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Abstract 

Altered functional connectivity of the anterior insula in attention networks:  

Implications for female children with autism spectrum disorder 

 

By 

 

Henry Blair 

 

Although the anterior insula has been investigated in autism spectrum disorder for some 

time, there are conflicting findings about its functional connectivity. This project looks at sex 

independently and examines the functional connectivity between the anterior insula and various 

regions within the salience network and ventral attention network. We use ROI-to-ROI analyses 

to assess functional connectivity between the AI and regions of these two networks. All scans were 

preprocessed in a standard fashion, allowing us to perform connectivity analyses. Results 

demonstrated that there are significant differences in connectivity patterns between these networks 

and the anterior insula in autistic children - particularly within the temporoparietal junction and 

supramarginal gyrus. The increased connectivity within autistic females and decreased 

connectivity in autistic males highlight the importance of factoring sex into analyses on autism 

and in research on other developmental conditions. The preliminary results correlating resting-

state functional connectivity in autistic females to autism symptom scores provide an example of 

how resting-state connectivity between the AI and VAN regions can be useful for estimating a 

patient's behavioral symptoms or severity of autism. 

 

Keywords: functional connectivity, sex difference, anterior insula, autism spectrum disorder, 
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Introduction: 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by early 

dysfunction in social interactions, repetitive behaviors, and atypical interest. Around 2.7% of 

children in the US have ASD (Shaw et al., 2023), and estimates suggest that there are both genetic 

(Yoo et al., 2015) and environmental (Reis et al., 2021) contributions to its development in 

children.  

Although ASD has been studied for a very long time, there has been limited research on 

females. Historically speaking, autism has been thought of as a predominantly male disorder, 

which may contribute underdiagnosing in females (Lai et al., 2016). Currently, autism is diagnosed 

in 1:36 children and is reported about four times more often in boys than girls (Shaw et al., 2023). 

However, some have attributed this disparity between diagnoses in the sexes to a differential 

presentation of autistic traits, and many have purported that increased social “masking,” or 

increased inhibition of natural tendencies which are characteristic of autism, may contribute to the 

lower frequency of diagnosis in females (Rynkiewicz et al., 2016; Schuck et al., 2019). However, 

the prevalence of autism has increased over the past few decades and scientists are beginning to 

look at sex as a variable within autism (Dougherty et al., 2022). 

The anterior insula (AI) has been associated with self-awareness, pain, social behavior, 

social and emotional cognition, and has been implicated with social differences in autism, such as 

reduced eye contact, atypical attention, and poor empathy (Caria and de Falco, 2015). Recent 

studies have discovered that the optogenetic activation of the AI in rats leads to suppression of the 

default mode network (DMN) and simultaneous activation of the salience network (SN) (Menon 

et al., 2023). The SN is responsible for salience detection, which is critical for producing 

appropriate behaviors in response to relevant stimuli. Atypical salience detection and SN activity 



Page  

  

2 

has been reported numerous times in ASD (Bishop-Fitzpatrick et al., 2016, Loomba et al., 2021, 

Guo et al., 2018). Salience detection involves bottom-up processing via the ventral attention 

network (VAN), or the control of focus when many irrelevant stimuli compete for one’s attention 

(Fitzgerald et al., 2014).  

The VAN is thought to reorient attention toward an exogenous or unexpected stimulus and 

acts as a circuit breaker for the dorsal attention network. The VAN works in tandem with the SN 

in controlling attention across multiple stimuli and, in particular, reorienting of attentions 

(Touroutoglou et al., 2016). Like the SN, resting-state functional connectivity (RSFC) analyses 

have shown atypical patterns in the VAN of autistic individuals (Farrant and Uddin, 2016; Hull et 

al., 2018). A central finding which inspired this project is that the AI is linked to the VAN both 

structurally, as measured by diffusion tensor imaging (DTI), and functionally, as measured via 

functional magnetic resonance imaging (fMRI) (Klugah-Brown et al., 2021). Like the SN, recent 

studies have also found increased connectivity in the VAN regions in individuals with ASD (Jung 

et al., 2018).  

As sex has been investigated in autism recently, sex differences in salience network 

connectivity are beginning to be established (Tavares et al., 2021). Notably, one study found that 

relative to female children with ASD, the autistic male children had a stronger association between 

sensory over-responsivity and the increased functional connectivity (FC) between the salience and 

primary sensory networks that was observed when contrasting functional scans to sex-matched 

controls. (Cummings et al., 2020; Lawrence et al., 2020; Lawrence et al., 2022). This may imply 

an increased allocation of attention toward sensory information within autistic males. On the other 

hand, the autistic females in this study had a stronger association than autistic males between 

sensory over-responsivity and the increased FC from the SN to the prefrontal cortex that was 
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observed when both groups were contrasted to sex-matched controls. (Cummings et al., 2020; 

Lawrence et al., 2020; Lawrence et al., 2022). Additionally, another recent study found increased 

structural covariance in autistic male children of 2 to 4 years of age but decreased structural 

covariance in autistic females when compared to age- and sex-matched controls (Zielinski et al., 

2022). Although structural covariance MRI measures morphological properties (i.e., gray matter 

volume or cortical thickness), something completely different from the blood-oxygen-level-

dependent (BOLD) signal in functional connectivity MRI (fcMRI), structural covariance analyses 

demonstrate that there are qualitative and quantitative differences in how autism manifests in males 

and females. Moreover, while autistic males have reduced RSFC in the salience network and 

increased RSFC in the dorsal attention network, females with autism have reduced RSFC in the 

DMN and increased RSFC in the dorsal attention network (Alaerts et al., 2016).  

We aim to determine how the AI’s connectivity with the SN and VAN is atypical in ASD. 

