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Abstract 

Background  Autism spectrum disorder (ASD) is highly heritable and phenotypically variable. Neuroimaging markers 
reflecting variation in behavior will provide insights into circuitry subserving core features. We examined functional 
correlates of ASD symptomology at school-age, while accounting for associated behavioral and cognitive domains, 
in a longitudinal sample followed from infancy and enriched for those with a genetic liability for ASD.

Methods  Resting state functional connectivity MRIs (fcMRI) and behavioral data were analyzed from 97 school-age 
children (8.1–12.0 years, 55 males, 15 ASD) with (n = 63) or without (n = 34) a family history of ASD. fcMRI enrichment 
analysis (EA) was used to screen for associations between network-level functional connectivity and six behaviors 
of interest in a data-driven manner: social affect, restricted and repetitive behavior (RRB), generalized anxiety, inatten-
tion, motor coordination, and matrix reasoning.

Results  Functional connectivity between the visual and salience networks was significantly associated with social 
affect symptoms at school-age after accounting for all other behaviors. Results indicated that stronger connectivity 
was associated with higher social affect scores. No other behaviors were robustly associated with functional connec-
tivity, though trends were observed between visual-salience connectivity and RRBs.

Conclusions  Connectivity between the visual and salience networks may play an important role in social affect 
symptom variability among children with ASD and those with genetic liability for ASD. These findings align 
with and extend earlier reports in this sample of the central role of the visual system during infancy in ASD.
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Background
Autism spectrum disorder (ASD) is a highly heritable and 
clinically heterogeneous developmental disorder affect-
ing 1–2% of the population [1, 2]. Developmental vari-
ability in both primary symptom domains and associated 
features is a key challenge in developing treatment targets 
and interventions to improve quality of life. Neuroimag-
ing markers that reflect variation in autistic behavior may 
be useful in informing the underlying neurobiological 
mechanisms and in designing personalized interventions. 
In the present study, we aimed to identify functional con-
nectivity profiles that correlate with individual variation 
in behavioral dimensions relevant to the pathogenesis 
and treatment of ASD in a heterogeneous sample. We 
examined associations between functional connectivity 
(fc) and variation in symptomology, accounting for asso-
ciated behaviors in a sample of male and female school-
age children at high familial likelihood (HL) for ASD by 
virtue of having an older sibling with ASD, as well as a 
sample of children at low likelihood (LL) for ASD based 
on having no familial history.

Reflecting the high heritability of ASD, approximately 
20% of HL children receive an ASD diagnosis by age 
three [3]. An additional 30 to 40% exhibit other develop-
mental concerns during toddlerhood [4] and school-age 
[5]. Prospective structural neuroimaging studies in HL 
samples revealed differences in brain development that 
are apparent in ASD beginning in the first year of life 
and continuing through toddlerhood [6]. These changes 
involve multiple systems, spanning sensory to higher-
order cognitive areas, and include hyper-expansion of the 
occipital, temporal, and frontal cortices [7], overgrowth 
of the amygdala [8], and ultimately global overgrowth of 
the brain [7, 9]. Studies of fc in HL and ASD infants and 
toddlers report atypical development of sensory, salience, 
and default mode networks (DMN) [10–16]. Linking 
structural and functional findings, we reported that vari-
ation in the cortical structure, white matter properties, 
and fc of brain regions and networks involved in visual 
processing are traceable to familial indices of genetic lia-
bility for ASD [17].

Neuroimaging studies of HL samples at school-age 
are limited. It remains unclear whether differences in 
brain development documented during infancy persist, 
or change, across childhood. A handful of small studies 
during this period suggest that differences in fc of visual 
networks and the DMN, consistent with findings in HL 
samples during infancy, are detectable later in develop-
ment. Lin et al., found increased intrinsic fc between the 
mid cingulate and bilateral middle occipital gyrus (areas 
involved in visual processing) and reduced fc between 
the midcingulate cortex and right inferior frontal gyrus 
in both males with ASD and their male HL siblings, 

suggesting shared functional network architecture in the 
school-age-to-adolescent period in both males with ASD 
and those with familial genetic liability for ASD [18]. 
Another small study (n = 14 per group) in adolescent 
males reported overall hypoconnectivity in ASD and HL 
siblings, as well as differences in the architecture of the 
visual network and DMN (increased and decreased num-
ber of hubs, respectively) in ASD compared to controls, 
with HL siblings exhibiting an intermediate phenotype 
[19].

