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Insula-Retrosplenial Cortex Overconnectivity Increases 
Internalizing Via Reduced Insight in Autism

Jeremy Hogeveen^,1,2, Marie K. Krug1,2, Matthew V. Elliott1,2, and Marjorie Solomon1,2,3

1UC Davis MIND Institute

2Department of Psychiatry & Behavioral Sciences, UC Davis

3Imaging Research Center, UC Davis

Abstract

BACKGROUND—Internalizing symptoms like anxiety and depression are common and 

impairing in autism spectrum disorder (ASD). Here, we test the hypothesis that aberrant functional 

connectivity between three brain networks [salience network (SN), default-mode network (DMN), 

and frontoparietal network (FPN)] plays a role in the pathophysiology of internalizing in ASD.

METHODS—We examined the association between resting-state functional connectivity and 

internalizing in 102 adolescents and young adults with ASD (N=49) or typical development (TYP; 

N=53). Seed-to-target functional connectivity was contrasted between ASD and TYP using a 

recent parcellation of the human cerebral cortex, and connections that were aberrant in ASD were 

analyzed dimensionally as a function of parent-reported internalizing symptoms.

RESULTS—Three connections demonstrated robust overconnectivity in ASD: i) anterior insula 

to retrosplenial cortex (i.e. SN-DMN), ii) anterior insula to frontal pole (i.e. SN-FPN), and iii) 

dorsolateral prefrontal cortex to retrosplenial cortex (i.e. FPN-DMN). These differences remained 

significant after controlling for age, and no age-related effects survived correction. The SN-DMN 

connection was associated with greater internalizing in ASD, mediated by a bigger difference 

between self- and parent-reported internalizing. Control analyses found that the other two 

connections were not associated with internalizing, and SN-DMN connectivity was not associated 

with a well-matched control measure (externalizing symptoms).

CONCLUSIONS—The present findings provide novel evidence for a specific link between SN-

DMN overconnectivity and internalizing in ASD. Further, the mediation results suggest that intact 

anterior insula-retrosplenial connectivity may play a role in generating insight into ones’ own 

psychopathology.
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The anterior insula (aINS) and anterior cingulate cortex (ACC) have been implicated in 

several domains of human neuroscience, leading to much speculation about their putative 

functional roles in cognition and emotion. A common theme across different theories of 

aINS/ACC function is that these regions are involved in generating awareness of, and 

coordinating the response to, salient internal or external events (1–5). aINS and ACC 

anomalies have been reliably reported in individuals with autism spectrum disorder (ASD)–a 

neurodevelopmental disorder characterized by social difficulties and idiosyncratic patterns 

of restricted and repetitive behaviors, interests, and activities (6). Structural neuroimaging 

and postmortem studies have revealed differences in aINS and ACC gray and white matter 

volumes (7, 8), atypical cortical folding (9) and lamination (10), and atypical maturation 

between 1.5 and 5 years of age in ASD relative to typical development (TYP; 11). In 

addition, resting-state functional magnetic resonance imaging (rsfMRI) studies have reliably 

demonstrated aberrant functional connectivity of neural circuits anchored in the aINS and 

ACC in ASD (12–14). Though aINS/ACC aberrations appear to be a robust and reliable 

observation in ASD, the specific role of those aberrations in the clinical symptoms 

associated with the ASD phenotype has not been established, making it unclear how such 

findings might inform treatment.

Potential roles of aINS and ACC in the ASD phenotype can be gleaned from the ‘triple 

network model’ of psychopathology (15). The triple network model integrates evidence 

from human rsfMRI studies, asserting that aberrant connectivity between aINS/ACC and 

two large-scale brain networks–frontoparietal network (FPN; dorsolateral prefrontal cortex 

and posterolateral parietal cortex) and default-mode network (DMN; ventromedial prefrontal 

cortex, posterior cingulate cortex, and temporoparietal junction)–represents a common 

component of the pathophysiology of a variety of psychiatric disorders (15). 

Computationally, the function of the aINS/ACC within this model is of paramount 

importance: these regions form a ‘salience network’ (SN) that flexibly recruits the DMN for 

self-referential/stimulus-independent processing and FPN for cognitive control/goal-directed 

processing in line with one’s goals and ongoing contextual demands (5). Adopting the triple 

network model, Burrows and colleagues (2017) recently hypothesized that the internalizing 

symptoms often observed in ASD arise due to SN dysfunction within the DMN-SN-FPN 

architecture (16). Clinically-significant internalizing symptoms–such as anxiety, depression, 

social withdrawal, and somatization–are commonly experienced by individuals with ASD, 

and can disrupt adaptive functioning and exacerbate social difficulties (17–21). However, the 

empirical evidence offered in support of Burrows and colleagues’ (2017) hypothesis comes 

primarily from studies of TYP individuals (22–24). In fact, the specific DMN-SN-FPN 

circuits underlying internalizing symptoms in ASD have not been directly studied. Given the 

tendency for atypical presentation of internalizing symptoms in individuals with ASD (e.g., 

unusual specific phobias, excessive worry surrounding rituals or compulsions, etc.; 25), 

these symptoms may be driven by distinct neural circuitry between ASD and TYP.
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The present study used rsfMRI to test the hypothesis that SN dysfunction is associated with 

internalizing symptoms in ASD. We predicted that functional connectivity across the DMN-

SN-FPN architecture would be aberrant in ASD relative to TYP. Critically, we ran 

dimensional analyses examining the degree to which aberrant functional connectivity is 

associated with greater internalizing severity in ASD. Additionally, due to the well-

established role of the SN in generating conscious emotional awareness (26–28), we 

predicted that aberrant SN connectivity may promote internalizing by diminishing one’s 

insight into their own level of psychopathology. To quantify this, we computed the 

discrepancy between self- and other-reported internalizing symptoms, hypothesizing that 

more aberrant SN functional connectivity in ASD would be associated with a greater 

discrepancy between self- and other-reported internalizing symptoms. Additionally, based on 

prior work demonstrating developmental changes in functional connectivity aberrations in 

ASD (29, 30), we determined whether functional connectivity varied dimensionally as a 

function of age in ASD.