The SN includes the anterior cingulate cortex (ACC), insular cortex (IC), lateral prefrontal cortex 

(LPFC), precuneus, posterior cingulate cortex (PCC), the supramarginal gyrus (SMG), rostral 

prefrontal cortex (RPFC), and frontal operculum (FO) (Yerys et al., 2020; RPFC link). The VAN 

consists predominantly within the right hemisphere (Downar et al., 2000) and it involves the 

ventral frontal cortex (VFC), the AI, the middle and inferior frontal gyri, and the temporoparietal 

junction (TPJ), which is made up of the superior temporal gyrus (STG), angular gyrus (AG), and 

middle temporal gyrus (MTG) (Schulman et al., 2006; Onofrj et al., 2022).  

One study correlated the decreased connectivity of the SN to the severity of restricted and 

repetitive behaviors, symptoms of ASD in children who were 8.5 to 10.4 years of age (Uddin et 

al., 2013; Uddin and Menon, 2009). Because of the AI’s role in the SN and VAN, the established 

atypical connectivity in ASD, and the association to autism symptoms, we hypothesized that 
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compared to TD subjects, ASD subjects will exhibit increased connectivity between AI and the 

aforementioned networks. This may relate to the difficulty in adapting to change in ASD, 

restrictive and repetitive behaviors (Leekam et al., 2011), and increased sensitivity to sensory 

stimuli (Baron-Cohen et al., 2009). 

Although sex-differences in ASD are known but not well established. One study reported 

that autistic females exhibited increased connectivity where autistic males exhibited decreased 

connectivity when compared to their counterparts (Alaerts et al., 2016). However, this work did 

not focus within the SN and VAN. Autism has primarily been thought of as "male disorder" (Lai 

et al., 2016). Autism is currently 4x more common in males (Shaw et al., 2023) and although its 

prevalence has increased the past few decades (Dougherty et al., 2022), there is still much research 

to be done comparing how RSFC relates to the differential presentation of autistic traits in each 

sex. We use sex as a variable to examine its impact on autism’s effect on the RSFC between the 

AI and the SN and VAN.  

Four studies that we reviewed examined the relation between symptom severity and the 

RSFC of the AI and SN or VAN. In a sample of children with and without autism aged 8.5 to 10.4 

years, connectivity was used to estimate restricted and repetitive behavior scores, as measured by 

the Autism Diagnostic Interview - Revised (ADI-R), but the data was unable to estimate other 

ADI-R scores (Uddin et al., 2013). A work looking at the dorsal AI found increased connectivity 

to the TPJ which showed negative correlations with the  ADI-R Onset Total score (Odriozola et 

al., 2015). A seminal paper investigating the difference in the RSFC of insular subregions observed 

hypoconnectivity between granular regions of the insula and the right SMG and were able to 

correlate this with severity (Xu et al., 2018). However, this study used only 9 females total out of 

82 subjects) and it did not look at differences in connectivity with sex independently. The most 
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recent study seeking to determine how FC of the insula relates to severity was examining 

connectivity between the SN and the occipital-temporal face network (Pua et al., 2020). This 

investigation found that increased connectivity related to severity as measured by SRS scores. 

However, this study included no females in their sample of 160 children with or without autism. 

Thus, we predict that FC alterations in autistic females (compared to typically developing females) 

will significantly correlate to severity.  

To our knowledge, no study has used sex as a variable while focusing solely on the RSFC 

AI with SN and VAN, compared the effects of autism on FC in each sex, examined the relation 

between patterns in FC and severity of autism, and included at least 10 females in severity analyses. 

Thus, our approach is novel. 

Specific Hypotheses: 

The study will examine three hypotheses. (1) We hypothesize that ASD subjects will 

exhibit greater connectivity (ASD > TD) between the AI and regions that are part of the salience 

and ventral attention networks. The SN regions we are investigating include the anterior cingulate 

cortex (ACC), the precuneus, the posterior cingulate cortex (PCC), the supramarginal gyrus 

(SMG), parietal operculum (PO) and the frontal operculum (FO). The VAN regions we are 

examining include the ventral frontal cortex (VFC) which consists of the middle and inferior 

frontal gyri (MFG, IFG) and the temporoparietal junction (TPJ) which consists of the superior 

temporal gyrus (STG), middle temporal gyrus (MTG), and the angular gyrus (AG). (2) We will 

also repeat the analyses above while looking at sex as a variable; we expect to find sex differences 

in AI connectivity to the SN and the VAN. (3) As an exploratory aim, we will investigate the 

relation between connectivity patterns in autistic females and their symptom scores for ASD. We 

will not be looking at RSFC patterns in autistic males and its relation to symptom scores for ASD 
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due to time constraints. However, this will be a post-hoc analysis (along with many others) to be 

performed before finishing the results section of this paper and submitting for publication. 

 

Methods:  

Subjects:  

Our project relies on one of the largest open-source autism datasets, allowing for the 

examination of connectivity within one age group and comparing between the two genders. All 

data were acquired from the open-source Autism Brain Imaging Data Exchange I dataset (ABIDE 

I) via the Collaborative Informatics and Neuroimaging Suite (COINS). A total of 184 scans (92 

functional scans, 92 structural scans) were downloaded from the ABIDE I database. These scans 

were collected at two institutions and came from 92 subjects who were eight to twelve years old 

(TD = 47, ASD = 45). Included in this dataset are 20 females (TD = 13, ASD = 7) and 72 males 

(TD = 34, ASD = 38), with the mean ages of for females was 10.08 (SD = 1.59) and 10.39 (SD = 

1.22), respectively. This data is unique given its focus on school age children which is younger 

than many fMRI studies investigating autism. 