Functional connectivity studies in community samples 
of school-age children with ASD, which likely include a 
wider range of genetic etiologies than familial HL sam-
ples, demonstrated both hypo- and hyperconnectivity 
in distributed brain networks in ASD. This may reflect 
age-related differences in fc profiles [20, 21], or sub-
groups within the datasets related to any number of fac-
tors including sex or functioning and/or compensation in 
other developmental or behavioral domains [22, 23]. In 
the last decade, there has been a greater focus on linking 
fc differences to variation in symptomology. These stud-
ies, while often conducted across broad age ranges (early 
childhood to adolescence and adulthood), largely con-
verged on differences in fc involving sensory (including 
visual), salience, and DMN regions reflecting variation in 
a variety of ASD-related behaviors [22, 24–28]. For exam-
ple, Ilioska and colleagues reported between-network 
hypoconnectivity involving sensory (visual and somato-
motor) and attention networks and DMN hypercon-
nectivity when compared to neurotypical controls, with 
patterns of connectivity between these networks being 
correlated with social impairments, restricted and repeti-
tive behaviors (RRB), and sensory sensitivities [28]. Buch 
and colleagues found that visual-salience fc was related 
to social affect symptoms among individuals with ASD; 
individuals with greater social deficits exhibited stronger, 
positive connectivity between the visual and salience 
networks [27]. This study also reported that the spatial 
distribution of these fc patterns reflected regional expres-
sion profiles of immune- and serotonergic-related genes 
[27].

Here, we investigated associations between network-
level fc and variation in multiple behavioral domains in 
HL and LL school-age children (ages 8 to 12 years). We 
used fc MRI (fcMRI) enrichment analysis (EA), which is 
designed to overcome the limitations of mass univariate 
testing in brain-wide analyses through tests at the net-
work-pair level [29]. This approach has been employed 
to detect associations between dimensional behaviors 
and network-level fc patterns [29–32]. Here we utilize 
an expanded version of EA [33] to examine associations 
between network-level fc and multiple behaviors jointly, 
including core features of ASD (social affect, restricted 
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and repetitive behavior) and associated behaviors that 
contribute to the observed heterogeneity in HL and ASD 
phenotypes and fc profiles [34–36]. Given prior work in 
this sample during infancy [7, 11, 17, 29, 37], and evi-
dence in children and adults [22, 27, 38, 39], we hypoth-
esized that connectivity involving visual networks would 
be related to ASD behaviors.

Methods
Participants
Resting state fcMRI was obtained in school-age chil-
dren from the Infant Brain Imaging Study, a longitudinal 
study of infants at HL and LL for ASD across four data 
collection sites: University of North Carolina at Chapel 
Hill, Washington University in St. Louis, University of 
Washington in Seattle, and the Children’s Hospital of 
Philadelphia. All study procedures were approved by the 
respective IRBs. The 97 children included in this sample 
at school-age (Table  1) were recruited as infants begin-
ning in 2007 (HL: n = 63; LL: n = 34), with 15 children 
(12 male, 3 female; 11 HL, and 4 from LL group) receiv-
ing an ASD diagnosis (Supplemental Methods). Site rep-
resentation was as follows: Chapel Hill: n = 34, St. Louis: 
n = 23, Seattle: n = 23, and Philadelphia: n = 17. All data 
for this study were collected prior to the COVID- 19 pan-
demic with standard imaging and behavioral collection 
protocols (i.e., no use of face masks). A subset of par-
ticipants took medication(s) on the day of the MRI (n = 
12), including 6 participants taking psychotropic medica-
tions (Supplemental Methods); sensitivity analyses were 

conducted controlling for medication use (yes vs. no) and 
results were unchanged.

