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Abstract

Autism spectrum disorders (ASDs) are neurodevelopmental disorders associated with atypical 

brain connectivity. Although language abilities vary widely, they are impaired or atypical in most 

children with ASDs. Underlying brain mechanisms, however, are not fully understood. The 

present study examined intrinsic functional connectivity (iFC) of the extended language network 

in a cohort of 52 children and adolescents with ASDs (ages 8–18 years), using resting-state 

functional magnetic resonance imaging. We found that, in comparison to typically developing 

peers (n = 50), children with ASDs showed increased connectivity between some language 

regions. In addition, seed-to-whole brain analyses revealed increased connectivity of language 

regions with posterior cingulate cortex (PCC) and visual regions in the ASD group. Post hoc 

effective connectivity analyses revealed a mediation effect of PCC on the iFC between bilateral 

inferior frontal and visual regions in an ASD subgroup. This finding qualifies and expands on 

previous reports of recruitment of visual areas in language processing in ASDs. In addition, 

increased iFC between PCC and visual regions was linked to lower language scores in this ASD 

subgroup, suggesting that increased connectivity with visual cortices, mediated by default mode 

regions, may be detrimental to language abilities.

Lay Summary

We examined the functional connectivity between regions of the language network in children 

with autism spectrum disorders (ASDs) compared to typically developing peers. We found 

connectivity to be intact between core language in the ASD group, but also showed abnormally 

increased connectivity between regions of an extended language network. Additionally, 

connectivity was increased with regions associated with brain networks responsible for self-

reflection and visual processing.

Keywords

autism spectrum disorders; default mode; language; resting-state functional magnetic resonance 
imaging; visual cortex

Introduction

Autism spectrum disorders (ASDs) are neurodevelopmental disorders with high and 

increasing prevalence, recently estimated at 1 out of 45 children in the United States 

[Zablotsky, Black, Maenner, Schieve, & Blumberg, 2015]. Closely related to core symptoms 

in the sociocommunicative domain is language impairment. Linguistic ability serves as one 

of the best predictors for ASD diagnoses and functional outcome [Lombardo et al., 2015; 

Szatmari et al., 2015]. This highlights the importance of understanding the neurological 

bases of language processing in ASDs and their relation to behavioral symptomatology.

Up to 25% of children who receive ASD diagnoses never develop functional verbal language 

skills [Luyster, Kadlec, Carter, & Tager-Flusberg, 2008; Tager-Flusberg, Paul, & Lord, 
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2013]. Among those who acquire functional language, the age at which first words are 

spoken is on average delayed by 12–18 months compared to typically developing (TD) 

children [Howlin, 2003], and a wide range of verbal abilities can be observed later in life. 

Some individuals exhibit severe problems, such as repetitive neologisms and echolalia 

[speech parroting; Eigsti, de Marchena, Schuh, & Kelley, 2011]. However, even highly 

verbal individuals with ASDs may find some aspects of communication challenging, such as 

pragmatic language skills (e.g., turn taking), nonverbal communication (e.g., gesturing, 

facial expression), and prosody [Eigsti et al., 2011]. In a review of structural language 

characteristics of ASDs, Boucher [2012] suggested that the ASD language profile is highly 

heterogeneous and that verbal individuals display more impairment in receptive than 

expressive language.

Early evidence on the neural basis of language came from the study of brain lesions [Broca, 

1861]. This led to the identification of two language areas with gross functional 

characterization: Broca’s area (left inferior frontal gyrus) for speech production, and 

Wernicke’s area (left posterior superior temporal cortex) for comprehension [Price, 2000]. 

Connected by the arcuate fasciculus [Catani, Jones, & ffytche, 2005], these regions 

constitute the language network in the traditional neurological model [Geschwind, 1970], 

although the precise anatomical location of these regions has been questioned [Mesulam, 

Thompson, Weintraub, & Rogalski, 2015]. Recent neuroimaging studies have shed light on a 

more extensive language system that includes the dorsal striatum, insula, precuneus, inferior 

parietal lobule (IPL), and cerebellum in addition to the classic language regions [Berl et al., 

2014; Price, 2010; Rodd, Vitello, Woollams, & Adank, 2015]. Concordant with lesion 

findings, imaging studies have provided further support that language function is mostly 

lateralized to the left hemisphere in right-handed TD individuals [McAvoy et al., 2016; 

Nielsen, Zielinski, Ferguson, Lainhart, & Anderson, 2013].