Methods & Materials

Participants

One-hundred twenty-one individuals (ASD: N=60; TYP: N=61) participated in the study for 

financial remuneration. Eleven participants with ASD and five with TYP were excluded due 

to excessive motion during the structural or rsfMRI scans. Participants were recruited via 

clinicians, advocacy groups, and the UC Davis MIND Institute’s subject tracking system. 

All participants received a structured interview by a licensed clinical psychologist using 

either the Structured Clinical Interview for DSM-5 Disorders (SCID, for participants ≥18; 

31) or the Kiddie-Sads-Present and Lifetime Version (K-SADS, for participants <18; 32). 

The SCID and K-SADS involved separate clinical interviews with parent and participant, 

and diagnoses were determined by consensus by interviewers who achieved research 

reliability following extensive training. Two TYP participants were ineligible after receiving 

a clinical diagnosis of attention-deficit hyperactivity disorder (ADHD), and one incorrectly 

completed the Achenbach System of Empirically Based Assessment (ASEBA). This left a 

final sample of 102 participants (ASD: N=49; TYP: N=53; Table 1). Based on the SCID/K-

SADS data, 31% of the ASD group met diagnostic criteria for ADHD and 16% met for a 

comorbid anxiety disorder. The prevalence of anxiety in the current ASD sample is 

somewhat low relative to recent epidemiological (17) and meta-analytic (19) estimates, 

which suggest approximately 40% of individuals with ASD have a comorbid anxiety 

disorder. This is unsurprising as the current study excluded participants taking antipsychotic 

or antidepressant medications, which are likely to influence functional connectivity 

estimates (33). Ten participants in the ASD group were taking prescribed psychostimulants, 

but refrained from taking medications for ≥48 hours in advance of their MRI (34).

Internalizing Assessment

The present study focused on parent-reported internalizing problems on the adult behavior 

checklist (ABCL; for participants 18 and over) or the child behavior checklist (CBCL; for 

participants under 18) from the ASEBA. We utilized age- and gender-corrected T-Scoresi on 

the anxious/depressed subscale, withdrawn subscale, somatic complaints subscale, and the 
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overall internalizing problems composite score from the ABCL and CBCL. Notably, age 

was matched between groups (Table 1), the association between age (in months) and 

internalizing was not significant in either group (ASD: r47=−0.11, p=0.445; TYP: r51=−0.17, 

p=0.224), and there was no difference between internalizing derived via the CBCL and 

ABCL in either group (ASD: p=0.211; TYP: p=0.275). In contrast, full scale IQ (FSIQ) was 

reduced in ASD relative to TYP (Table 1). But, importantly, FSIQ was not associated with 

internalizing in either ASD (r47=0.07, p=0.610) or TYP (r51=0.14, p=0.329). Therefore, 

there was no credible evidence that age or FSIQ caused changes in internalizing symptoms, 

and these variables were not included as covariates in the current study (35).

All but four of the participants in the current study also completed the self-report version of 

the ASEBA (youth self-report, YSR for participants under 18; adult self-report, ASR for 

participants 18 and over). The parent-report was more in line with clinician evaluations than 

the self-report. ASD participants who received an anxiety diagnosis on the SCID or KSADS 

scored higher on anxious/depressed symptoms on the parent-report (ASD+anxiety=63.62, 

ASD-anxiety=57.61, t47=−2.07, p=0.044), but not on the self-report (ASD+anxiety=60.57, 

ASD-anxiety=58.05, t47=−0.69, p=0.491). This is consistent with findings indicating that 

parent-reported internalizing symptoms are better predictive of clinical referral status than 

self-report (36), and the suggestion that individuals with ASD possess limited insight into 

their own psychopathology (37). Therefore, the parent-report was the closest approximation 

to a dimensional ‘ground truth’ measure of internalizing. Additionally, we computed the 

discrepancy between self- and parent-report to quantify insight into one’s own internalizing 

symptoms. This enabled us to investigate whether atypical awareness of one’s internalizing 

symptoms was associated with SN dysfunction.

Defining Regions-of-Interest (ROIs)

During rsfMRI subjects maintained fixation on a white cross presented on a black 

background (for complete rsfMRI acquisition and preprocessing details, see Supplementary 

Materials). Cortical ROIs were defined using an atlas of the human brain’s functional 

connectivity architecture derived via gradient-weighted Markov Random Field models of 

functional connectivity data from 1489 participants (38). The resulting atlas is a 400-ROI 

parcellation divided into 7 intrinsic functional networks (Figure 1A). For the current study, 

the SN (N=51 nodes), DMN (N=77 nodes), and FPN (N=59 nodes) were selected as a priori 
networks of interest (N=191 total ROIs).

rsfMRI Analysis Approach

Given that the aim of the current study was to determine whether SN dysfunction in ASD is 

associated with elevated internalizing symptoms, statistical inferences were made in two 

steps: (i) identifying aberrant connections within the DMN-SN-FPN architecture in ASD 

relative to TYP, and (ii) examining evidence for correlations between connections identified 

in step (i) with internalizing symptoms. Accordingly, in step (i) all SN, FPN, and DMN 

nodes from the cortical atlas were included as seeds and targets in a ROI-ROI connectivity 

analysis, resulting in 191*191 (36,481) seed-target pairs in the analysis. Functional 

iThe key findings from the current study remain significant when using raw totals instead of age- and gender-corrected T-scores
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connectivity models were carried out in CONN with regressors representing the intercept 

(constant=1), clinical diagnosis (1=ASD, −1=TYP), and the average global correlation for 

each subject (39). A conservative correction for multiple comparisons at the analysis-level 

was used, keeping the false-discovery rate (FDR) below threshold (q<0.05), two-sided. 