Assessments: 

We are comparing these connectivity measures with the scores of each subject on the Social 

Responsiveness Scale, Version 2 (SRS™-2), Module 3 of the Autism Diagnostic Observation 

Schedule™, the Second Edition (ADOS™-2), the Social Communication Questionnaire (SCQ), 

and the Autism Diagnostic Interview - Revised (ADI-R). The use of the Module 3 of ADOS™-2 

requires that individuals are verbally fluent. An additional ADOS-2 Gotham-Calibrated Total 

score, derived from ADOS™-2, was also used (Gotham et al., 2008) and is labeled AGT in the 

table below. Measurements for full IQ, performance IQ, and verbal IQ were also included. Each 
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of these assessments were included when we downloaded our data from the ABIDE I database and 

are common tools used to diagnose autism. Collectively, these assessments take into account 

restricted repetitive behaviors, social communication and interaction skills, and other factors that 

are relevant for diagnosing a child with autism (Gotham et al., 2006; Chan et al., 2017; Gotham et 

al., 2008). We use these assessments to examine the relation between connectivity and symptom 

scores in autistic females. 

Table 1: Subject Assessment Measures 

 

Note: Comparison of phenotypic variables downloaded and assessed in this project. No 

significant differences between the autistic males and autistic females were observed. The only 

difference between TD males and TD females was for the SCQ score. Autistic and typically 

developing subjects differed significantly for the SRS-2 raw total score, the SCQ score. (*, 
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indicates a p-value < 0.05, *** p-value < 0.001; Actual p-values SRS-2 [SCQ] are 3.76 x 10-23 

[3.72x 10-08]). Values of “x” indicate that an assessment was not given for a particular group. 

Legend: full intelligence quotient (FIQ), performance intelligence quotient (PIQ), and verbal 

intelligence quotient (VIQ), Gotham-Calibrated Autism Diagnostic Observation Schedule Total 

Score (AGT), the social (ADI-R Social), verbal (ADI-R Verbal), restrictive and repetitive 

behaviors (ADI-R RBB) sub-scores for the Autism Diagnostic Interview - Revised (ADI-R), the 

Social Responsiveness Scale Total Score (SRS Total), and the Social Communication 

Questionnaire (SCQ). 

As indicated in Table 1, there were no significant differences between autistic males and 

autistic females. Typical males had SCQ scores that were significantly higher than typically 

developing females. A greater score implies greater tendencies for behaviors that are 

characteristic of autism. However, the SCQ score is not a diagnostic tool. The SCQ is an 

assessment commonly used to screen for ASD. A threshold cutoff score of 15 which is 

commonly used to determine if further evaluation is needed to diagnose a child or rule out a 

diagnosis (Berument et al., 1999).  The TD male mean of 4.33 does not near the threshold cutoff 

score of 15. The ASD group had a significantly larger score for the SRS-2 Raw Total and the 

SCQ as expected with their diagnosis. This indicates a strong difference between the two groups 

and validates that our sample was appropriate for each group. 

 

Neuroimaging: 

All scans were performed on a SIEMENS MAGNETOM Allegra syngo MR 2004A with 

TR = 2000 ms, interleaved ascending slice order, and field strength of 3 Tesla. Each subject 

received one functional and one anatomical scan. All scans were collected at either NYU or Yale 

using these parameters, and all scans were acquired from the ABIDE I database. 

Preprocessing: 

All preprocessing was completed through the Statistical Parametric Mapping, Version 12 

(SPM12) software on MatLab (R 2022b). All preprocessing was done via a script which followed 
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the same steps as the “Default Preprocessing Pipeline” on CONN Toolbox (Nieto-Castanon, 

2020). This script can be made available upon request. Preprocessing is a necessary part of all 

fMRI projects as each scan must be transformed and standardized in stereotaxic space like the 

Montreal Neurological Institute (MNI) coordinate system before analysis can occur. Subjects may 

move their heads during scans, and individuals may have different cortical volumes and shapes. 

Thus, in order to analyze fMRI data, these and many other variables must be standardized.  

Realignment: Estimate and Reslice: Subjects with movement over ± 3 mm range or rotation over 

± 3º in any direction were excluded from the study, as this is the standard for fMRI scans of 

children (Hagen et al., 2012). For the remaining subjects, to correct for head motion, realignment 

of each fMRI volume to a reference volume was performed.  Motion can distort the magnetic field 

that has been set up for a particular head position, which is an issue because the magnetic field is 

critical for creating the images of brain activity, and any distortion can lead to errors in the data. 

Additionally, motion can cause the brain to shift into different parts of the brain within the same 

scan which can lead to mismatches between functional data and anatomical data, which obscures 

the identification of specific brain regions associated with neural activity. By realigning, we 

minimized this effect.  

Coregistration: Estimate and Reslice: Functional scans were overlaid onto an anatomic reference 

scan of the same subject.  

Slice timing: Because fMRI volumes are produced by stacking a series of 2D images of the brain 

(like pancakes), slice timing correction calculates a transformation to realign all the images, which 

would otherwise be temporally misaligned. 

Segmentation and Realignment: All scans were normalized to a standard space, allowing for 

standardized comparison and the removal of non-brain areas in images  like the skull, scalp, and 

other non-brain tissue. This is important because these non-brain areas can cause artifacts in the 

images and lower the accuracy of the data. Next, we were warped to the IXI 549 MNI template so 



Page  

  

10 

that their BOLD responses could be compared.  

Smoothing: Lastly, all functional images were smoothed using an 8mm isotropic Gaussian kernel 

to increase the signal-to-noise ratio. 

Denoising:  

In addition, functional data were denoised using a standard denoising pipeline (Nieto-

Castanon, 2020) including the regression of potential confounding effects such as white matter 

timeseries (5 CompCor noise components), CSF timeseries (5 CompCor noise components), 

motion parameters (12 factors), outlier scans (below 39 factors) (Power et al., 2014; Power et al., 

2017), and first order derivatives of motion (12 factors, or 3 rotations, 3 translations and their 

first order derivatives) (Friston et al., 1996). We applied bandpass frequency filtering of the 

BOLD time series between 0.008 Hz and 0.09 Hz (Hallquist et al., 2013). The effective degrees 

of freedom of the BOLD signal after denoising ranged from 37.7 to 56.1 across all subjects 

(Nieto-Castanon, 2020). 

