD group across all 

three domains of executive functioning: behavior (t(83) = 9.58, p < 0.001; ASD: mean = 

63.42, SD = 10.08; TD: mean = 45.35, SD = 6.21), emotion (t(83) = 13.40, p < 0.001; ASD: 

mean = 70.33, SD = 10.06; TD: mean = 45.59, SD = 5.65), and cognition (t(83) = 9.03, p < 

0.001; ASD: mean = 65.27, SD = 9.09; TD: mean = 48.41, SD = 7.76).

Correlations with Autism Symptomatology

In order to explore the functional relevance of fc findings, correlations with ADOS, ADI-R, 

and SRS scores were performed with specific focus on ASD1 (i.e., the subgroup with 

relatively more atypical visual SP scores). While there were few neural or diagnostic 

differences between the two ASD subgroups, partial correlations (controlling for age, 

RMSD, and verbal IQ) in the ASD1 subgroup revealed positive relationships of medium to 

large effect size between fc (z’) and SRS Motivation T-scores for each of the four ROI 

pairings, two of which survived FDR correction (Figure 2; L AI – L V1: r(20) = 0.50, p = 

0.019, corrected p = 0.279; L AI – L V2+: r(20) = 0.65, p = 0.001, corrected p = 0.044; L AI 

– R V1: r(20) = 0.46, p = 0.033, corrected p = 0.363; L AI – R V2+: r(20) = 0.62, p = 0.002, 

corrected p = 0.044). This particular SRS subscale represents the motivation to engage in 

social-interpersonal behaviors (e.g., “Seems much more fidgety in social situations than 

when alone”). Given the T-scores distribution in which elevated scores (above the mean of 

50) indicate greater social impairment, with scores > 65 indicating clinically significant 

impairment, lower AI to visual connectivity—that is, greater underconnectivity—was 
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associated with decreased impairments in this particular social domain in the ASD1 

subgroup (which had relatively severe visual processing abnormalities on the SP).

No significant correlations were observed between fc (z’) and SRS Motivation T-scores in 

the ASD2 subgroup or TD group (Figure S3, available online), or in the ASD group overall 

(Table S1, available online). No correlations were found between fc (z’) of the four ROI 

pairings and other SRS subdomains, or ADOS or ADI-R scores.

Discussion

Our findings in children and adolescents with ASDs indicate robust functional 

underconnectivity between bilateral visual cortices and left anterior insula – a region that 

mediates sensory perception and social and emotional awareness in neurotypical 

individuals1 and is considered a hub of the SN. Despite the known heterogeneity of ASDs, 

such underconnectivity was found both in ASD participants with high and with low levels of 

atypical sensory responses to visual stimuli. However, a link with social impairment was 

only detected in a small subgroup with more pronounced sensory abnormalities in the visual 

domain (ASD1). In this subgroup, increased functional underconnectivity was unexpectedly 

associated with lower impairments in social motivation, suggesting a potential neural 

mechanism that supports certain social behaviors.

Functional Underconnectivity Between Salience and Visual Networks

Previous studies have reported predominant underconnectivity between salience and other 

networks in ASDs,20,21,26 but have not focused on connectivity with visual cortex. Our study 

shows a distinct pattern of functional underconnectivity between left AI and bilateral visual 

cortices in children and adolescents with ASDs, compared to TD peers; this pattern was also 

reproduced in a larger in-house sample (Figure S4 and Table S2, available online). The AI 

evaluates the intensity and saliency of external stimuli, and integrates this information to 

coordinate interactions between the SN and large-scale brain networks.8,17 

Underconnectivity of this region may therefore reflect uncoupling between AI and sensory 

regions, and could indicate decreased salience detection and deficient allocation of resources 

for guiding social behaviors.11,17,25 According to the salience network dysfunction 

hypothesis,11,60 abnormally reduced SN activity (and connectivity) may stem from an 

inappropriate neural response during cognitively challenging tasks (e.g., social processing), 

which results in the ineffective selection of salient sensory information and reduced attention 

to relevant social stimuli. Alternatively, deficits in the ability to recognize social stimuli may 

result in decreased engagement of SN during salience detection of relevant information, 

which would manifest as aberrant downstream AI connectivity. While these theories have 

yet to be tested thoroughly, they nevertheless suggest that dysfunctional connectivity of AI 

with sensory networks may play a crucial role in social cognition in autism.11,20,61

Regarding within-network connectivity, studies examining local fc have found evidence of 

atypically increased functional connectivity between visual regions, namely primary visual 

and extrastriate cortices, in ASD compared to TD groups.25,62,63 Although within-network 

fc was only marginally increased for the visual ROIs used in the current investigation, our 

findings may be in line with overconnectivity observed in these earlier studies and consistent 
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with evidence for a special status of vision in autism.64 In any case, they suggest integrity of 

visual network fc, implying that underconnectivity with SN was not caused by, or associated 

with, disruption within the visual system itself. We did not find significant group differences 

within SN. While other investigations have shown decreased within-network connectivity 

for salience nodes, this may be attributed to age differences in the samples (i.e., mostly older 

participants in20,65).