Therefore, any connections that were significantly aberrant in ASD relative to TYP would be 

statistically robust.

In step (ii), z-transformed connectivity values for significant results from the ROI-ROI 

results were extracted from CONN, and analyzed dimensionally as a function of the clinical 

measures of interest. Robust Bayesian correlation models (40) examined the association 

between parent-reported internalizing problems and connectivity separately within ASD and 

TYP. This approach enabled us to subtract the posterior distributions of the correlation 

coefficient parameter (i.e. rho) between groups, to directly quantify the strength of the 

evidence that these associations were dissociable between ASD and TYP. Next, this 

approach was repeated for each of the subscales that comprise the internalizing problems 

composite measure, namely: anxious-depressed symptoms, withdrawn symptoms, and 

somatic complaints. To determine the potential role of insight into one’s internalizing 

symptoms in these results, the Bayesian correlation models were re-run examining the 

difference between self- and parent-report measures of internalizing symptoms. Specifically, 

data were z-transformed, and self-reported symptoms were subtracted from parent-reported 

symptoms. This standardized difference score approach preserves the ranking of parent- and 

self-reported symptoms, and has been used extensively in past studies (41, 42).

Lastly, a control model with a different ASEBA composite measure–externalizing 

problems–was conducted to ensure that the hypothesized functional connectivity results 

were selectively associated with internalizing in ASD. Externalizing represented an ideal 

comparison measure for three related reasons: i) like internalizing it was assessed via parent-

report, ii) the measure was computed using similar procedures to the internalizing 

composite, and iii) in the current data, externalizing and internalizing were associated in 

ASD (r47=0.58, p<0.001). Therefore, any internalizing-externalizing dissociations in their 

dimensional relationships with functional connectivity are likely to control for common 

methods variance, and represent true incremental variance in their respective latent 

constructs.

Results

Internalizing Problems in ASD and TYP

Individuals with ASD demonstrated increased internalizing relative to individuals with TYP 

(F1,100=33.20, p<0.001, η2=0.249; Table 1). An ANOVA with one between-subjects (ASD, 

TYP) and one within-subjects factor (ASEBA scale: anxious-depressed, withdrawn, and 

somatic complaints) revealed a main effect of measure (F1.79,179.38=12.42, p<0.001, 

η2=0.103), a main effect of diagnosis (F1,100=22.20, p<0.001, η2=0.182), and a diagnosis by 

measure interaction (F1.79,179.38=8.33, p<0.001, η2=0.069). These effects were driven by 

greater scores on the anxious-depressed (t=3.67, p<0.001, d=0.731) and withdrawn 

symptoms (t=5.55, p<0.001, d=1.108) subscales in ASD, and relatively matched scores on 
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the somatization subscale (t=1.84, p=0.069, d=0.365). Thus, in line with previous work, 

individuals with ASD demonstrated increased internalizing symptoms relative to TYP.

Functional Connectivity

Three ROI-ROI circuits demonstrated overconnectivity in ASD relative to TYP. First, the 

ASD group demonstrated overconnectivity between a left aINS node within the SN and a 

left retrosplenial cortex (RSP) node within the DMN (t100=4.83, pFDR=0.0489; Figure 1B.1). 

Second, the ASD group demonstrated overconnectivity between a right aINS node within 

the SN and a left frontal pole (FP) node within the FPN (t100=4.76, pFDR=0.0489; Figure 

1B.2). Lastly, the ASD group demonstrated overconnectivity between a right dorsolateral 

prefrontal cortex (dlPFC) node within the FPN and a left RSP node from the DMN 

(t100=4.71, pFDR=0.0489; Figure 1B.3). Therefore, overconnectivity in the ASD group 

relative to TYP spanned the entire DMN-SN-FPN neural architecture, but was localized to 

three specific connections. No within-network connections were aberrant, and no 

connections were underconnected in ASD relative to TYP. The three aberrant connections 

did not vary as a function of age, and no significant connections were revealed when 

modeling age as a continuous variable across all ROIs.

Dimensional Relationship Between Functional Connectivity and Internalizing

Bayesian correlations evaluated evidence for associations between functional connectivity in 

the circuits identified in Figure 1B and parent-reported internalizing separately within ASD 

and TYP. Burrows and colleagues (2017) hypothesized that SN-DMN overconnectivity may 

be associated with internalizing in ASD (16). In line with this hypothesis, greater aINS-RSP 

connectivity in ASD was associated with increased internalizing (rho=0.31, 95%-HDI=0.04 

to 0.57, p=0.015; Figure 1C). In contrast, this relationship was not present in TYP 

(rho=0.08, p=0.285; rho difference=0.23, 95%-HDI=−0.09 to 0.55, p=0.119). A correlation 

revealed that aINS-RSP connectivity was not associated with autism symptoms (Social 

Responsiveness Scale; p=0.154), and a regression with an internalizing*autism interaction 

term did not reveal evidence that autism symptoms moderated the relationship between 

internalizing and aINS-RSP connectivity (p=0.523). When considering the individual 

subfactors that comprise the internalizing problems scale of the ASEBA, aINS-RSP 

connectivity was associated with higher anxious-depressed symptoms in ASD (rho=0.31, 

95%-HDI=0.04 to 0.56, p=0.019), but this relationship was not significant in TYP 

(rho=0.17, p=0.121; rho difference=0.14, 95%-HDI=−0.19 to 0.45, p=0.240). Withdrawn 

symptoms and somatic complaints were not associated with aINS-RSP connectivity in either 

ASD (rhos≤0.21, ps>0.07) or TYP (rhos≤0.03, ps>0.4).