Functional MRI data collection and processing
fcMRI scans were collected at rest while subjects were 
instructed to fixate on a crosshair. Behavioral training 
acclimated the child to the scanner environment to opti-
mize their likelihood of remaining still during the scan 
[40]. fcMRI data underwent a strict processing protocol 
[29, 32, 41]. Pre-processing applied slice timing correc-
tion, bias field inhomogeneity correction, mode 1000 
image intensity normalization, and rigid body correc-
tion for both within-run and cross-run head movement. 
TOPUP was used to estimate and apply subject-level epi 
distortion correction, as described in Andersson et  al. 
[42] and as implemented in FSL [43]. Data were regis-
tered to a standard atlas (711 - 2B version of Talairach 
space) through a 12-parameter affine transform mapping 
fcMRI to T2w to T1w to the atlas image in a single trans-
formation. Post-processing followed methods described 
by Power et  al. [44]. Head movement was quantified 
and censored at a 0.2 mm framewise displacement (FD) 
equivalent [45]. Data were demeaned and detrended. 
CSF, white matter, and global signals were used as nui-
sance regressors, in addition to 6 motion parameters (3 
translational displacements along X, Y, and Z axes and 3 
rotational displacements of pitch, yaw, and roll) and their 
derivatives [46]. Data were bandpass filtered at 0.009 Hz 
< f < 0.08 Hz, and spatial blurring was applied at 6  mm 
full-width at half maximum. All datasets included in this 
study passed motion/quality control. Each participant 
contributed at least 7  min of usable fcMRI data across 
11.2 min of acquisition time. All scans were reviewed by a 
neuroradiologist. See Supplemental Methods for further 
details on behavioral training and imaging parameters.

A total of 121 participants completed scans. Seven 
were excluded for exceeding motion thresholds. One 
participant was excluded for a clinically abnormal MRI. 
An additional n = 16 had incomplete behavioral data and 
were removed. This resulted in a final sample of 97 par-
ticipants with usable fMRI and complete behavioral data. 
Eight subjects (3 LL males, 5 HL females; none diagnosed 
with ASD) fell asleep or appeared drowsy during the 
scan. We ran analyses with and without these subjects, as 
described below, since drowsiness and sleep alter fc cor-
relation patterns [47].

Regions of interest (ROIs) and network assignments 
were drawn from a recently published functionally 
defined set of 300 cortical, subcortical, and cerebellar 
spherical ROIs [48]. After rigorous quality control in our 
sample, 9 ROIs were removed. The 3 ROIs that were not 
originally assigned to a functional network [48] were 
excluded, resulting in a total of 288 ROIs in 13 networks 

Table 1  Participant Demographics

Participant age, sex, race, ethnicity, parental education level, and socioeconomic 
status are presented for the 97 subjects with school-age fcMRI and behavioral 
data included in this study. Parental education level reflects the highest 
education level attained by either parent. Postsecondary is defined as an 
Associate’s or Bachelor’s degree

High Likelihood (HL)
(n = 63)

Low-Likelihood (LL)
(n = 34)

Sex (male, female) 36, 27 19, 15

ASD Diagnosis (n, %) 11 (17.5%) 4 (11.8%)

Age (mean, SD) 10.29, 0.94 years 9.65, 1.07 years

Parental education level

  Less than College 2 (3.2%) 0 (0%)

  Postsecondary 
Degree

29 (46.0%) 14 (41.2%)

  Graduate Degree 32 (50.8%) 20 (58.8%)

Race, Ethnicity (n, %)

  Asian 0 (0%) 1 (2.9%)

  More than one race 7 (11.1%) 2 (5.9%)

  White 56 (88.9%) 31 (91.2%)

  Hispanic 4 (6.4%) 1 (2.9%)
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(Supplemental Fig. 1). Network naming follows the “300 
ROI Set” labeling convention provided by the authors of 
[48], which is publicly available at https://​green​elab.​ucsd.​
edu/​data_​softw​are.