Left and right AI are frequently coactivated, which likely reflects generally strong 

interhemispheric coupling of homotopic regions.66 Right AI, however, predominates in task-

based activation studies targeting SN functions (for a review, see11), and is often selected as 

a hub within SN in the resting state literature of children with ASDs.20,67 In the current 

study, while primary findings occurred in left AI, similar patterns (though sub-threshold) 

were observed in the right hemisphere. The nuances of hemispheric asymmetries for AI 

were beyond the scope of the current study.

Brain and Behavior Links in Children with More Severe Visual Abnormalities

ASDs are highly heterogeneous, particularly with regard to sensory functioning (for review, 

see57). Here, the ASD cohort was median-split to maximize two subsamples based on 

parent-reported sensory abnormalities in the visual domain: ASD1 showed greater levels of 

atypical visual responses; ASD2 had fewer abnormal responses to visual stimuli (with mean 

SP visual scores falling into the range observed in the TD group). Given the limited sample 

size and the resultant concerns regarding statistical power, in addition to the lack of a clear, 

clinical cutoff on the SP, the following findings should be interpreted with caution. While 

similar fc patterns between salience and visual networks were observed in both subgroups, 

only children and adolescents with relatively higher levels of reported atypical visual 

processing behaviors (ASD1) showed distinct brain-behavior links, with greater 

underconnectivity associated with less severe impairments in social motivation. (Please note 

that while these effects emerge from greater abnormalities in visual processing behaviors, 

they do not demonstrate the presence of a distinct subtype.) These findings are contrary to 

our hypothesis – and most intuitive expectation – of greater fc abnormalities relating to 

increased core ASD symptomatology. They instead suggest that atypical visual processing 

behaviors (and correspondingly atypical connectivity) may be protective of certain social 

abilities (i.e., social motivation) in children with more severe sensory abnormalities in the 

visual domain. According to the ‘sensory hypersensitivity’ theory64 and the enhanced 

perceptual functioning model of autism,68 individuals with ASDs are extremely sensitive to 

sensory information and even show enhanced sensory perception, particularly in the visual 

domain.33,69 In these individuals, the salience network may perhaps “gate” or limit the input 

from visual cortex (reflected by underconnectivity), such that greater underconnectivity aids 

in reducing sensory overload (particularly in higher-order extrastriate cortices given the 

prominent correlations with V2+ found in the current study) and allowing for more efficient 

processing of social information (i.e., lower symptom severity). More research, however, is 

needed to substantiate this theory.

In a previous study of a relatively small sample of children and adolescents with ASDs,67 

sensory over-responsivity (SOR) was correlated with increased resting state fc between 
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salience and sensory network nodes, including somatosensory and auditory cortices; that is, 

lower fc between salience and primary sensory regions was associated with reduced SOR. 

This may appear consistent with the current findings of a positive relation between social 

symptomatology and fc between SN and visual regions in ASD. However, Green and 

colleagues also reported different patterns for visual regions, for which greater 

underconnectivity was associated with increased SOR.67 Importantly, in the current study, 

the positive correlations linking fc to core symptoms, specifically social motivation, were 

observed only in a subsample of ASD participants with more atypical sensory responses to 

visual stimuli. This extends beyond the scope of the study by Green and colleagues,67 and 

further highlights the intimate links between sensory processing, particularly in the visual 

domain, and certain aspects of sociocommunicative symptomatology.

More recently, Xu and colleagues reported functional underconnectivity between left AI 

(namely, ventral agranular and dorsal dysgranular insula) and bilateral precuneus, as well as 

right cuneus, in children with ASDs compared to TD peers,22 which is consistent with the 

current findings. The underconnectivity observed by Xu et al.22 between left ventral 

agranular insula and right precuneus, however, were negatively correlated with ADOS Total 

and Social scores. Based on these results, the authors argued that underconnectivity between 

AI and precuneus, both of which participate in social-cognitive processing, contributed to 

the social interaction deficits observed in children with ASDs. Notably, Xu and colleagues 

did not investigate sensory abnormalities within their cohort.22 In an earlier study examining 

the auditory domain in children with ASDs, we showed that atypically increased 

thalamocortical fc was correlated with improved social functioning.70 Compared to the 

current results, this association between increasingly atypical fc and less severe social 

impairment suggests a similar, counterintuitive mechanism at play. Combined, the findings 

from these studies suggest that heterogeneity in sensory processing abilities must be taken 

into consideration prior to making inferences regarding links between functional 

connectivity of sensory cortices and social symptomatology. Although findings from 

previous studies by Green et al.67 and Xu et al.22 do not fully converge with those reported 

here, they broadly support the importance of neurobehavioral links between social and 

sensory processing in ASDs.