Control models were run to determine 1) whether the observed association between 

internalizing and functional connectivity in ASD was specific to the aINS-RSP pathway, and 

2) that aINS-RSP connectivity was selectively related to internalizing problems, and not just 

associated with a generalized increase in clinical symptoms in ASD. First, dlPFC-RSP (i.e. 

FPN-DMN) and aINS-FP (i.e. SN-FPN) connectivity were not associated with any of the 

ASEBA measures (rhos≤0.21, ps≥0.179). Second, externalizing symptoms were not 

associated with aINS-RSP connectivity in ASD (rho=0.14, p=0.184). Therefore, the current 

results suggest a specific relationship between overconnectivity of a single SN-DMN circuit 
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(aINS-RSP) is associated with elevated internalizing symptoms–particularly, anxious-

depressed symptoms–in participants with ASD.

Dimensional Relationship Between Functional Connectivity and Insight into Internalizing 
Symptoms

Given the established roles of aINS and RSP in emotional awareness and self-referential 

processing (26, 27, 43, 44), we predicted that the observed pattern of aINS-RSP 

overconnectivity in ASD may be associated with atypical insight into one’s own 

internalizing symptoms. Accordingly, we examined the association between the parent-self 

difference in internalizing symptoms and functional connectivity of the aINS-RSP circuit. 

The data provided compelling evidence for a significant positive relationship between aINS-

RSP connectivity and parent-self difference scores in ASD (rho=0.43, 95%-HDI=0.17 to 

0.66, p=0.002; Figure 1D), which was significantly greater than the relationship in TYP 

(rho=−0.009, p=0.474; rho difference=0.43, 95%-HDI=0.11 to 0.74, p=0.015). Similar to the 

analysis of parent-reported internalizing symptoms, control models were conducted to 

determine whether this association was specific to aINS-RSP connectivity, or whether it was 

specific to parent-self difference scores in internalizing. Firstly, neither of the other circuits 

that demonstrated aberrant connectivity in ASD were associated with reduced parent-self 

difference scores in internalizing in ASD or TYP (−0.11≥rhos≤0.19, ps≥0.11). Second, 

aINS-RSP connectivity was not significantly associated with parent-self difference scores in 

externalizing symptoms in ASD (rho=0.22, 95%-HDI=−0.08 to 0.49, p=0.080). Lastly, 

aINS-RSP connectivity was not significantly associated with self-reported internalizing 

(rho=−0.19, 95%-HDI=−0.46 to 0.11, p=0.116). Therefore, overconnectivity of the aINS-

RSP circuit in individuals with ASD was associated with a tendency to underestimate one’s 

own internalizing symptoms, which was significantly different than the association found in 

TYP, and may represent a functional connectivity marker of reduced insight into one’s own 

internalizing symptoms in ASD.

Exploratory post-hoc analyses revealed a mediation pattern between internalizing, reduced 

insight, and aINS-RSP connectivity. In a regression of aINS-RSP connectivity as a function 

of both internalizing and insight, internalizing was not associated with aINS-RSP 

connectivity (p=0.135), whereas insight predicted greater connectivity (β=0.348, t=2.34, 

p=0.024), which was not inflated by multicollinearity (VIF=1.22). When modeling these 

variables using path analysis and bootstrap standard errors, the relationship between 

internalizing and aINS-RSP connectivity was fully mediated by diminished insight (direct 

effect: c=0.047, se=0.035, z=1.36, p=0.175; indirect effect: ab=0.031, se=0.014, z=2.17, 

p=0.030; Figure 2A). Conversely, a control model with internalizing as mediator did not 

reveal an indirect effect (p=0.239; Figure 2B). Therefore, the data suggest that the 

association between internalizing and aINS-RSP connectivity in ASD was mediated by 

diminished insight.

Discussion

The current study investigated the neural circuitry underlying internalizing symptoms in 

individuals with ASD and TYP. Specifically, we tested the hypothesis that salience network 
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(SN) dysfunction represents part of the pathophysiology of internalizing symptoms in ASD 

(5, 16). In line with this hypothesis, an aINS node of the SN was overconnected to a caudal 

posterior cingulate cortex node within the DMN (RSP) in individuals with ASD, and the 

degree of overconnectivity in this circuit was specifically related to increased internalizing 

symptoms in this group. Prior task-based fMRI paradigms have reliably demonstrated aINS 

and RSP BOLD activation during the processing of emotionally-salient stimuli (43, 45), but 

the current study is the first to suggest that functional connectivity between these regions 

may play a role in internalizing psychopathology. This association was not moderated by 

autism symptoms. In contrast, another fMRI marker of anxiety–recruitment of the amygdala 

during emotional face viewing–is known to change as a function of the interaction between 

anxiety and autism symptoms. Specifically, anxiety is positively associated, while social 

difficulties are negatively associated, with amygdala activity during emotional face viewing 

(46). It is possible that aINS-RSP connectivity and amygdala activity reflect distinct 

processes promoting internalizing symptoms, with only the latter being moderated by autism 

symptoms. Alternatively, it is possible that recruitment of the aINS-RSP circuit during task-

based fMRI would reveal an interaction between internalizing and autism symptoms, similar 

to prior studies on the amygdala. Future work examining the interaction between 

internalizing and autism across resting and task-based fMRI are needed to reconcile these 

discrepant findings.