Neuroimaging has also contributed to the understanding of biological bases of language 

impairments in ASDs over the past decades. Among anatomical studies, Herbert et al. 

[2002] found atypical asymmetries in frontal and temporal language regions in boys with 

ASDs. Others have reported white matter anomalies including decreased volume of the 

arcuate fasciculus [Moseley et al., 2016] in adults with ASDs. One study reported evidence 

of potential white matter compromise (increased mean diffusion) in the left superior 

longitudinal fasciculus, detected only in ASD individuals with language impairments [Nagae 

et al., 2012]. Another study [Peeva et al., 2013] found weaker structural connectivity 

(number of streamlines) between areas involved in speech production (left ventral premotor 

cortex and left supplementary motor area) in ASD adults with average language abilities.

Functional imaging studies have revealed further anomalies of language processing in ASDs, 

including recruitment of visual regions during language tasks [Gaffrey et al., 2007; Kana, 

Keller, Cherkassky, Minshew, & Just, 2006; Knaus, Silver, Lindgren, Hadjikhani, & Tager-

Flusberg, 2008; Pang et al., 2016], increased activation in homologous language regions of 

the right hemisphere [Anderson et al., 2010; Eyler, 

Pierce,&Courchesne,2012;Groenetal.,2010;Herringshaw, Ammons, DeRamus, & Kana, 

2016; Kleinhans, Müller, Cohen, & Courchesne, 2008; Knaus et al., 2010; Müller et al., 

1999; Nielsen et al., 2014; Williams, Goldstein, & Minshew, 2006], and reduced 
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connectivity of left inferior frontal cortex and right cerebellum with other language regions 

[Verly etal.,2014].

In the past decade, there has been increasing awareness that symptomatology and cognitive-

behavioral impairments in ASDs require explanation at the level of distributed neural 

networks [Geschwind & Levitt, 2007; Müller, 2007; Rippon, Brock, Brown, & Boucher, 

2007]. A method of choice in the study of functional network organization is functional 

connectivity (FC) MRI. FC is inferred from synchronized low frequency (<0.1 Hz) blood-

oxygen level dependent (BOLD) signal fluctuations and can be measured during rest, 

referred to as intrinsic functional connectivity (iFC). iFC has been used to examine the 

language network in healthy adults, using traditional perisylvian regions (Broca’s and 

Wernicke’s area) as seeds [Tomasi & Volkow, 2012; Zhu et al., 2014]. Findings from these 

studies have shown extensive short-range left-lateralized FC for both seeds with more long-

range bilateral connectivity for posterior Wernicke’s area.

The few available FC MRI studies of the language network in ASDs have generated 

conflicting findings. Taskbased studies reported reduced FC of the language network in 

ASDs [Just, Cherkassky, Keller, & Minshew, 2004; Kana et al., 2006; Knaus et al., 2008]. 

One small-sample iFC study found decreased language network iFC in ASD children with 

language impairment [Verly et al., 2014], whereas others (using iFC methods) observed 

mixed effects [Lee, Park, James, Kim, & Park, 2017] or even extensive overconnectivity 

with regions outside canonical language networks, including visual cortices [Shen et al., 

2012] in individuals with ASD with and without comorbid language impairment. While 

methodological differences between co-activation FC and iFC may account for some 

inconsistencies [Müller et al., 2011; Nair et al., 2014], the evidence from previous, mostly 

small-sample studies (including ≤20 participants per group) remains overall inconclusive.

The present study investigated iFC of a comprehensive language network in children and 

adolescents with ASDs and their TD peers. We hypothesized that in ASD participants (a) 

iFC of the language network would be partially increased (compared to TD peers), within 

and outside the network, including visual cortex; (b) iFC of language regions would be less 

left lateralized; and (c) altered connectivity would be related to language abilities and 

symptom severity.