Behavioral measures
We focused on six behavioral variables: calibrated sever-
ity scores for (1) social affect (SA) and (2) restricted and 
repetitive behaviors (RRB) from the second edition of 
the Autism Diagnostic Observation Schedule (ADOS- 
2) [49], measures of (3) generalized anxiety (GAD) from 
caregiver report on the Multidimensional Anxiety Scale 
for Children Second Edition [50], (4) inattention from 
caregiver report (CONP) using the third edition of the 
Conner’s rating scale for ADHD [51], (5) motor coordi-
nation as defined by the upper limb score (LIMB) from 
the Bruininks-Oseretsky Test of Motor Proficiency, Sec-
ond Edition [52], and (6) matrix reasoning scores (DAS) 
from the second edition of the Differential Ability Scales 
(DAS-II) [53]. Participants exhibited variation in each of 
these domains (Supplemental Fig.  2). The rationale for 
the selection of each measure and information on inter-
pretation can be found in Supplemental Methods.

Statistical analysis
We used enrichment analysis (EA) for resolving pat-
terns of functional network connectivity in relation to 
behavior. EA is robust to non-normal distributions, as 
is observed in our behavioral data (Supplemental Fig. 2). 
First, we employed linear regression to screen for asso-
ciations between fc for ~ 42 k ROI pairs individually (288 
ROIs in 13 networks) and primary ASD symptoms (SA, 
RRB), adjusting for associated behaviors (GAD, CONP, 
LIMB, DAS) as well as study site, sex, and age at scan, 
which were all modeled as fixed effects. The screening 
statistics were partial F tests and two-sided t-tests for SA 
and RRB, after adjustment for other variables. EA then 
summarizes these region-to-region screening values by 
network pair to assess overall strength of association with 
the outcomes of interest, in this case SA and RRB.

We used three different EA statistics, looking for evi-
dence of convergence: over-representation analysis 
(ORA) [54], max-mean, and gene set enrichment analy-
sis (GSEA). Briefly, ORA tests whether the proportion of 
screening statistics above a given threshold (a 5% thresh-
old was applied), in a given network pair, is higher than 
expected by chance alone. The max-mean statistic con-
siders the magnitude and direction of t-statistics and is 
computed as the difference between the sum of the posi-
tive and the sum of the absolute values of the negative 
statistics, divided by the number of ROI-pairs in the net-
work pair [55]. GSEA is one of the most widely used EA 
methods. It not only tests for an excess of large screening 

statistics within a network pair, but also whether the sta-
tistics in that network pair cluster in the tail end of the 
distribution over all ROI pairs [56, 57]. Due to the com-
plex correlational nature of the data, we used permuta-
tion tests to generate p-values [58]. Extensive simulation 
studies revealed that using a significance level of p ~ 
0.0005 for individual tests yielded a p ~ 0.05 experiment-
wide false positive rate. Statistically significant findings 
that show evidence of convergence across the EA sta-
tistics are interpreted and described. Additional infor-
mation and limitations regarding these methods are 
presented in the Supplemental Methods.

Results
All three enrichment statistics implicate the salience 
(SAL) and visual (VIS) network pair in relation to SA, 
findings that hold after excluding sleeping/drowsy sub-
jects (Table  2). There were no other significant enrich-
ment signals in any other combinations of behaviors 
and network pairs, though trend-level associations were 
observed between SAL-VIS and RRBs (Figs. 1, 2 and 3). 
Further, including other behaviors of interest improved 
our ability to detect associations between SAL-VIS and 
SA (Supplemental Fig. 3).