Internalizing in TYP was not associated with aINS-RSP connectivity, suggesting that the 

current findings were specific to internalizing in ASD. The identification of brain network 

aberrations underlying clinical symptoms across traditional diagnostic groups is central to 

the recent Research Domain Criteria framework advocated by the National Institute of 

Mental Health (47). In contrast, the current study suggests that aINS-RSP connectivity 

represents an ASD-specific marker of internalizing. However, variance in the current TYP 

sample may have been too homogenous to correlate with functional connectivity. Therefore, 

future studies should examine dimensional internalizing symptoms and SN dysfunction in 

anxiety enriched samples of ASD and TYP individuals, to determine whether aINS-RSP 

overconnectivity represents a transdiagnostic or ASD-specific neural marker of clinically-

significant anxiety.

Our work adds to an accumulating body of evidence implicating SN dysfunction in 

psychopathology in ASD (5, 16, 48). Burrows et al. (2017) argue that SN-DMN 

overconnectivity is associated with negative self-thought in ASD, which perpetuates the 

development of internalizing symptoms (16). In contrast, here we hypothesized that aINS-

RSP overconnectivity is linked to impaired emotional awareness in ASD. Impaired 

emotional awareness may then perpetuate internalizing by making it more difficult to recruit 

appropriate emotion regulation strategies (49, 50). A link between aberrant SN-DMN 

connectivity and impaired emotional awareness was supported by our observation that 

greater aINS-RSP connectivity was associated with reduced insight into one’s own 

internalizing symptoms in ASD. This hypothesis was supported by our path analysis, which 

demonstrated that the relationship between internalizing symptoms and aINS-RSP 

connectivity was fully mediated by reduced insight. These findings are directly compatible 

with a recent structural equation modeling study that found a high degree of shared variance 

between alexithymia–a condition characterized by impaired emotional awareness–and 
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anxiety in ASD (51). However, as the current study used task-free rsfMRI, future task-based 

fMRI studies are required to provide additional insight into whether a ‘repetitive negative 

thinking’ (e.g. using a recently devised social evaluation task; 52) or ‘impaired emotional 

awareness’ (e.g. using Lane's Levels of Emotional Awareness task; 28) model provides a 

better fit for the neural computations underlying internalizing in ASD. Such studies could 

replicate the current study’s path analysis using a measure of emotional insight that is 

statistically independent from measures of anxiety, providing a stronger test of the mediation 

relationship proposed in the current study. This work could have tremendous significance for 

informing intervention design, providing information concerning the active ingredients that 

might be most helpful for reducing internalizing in ASD (e.g. emphasizing cognitive 

restructuring to reframe negative thinking, or mindfulness training to improve emotional 

awareness).

Whereas it has been suggested that aINS demonstrates generalized underconnectivity in 

ASD (13), the current study suggests that aINS-RSP overconnectivity is associated with 

internalizing symptoms in ASD. Importantly, the current study does not represent the first to 

demonstrate aINS overconnectivity in ASD. For example, Di Martino and colleagues 

demonstrated striatal-aINS overconnectivity in ASD (53), and Dajani and Uddin (2016) 

observed local overconnectivity in aINS in individuals with ASD relative to TYP (54). In 

fact, it has been suggested that models of ASD as a disorder of generalized over-/

underconnectivity are not supported by the empirical data emerging from this field (55). A 

more likely suggestion based on the data is that ASD may be associated with aberrant or 

delayed integration within, and segregation between, large-scale brain networks over the 

course of development (29, 30, 56, 57). The current data provide additional support for this 

theory: each of the robust overconnectivity patterns were found between networks (i.e. SN-

DMN, FPN-DMN, and SN-FPN) suggesting reduced network segregation in ASD. Future 

longitudinal studies over the course of adulthood are required to determine whether network 

segregation remains aberrant, or if it emerges at a later developmental stage in ASD. 

Surprisingly, the current study did not find evidence for age-related variation in functional 

connectivity. This is likely due to the continuous age distribution of the current sample, 

which did not enable us to conduct high-powered cross-sectional contrasts of non-

overlapping age groups (c.f. 29).

Four limitations of the study should be noted. First, the ASD group had a relatively low 

incidence of comorbid anxiety disorders (16%, relative to prior estimates around 40%; 17, 

19), was relatively high-functioning (FSIQ>70), and contained a selective and cross-

sectional age range (12≤age≤22). Therefore, future studies are required to determine the 

representativeness of the present results for ASD samples enriched for anxiety, individuals 

with underrepresented intellectual abilities, and outside of the present study’s age range (i.e. 

in young children and older adults). Second, parents and clinicians are not privy to many 

situations commonly faced by adolescents and young adults with ASD (e.g. interactions 

with peers). Future studies should examine teacher or peer ratings of internalizing to get a 

comprehensive depiction of presentations in the everyday lives of adolescents and young 

adults with ASD. Third, longitudinal studies must be conducted to examine how SN-DMN 

circuitry might develop atypically in ASD. Finally, the difference score approach to self-
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other agreement has limitations, which could be addressed in future studies by using 

approaches that are appropriate with large sample sizes (58).

Based on significant dimensional relationships between internalizing symptoms and aINS-

RSP connectivity–and the absence of any relationships in the control analyses–the current 

study identifies a specific, novel functional connectivity marker of internalizing in ASD. 

This work is directly in line with a recent model implicating SN dysfunction in the 

pathophysiology of internalizing in ASD (16). Importantly, it must be noted that the current 

study focused on aberrant connections to identify neural circuits associated with 

internalizing in ASD. This represented a first pass at an important topic, but future studies 

should adopt a multivariate, whole-brain approach to replicate and extend the current 

findings. Such an approach would likely identify other SN-based circuitry associated with 

internalizing that were not detected in the current dataset. Accordingly, these findings 

provide insight into the neural bases of internalizing in ASD, and should serve as inspiration 

for task-evoked functional connectivity analyses to establish the specific cognitive and 

affective processes associated with aINS-RSP overconnectivity in ASD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the NIMH (R01MH10651802 held by MS) and the UC Davis MIND Institute. The 
authors would like to thank Elyse Adler, Ashley Tay, Garrett Gower, Raphael Geddert, Stephanie Gam, Sarah 
Mahdavi, Jennifer Farren, Andria Farrens, and Kiele Argente for their essential work supporting the current study. 
Additionally, the authors thank Vanessa Reinhardt, Danessa Mayo, and J. Faye Dixon for their help maintaining 
interviewer reliability and conducting clinical interviews.