Methods

Participants

A total of 163 participants, ages 8–18 years, were recruited from the community and through 

ongoing collaborations with local clinicians. TD participants had no family history of ASDs 

or any other neurological, developmental, or psychiatric disorder. For the ASD group, only 

individuals with idiopathic ASDs were recruited (i.e., excluding any syndromic forms such 

as Fragile X or Rett syndrome). ASD diagnoses based on DSM-5 [American Psychiatric 

Association, 2013] criteria were confirmed using the Autism Diagnostic Interview-Revised 

[ADI-R; Rutter, Le Couteur, & Lord, 2003], the Autism Diagnostic Observation Schedule 

[ADOS or ADOS-2; Lord, Rutter, DiLavore, & Risi, 2001; Lord et al., 2012], and expert 

clinical judgment (coauthor IF). Participants were tested on IQ using the Wechsler 
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Abbreviated Scale of Intelligence [Wechsler, 1999], handedness using the Edinburgh 

Handedness Inventory [Oldfield, 1971], and language abilities using the Clinical Evaluation 

of Language Fundamentals [CELF-4; Semel, Wiig, & Secord, 2004]. Groups were matched 

on age, nonverbal IQ, head motion, handedness, gender, and handedness by gender (Table 

1). The study protocol was approved by the Institutional Review Boards of San Diego State 

University and University of California San Diego. Assent and informed consent were 

obtained from all participants and their caregivers.

After enrollment, 61 participants were excluded based on demographic or diagnostic 

information, or image quality. Four recruits for the ASD group did not meet full diagnostic 

criteria, while two TD participants were excluded for meeting diagnostic criteria for ADHD. 

Participants were also excluded based on unusual neuroanatomical findings (three ASD, one 

TD), presence of seizures or history of in utero drug exposure (two ASD), siblings with 

neurological conditions (two TD), excessive drowsiness during the scan (one TD), or 

excessive motion during MRI scanning (26 ASD, 10 TD; see below). Ten subjects (five 

ASD, five TD) were removed to optimally match ASD and TD groups for age, sex, 

handedness, nonverbal IQ, head motion, and handedness by gender (Table 1). The final 

sample included 52 ASD and 50 TD participants.

Data Acquisition

Imaging data were acquired on a General Electric 3T Discovery MR750 scanner with an 8-

channel head coil at the University of California San Diego Center for Functional Magnetic 

Resonance Imaging. High-resolution structural images were collected using a standard Fast 

Spoiled Gradient-Echo T1-weighted sequence (172 slices; repetition time [TR] = 8.136; 

echo time [TE] = 3.172 msec; field of view [FOV] = 256 × 256 mm; flip angle = 8; 1 mm3 

resolution). Functional T2*-weighted images were obtained using a single-shot gradient-

recalled, echo-planar pulse sequence of 180 whole-brain volumes (TR = 2,000 msec; TE = 

30 msec; FOV = 220 mm; flip angle = 90, 64 × 64 matrix, 3.4 mm3 resolution, 42 axial 

slices covering the whole brain). During the 6-min resting-state scan, participants were 

shown a white crosshair centered on a black background and instructed: “Keep your eyes on 

the cross, relax, but please stay as still as you can. Do not fall asleep.” In-bore MRI-

compatible video monitoring was used to verify compliance with instructions and 

wakefulness.

Functional Magnetic Resonance Imaging Data Preprocessing

Functional MRI data were preprocessed and analyzed using Analysis of Functional 

NeuroImages software [AFNI 16.2.13; Cox, 1996]. We used a standard pipeline to unwarp, 

field map correct, slice timing correct, motion correct, and spatially smooth the image using 

a Gaussian kernel of 6 mm FWHM. FMRI software library [FSL; Smith et al. 2004] was 

used to normalize structural images to MNI-152 template space and segment structural 

images into white matter, gray matter, and cerebrospinal fluid. The segmented white matter 

and CSF maps were eroded by 1 voxel. Functional images were co-registered to the 

preprocessed structural image and transformed to 3 mm isotropic resolution. Functional 

time-series were bandpass filtered at 0.008–0.08 Hz using a Butterworth filter. Rootmean-

squared-difference (RMSD) was calculated from six motion parameters (three translational 
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and three rotational) to estimate in-scanner head motion. The six motion parameters and 

time-series from white matter and CSF, as well as their first temporal derivatives were 

equally bandpass filtered [Hallquist, Hwang, & Luna, 2013] and used as nuisance regressors 

in AFNI’s 3dDeconvolve to remove motion and noise from the functional signal.