Creating ROIs: 

We examined ROIs using the masks in the CONN toolbox (Nieto-Castanon, 2020) and the 

Wake Forest University (WFU) PickAtlas (Maldjian et al., 2003), including left, right, and bilateral 

regions of the SN (i.e., ACC, INS, LPFC, MFG, Precuneus, PCC, SMG, RPFC, FO, PO) and the 

VAN (i.e., AI, VFC - MFG + IFG, and TPJ - STG + MTG). Within the WFU PickAtlas, we used 

the IBASPM71 and IBASPM 116 atlases for left and right masks, and for bilateral masks, we used 

the TD Label Atlas (Lancaster et al., 1997) in addition to these atlases. These ROIs are labeled in 

Table 2. The frontal operculum, although very close to the AI, is not labeled in any of these atlases, 

so we used MNI coordinates to create 10 mm spheres for this region. We also made a mask for the 
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left, right and bilateral anterior insula because CONN’s seed was not centered around the 

coordinates identified in the most relevant previous literature. We visually inspected the AI mask 

to ensure it was consistent with the region we were targeting. The seeds for these regions are listed 

in Table 3 and based on prior work (Iuculano et al., 2020; Allen et al., 2016; Bonelle et al., 2012). 

Table 2: ROIs created for connectivity analyses for targets of the VAN and the SN 

 

Note: ROIs created with the SPM12 WFU PickAtlas package using the IBASPM71 and IBASPM 

116 atlases. A left, right, and bilateral mask was generated for each ROI. 

Table 3: MNI Coordinates for the ROIs not labeled in IBASPM atlases 

Note: Table 3 Description: Seeds used to create masks of the AI and the frontal operculum (FO).  

 

1st level ROI-to-ROI Connectivity Analysis 
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We estimated ROI-to-ROI connectivity matrices characterizing the  RSFC between each 

pair of regions among all ROIs. We used Fisher-transformed bivariate correlation coefficients from 

a general linear model to represent RSFC strength, and individual scans were weighted using a 

linear regression that regressed the signal intensity of each scan against the mean signal intensity 

and motion parameters. Regression coefficients are used as weights so that all scans contribute 

equally to the analysis (Nieto-Castanon, 2020). The weighting of individual scans was done 

because changing the magnetic field in the scanner during the scan can cause transient 

magnetization effects that cause some scans to have stronger or weaker signals than others, which 

can affect the accuracy or the reliability of subsequent connectivity analyses (Nieto-Castanon, 

2020).  

2nd Level Group Connectivity Analysis 

For group-level analyses, we used a General Linear Model (Nieto-Castanon, 2020b) to 

estimate each individual connection. To investigate the RSFC between a seed ROI and another 

target ROI, connection-level hypotheses were evaluated using bivariate correlation statistics with 

random-effects across groups and sample covariance estimation across multiple measurements 

(Nieto-Castanon, 2020a). We used hemodynamic response function (HRF) weighting to improve 

the accuracy of our connectivity values, as has been established by previous studies. The BOLD 

signal is slow and delayed, so the HRF function adjusts it to improve the temporal relationship 

between brain regions. This is done by convolving the HRF model with the time series for each 

voxel and subsequently normalizing the result to reduce the impact of inter-subject variability in 

BOLD signal intensity by scaling the weighted connectivity values for each subject. Normalization 

of the BOLD signal is dividing connectivity values by the average connectivity across the whole 

brain for each subject. This adjusts the connectivity values, so they are more comparable across 
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subjects, which prevents differences in functional connectivity resulting from individual 

differences in BOLD signal intensity.  

 Some have reported that HRF weighting improved the accuracy of FC estimates in resting-

state data (Prokopiou et al., 2020), like ours. Additionally, others have reported that HRF 

weighting improved the accuracy of RSFC estimates, reduced the impact of head motion in child 

samples (Saad et al., 2022), and improved the specificity of group differences in connectivity 

measures between autistic and typically developing individuals (Power et al., 2017; Van Dijk et 

al., 2012; Anderson et al., 2011; Ye et al., 2020). Inferences were performed at the level of 

individual ROIs. ROI-to-ROI connectivity results were thresholded using a combination of a p < 

0.05 connection-level threshold and a familywise corrected p-FDR < 0.05 ROI-level threshold 

(Benjamin and Hochberg, 1995), where the time series for all voxels within each ROI were 

averaged and connectivity was based on connectivity between ROIs rather than on the clustering 

of voxels.  

Connectivity to Severity Analyses 

To determine how the altered connectivity related to ASD symptom scores in females, we 

used CONN Toolbox’s Calculator tool to perform a linear regression between connectivity 

values (between two regions) and three assessments as measures of severity: the SRS-2 Raw 

Total scores, SCQ Total Scores, and ADI-R Onset Total Scores. For each subject, connectivity 

values between were recorded that corresponded to the strength and direction of connectivity that 

was altered in autistic females compared to typically developing females. These connectivity 

values for each subject were subsequently applied to a linear regression model to estimate the 



Page  

  

14 

relationship between connectivity values and the variable of interest (SRS-2, SCQ, and ADI-R 

symptom scores).  

Results: 

To investigate differences in RSFC in autistic males, a [1, -1] contrast against TD males 

was used. This contrast is the standard method to calculate between-group differences in fcMRI 

analyses. The “1” condition refers here to ASD subjects, and the “-1” condition refers to TD 

subjects. An individual’s beta value represents the strength of connection between two brain 

regions. For each ROI target, the beta values of all individuals are averaged to calculate a group’s 

beta value, which is subsequently multiplied by their contrast values to evaluate a group difference. 