SA impairment increased with stronger positive fc for 
the SAL-VIS ROI-pairs as depicted by the ORA results 
(Fig.  1). Within SAL-VIS, screening statistics identified 
111 ROI pairs (“hits”) associated with SA scores, of which 
91% are cortico-cortical, comprised of 47.5% contralat-
eral, 27.7% left- and 24.8% right-lateralized connections 
(Fig.  2). GSEA also found clustering of SAL-VIS with 
SA, with t-statistics amongst the largest observed across 
all ROI pairs for any network-pair (Fig.  3a) or behavior 
(Fig. 3b); no other network-pair was associated with SA 
(Fig.  3a) and only RRBs were similarly associated with 
SAL-VIS (Fig.  3b). Analysis with max-mean confirms 
the significant trend towards positive connections for 
SAL-VIS and SA (Supplemental Fig. 4). Given that at the 
group level (Supplemental Fig.  1), SAL-VIS fc is weak/
minimal, we visually investigated SAL-VIS fc across vary-
ing ADOS SA score groups to assess whether SAL-VIS 
fc may exhibit a unique pattern in those with moderate-
to-high SA scores (≥ 5). We observed that SAL-VIS fc 
is positively shifted for those scoring ≥ 5 (Supplemental 
Fig. 5). Of note, only 50% of those in our sample scoring 
≥ 5 received a diagnosis during the study, indicative of 
atypical behavioral profiles often observed in HL samples 
(Supplemental Fig. 2). This suggests that SAL-VIS fc may 
be uniquely strengthened in those with moderate to high 
levels of SA impairment, and that this association is not 
wholly driven by ASD status.

Our EA results also implicated RRBs in a subset of 
analyses on the full sample (ORA and max-mean, but not 

https://greenelab.ucsd.edu/data_software
https://greenelab.ucsd.edu/data_software
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GSEA), though results did not hold after removing the 8 
sleeping subjects (Table  2). The sleeping subjects (none 
of whom had ASD) had proportions of elevated (≥ 5) 
and low (= 1) RRB calibrated severity scores compara-
ble to those of the full sample (10% vs 7%, respectively). 
A joint test for associations between SA and/or RRB and 
fc yielded significant associations between SA, RRB, and 
SAL-VIS in the full sample (Fig. 3a) and after excluding 
sleeping subjects (Table 2), suggesting that RRB may have 
added value in modeling SAL-VIS fc variation, potentially 
due to differing associations with fc (e.g., greater RRB 

impairment, more strongly negative SAL-VIS fc; Supple-
mental Fig. 6). Further investigation in larger samples will 
be necessary to confirm RRB links to SAL-VIS fc.

Finally, analyses were conducted to ensure that results 
were not driven by motion (SAL-VIS includes a large 
proportion of long-range connections which are par-
ticularly susceptible to motion artifacts). We found no 
evidence that framewise displacement correlated with fc 
among ROI pairs in SAL-VIS (Supplemental Fig. 7).

Discussion
We found that functional connectivity between the sali-
ence and visual networks was associated with individual 
variation in social affect symptomology in a school-age 
sample enriched for ASD and ASD genetic liability. 
Stronger connectivity between SAL-VIS networks was 
associated with higher levels of social affect impairment. 
This aligns with findings during infancy in the same 
cohort implicating the developing visual system in ASD 
[7, 8, 11, 17, 37]. We previously reported that infants who 
develop ASD have differences in the development of cor-
tical structure [7] and white matter properties [59, 60] in 
regions and fiber tracts involved in visual processing, and 
that these differences are related to atypical visual orient-
ing during infancy [37], and to familial indices of genetic 
liability for ASD [17]. We also observed that weakened 
(less positive) connectivity between VIS and DMN net-
works in HL infants is related to fewer initiations of joint 
attention [29] and higher levels of autistic traits in fami-
lies [17]. These findings align with a wealth of evidence of 
atypical visual attention and gaze behavior that emerges 
during infancy in ASD [37, 61]. Further, ASD genes are 
particularly enriched in the visual cortex [62] and linked 
to atypical fc patterns in visual areas [38]. Considering 
this evidence, we hypothesize that differences in the early 

Table 2  Experiment-wide Enrichment Results for Salience-Visual Functional Connectivity