Primary analyses were performed without global signal regression (GSR), a processing step 

that remains contentious. While GSR is recognized for its strengths in denoising fMRI time-

series [Power, Plitt, Laumann, & Martin, 2017], it is also known to generate anticorrelations 

that may not be biologically meaningful [Schölvinck, Maier, Ye, Duyn, & Leopold, 2010] 

and has been found to distort group differences in some studies [Abbott et al., 2016; Gotts et 

al., 2013; Saad et al., 2012]. However, analyses including GSR are additionally presented in 

Supplementary Fig. 1 and Supplementary Tables 1 and 2).

Time-points with framewise displacement >0.5 mm were censored including two subsequent 

time-points. Blocks of time-series between censored time-points with <10 time-points 

remaining were also removed. All included participants retained more than 80% of their 

original time-points. Groups were tightly matched for head motion RMSD (Table 1).

FC Analyses

The language network was defined by regions adopted from an Activation Likelihood 

Estimation (ALE) analysis of 54 functional neuroimaging studies of language 

comprehension in both spoken and written modalities [Rodd et al., 2015]. Statistical maps 

from the ALE combining all 54 studies were obtained from the authors and thresholded to 

reduce differences in cluster volumes (to a range of 32–101 voxels). This produced a total of 

14 distinct clusters used as regions of interest (ROIs) or seeds (Table 2, Supplementary Fig. 

2).

To measure within-network connectivity, average time-series data were extracted from each 

of the 14 ROIs in each participant and correlated with time-series from every other ROI, 

using Pearson’s correlation, resulting in a 14 × 14 language network connectivity matrix. 

The resulting coefficients were then normalized using Fisher z-transformation and entered 

into one-sample t-tests to examine iFC within ASD and TD groups, separately, and two-

tailed t-tests to identify group differences. The results were adjusted for multiple 

comparisons using local false discovery rate (FDR)-correction [Efron, 2007]. Local FDR 

was preferred to traditional FDR due to nonuniform distribution of the obtained P-values.

Laterality of iFC in the extended language network was examined through two separate 

analyses. First, ipsilateral connectivity was computed by averaging each ROI–ROI pair 

within the same hemisphere. Next, laterality indices were calculated for each participant 

using the following equation: (Left – Right)/(Left + Right). Positive laterality indices 

signified leftward asymmetry, negative indices signified rightward asymmetry. The laterality 

indices were then compared between groups. In a second analysis, contralateral iFC was 

examined by averaging between-hemisphere ROI–ROI connections (e.g., left inferior frontal 

gyrus and right superior temporal sulcus) and compared between groups.
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Connectivity outside the language network was examined using whole-brain iFC analyses, 

by correlating average time-series from each ROI with time-series from all other gray matter 

voxels. In an effort to reduce the number of comparisons, only ROIs that showed group 

differences in the within-network analyses were used for whole-brain iFC analyses (Fig. 

1B,C, Table 2). The resulting whole-brain iFC maps were directly compared between groups 

and corrected for multiple comparisons using AFNI’s 3dttest++ -Clustsim permutation tests 

[Cox, Chen, Glen, Reynolds, & Taylor, 2017]. For each group, mean zscores extracted from 

significant clusters of between-group effects were correlated with CELF-4 Core Language, 

Receptive Language, and Expressive Language scores, as well as ADI-R Social and 

Communication scores, ADOS Communication and Social Interaction, and ADOS Total 

scores, while controlling for effects of age and in-scanner head motion. Results were 

corrected using FDR.

Results

Within-Network Analyses

One-sample t-tests showed generally high connectivity between language network ROIs in 

both TD and ASD groups (Fig. 1A). After correcting for multiple corrections, 69 ROI pairs 

in the ASD group and 61 ROI pairs in the TD group showed significant difference from zero 

(qs < 0.05).

Two-sample t-tests for group comparisons of within-network matrices revealed seven 

connectivity differences between language ROIs that survived local FDR adjustment 

(Cohen’s ds > 0.44, ps < 0.03 uncorrected, qs < 0.27; Fig. 1B,C). All seven pairs showed 

more positive correlations between language ROIs in the ASD group compared to the TD 

group. Such effects were seen for connections of both left and right inferior frontal ROIs 

with parietal ROIs (i.e., IPL, angular gyrus, and precuneus/posterior cingulate cortex). 