It is important to note that the two ASD subgroups were further differentiated (beyond visual 

processing abilities) with respect to executive functioning, with greater impairments reported 

in the ASD1 than ASD2 subgroup. Moreover, the ASD participants overall demonstrated 

increased emotional and cognitive dysregulation compared to TD participants, which is 

consistent with previous reports.71 Although there is evidence of anterior insular 

contributions to emotional and social impairments in ASDs,29,58,61 direct links between 

neural connectivity patterns and emotional and cognitive regulatory processes were not 

found in the current study. Nevertheless, this additional characterization suggests that visual 

processing deficiencies may be part of a broader cognitive impairment,72 including general 

executive functioning, which may impact social symptomatology in autism.

Several limitations are worth mentioning. First, we selected the anterior half of the insula, as 

derived from the Harvard Oxford atlas, as seed approximating the insular SN node. Given 

the functional diversity within the insular cortex22 and the limited spatial resolution of fMRI, 
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some partial volume effects (i.e., inclusion of some BOLD variance from neighboring 

insular parcels) cannot be ruled out. Second, the individuals with ASDs in this study were 

able to follow explicit instructions and remain supine for extended periods of time so that 

useable, low-motion MRI data could be acquired. Therefore, this cohort may not be fully 

representative of individuals at the lower end of the spectrum. Third, the patterns of 

functional underconnectivity in the ASD vs. TD group were reproduced within a larger in-

house, rather than external, dataset. We deliberately opted not to use publically available 

data collections such as the ABIDE initiative,73,74 as recent studies have shown poor 

replication across sites.75,76Moreover, no single site contributes datasets that are fully 

comparable to our in-house dataset in size, age and IQ ranges and distributions, gender ratio, 

and symptom severity in the ASD sample. Other potentially crucial information, such as 

medication status and history, is largely unavailable as well. This choice, however, impacted 

the available sample size of the study. Relatedly, there was a limited sample size in analyses 

of ASD subgroups, and findings therefore need to be interpreted with caution. Lastly, parent-

report measures such as the SRS and SP are inherently limited in their capacity to capture 

specific idiosyncrasies of social abilities and sensory processing fully (particularly the 

latter). As such, more objective behavioral measures of sensory processing abilities will be 

desirable in future studies.

In summary, using resting state fMRI, patterns of functional connectivity between salience 

and sensory network nodes were examined in ROI analyses and correlated with social 

impairments in children and adolescents with ASDs. Findings showed underconnectivity 

between AI and visual cortex in ASD compared to TD participants. These disruptions may 

implicate deficient selection of salient sensory information as part of autism 

symptomatology. Furthermore, in an ASD subgroup with relatively higher levels of reported 

visual processing abnormalities, we found a seemingly paradoxical link between more 

atypical connectivity and reduced deficits in a particular domain of social processing (i.e., 

social motivation), which may indicate a potentially protective neural mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Functional Connectivity Patterns Between Visual and Salience Network Regions

Note: (A) Regions-of-Interest (ROIs) derived from Harvard-Oxford and Jülich Histological 

atlases; dashed white line in axial slice (ACC, V1) delineates left (L) and right (R) 

hemisphere ROIs. (B) Between-group differences (ASD vs. TD) in ROI-to-ROI functional 

connectivity (t; both triangles identical); significance levels are FDR-corrected. (C) Group 

mean functional connectivity (z’) for four underconnected ROI-to-ROI pairings. (D) Two 

ASD subgroups (ASD1, ASD2) determined using median split of mean scores from the 
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Sensory Profile Visual Processing section; visual means shown in comparison to TD group. 

(E) Between-group statistical comparisons of mean functional connectivity (z’) for the four 

underconnected ROI-to-ROI pairings in 2 ASD subgroups and TD group. Error bars 

represent SE. ACC = anterior cingulate cortex; AI = anterior insula; ASD = autism spectrum 

disorder; FDR = false discovery rate; TD = typically developing; V1 = primary visual 

cortex; V2+ = secondary visual and extrastriate cortices.