If the beta value is positive, this suggests that the RSFC between the right/left AI and the target 

ROI is stronger in the first group than in the second. If the beta value is negative, this suggests that 

the RSFC between the two regions is weaker in the first group than in the second, or decreased 

connectivity. For example, if the beta value for an ROI in the ASD group is 0.2 and the 

corresponding beta value in the TD group is 0.3, then the difference in RSFC between the two 

groups is -0.1, which is calculated as (0.2 x 1) - (0.3 x -1) = -0.1. This negative value indicates that 

the RSFC in this ROI is lower in the ASD group compared to the TD group.  Therefore, the beta 

values in this case represent both the strength of the connection between two brain regions (RSFC 

values) and the difference in RSFC between the ASD and TD groups. By applying the contrast 

values [1, -1] to these beta values, you can obtain a measure of the magnitude and direction of the 

between-group differences in RSFC. We predicted that autistic subjects would display increased 

connectivity (positive group beta values) between the AI and the regions of the SN and VAN. 

Figure 1: Connectivity of the right AI to the SN and VAN in males 
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Note: Autistic male increased connectivity (ASDm > TDm) is shown in red (none) and decreased 

connectivity (ASDm < TDm) is shown in blue. Significant connectivity using CONN’s right AI 

ROI seed centered at 47,14,0 (1a, left) and right AI mask (1b, right) as defined in Table 3.  

 

Figure 2: Connectivity of the left AI to the SN and VAN in males 

Note: Autistic male increased connectivity (ASDm > TDm) is shown in red (none) and decreased 

connectivity (ASDm < TDm) is shown in blue. Connectivity from CONN’s left AI ROI seed 

centered at -44,13,0 (2a, left) and left AI mask (2b, right) as defined in Table 3.  

The results of this study suggest significant decreased connectivity between the right AI 

and the right FO and right RPFC in autistic males (Figure 1a, Table 4). Weaker connectivity 

patterns were observed in autistic males between the left AI and the right FO (2a and 2b), right IC 

(2a), and the right IFG (2a) (Figure 2, Table 4). Stronger connectivity was not observed in autistic 

males compared to TD males between either AI and any target in the SN or VAN.  
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Table 4: Summary of Results in Figures 1 and 2, altered connectivity in autistic males 

compared to typically developing males. 

Note: Frontal operculum (FO), rostral prefrontal cortex (RPFC), insular cortex (IC), inferior frontal 

gyrus (IFG) 

We used the same [1 -1] to compare autistic females to TD females. We found that autistic 

females had greater connectivity between the right AI and various regions of the right TPJ. Autistic 

females displayed stronger connectivity between the right AI and the posterior division of the right 

MTG (2), the posterior division of the right STG, the anterior division of the right MTG, the entire 

right MTG, the posterior division of the left MTG, and even a bilateral mask of the MTG (Figure 

3b, Table 4). All of these targets lie within the TPJ. Autistic females also had decreased 

connectivity between the right AI and the following regions: the posterior division of the left SMG 

(3a), left MFG (3b), right IFG (3a, 3b), the left IFG (3a, 3b) (Figure 3, Table 4). Furthermore, 

when we examined the connectivity of the left AI in autistic females, we observed both stronger 

and weaker connectivity to various regions in the SN and VAN compared to typically developing 

females. Our findings indicated that both the right and left AI have weaker connectivity patterns 
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to the right IFG in females with ASD (Figure 4, Table 4). We observed decreased connectivity 

with the left AI and the right IFG (4a), and also between the left AI and bilateral regions within 

the pars opercularis of the IFG (4a). We observed increased connectivity with the anterior division 

of the right STG (4a), anterior division of the right MTG (4b), and the posterior division of the 

right STG (4b) for autistic females (Figure 4, Table 5).  

Figure 3: Connectivity of the right AI to the SN and VAN in females 

Note: Autistic female increased connectivity (ASDf > TDf) is shown in red and 

decreased connectivity (ASDf < TDf) is shown in blue. Significant connectivity using 

CONN’s right AI seed centered at 47,14,0 (3a, left) and right AI mask (3b, right) as 
defined in Table 3.  
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Figure 4: Connectivity of the left AI to the SN and VAN in females 

 
Note: Autistic female increased connectivity (ASDf > TDf) is shown in red and decreased 

connectivity (ASDf < TDf) is shown in blue. Connectivity from CONN’s left AI seed centered at 

-44,13,0 (left, 4a,) and left AI mask as defined earlier (right, 4b) in Table 3.  

Table 5: Summary of Results in Figures 3 and 4, altered connectivity in autistic females 

compared to typically developing females. 

 
Note: Summary of the connectivity results shown in figures 3 and 4; significant connectivity of 

the right or left AI to regions of the SN and VAN while using a [1, -1] contrast to compare autistic 

and typically developing females. 
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Next, we examined the impact of ASD on RSFC patterns in males and females using the 

[1 -1 -1 1] contrast. This contrast is derived by subtracting the female contrast from the male 

contrast (shown below): 

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑎𝑠𝑑 (𝑏𝑦 𝑠𝑒𝑥 )  =  𝑚𝑎𝑙𝑒 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 −  𝑓𝑒𝑚𝑎𝑙𝑒 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡  

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑎𝑠𝑑 (𝑏𝑦 𝑠𝑒𝑥 )  =  (𝐴𝑆𝐷𝑀  − 𝑇𝐷𝑀)  −  (𝐴𝑆𝐷𝐹 −  𝑇𝐷𝐹) 

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑎𝑠𝑑 (𝑏𝑦 𝑠𝑒𝑥 )  =  +𝐴𝑆𝐷𝑀  − 𝑇𝐷𝑀  −  𝐴𝑆𝐷𝐹 +  𝑇𝐷𝐹  