Higher correlations were also seen in the ASD group between the bilateral dorsal precuneus 

and left supramarginal gyrus, and between right IPL and the left pericentral region. Except 

for one connection between right inferior frontal and inferior parietal ROIs, these effects 

reflected correlations close to or below zero in the TD group and more positive correlations 

in the ASD group (Fig. 1D).

Laterality Analyses

We examined between-group differences in language network lateralization by calculating 

laterality indices and by examining the average connectivity of between-hemisphere 

language regions. We found that the laterality indices between ASD participants and TD 

participants did not differ significantly (t(100) = 0.69, P = 0.51). Similarly, we did not find a 

significant group difference in between-hemisphere language network iFC (t(100) = 0.25, P 

= 0.80).

Whole-Brain (Outside Network) Analyses

We selected five ROIs that were part of two or more significant connections (indicated by 

superscript “1” in Table 2) as seeds for further exploration in whole-brain connectivity 

analyses. Three of these showed significant whole-brain iFC group differences. For inferior 
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frontal seeds bilaterally, there was increased connectivity in the ASD group with PCC (Fig. 

1E). Additionally, for the left precuneus/PCC seed, four clusters of greater iFC in the ASD 

group were detected in occipital lobes bilaterally, including middle occipital and lingual gyri 

(Supplementary Table 3).

Post hoc Analysis of Effective Connectivity

Findings of overconnectivity with visual cortex from whole-brain analyses were remarkable 

in view of several previous ASD reports of atypical engagement of visual areas in language 

processing [Gaffrey et al., 2007; Kana et al., 2006; Knaus et al., 2008] and increased FC 

between inferior frontal gyrus (IFG) and visual cortices [Shen et al., 2012]. However, none 

of these explored the role of PCC. As our findings suggested that PCC might mediate 

connectivity between IFG and visual regions in ASDs, we performed follow-up analyses of 

effective connectivity, using Group Iterative Multiple Models Estimation [GIMME; Gates & 

Molenaar, 2012]. GIMME utilizes unified structural equation modeling in a data-driven 

approach. Its ability to model contemporaneous and lagged relationships between regions 

allows for the study of effective FC in resting-state MRI [Gates, Molenaar, Iyer, Nigg, & 

Fair, 2014].

We conducted four semi-confirmatory GIMME analyses that estimated prespecified 

directional relationships between variables and added paths as needed for each subject until 

the best-fit model was found. Analyses were run using the average time-series extracted 

from the three seeds with significant whole-brain group differences (left IFG, right IFS, and 

left prec/PCC ROIs), and from the corresponding significant group-effect clusters in PCC 

and the occipital lobes (Fig. 1E, Supplementary Table 3). The clusters in PCC 

(overconnectivity with inferior frontal seeds) and the left prec/PCC seed (which also showed 

significant overconnectivity with left IFG and right IFS in the within-network analyses) were 

in close proximity and were merged. The four clusters in occipital cortex (overconnectivity 

with left prec/PCC seed) were also merged. We tested whether connectivity between inferior 

frontal regions and visual cortex was mediated by PCC. In view of atypical language-related 

asymmetries of IFG reported in several ASD studies [Kleinhans et al., 2008; Knaus et al., 

2010], right and left inferior frontal ROIs were modeled separately. We tested four mediation 

models that varied in directionality of connectivity, each containing four factors: left IFG, 

right IFS, PCC, and visual cortex (Supplementary Fig. 3). Each subject’s iterative path 

estimates and their fit for the prespecified model were then used to determine whether an 

indirect, or mediated, relationship exist for each model. Across the four models, we found 

that 24 out of 52 ASD participants showed significant PCC mediation of connectivity 

between frontal language areas and visual cortex (with 18 of the 24 showing this effect for 

the right inferior frontal ROI). The subgroups did not differ in age, head motion, IQ, or 

language abilities (ps > 0.30, uncorrected; Supplementary Table 4). A marginal difference 

was found in parent-reported restricted and repetitive behaviors, as measured by the ADI-R 

(t(43.5) = 2.16, Puncorrected = 0.04).