References

1. Medford N, Critchley HD. Conjoint activity of anterior insular and anterior cingulate cortex: 
awareness and response. Brain Structure and Function. 2010:1–15.

2. Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. 
Nature Reviews Neuroscience. 2002; 3:655–666. [PubMed: 12154366] 

3. Carter CS, Botvinick MM, Cohen JD. The contribution of the anterior cingulte cortex to executive 
processes in cognition. Reviews in the Neurosciences. 1999; 10:49–57. [PubMed: 10356991] 

4. Seth AK. Interoceptive inference, emotion, and the embodied self. Trends in Cognitive Sciences. 
2013; 17:565–573. [PubMed: 24126130] 

5. Uddin LQ. Salience processing and insular cortical function and dysfunction. Nature Reviews 
Neuroscience. 2014; 16:55–61. [PubMed: 25406711] 

6. Association AP. Diagnostic and statistical manual of mental disorders. 5. Arlington, VA: American 
Psychiatric Publishing; 2013. 

7. Bonilha L, Cendes F, Rorden C, Eckert M, Dalgalarrondo P, Li LM, et al. Gray and white matter 
imbalance--typical structural abnormality underlying classic autism? Brain Dev. 2008; 30:396–401. 
[PubMed: 18362056] 

8. Waiter GD, Williams JH, Murray AD, Gilchrist A, Perrett DI, Whiten A. A voxelbased investigation 
of brain structure in male adolescents with autistic spectrum disorder. Neuroimage. 2004; 22:619–
625. [PubMed: 15193590] 

Hogeveen et al. Page 10

Biol Psychiatry. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Nordahl CW, Dierker D, Mostafavi I, Schumann CM, Rivera SM, Amaral DG, et al. Cortical folding 
abnormalities in autism revealed by surface-based morphometry. J Neurosci. 2007; 27:11725–
11735. [PubMed: 17959814] 

10. Kemper TL, Bauman ML. The contribution of neuropathologic studies to the understanding of 
autism. Neurologic Clinics. 1993; 11:175–187. [PubMed: 8441369] 

11. Schumann CM, Bloss CS, Barnes CC, Wideman GM, Carper RA, Akshoomoff N, et al. 
Longitudinal Magnetic Resonance Imaging Study of Cortical Development through Early 
Childhood in Autism. Journal of Neuroscience. 2010; 30:4419–4427. [PubMed: 20335478] 

12. Uddin LQ, Supekar K, Lynch CJ, Khouzam A, Phillips J, Feinstein C, et al. Salience network–
based classification and prediction of symptom severity in children With autism. JAMA 
Psychiatry. 2013; 70:869–879. [PubMed: 23803651] 

13. Uddin LQ, Menon V. The anterior insula in autism: Under-connected and underexamined. 
Neuroscience & Biobehavioral Reviews. 2009; 33:1198–1203. [PubMed: 19538989] 

14. Elton A, Di Martino A, Hazlett HC, Gao W. Neural Connectivity Evidence for a Categorical-
Dimensional Hybrid Model of Autism Spectrum Disorder. Biological Psychiatry. 2016; 80:120–
128. [PubMed: 26707088] 

15. Menon V. Large-scale brain networks and psychopathology: A unifying triple network model. 
Trends in Cognitive Sciences. 2011; 15:483–506. [PubMed: 21908230] 

16. Burrows CA, Timpano KR, Uddin LQ. Putative brain networks underlying repetitive negative 
thinking and comorbid internalizing problems in autism. Clinical Psychological Science. 2017

17. Simonoff E, Pickles A, Charman T, Chandler S, Loucas T, Baird G. Psychiatric disorders in 
children with autism spectrum disorders: prevalence, comorbidity, and associated NEURAL 
BASES OF INTERNALIZING IN ASD factors in a population-derived sample. Journal of the 
American Academy of Child and Adolescent Psychiatry. 2008; 47:921–929. [PubMed: 18645422] 

18. van Steensel FJ, Bogels SM, de Bruin EI. Psychiatric Comorbidity in Children with Autism 
Spectrum Disorders: A Comparison with Children with ADHD. J Child Fam Stud. 2013; 22:368–
376. [PubMed: 23524401] 

19. van Steensel FJA, Bögels SM, Perrin S. Anxiety disorders in children and adolescents with autism 
spectrum disorders: A meta-analysis. Clinical Child and Family Psychology Review. 2011; 
14:302–317. [PubMed: 21735077] 

20. Kerns CM, Kendall PC, Zickgraf H, Franklin ME, Miller J, Herrington J. Not to be overshadowed 
or overlooked: Functional impairments associated with comorbid anxiety disorders in youth with 
ASD. Behavior Therapy. 2015; 46:29–39. [PubMed: 25526833] 

21. Solomon M, Miller M, Taylor SL, Hinshaw SP, Carter CS. Autism symptoms and internalizing 
psychopathology in girls and boys with autism spectrum disorders. J Autism Dev Disord. 2012; 
42:48–59. [PubMed: 21442362] 

22. Hamilton JP, Chen G, Thomason ME, Schwartz ME, Gotlib IH. Investigating neural primacy in 
Major Depressive Disorder: multivariate Granger causality analysis of resting-state fMRI time-
series data. Mol Psychiatry. 2011; 16:763–772. [PubMed: 20479758] 

23. Berman MG, Misic B, Buschkuehl M, Kross E, Deldin PJ, Peltier S, et al. Does resting-state 
connectivity reflect depressive rumination? A tale of two analyses. NeuroImage. 2014; 103:267–
279. [PubMed: 25264228] 