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑎𝑠𝑑 (𝑏𝑦 𝑠𝑒𝑥 )  =  [+1            − 1           − 1        + 1]  

We found that ASD caused greater decreased connectivity in males than in females, particularly 

within the regions that make up the TPJ. Weaker connectivity was recorded between the right AI 

and various regions of the MTG - posterior division of the right MTG, the posterior division of the 

left MTG, the anterior division of the right MTG, the entire right MTG, and a bilateral mask of the 

MTG - in autistic males and control females (Figure 5, Figure 6, Table 4). However, a positive 

beta value for the right AI's connectivity to the posterior division of the SMG suggests greater 

connectivity with this part of the salience network in autistic males and typical females (Figure 5, 

Figure 6, Table 4). Additionally, when we examined the differential effect of ASD on male 

connectivity versus female connectivity with the left AI, we discovered that autistic males and 

female controls had greater connectivity with the anterior division of the right STG (Figure 7, 

Figure 8, Table 4). 
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Figure 5: Regions whose FC  with the right AI varies according to sex  

 
Note: Contrast 1 (red) is the [1 -1] autistic male and typical male group comparison, and Contrast 

2 is the [1 -1] autistic female and typically developing female group comparison. Contrast 1 and 

contrast 2 are subtracted to show the difference in the effect of ASD on right AI connectivity. This 

difference is shown in blue and is represented by the [1 -1 -1 1] contrast. (* indicates a p-value < 

0.05, ** indicates a p-value < 0.01) 

Figure 6: The difference between the effect of ASD in males and females 

Figure 6: How ASD impacts the connectivity of males and females differentially is shown in the 

figure above. Increased connectivity is shown in red and decreased connectivity is shown in blue. 

Connectivity from CONN’s right AI ROI seed centered at 47,14,0 (left, 6a,) and my left AI mask 

as defined earlier (right, 6b) in Table 3.  
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Figure 7: Difference in effect of ASD on connectivity of the left AI in each sex (graph) 

 
Note: Contrast 1 (red) is the [1 -1] autistic male and typical male group comparison, and Contrast 

2 is the [1 -1] autistic female and typically developing female group comparison. Contrast 1 and 

contrast 2 are subtracted to show the difference in the effect of ASD on left AI connectivity. This 

difference is shown in blue and is represented by the [1 -1 -1 1] contrast. (* indicates a p-value < 

0.05, ** indicates a p-value < 0.01) 

Figure 8: Difference in effect of ASD on connectivity of the left AI in each sex (map) 

 
Figure 8: How ASD impacts the connectivity of males and females differentially is shown in the 

figure above. Increased connectivity is shown in red and decreased connectivity is shown in blue. 

Connectivity from CONN’s left AI ROI seed centered at -44,13,0 (left, 8a,) and my left AI mask 

as defined earlier (right, 8b) in Table 3.  

  



Page  

  

22 

Table 6: Summary of results in Figures 5-8 

 
Lastly, we examined how the altered connectivity relates to ASD symptom scores in 

females and observed that an individual’s connectivity value could be used to estimate SRS-2 

symptom scores. For instance, for each female subject, connectivity values between the right AI 

and the posterior division of the left MTG were recorded because this area exhibited decreased 

connectivity in autistic females. A linear regression model was then applied to estimate the 

relationship between connectivity values and the variable of interest (SRS-2 symptom scores, 

SCQ scores, and ADI-R Onset Total scores). The R2 value represents the proportion of variance 

in the dependent variable that is explained by the independent variable(s). In other words, 

determining how much of the variation in a symptom score can be predicted by the connectivity 

values (i.e., left AI → right pMTG). First, we looked at connectivity matrices that were 

significant when comparing ASD females to TD females (Figure 3, Figure 4, Table 5). Some of 

these matrices, such as the (1) the posterior division of the right MTG and (2) the posterior 

division of the right STG, can be used to accurately estimate an SRS-2 social score (Table 7, 

Figure 9). Additionally, some connectivity matrices to regions like the PCC were significantly 

correlated to SRS-2 Raw Total but did not demonstrate altered connectivity when we compared 

the connectivity of ASD and TD groups (Table 7, Table 5). Similarly, many of these same 
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regions which had altered RSFC in autistic females, as compared to female controls, were able to 

estimate SCQ scores and ADI-R Onset Total scores (Table 7, Figure 10, Figure 11).  

Table 7: Regression model between connectivity matrices and scores 

 
Note: (7a) Correlations to the SRS-2 Raw Total scores, SCQ scores, and ADI-R Onset Total 

scores via a linear regression model. (* indicates a p-value < 0.05, ** indicates a p-value < 0.01, 

*** indicates a p-value < 0.001).  
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Figure 9: SRS-2 Regression for (right AI → pSTG) connectivity matrix 

 
Note: N=20, Red dots are observed values and blue dots are fitted values. The Y-axis is 

connectivity values, and the x-axis is the ADI-R Onset Total scores. 

Figure 10: SCQ Regression for (right AI → right pMTG) connectivity matrix 

 
Note: N=10, Red dots are observed values and blue dots are fitted values. The Y-axis is 

connectivity values, and the x-axis is the ADI-R Onset Total scores. 
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Figure 11: ADI-R Onset Total Score Regression for (right AI → right aSMG) connectivity 

matrix 

 
Note: N=8, Red dots are observed values and blue dots are fitted values. The Y-axis is 

connectivity values, and the x-axis is the ADI-R Onset Total scores.  

 

Discussion 

In this study, we aimed to investigate the RSFC patterns of the SN and VAN in children 

aged 8-12 years old with and without autism spectrum disorder (ASD). We used a ROI-based 

approach to analyze the RSFC patterns of the AI and targets in the SN and VAN. Our findings 

suggest that there are significant differences in RSFC between children with and without ASD. 