Relation Between Connectivity and Behavioral Measures

Next, we explored the relationship between connectivity (mean z) of the seven within-

network connections with significant group differences (Fig. 1B,C) and measures of 
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symptom severity and language ability. In the ASD group, iFC between right IPL and left 

pericentral region was negatively correlated with scores of the ADI-R Social subscale (r = 

−0.51, q = 0.006; Fig. 2A; Supplementary Table 5), with higher iFC linked to lower social 

symptom severity (controlling for age and head motion). No significant correlations between 

iFC pairs and language measures were found in either group (Supplementary Table 6).

For whole-brain iFC results, we found no significant relationship with behavioral language 

measures or symptomatology in the ASD group. However, in the TD group, there was a 

significant negative correlation for CELF Receptive Language score and iFC between right 

IFS and PCC (red cluster in Fig. 1E), controlling for age and motion (r = −0.55, qFDR = 

0.009; Supplementary Table 7). Similarly, higher connectivity between the PCC/Precuneus 

ROI and left medial occipital gyrus was linked to lower CELF Core Language scores (r = 

−0.56, qFDR = 0.009) and Expressive Language scores (r = −0.59, qFDR = 0.008), after 

correcting for multiple comparisons.

Finally, we examined the relationship between language function and whole-brain iFC in the 

subgroup of ASD participants who showed PCC mediation in GIMME analyses. Similar to 

the TD group, we found that connectivity between the PCC/precuneus ROI and visual cortex 

was all negatively correlated with CELF scores in this ASD subgroup. After controlling for 

age and head motion, and correcting for multiple comparisons, we found a significant 

relationship between iFC of left Precuneus/PCC with right lingual gyrus and CELF 

Receptive Language (r = −0.74, qFDR = 0.022; Figure 2B; Supplementary Table 7). No 

correlations were observed between iFC results and CELF measures in the ASD subgroup 

without significant PCC mediation.

Discussion

Language deficits are commonly observed in ASDs, but the underlying neurobiology is not 

fully understood. We examined iFC of the language network in children with ASDs, using 

resting-state FC MRI, and found atypically increased connectivity between some language 

regions, in addition to increased connectivity of language ROIs with PCC and visual regions. 

Although several right hemisphere ROIs showed overconnectivity in the ASD group, 

quantitative analyses of asymmetry yielded no group differences. Effective connectivity 

analyses revealed a subgroup of ASD youths whose connectivity between inferior frontal 

language regions and visual cortex was mediated by PCC. In this subgroup, increased iFC 

between PCC and visual cortex was also associated with lower language abilities.

Predominant Overconnectivity of the Language Network in ASDs

FC within the language network [adopted from a large meta-analysis; Rodd et al., 2015] was 

predominantly greater in the ASD compared to the TD group. While seemingly at odds with 

some previous underconnectivity findings [Just et al., 2004; Kana et al., 2006; Knaus et al., 

2008], inconsistency may be largely explained by methodological differences between co-

activation FC (testing for task-driven BOLD correlations) and iFC [Müller et al., 2011; Nair 

et al., 2014]. One recent iFC study of language also reported underconnectivity in ASDs 

[Verly et al., 2014], which was, however, observed in ROIs (including right cerebellum) that 

largely differed from those implemented in the present study. In addition, Verly and 
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colleagues specifically selected 19 ASD participants with a history of significant language 

delay and impairment, whereas the present study included 52 ASD participants with a wide 

range of linguistic abilities.

For all but one of the ROI–ROI pairs with increased connectivity in ASDs, group differences 

reflected low levels of iFC in the TD group, contrasting with more positive iFC in the ASD 

group (Fig. 1D). These connections may represent an extended language network of regions 

that do not consistently co-activate during language processing and therefore show low 

levels of intrinsic synchronization in the TD brain. Only one ROI pairing (right IFS and right 

IPL) showed positive BOLD correlations in the TD group, which were even more 

pronounced in the ASD group. Note, however, that overconnectivity between ROIs of the 

extended language network was mostly only of medium effect size, surviving only a 

relatively lenient local FDR correction.