Observed values for the ORA (5% threshold), max-mean and GSEA enrichment statistics with p-values in italics: raw permutation p-value are presented, those which 
meet our p ~ 0.0005 threshold for significance are marked with an asterisk (*). Results are given for the entire sample and excluding sleeping subjects (n = 8). The 
p-values were determined using independent permutation runs: 25 K permutations for the more compute-intensive GSEA, and 250 K for ORA and max-mean each. 
Two-sided t-statistics were used to screen for association with SA or RRB individually. Partial F tests were used to screening for association with SA and RRB jointly (d.f. 
= 2, 85 for the complete sample and d.f. = 2, 77 when excluding sleeping subjects). The expectation for ORA is 5% under the null. Max-Mean is a directional test and 
cannot be used with F screening statistics. The median max-mean value under the null hypothesis of no enrichment is ~ 0.54 with 0.1% and 99.9% quantile estimates 
of 0.31 and 1.25 (obtained in separate analyses). The median GSA value under the null is ~ 0.21 (with 0.1% and 99.9% quantiles: 0.17 and 0.60) for the F test and ~ 0.20 
(0.18–0.54) for t-tests (separate analysis as well)

All Subjects Excluding n = 8 sleeping subjects

ORA Max-Mean GSEA ORA Max-Mean GSEA

SA 27.9% 1.30 0.57 26.6% 1.29 0.56

p-value 0.00016* 0.00051* 0.00056* 0.00022* 0.00058* 0.000840

RRB 25.0% 1.33 0.56 20.0% 1.26 0.53

p-value 0.00022* 0.00037* 0.00072 0.0015 0.000947 0.002520

SA, RRB jointly 27.2% N/A 0.65 27.2% N/A 0.63

p-value 0.00001* 0.00020* 0.0001* 0.000360*

Fig. 1  Salience-Visual Functional Connectivity is Associated 
with Social Affect Scores. ORA results demonstrated a clear shift 
toward positive values for t-statistics relating fc in SAL-VIS ROI-pairs 
(red shaded area) to ADOS social affect (SA) scores when compared 
to the corresponding statistics (grey shaded area) for all other 
ROI pairs and null t distribution (black line). Results are presented 
for the entire sample. Analysis based on 250 K permutations 
of the data
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development of the visual system, related to an increased 
genetic liability for ASD, initiates a brain-behavior devel-
opmental cascade during early infancy that subsequently 
leads to the emergence of the autistic phenotype [17, 63]. 
More specifically, our findings linking SAL-VIS to social 
affect aligns with a growing body of evidence suggesting 
autistic social behaviors may have their origins in an early 
developmental cascade involving atypical sensory, and in 
particular visual, processing [63–65].

Our findings also align with recent studies spanning 
larger age ranges (late childhood to late adulthood) sug-
gesting that SAL-VIS connectivity may underlie aspects 
of autistic social impairments across development [22, 
27]. Other studies have implicated the salience net-
work in SA and other ASD-related features [22, 24–26], 
including one which reported machine learning classi-
fiers for predicting ASD outcomes using SAL network 
connectivity [25]. In particular, Buch and colleagues 
recently reported that stronger SAL-VIS fc correlated 
with greater levels of social impairment measured by 
the ADOS in a multisite sample of ASD and control 

participants spanning childhood to adulthood [27]. Note 
that Buch and colleagues used the “Power 2011” ROI 
set and network labeling scheme [66], while we used an 
updated ROI set, “Seitzman 2020” [48], where the SAL 
network is reduced by 9 ROIs (5 of which are assigned to 
the cingulo-opercular network). Despite this, the results 
remain highly similar. In both our study and Buch et al., 
SA scores related to fc between SAL ROIs in the cingu-
late and frontal cortices and VIS ROIs spanning primary 
visual and extrastriate occipital cortex. Interestingly, 
across many fc studies, including this one, SAL-VIS net-
works show minimal fc at the group level (Supplemental 
Fig. 1). However, among those in our sample that score in 
the moderate to high range on SA, SAL-VIS fc was posi-
tively shifted (Supplemental Fig.  5), suggesting that this 
network pair is operating in a potentially unique way in 
individuals with autistic social impairments that warrants 
further study.