We found decreased connectivity in the SN - specifically between the left AI and the right IFG in 

autistic males compared to TD males and also between the right AI and right IFG in autistic 

females compared to TD females. Moreover, in autistic females but not autistic males, we found 

increased connectivity in the VAN between the AIs on both hemispheres and the right TPJ - 

including the MTG and STG - relative to TD females. Perhaps, this reflects a compensatory 
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mechanism in autistic males. However, our findings did not support our hypothesis of increased 

connectivity between the AI and the SN in autistic females, and the increased connectivity in the 

VAN was limited to regions that make up the TPJ. These results built upon past findings that there 

are significant differences in RSFC patterns between children with ASD and TD children in the 

SN and VAN (von dem Hagen et al., 2012).  

It is interesting that the SCQ score average for typically developing males (mean = 4.33) 

is significantly larger than the average for typically developing females (mean = 1.80) (Table 1). 

We observed a p-value of 0.03 for this sex-difference. Conversely, an insignificant (p = 0.18) but 

potentially related trend showed that autistic females (mean = 20.25) had a higher SCQ score than 

autistic males (mean =15.33) (Table 1). Although even less significant, most other assessments 

(i.e., the FIQ, VIQ, ADI-R Social, ADI-Verbal, ADI-R RRB, and the SRS Total) also 

demonstrated this trend where autistic females had larger scores for ASD symptoms or severity 

(Table 1). This may reflect a bias within the SCQ assessment for male-like traits or behaviors, 

which may relate to the increase in diagnostic follow-ups for autism and the increased prevalence 

of autism in males. In other words, females may be diagnosed less frequently due to a diagnostic 

preference for male-like traits in screening assessment like the SCQ. This may lead to autistic 

females exhibiting more severe scores for autism on other metrics once individuals pass the 

threshold for further examination on screening assessments like the SCQ. This would also be 

supported by our data which showed that the effect of autism on RSFC in autistic females, which 

was larger in terms of magnitude and number of differences. Alternatively, these data may provide 

further evidence for the social “masking” or “camouflaging” in autistic females, which has led to 

lower screening scores in females and attributed to the difference in the prevalence of autism in 

each sex (Rynkiewicz et al., 2016; Schuck et al., 2019).  
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In addition to our expectations to observe AI connectivity differences between the sexes, 

our study also produced some unexpected results. Specifically, we did not find evidence of 

increased connectivity between the AI and the SN in male children with ASD, as we had 

hypothesized. Although contrary to our hypotheses, our results are still consistent with other 

previous studies which have reported decreased connectivity in this network in individuals with 

ASD (Francis et al., 2019; Odriozola et al., 2015). There are many potential explanations for this 

discrepancy including age, between-scanner effects, the heterogeneity of autism, sample size, etc. 

(Spreng et al., 2016; Carp, J., 2012). It is possible that increased connectivity in the SN network is 

more prominent in individuals with ASD who are at different stages of development.  

Our final [1 -1 -1 1] contrast highlighted how ASD impacts each sex differently. These 

results suggest that there may be sex-dependent effects of autism on connectivity within the 

VAN and SN, which is a novel finding in the field. One explanation for the inconsistency in 

male and female connectivity is that female brains are more developed during the eight to twelve 

years of age (Cole et al., 2008; Sanders et al., 2023), the age range of this study. The greater 

maturation of female brains is one possible explanation for the striking difference between males 

and females with autism. Some studies have even reported that regions of the brain which are 

also associated with emotional processing and empathy, tend to have stronger connectivity in 

autistic females than males between the ages of seven and thirteen (Smith et al., 2019). Although 

some studies have found both hypoconnectivity and hyperconnectivity (Uddin et al., 2013), some 

have pointed to maturational changes to explain these inconsistencies in ASD (Xu et al., 2018). 

Thus, our results may reflect a developmental sex difference in brain trajectory for autistic 

individuals. A longitudinal study on the FC of the AI within the SN and VAN with a greater 

number of subjects would provide greater clarity on this matter.  
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Additionally, the final [1 -1 -1 1] contrast brought to light some interesting points. This 

contrast is the difference between the two earlier contrasts where we compared ASD and TD 

subjects for each sex independently. Therefore, the regions that displayed significant connectivity 

alterations represent regions that are affected by ASD differently based on sex. Therefore, it is 

interesting that five of the six significant ROIs were part of the TPJ and therefore VAN, and each 

of these five regions demonstrated the same effect. One way to interpret this is that the effect of 

ASD in females for these regions is a much larger increase in connectivity compared to sex-

matched controls. This may relate to the theory of mind (ToM), which is the ability to attribute 

mental states like beliefs, intentions, and desires to oneself and others. ToM is important in social 

cognition and critical for successful social interactions (Xu et al., 2015). The greater connectivity 

to ToM and TPJ structures autistic females (compared to autistic males) may contribute to greater 

social skills. Moreover, of these five VAN targets where females seemed to have greater 

connectivity, only one was on the left hemisphere (posterior division of the left MTG), which may 

relate to the finding that the VAN is predominantly controlled by the right hemisphere (Downar et 

al., 2020). 

Conversely, the sixth significant ROI in this contrast, the left SMG, is part of the SN, not 

the VAN. This region had an opposite effect where the effect of ASD in females was more 

pronounced again, but in the opposite direction (a much larger decrease in connectivity) compared 

to sex-matched controls. This finding is very interesting because it relates to our next discovery. 

When we correlated connectivity to the SRS-2 Raw Total scores, the (right AI → left SMG) 

connectivity values were the only ones with a significant negative correlation with SRS-2 scores 

that also displayed altered connectivity in autistic females (compared to TD females in Table 3 
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and Figures 3-4, Figure 6). Together, these findings raise questions about the SMG’s role across 

sex. 