** p≤ .01, * p≤ .05, ~p ≤ .075, ° p≤ 0.10
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Figure 2. 
Correlational Findings Between Social Motivation and Functional Connectivity

Note: Plots depict zero-order correlations in the ASD1 subgroup between SRS Motivation 

subscale T-scores and functional connectivity (z’) in the ROI-to-ROI pairings from left AI 

to: (A) left V1; (B) right V1; (C) left V2+; (D) right V2+. ACC = anterior cingulate cortex; 

AI = anterior insula; ROI = Region-of-Interest; SRS = Social Responsiveness Scale; V1 = 

primary visual cortex; V2+ = secondary visual and extrastriate cortices.
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Table 1.

Participant Characterization per Group

ASD (N = 50) TD (N = 43)
Statistical Comparison

Mean (SD) Range Mean (SD) Range

Gender 8 female participants 5 female participants χ2(1) = 0.37, p = 0.544

Handedness 9 left 5 left χ2(1) = 0.73, p = 0.392

Age (years) 13.5 (2.7) 7.4–18.0 13.6 (2.6) 8.1–17.7 t(91) = −0.17, p = 0.865

WASI-II

 Verbal IQ 100.5 (17.6) 59–147 106.8 (9.2) 87–127 t(91) = −2.19, p = 0.032

 Non-verbal IQ 105.3 (18.2) 53–140 104.5 (13.4) 62–129 t(91) = 0.24, p = 0.810

 Full-Scale IQ 103.3 (16.9) 61–141 106.1 (10.6) 79–126 t(91) = −0.97, p = 0.333

RMSD 0.06 (0.03) 0.02–0.13 0.06 (0.03) 0.02–0.13 t(91) = 0.57, p = 0.569

ADOS
a

 Social interaction 7.8 (2.6) 4–14 – – – –

 Communication 4.0 (1.7) 0–8 – – – –

 Rep./Restricted 2.2 (1.5) 0–5 – – – –

ADI-R
b – – –

 Social interaction 18.2 (4.6) 6–28 – – – –

 Communication 13.2 (5.0) 2–24 – – – –

 Rep. behaviors 5.8 (2.2) 1–12 – – – –

Psychotropic medication use 26 reported – – – –

Comorbidities
c 20 reported – – – –

SRS

 Awareness 71.7 (14.1) 39–97 44.2 (9.2) 30–73 t(90) = 10.81, p < 0.001

 Cognition 75.9 (11.8) 45–99 43.6 (6.2) 36–56 t(90) = 16.28, p < 0.001

 Communication 80.8 (11.3) 62–110 43.6 (5.5) 36–60 t(90) = 19.43, p < 0.001

 Motivation 75.6 (11.9) 56–104 45.9 (5.6) 37–56 t(90) = 15.05, p < 0.001

 ASD mannerisms 86.4 (15.8) 58–126 44.6 (5.9) 40–65 t(90) = 16.31, p < 0.001

Note: ADI-R = Autism Diagnostic Interview-Revised; ADOS = Autism Diagnostic Observation Schedule; ASD = autism spectrum disorder; IQ = 
intelligence quotient; Rep. = repetitive; RMSD = root mean squared displacement; SD = standard deviation; SRS = Social Responsiveness Scale; 

TD = typically developing; WASI-II = Wechsler Abbreviated Scale of Intelligence, 2nd edition.

a
Subdomain data not available for 1 participant with ASD.

b
Subdomain data not available for 1 participant with ASD.

c
Comorbid psychiatric conditions reported in the ASD group include attention-deficit/hyperactivity disorder (n = 11), depression (n = 5), and 

anxiety (n = 12); 6 out of 20 participants reported more than one diagnosed comorbid condition.
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Table 2.