While the DMN has been repeatedly implicated in 
brain-behavior studies of related features in this HL sam-
ple during infancy [17, 29–32], and in other childhood to 

Fig. 2  Visualization of Salience-Visual Screening Statistics for Social Affect Scores in Brain Space. Matrix depicts enrichment analysis screening 
statistics across networks (left panel). Upper triangle displays a heatmap of t-statistics assessing associations between functional connectivity 
(fc) values and social affect (SA) scores for reach ROI pair (dot in matrix), organized by network: Vis = visual, DMN = default mode network, SMD 
= somatomotor dorsal, SML = somatomotor lateral, AUD = auditory, DAN = dorsal attention network, VAN = ventral attention network, PMN 
= parietomedial network, FP = frontoparietal, CO = cingulo-opercular, MTL = medial temporal lobe, REWARD = reward network, SAL = salience. 
ROIs within each network-network block are organized such that subcortical and cerebellar ROIs are presented first, followed by cortical ROIs. The 
top left block of the matrix depicts brain-behavior associations in the SAL-VIS network, demonstrating that the vast majority of the positive t-stats 
(red) are within cortical-cortical ROI pairs. Lower triangles are thresholded to display the strongest brain-behavior associations (top 2.5% of positive 
and negative t-statistics, or “hits”), colored by whether the t-statistic is positive (red) or negative (blue). The bottom right block of the matrix (green) 
shows that the vast majority of hits within SAL-VIS are positive, indicating that stronger fc between ROIs in SAL-VIS is associated with higher levels 
of SA impairment. Visualization of top hits in brain space (right panel)
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adulthood ASD samples [28], we found no link between 
DMN fc and behavior in this sample at school-age. 
There are many potential explanations, including devel-
opmental shifts in the importance of DMN connections 
for behavior over time. One notable methodological dif-
ference may play a role: infant scans were obtained dur-
ing natural sleep, while scans at school-age follow-up 
were obtained while awake, observing a fixation cross. 
A recent study found stronger positive connectivity 
between visual cortex and regions of the DMN during 
eyes closed, and stronger positive connectivity between 
visual cortex and regions of the SAL network with eyes 
open [67]. This could partially explain why our infant 
(sleep) findings often implicated DMN-VIS in relation to 
joint attention [29], RRBs [31], and familial autistic traits 
[17], while our school-age (awake) findings implicated 
SAL-VIS and behavior. It is also possible that our meth-
odological approach (e.g., not analyzing based on diagno-
sis), or inclusion of a HL sample, may have contributed to 
differences in results from other work in ASD samples.

We characterized associations between multiple 
behavioral domains and brain functional connectivity in 
a data-driven way to reveal robust links between SAL-
VIS connectivity and SA impairments in a school-age 
sample enriched for ASD and subthreshold traits. This 
approach embraces the heterogeneity observed in HL 
samples to extend prior work in ASD [27, 28] and dem-
onstrate brain-behavior associations are apparent across 
diagnostic boundaries. Thus, SAL-VIS connectivity may 

represent both a neuroimaging marker of risk (stronger 
connectivity, greater impairment) and potential resilience 
(weaker connectivity, less impairment) that deserves fur-
ther study. Further, our approach demonstrated that the 
inclusion of multiple behaviors simultaneously improved 
our signal to detect brain-behavior associations, sup-
porting the idea that characterizing both the defining 
and associated features across a dimension of affecta-
tion in both HL and LL subjects can provide more power 
to detect brain-behavior associations and enhance our 
understanding of neural phenotypes that likely contrib-
ute to an array of neuropsychiatric traits associated with 
ASD [68]. The ADOS is limited in its ability to charac-
terize meaningful variability in symptoms/behavior in a 
largely non-ASD sample, as is reflected in the distribution 
of the SA scores whereby most individuals scored at floor 
(e.g., exhibited no ASD symptoms). However, there was 
variation in the moderate to high range among our sam-
ple, with half of the individuals with calibrated scores ≥ 5 
never receiving a diagnosis of ASD during our study. This 
reflects the well-documented atypical developmental 
profiles present in HL children [4, 5] that could be related 
to ASD features or associated neurodevelopmental disor-
ders (e.g., anxiety, ADHD, intellectual disability)[69]. This 
suggests that individual differences in SAL-VIS fc may be 
important for transdiagnostic variation in impairments 
in social behavior beyond ASD (see also: [70] regarding 
SAL involvement in depression).