24. Kaiser RH, Whitfield-Gabrieli S, Dillon DG, Goer F, Beltzer M, Minkel J, et al. Dynamic Resting-
State Functional Connectivity in Major Depression. Neuropsychopharmacology. 2016; 41:1822–
1830. [PubMed: 26632990] 

25. Kerns CM, Kendall PC, Berry L, Souders MC, Franklin ME, Schultz RT, et al. Traditional and 
atypical presentations of anxiety in youth with autism spectrum disorder. Journal of Autism and 
Developmental Disorders. 2014; 44:2851–2861. [PubMed: 24902932] 

26. Hogeveen J, Bird G, Chau A, Krueger F, Grafman J. Acquired alexithymia following damage to the 
anterior insula. Neuropsychologia. 2016; 82:142–148. [PubMed: 26801227] 

27. Gu X, Hof PR, Friston KJ, Fan J. Anterior insular cortex and emotional awareness. Journal of 
Comparative Neurology. 2013; 521:3371–3388. [PubMed: 23749500] 

Hogeveen et al. Page 11

Biol Psychiatry. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Lane RD, Reiman EM, Axelrod B, Yun LS, Holmes A, Schwartz GE. Neural correlates of levels of 
emotional awareness: Evidence of an interaction between emotion and attention in the anterior 
cingulate cortex. Journal of Cognitive Neuroscience. 1998; 10:525–535. [PubMed: 9712681] 

29. Nomi JS, Uddin LQ. Developmental changes in large-scale network connectivity in autism. 
NeuroImage: Clinical. 2015; 7:732–741. [PubMed: 25844325] 

30. Uddin LQ, Supekar K, Menon V. Reconceptualizing functional brain connectivity in autism from a 
developmental perspective. Front Hum Neurosci. 2013; 7:458. [PubMed: 23966925] 

31. First MB, Williams JBW, Karg RS, Spitzer RL. Structured Clinical Interview for Dsm- 5 Disorders 
(Scid-5-cv) Clinician Version. American Psychiatric Publishing; 2015. 

32. Kaufman J, Birmaher B, Brent D, Rao U, Ryan N. Kiddie-SADS Present and Lifetime Version (K-
SADS-PL). Pittsburgh, PA: University of Pittsburgh, Department of Psychiatry; 1996. 

33. Linke AC, Olson L, Gao Y, Fishman I, Müller RA. Psychotropic Medication Use in Autism 
Spectrum Disorders May Affect Functional Brain Connectivity. Biological Psychiatry: Cognitive 
Neuroscience and Neuroimaging. 2017; 2:518–527. NEURAL BASES OF INTERNALIZING IN 
ASD. [PubMed: 29104944] 

34. Wong CG, Stevens MC. The effects of stimulant medication on working memory functional 
connectivity in attention-deficit/hyperactivity disorder. Biol Psychiatry. 2012; 71:458–466. 
[PubMed: 22209640] 

35. Dennis M, Francis DJ, Cirino PT, Schachar R, Barnes MA, Fletcher JM. Why IQ is not a covariate 
in cognitive studies of neurodevelopmental disorders. J Int Neuropsychol Soc. 2009; 15:331–343. 
[PubMed: 19402919] 

36. De Los Reyes A, Augenstein TM, Wang M, Thomas SA, Drabick DA, Burgers DE, et al. The 
validity of the multi-informant approach to assessing child and adolescent mental health. Psychol 
Bull. 2015; 141:858–900. [PubMed: 25915035] 

37. Deprey L, Ozonoff S. Assessment of comorbid psychiatric conditions in autism spectrum 
disorders. In: Goldstein S, Naglieri JA, Ozonoff S, editorsAssessment of Autism Spectrum 
Disorders. New York, NY: The Guilford Press; 2009. 

38. Schaefer A, Kong R, Gordon EM, Laumann TO, Zuo XN, Holmes A, et al. Localglobal 
parcellation of the human cerebral cortex from intrinsic functional connectivity MRI. bioRxiv. 
2017:135632.

39. Saad ZS, Reynolds RC, Jo HJ, Gotts SJ, Chen G, Martin A, et al. Correcting brainwide correlation 
differences in resting-state FMRI. Brain Connect. 2013; 3:339–352. [PubMed: 23705677] 

40. Baath R. Bayesian First Aid. 2014. 

41. Calamia M, Bernstein JPK. Comparison of self-reported and informant-reported depressive 
symptoms in an outpatient neuropsychology clinic sample. J Clin Exp Neuropsychol. 2017; 
39:525–533. [PubMed: 27748144] 

42. De Los Reyes A, Kazdin AE. Measuring informant discrepancies in clinical child research. 
Psychological Assessment. 2004; 16:330–334. [PubMed: 15456389] 

43. Maddock RJ. The retrosplenial cortex and emotion: New insights from functional neuroimaging of 
the human brain. Trends in Neurosciences. 1999; 22:310–316. [PubMed: 10370255] 

44. Vann SD, Aggleton JP, Maguire EA. What does the retrosplenial cortex do? Nat Rev Neurosci. 
2009; 10:792–802. [PubMed: 19812579] 

45. Craig AD. How do you feel--now? The anterior insula and human awareness. Nature Reviews 
Neuroscience. 2009; 10:59–70. [PubMed: 19096369] 

46. Herrington JD, Miller JS, Pandey J, Schultz RT. Anxiety and social deficits have distinct 
relationships with amygdala function in autism spectrum disorder. Soc Cogn Affect Neurosci. 
2016; 11:907–914. [PubMed: 26865425] 

47. Insel TR. The NIMH Research Domain Criteria (RDoC) Project: precision medicine for psychiatry. 
Am J Psychiatry. 2014; 171:395–397. [PubMed: 24687194] 

48. Uddin LQ, Supekar K, Lynch CJ, Khouzam A, Phillips J, Feinstein C, et al. Salience network-
based classification and prediction of symptom severity in children with autism. JAMA Psychiatry. 
2013; 70:869–879. [PubMed: 23803651] 

Hogeveen et al. Page 12

Biol Psychiatry. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Barrett LF, Gross J, Christensen TC, Benvenuto M. Knowing what you're feeling and knowing 
what to do about it: Mapping the relation between emotion differentiation and emotion regulation. 
Cognition & Emotion. 2001; 15:713–724.