For a few ROI pairings, overconnectivity in the ASD group was associated with lower 

sociocommunicative symptom severity (Supplementary Table 5). Specifically, atypically 

increased connectivity between left IFG and angular gyrus in the ASD group was associated 

with lower ADOS Social Communication scores. This reflects a connection between core 

language regions in the dominant hemisphere crucial for semantic processing, lexical 

selection, and other language subprocesses [Price, 2010]. However, this medium-sized effect 

(r = −0.32) did not survive FDR correction. More robust was an effect of increased iFC 

between right IPL and left pericentral cortex was associated with decreased ADI-R Social 

scores. Right IPL, which has traditionally been linked to spatial processing and selective 

attention [Husain & Nachev, 2007], has also been noted for its role in distinguishing 

between self and others [Ruby & Decety, 2004; Uddin, Molnar-Szakacs, Zaidel, & Iacoboni, 

2006]. Left pericentral cortex is important for speech production [Price, 2010], but has also 

been found to activate during speech comprehension [Adank, 2012]. Findings of 

overconnectivity between nodes of an extended language network in ASDs may be 

indicative of a history of increased co-activation [Crossley et al., 2013; Lewis, Baldassarre, 

Committeri, Romani, & Corbetta, 2009]. More specifically, relatively mild levels of social 

deficits in ASD could reflect a history of high levels of effortful processing in these noncore 

language regions, with some compensatory effect and associated relatively mild 

symptomatology.

Connectivity Between Language, Visual, and Default Mode Networks

Whole-brain analyses revealed overconnectivity in the ASD group bilaterally between IFG 

and PCC. The PCC has been described as a “hub” with dense connectivity for information 

integration [Ray et al., 2014; van den Heuvel & Sporns, 2011]. Traditionally associated with 

the default mode network (DMN), PCC is activated during self-reflection, mentalization, 

and episodic memory [Hull, Jacokes, Torgerson, Irimia, & Van Horn, 2017; Washington et 

al., 2014]. Increased FC between DMN and language-related networks in ASDs has been 

previously reported in an Independent Component Analysis (ICA) study by Zhao et al. 

[2016], who found right hemisphere homologous language regions (e.g., IFG, AG, and 

supramarginal gyrus) to be overconnected with the DMN. This may suggest reduced 

segregation between the DMN and the language network, possibly consistent with findings 
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of atypical crosstalk between DMN and other functional networks [Abbott et al., 2016; 

Fishman, Keown, Lincoln, Pineda, & Müller, 2014; Ray et al., 2014; Rudie et al., 2013; 

Rudie et al., 2012; Yerys et al., 2015].

The finding of increased iFC between PCC and visual cortex is consistent with previous 

reports of overconnectivity between the DMN and the visual network in ASDs [Washington 

et al., 2014; Yerys et al., 2015]. Yerys et al. [2015] found increased PCC connectivity with 

bilateral occipital pole, LG, and fusiform gyri. Together with the overconnectivity of the 

PCC and DMN discussed above, this is of special interest to language function as studies 

have reported increased activation of visual cortex in ASD participants during language 

processing [Gaffrey et al., 2007; Kana et al., 2006; Knaus et al., 2008; Pang et al., 2016].

An effective connectivity analysis of the language network in ASDs by Shen et al. [2012] 

detected an atypical path between left IFG and right extrastriate cortex; however, PCC was 

not considered in their model. In the present study, whole-brain iFC analysis revealed PCC 

to be overconnected with both bilateral IFG and visual cortex. Therefore, PCC was tested as 

a potential mediator of iFC between the frontal and visual regions—a mediation that was 

confirmed in almost half of the ASD participants. A negative association of robust effect size 

between CELF-4 scores and brain connectivity as seen in this ASD subgroup with PCC 

mediation suggests that connectivity between PCC and visual regions may be detrimental to 

language functioning. As concordant effects were seen in the TD group, this link may not be 

specific to ASDs. However, whereas PCC-visual connectivity was generally low in TD 

children, it was robust in many children with ASDs, indicating that the detrimental effect on 

language is common in ASDs, but uncommon in TD children. Functionally, it may indicate 

over-engagement of internal reflection and mental imagery in early development, 

contributing to increased synchronization between DMN and visual networks [Spreng, Mar, 

& Kim, 2009]. Accompanying overconnectivity between DMN and frontal language regions 

may further be associated with a history of reduced vigilance and performance efficiency 

during language processing [Anticevic, Repovs, Shulman, & Barch, 2010; Götting et al., 

2017; Hinds et al., 2013].