The greater prevalence of autism in males could be due to several factors, such as sex-

specific differences in brain development or socialization. Research has shown that females with 

ASD may exhibit different behavioral characteristics compared to males, such as higher levels of 

social communication abilities and better adaptive skills. It is possible that our observed 

differences in connectivity when using the [1 -1 -1 1] contrast may relate to these behavioral 

differences. The regions with significant differences in connectivity for this contrast were the right 

MTG, left MTG and left SMG, right STG. The MTG is associated with social cognition, semantic 

processing, and theory of mind (Xu et al., 2015) which is known to be compromised in autism (Yu 

et al., 2020). SMG is associated with language comprehension, visuospatial processing, and 

empathy (Deschamps et al., 2014; Ben-Shabat et al., 2015; Zhao et al., 2021). The STG is 

associated with auditory processing, and social perception (Pelphrey et al., 2004; McAlonan et al., 

2005). These regions have been previously implicated in the development of ASD (Salmi et al., 

2013; Zhao et al., 2021; McAlonan et al., 2015). 

Furthermore, the increased connectivity in the VAN observed in autistic females compared 

to males (Figures 5-8, Table 6) may have explanatory value in the differences in social cognition 

deficits between autistic males and females (Mattern et al., 2023). On the other hand, the reduced 

connectivity between the right AI and left SMG in autistic males may underlie some of the 

behavioral differences observed between autistic males and females. Techniques like TMS and 

neurofeedback have been used to alter the RSFC between regions of the brain before (Tang et al., 

2021; Ramot et al., 2017). Our findings may have implications for developing targeted 

interventions for individuals with ASD, again, raising the importance of researching the targets of 
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this study independently by sex as candidates for improving salience and social cognition in 

autistic children.  

Lastly, our preliminary results correlating connectivity with symptom scores highlight the 

usefulness of our methods in predicting symptom scores with ASD. In addition to connectivity 

values between the right or left AI and regions of the TPJ and the SMG, connectivity with other 

regions which were not statistically significant in ASD-TD comparisons, such as the PCC and PO, 

proved useful in our estimations of SRS-2, SCQ, and ADI-R Onset Total scores (Table 7). 

However, it is important to note that our calculations assumed a linear relationship between 

connectivity values and the variable of interest. With nonlinear relationships, the R2 value may not 

accurately reflect the strength of the association (Rose & McGuire, 2019). Nevertheless, our 

findings highlight the potential for the RSFC of VAN structures to be a useful biomarker for 

symptomology in ASD and suggest the need for future investigation in this area. 

It is important to note that our study was limited in that we only included children who 

were able to complete the scan, which may have limited the generalizability of our results to 

individuals with more severe forms of ASD. Another important limitation is the lack of significant 

FDR-corrected (FDR = false discovery rate) p-values (Nickerson, 2018; Vul et al., 2009), 

potentially reducing the reproducibility of our results. However, in reality, because we included so 

many superfluous ROIs our data is not conducive to yielding any significant FDR-corrected p 

values. After restructuring our ROIs, we would have significant p-values after an FDR correction. 

Despite these limitations, our findings have important implications for understanding the neural 

underpinnings of ASD. Specifically, our results suggest that there may be sex-dependent effects 

of ASD on connectivity within the SN and VAN, which may contribute to the variability of ASD 

symptoms observed in males and females. Additionally, the potential sex-dependent effects of 
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ASD on connectivity within the SN and VAN that we observed is particularly relevant to the fact 

that autism is diagnosed more frequently in males than in females.  

 

Conclusion 

In conclusion, our study provides novel insights into the functional connectivity patterns 

of the SN and VAN in children with and without ASD. Our results suggest that there are significant 

differences in connectivity between these networks in children with ASD, particularly in the 

regions of the TPJ and SMG. Additionally, our findings highlight the importance of considering 

sex differences in the neural mechanisms of ASD. Our preliminary results correlating connectivity 

provide an example of how resting-state connectivity between the AI and VAN regions could be 

used in the future with advances in technology and medicine to gain information about a patient's 

behavioral symptoms before an assessment is even given. Overall, our study contributes to a 

growing body of literature on the neural underpinnings of ASD and may inform the development 

of more targeted interventions for individuals with this disorder. 

 

Supplemental Information 

Detailed Preprocessing: 

We modeled our preprocessing of functional and anatomical data using a CONN’s default 

pipeline (Nieto-Castanon, 2020) and created a MATLAB script to automate the preprocessing for 

each subject to ensure no errors were made as subjects were added. First, we corrected for motion 

and magnetic susceptibility interactions by realigning the functional data using a least squares 
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approach and a 6-parameter transformation (Friston et al., 1996). Next, we corrected for temporal 

misalignment between different slices, or slice timing correction, of the functional data using sinc 

temporal interpolation (Sladky et al., 2011). We identified outlier scans using ART (9) and 

computed a reference BOLD image for each subject by averaging all scans excluding outliers. 

Outliers were identified as acquisitions with framewise displacement over 0.9 mm or global BOLD 

signal changes above 5 standard deviations (Power et al., 2014), and a reference BOLD image was 

computed for each subject by averaging all scans excluding outliers. We normalized the functional 

and anatomical data into standard MNI space and segmented them into grey matter, white matter, 

and CSF tissue classes and were resampled to 2 mm isotropic voxels (2 mm x 2 mm x 2 mm) 

following a direct normalization procedure using the SPM unified segmentation and normalization 

algorithm (Ashburner and Friston, 2005; Ashburner, 2007) with the IXI-549 tissue probability map 

template which is commonly used in pediatric fMRI studies (Cummings et al., 2020). Last, 

functional data were smoothed using spatial convolution with a Gaussian kernel of 8 mm full width 

half maximum (FWHM). 
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