50. Pandey R, Saxena P, Dubey A. Emotion regulation difficulties in alexithymia and mental health. 
Europe’s Journal of Psychology. 2011; 7:604–623.

51. Maisel ME, Stephenson KG, South M, Rodgers J, Freeston MH, Gaigg SB. Modeling the cognitive 
mechanisms linking autism symptoms and anxiety in adults. Journal of Abnormal Psychology. 
2016; 125:692–703. NEURAL BASES OF INTERNALIZING IN ASD. [PubMed: 27196436] 

52. Will GJ, Rutledge RB, Moutoussis M, Dolan RJ. Neural and computational processes underlying 
dynamic changes in self-esteem. Elife. 2017:6.

53. Di Martino A, Kelly C, Grzadzinski R, Zuo XN, Mennes M, Mairena MA, et al. Aberrant striatal 
functional connectivity in children with autism. Biological Psychiatry. 2011; 69:847–856. 
[PubMed: 21195388] 

54. Dajani DR, Uddin LQ. Local brain connectivity across development in autism spectrum disorder: 
A cross-sectional investigation. Autism Research. 2016; 9:43–54. [PubMed: 26058882] 

55. Picci G, Gotts SJ, Scherf KS. A theoretical rut: revisiting and critically evaluating the generalized 
under/over-connectivity hypothesis of autism. Dev Sci. 2016; 19:524–549. [PubMed: 27412228] 

56. Fair DA, Dosenbach NUF, Church JA, Cohen AL, Brahmbhatt S, Miezin FM, et al. Development 
of distinct control networks through segregation and integration. Proceedings of the National 
Academy of Sciences of the United States of America. 2007; 104:13507–13512. [PubMed: 
17679691] 

57. Rudie JD, Shehzad Z, Hernandez LM, Colich NL, Bookheimer SY, Iacoboni M, et al. Reduced 
functional integration and segregation of distributed neural systems underlying social and 
emotional information processing in autism spectrum disorders. Cereb Cortex. 2012; 22:1025–
1037. [PubMed: 21784971] 

58. Laird RD, De Los Reyes A. Testing informant discrepancies as predictors of early adolescent 
psychopathology: Why difference scores cannot tell you what you want to know and how 
polynomial regression may. Journal of Abnormal Child Psychology. 2013; 41:1–14. [PubMed: 
22773360] 

Hogeveen et al. Page 13

Biol Psychiatry. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
(A) Schaefer et al. parcellation and three networks of interest. (B) ROI-ROI functional 

connectivity contrast between ASD and TYP. 1) Left anterior insula (LH_aINS) and 

retrosplenial cortex (LH_RSP), 2) Right anterior insula (RH_aINS) and left frontal pole 

(LH_FP), and 3) Right dorsolateral prefrontal cortex (RH_dlPFC) and LH_RSP were 

overconnected in ASD relative to TYP. (C) aINS-RSP connectivity was positively associated 

with parent reported internalizing symptoms in ASD, and (D) was positively related to the 

difference between parent- and self-reported internalizing in ASD. Note: **: p<0.01, ns: 
p≥0.29.
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Figure 2. 
(A) Path analysis with bootstrap standard errors revealed that the association between 

internalizing symptoms and aINS-RSP connectivity was fully mediated by the degree to 

which individuals with ASD underestimate their own level of internalizing (i.e. parent-self 

difference scores). (B) In contrast, the reverse model with parent-reported internalizing as 

the mediating variable did not reveal a significant indirect effect. Note: **: p<0.01, *: 

p<0.05, ns: p≥0.29.
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Table 1

Summary of the current study sample.

Variables ASD (N=49) TYP (N=53) Groupwise Comparison

Demographic

Age (years) 17.39 (3.10) 16.80 (2.95) t(100)=0.99, p=0.322

Gender (M,F) (43,6) (43,10) OR=0.603, p=0.422

Control Variables

Nonverbal IQ 109.94 (16.84) 111.23 (12.77) t(100)= −0.44, p=0.663

Verbal IQ** 97.28 (15.10) 104.41 (11.60) t(100)= −2.69, p=0.008

Full-Scale IQ* 103.65 (14.46) 108.81 (10.76) t(100)= −2.05, p=0.043

Clinical Measures

ADOS (calibrated severity score) 7.84 (1.59) N/A N/A

SCQ (total)*** 21.62 (5.78) 3.02 (3.13) t(100)=20.32, p<0.001

Internalizing Problems*** 60.14 (9.00) 48.45 (11.25) t(100)=5.76, p<0.001

Anxious/Depressed** 58.59 (7.77) 53.60 (5.72) t(100)=3.71, p<0.001

Withdrawn*** 63.51 (9.12) 54.74 (6.51) t(100)=5.63, p<0.001

Somatic Complaints 57.02 (7.89) 54.34 (6.71) t(100)=1.85, p=0.067

Difference Between Self- and Parent-Report (positive = parent > self; negative = self > parent)

Internalizing Difference 0.154 (1.13) −0.131 (1.10) t(96)=1.26, p=0.212

*
p<0.05,

**
p<0.01,

***
p<0.001,

blank: p≥0.05.
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