Fig. 3  GSEA Profiles Depict Specific Brain-Behavior Associations Unique to the Salience-Visual Network Pair. GSEA profiles (a) when screening 
with partial F statistics for association between fc and SA and/or RRB. There is clustering of large F values in the SAL-VIS network pair (red curve 
and tick marks); blue curves represent profiles for other network pairs, truncated at 0 for clarity. Smaller network pairs exhibit some instability 
in the profile. Only the SAL-VIS finding is statistically significant. b Profiles when screening SAL-VIS ROI-pairs with t-statistics, one per variable. 
Clustering of larger t statistics is found for SAL-VIS and SA (p = 0.00056), with trend-level findings for RRB (p = 0.00072), but not for the other variables 
(see Table 2). Results presented for the entire sample
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There are limitations related to modeling brain-
behavior associations which are high dimensional in 
nature with a relatively small sample, which call for 
further investigation of our intriguing but trend-level 
associations between SAL-VIS fc and RRBs in this sam-
ple. While our findings are largely consistent with prior 
work in their implication of the visual network in familial 
high likelihood samples [63] and converging pattern of 
brain-behavior associations linking SAL-VIS fc to social 
affect [27], there are still inconsistencies in the literature 
regarding the direction of effect for atypical connectivity 
patterns in ASD (e.g., hypo vs. hyper connectivity). This 
difference in findings may reflect the fact that prior stud-
ies, both in infants and school-age and adult samples, 
were largely performed at the group level, and did not 
involve examining associations with behavior. Because 
connectivity profiles vary greatly among individuals, 
reflective of phenotypic variability (see Supplemental 
Fig. 5), defining connectivity patterns at the group aggre-
gate is likely to obscure important neural signatures that 
may underlie heterogeneous behavioral features within 
a given group. This is becoming increasingly evident as 
the field advances to subject-specific mapping of brain 
networks [71], where network boundaries have been 
reported to vary widely across individuals with the same 
psychiatric diagnosis and relate to clinical symptomol-
ogy [70]. Relatedly, our study included a relatively short 
amount of scan time. While this was an intentional design 
of the study given the population of interest, and in line 
with typical acquisition protocols in the field, it could 
impact the reliability of the estimated functional connec-
tivity. Future studies that acquire more fcMRI data per 
subject [71, 72] could address the question of effects of 
time on estimates of cross-network connectivity. Another 
consideration for future work involves understanding the 
role that medication use may play in modulating brain-
behavior associations. A small subset of our participants 
took medication(s) on the day of the scan, and while we 
adjusted for this in sensitivity analyses and found no 
impact on results, future work in larger samples is war-
ranted. Finally, there is a lack of racial and ethnic diver-
sity among participants (who are part of a legacy sample 
recruited nearly two decades ago), which may limit the 
generalizability of the findings, though our sample does 
have unique strengths including a large proportion of HL 
females (43% of HL sample) and a relatively wide range of 
cognitive and behavioral ability represented.

Conclusions
In sum, our findings add to a growing body of evidence 
implicating visual and salience networks in autistic social 
behavior that deserves further study. Future work in our 
sample, and in a new cohort of HL infants for which data 

collection is underway, will seek to chart the develop-
mental nature of SAL-VIS fc during the period leading 
up to a diagnosis of ASD to shed light on neurodevel-
opmental mechanisms that may underlie the emergence 
of autistic social behaviors. Namely, we are interested 
in tracking the maturation of the visual system and its 
connections with other networks, including the salience 
network, across the first years of life to examine the role 
that visual system has in shaping attentional behaviors 
that are fundamental to social learning [63, 65, 73]. Fur-
ther, future work defining the salience network [74], its 
boundaries [70], and its functions in ASD samples may 
be an important avenue for understanding individual var-
iation in autistic social symptoms.
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