Limitations

IFC findings were not robustly associated with behavioral language measures of the 

CELF-4. Although commonly used, CELF subtests additionally engage non-language 

cognitive functions such as working memory (e.g., recalling sentences), which may have 

limited our ability to detect links between iFC and language abilities. As with most fMRI 

studies of ASDs, data collection was limited to relatively high-functioning individuals who 

were able to lie almost motionless throughout the scan. While our aim was to include a wide 

range of linguistic abilities to better represent the ASD population, inclusion of children 

with normal-level language abilities may have weakened group-level effects and differences 

of brain–behavior relationships.

Conclusions

We found the intrinsic functional organization of the language network in high-functioning 

children and adolescents with ASDs to be characterized by partial overconnectivity, mostly 
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involving regions of an extended network that do not show robust signal correlations in TD 

peers. Atypical connectivitywasdistinctfora triad ofinferiorfrontal, default mode, and visual 

regions. While overconnectivity with DMN (PCC) was seen for the entire ASD cohort, 

mediation of connectivity between inferior frontal and visual regions by PCC was seen only 

in an ASD subgroup, where high level of visual connectivity was associated with relatively 

low language abilities. Findings suggest that atypical connectivity in ASDs may 

predominantly affect regions of an extended network (rather than traditional regions such as 

Broca’s and Wernicke’s), with great heterogeneity even within the fully verbal and high-

functioning segment of the spectrum.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Language network iFC. (A) Matrix showing results from within-group t-test of language 

network connectivities (warm colors represent positive t-values; cool colors represent 

negative t-values; critical t-value of 1.68 is marked by P = 0.05). The ASD group (top right) 

showed 69 connections above this threshold and the TD group showed 62 significant 

connections (bottom left). After multiple comparison corrections (qs < 0.05), the TD group 

retained 61 of the 62 significant connections, while the ASD group retained all 69 

significant connections. (B) Group difference matrix for connectivities between the 14 

language ROIs. + symbolizes local FDR-corrected significant difference between the groups 

(Cohen’s ds > 0.44, Ps < 0.03 uncorrected, qs < 0.27). (C) Glass brain rendering of 

significant between-group differences in language network connectivities after local FDR 

correction, corresponding to cells labeled + in panel B. (D) Between-group differences for 

ASD (red) and TD (blue) in correlations between language ROIs. Error bars signify standard 

error of the correlations. lIFG: left inferior frontal gyrus; lSTS: left superior temporal sulcus; 

lIPL: left inferior parietal lobule; lPC: left pericentral region; lPrec/PCC: left precuneus/

posterior cingulate cortex; lAG: left angular gyrus; lSMarG: left supramarginal gyrus; 

bdPrec: bilateral dorsal precuneus; bSMA: bilateral supplementary motor area; rInsula: right 
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insula; rIFS: right inferior frontal sulcus; rHG: right Heschl’s gyrus; rIPL: right inferior 

parietal lobule; rSTS: right superior temporal sulcus. (E) Clusters of between-group 

difference from whole-brain iFC analyses for seeds in left inferior frontal gyrus (green 

cluster) and right inferior frontal sulcus (red cluster). Both ROIs show higher connectivity 

with the posterior cingulate cortex (PCC) in the ASD group (voxel-level threshold P = 0.001, 

α < 0.05). For the left precuneus/PCC seed extensive overconnectivity is found in occipital 

cortex (purple clusters) in the ASD relative to the TD group (voxel-level P = 0.001, α < 

0.01).
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Figure 2. 
Correlations between brain connectivity and behavioral measures. (A) Correlation of ADI-R 

Social scores with iFC between right inferior parietal lobule and left pericentral region in the 

ASD group (r = −0.51, qFDR = 0.006), after controlling for age and in-scanner head motion. 

(B) Correlation of CELF-4 Receptive Language scores with iFC between the PCC/

Precuneus ROI and right lingual gyrus in ASD subgroups with PCC-mediated connectivity 

between inferior frontal ROIs and visual cortex (shown in green [r = −0.74, qFDR = 0.022]) 

and without PCC mediation (shown in orange [r = 0.09, qFDR = 0.955]), after controlling for 

age and in-scanner head motion, and multiple comparison correction.
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