Between-group Statistical Comparisons

ROI Pairing Statistical Test
a p-value MSe Corrected p-value

b

ASD vs. TD L AI – L V1 F(1,89) = 9.68 0.003 0.42 p = 0.037

L AI – L V2+ F(1,89) = 6.44 0.013 0.30 p = 0.091

L AI – R V1 F(1,89) = 8.68 0.004 0.39 p = 0.037

L AI – R V2+ F(1,89) = 10.14 0.002 0.41 p = 0.037

ASD1 vs. ASD2 vs. TD L AI – L V1 F(2,88) = 4.97 0.009 0.22 --

L AI – L V2+ F(2,88) = 3.34 0.040 0.16 --

L AI – R V1 F(2,88) = 4.51 0.014 0.21 --

L AI – R V2+ F(2,88) = 5.03 0.009 0.21 --

 ASD1 vs. ASD2 L AI – L V1 t(48) = 0.56 0.581 -- --

L AI – L V2+ t(48) = 0.62 0.540 -- --

L AI – R V1 t(48) = −0.68 0.503 -- --

L AI – R V2+ t(48) = −0.11 0.914 -- --

 ASD1 vs. TD L AI – L V1 t(66) = −2.37 0.021 -- --

L AI – L V2+ t(66) = −1.84 0.071 -- --

L AI – R V1 t(66) = −2.83 0.006 -- --

L AI – R V2+ t(66) = −2.71 0.009 -- --

 ASD2 vs. TD L AI – L V1 t(66) = −2.79 0.007 -- --

L AI – L V2+ t(66) = −2.41 0.019 -- --

L AI – R V1 t(66) = −2.10 0.044 -- --

L AI – R V2+ t(66) = −2.53 0.014 -- --

Note: AI = anterior insula; ASD = autism spectrum disorder; L = left; R = right; ROI = Region-of-Interest; TD = typically developing; V1 = 
primary visual cortex; V2+ = secondary visual and extrastriate cortices; MSe = mean squared error.

a
Only significant and trending F-tests (controlling for age and RMSD) of between-group effects are reported; post-hoc two-tailed t-tests reported 

for ROI pairings with medium to large effect sizes (i.e., Cohen’s |d| > 0.5).

b
False Discovery Rate (FDR) correction for multiple comparisons.
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Table 3.

Autism Spectrum Disorder Subgroup Characterization

ASD1 (n = 25) ASD2 (n = 25)
Statistical Comparison

Mean (SD) Range Mean (SD) Range

Gender 3 female participants 5 female participants χ2(1) = 0.60, p = 0.440

Handedness 4 left 5 left χ2(1) = 0.14, p = 0.713

Age (years) 13.7 (2.5) 9.2–18.0 13.3 (2.9) 7.4–17.8 t(48) = 0.56, p = 0.580

WASI-II

 Verbal IQ 101.5 (21.2) 59–147 99.6 (13.5) 70–128 t(48) = 0.39, p = 0.698

 Non-verbal IQ 100.9 (18.4) 53–134 109.7 (17.2) 70–140 t(48) = −1.75, p = 0.086

 Full-Scale IQ 101.6 (19.0) 61–141 105.0 (14.8) 79–139 t(48) = −0.71, p = 0.483

RMSD 0.06 (0.03) 0.02–0.13 0.07 (0.03) 0.02–0.12 t(48) = −0.44, p = 0.661

ADOS
a

 Social interaction 7.3 (2.2) 4–12 8.2 (2.9) 4–14 t(47) = −1.21, p = 0.233

 Communication 3.6 (1.7) 0–6 4.4 (1.6) 2–8 t(47) = −1.55, p = 0.128

 Rep./Restricted 2.2 (1.5) 0–5 2.3 (1.6) 0–5 t(47) = −0.40, p = 0.692

ADI-R
b

 Social interaction 18.4 (5.0) 6–28 18.0 (4.3) 12–26 t(47) = 0.33, p = 0.743

 Communication 13.0 (5.5) 2–24 13.3 (4.5) 6–22 t(47) = −0.17, p = 0.862

 Rep. behaviors 6.0 (2.2) 3–12 5.5 (2.2) 1–9 t(47) = 0.86, p = 0.392

Psychotropic med. use 13 reported 13 reported χ2(1) = 0.00, p = 1.000

Comorbidities 11 reported 9 reported χ2(1) = 0.33, p = 0.564

SRS

 Awareness 74.0 (13.2) 46–95 69.4 (14.9) 39–97 t(48) = 1.16, p = 0.254

 Cognition 77.7 (11.1) 50–96 74.0 (12.4) 45–99 t(48) = 1.12, p = 0.268

 Communication 83.2 (10.0) 66–105 78.4 (12.2) 62–110 t(48) = 1.52, p = 0.135

 Motivation 75.2 (12.0) 56–97 76.1 (11.9) 58–104 t(48) = −0.26, p = 0.796

 ASD mannerisms 91.4 (16.1) 60–126 81.4 (14.0) 58–112 t(48) = 2.34, p = 0.023

Note: ADI-R = Autism Diagnostic Interview-Revised; ADOS = Autism Diagnostic Observation Schedule; IQ = intelligence quotient; Rep. = 
repetitive; RMSD = root mean squared displacement; SD = standard deviation; SRS = Social Responsiveness Scale; WASI-II = Wechsler 

Abbreviated Scale of Intelligence, 2nd edition.

a
Subdomain data not available for 1 ASD2 participant.

b
Subdomain data not available for 1 ASD2 participant.
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