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Abstract

Autism spectrum disorder (ASD) is associated with the altered functional connectivity of 3 neurocognitive networks that
are hypothesized to be central to the symptomatology of ASD: the salience network (SN), default mode network (DMN), and
central executive network (CEN). Due to the considerably higher prevalence of ASD in males, however, previous studies
examining these networks in ASD have used primarily male samples. It is thus unknown how these networks may be
differentially impacted among females with ASD compared to males with ASD, and how such differences may compare to
those observed in neurotypical individuals. Here, we investigated the functional connectivity of the SN, DMN, and CEN in a
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large, well-matched sample of girls and boys with and without ASD (169 youth, ages 8-17). Girls with ASD displayed greater
functional connectivity between the DMN and CEN than boys with ASD, whereas typically developing girls and boys
differed in SN functional connectivity only. Together, these results demonstrate that youth with ASD exhibit altered sex
differences in these networks relative to what is observed in typical development, and highlight the importance of
considering sex-related biological factors and participant sex when characterizing the neural mechanisms underlying ASD.

Key words: autism spectrum disorder, functional connectivity, resting-state functional magnetic resonance imaging, sex

differences, sexual differentiation

Introduction

Autism spectrum disorder (ASD) is a prevalent neurodevelop-
mental condition, which is diagnosed on the basis of challenges
with social communication, as well as the presence of repetitive
behaviors and circumscribed interests (American Psychiatric
Association 2013; Baio et al. 2018). Other behavioral and cog-
nitive domains are also significantly impacted in ASD; these
include alterations in the relative salience of social and nonso-
cial stimuli, as well as differences in social cognition and execu-
tive functioning (Lai et al. 2014; Dubey et al. 2015; Chita-Tegmark
2016; Ruta et al. 2017; Lai et al. 2017a). Prior studies in largely
male samples have consistently demonstrated that ASD is asso-
ciated with differences in brain connectivity, including altered
intrinsic functional connectivity as assessed using resting-state
functional magnetic resonance imaging (fMRI) (Zikopoulos and
Barbas 2013; Kana et al. 2014; Hernandez et al. 2015; Hull et al.
2016; Picci et al. 2016). Of particular interest are 3 interrelated
neurocognitive networks that, according to the triple network
model (Menon 2011; Menon 2019), are hypothesized to offer a
parsimonious explanation for the symptoms observed among
individuals with ASD, including differences in salience attribu-
tion, social cognition, and executive function (Lai et al. 2014;
Dubey et al. 2015; Uddin 2015; Chita-Tegmark 2016; Ruta et al.
2017; Lai et al. 2017a). These 3 networks of specific interest are
the salience network (SN), default mode network (DMN), and
central executive network (CEN). The SN is believed to play a
role in detecting and coordinating a response to salient inte-
roceptive and exteroceptive stimuli, including modulating the
relative activity of the DMN and CEN, whereas the DMN and CEN
have previously been related to social cognition and executive
functioning respectively, among other functions (Menon and
Uddin 2010; Menon 2011; Uddin 2015; Padmanabhan et al. 2017).
Alterations in these networks have also been hypothesized to
underlie symptoms observed in other neurodevelopmental and
neuropsychiatric disorders, including differences in attention,
social functioning, and cognition; however, the specific pattern
and directionality of alterations in these networks are thought
to differ as a function of the specific disorder (Menon 2011,
Menon 2019). In support of the triple network model in ASD, and
emphasizing the potential importance of these 3 networks to the
neural underpinnings of ASD, previous studies have found that
the connectivity within and between these networks is both sig-
nificantly impacted in ASD and correlated with the magnitude of
core ASD traits (Lynch et al. 2013; Nomi and Uddin 2015; Uddin
et al. 2015; Yerys et al. 2015; Abbott et al. 2016; Padmanabhan
et al. 2017; Lawrence et al. 2019; Nomi et al. 2019). Furthermore,
patterns of functional connectivity in these networks have been
shown to predict a diagnosis of ASD, as well as changes over time
in ASD traits (Anderson et al. 2011; Nielsen et al. 2013; Uddin
et al. 2013a; Plitt et al. 2015a; Plitt et al. 2015b; Abraham et al.
2017).

As the prevalence of ASD is approximately 3 to 4 times greater
among males than females (Loomes et al. 2017; Baio et al. 2018),
almost all studies to date have focused on samples that were
primarily or entirely male, with no analyses ever conducted to
specifically examine the SN, DMN, and CEN in females with ASD.
However, there is growing evidence that girls and boys with ASD
differ in their patterns of social attention, social engagement,
and executive function (Dean et al. 2014; Head et al. 2014; Lai
et al. 2015; Sedgewick et al. 2016; Hull et al. 2017; Harrop et al.
2018a; Harrop et al. 2018b; Sedgewick et al. 2019), domains, which
may be related to connectivity of the SN, DMN, and CEN. More
broadly, and further suggesting that findings from primarily
male samples with ASD may not generalize to female samples,
males and females with ASD show significantly different behav-
ioral and cognitive profiles (Baron-Cohen et al. 2014; Frazier et al.
2014; Hiller et al. 2014; Lai et al. 2015; Hull et al. 2017; Evans
et al. 2018; Harrop et al. 2018a; Harrop et al. 2018b; Knutsen
et al. 2018; Lawson et al. 2018; Moseley et al. 2018; Tillmann et al.
2018; Matheis et al. 2019), as well as distinct patterns of neural
activity during cognitive and emotional tasks (Beacher et al.
2012b; Schneider et al. 2013) and brain connectivity (Nordahl
et al. 2015; Alaerts et al. 2016; Lai et al. 2017b). Such differences
may reflect a pattern of masculinization in both groups and/or
the presence of altered sex differences in ASD. For instance,
males and females with ASD both show levels of empathizing
and systemizing that are shifted from the average neurotypical
female profile towards the average neurotypical male profile
(Baron-Cohen et al. 2014; Greenberg et al. 2018). Other traits,
such as sensorimotor processes, exhibit significant sex differ-
ences in adults with ASD but not among neurotypical adults
(Moseley et al. 2018). More generally, altered behavioral and
neuroimaging sex differences in ASD have been shown to take
several forms, including sex differences that are the reverse of
those seen in the neurotypical population (i.e., females with ASD
resembling neurotypical males, and males with ASD resembling
neurotypical females), the presence of greater sex differences in
ASD than among neurotypical individuals, and the attenuation
of typical sex differences when examining groups with ASD
(Beacher et al. 2012a; Beacher et al. 2012b; Bejerot et al. 2012;
Supekar and Menon 2015; Hull et al. 2017; Floris et al. 2018;
Moseley et al. 2018; O’'Neill et al. 2020). The few studies to
date that have examined alterations in functional connectivity
among females and males with ASD have yielded results that
varied depending on the exact measure or network examined.
These findings include no significant sex differences in ASD
in interhemispheric functional connectivity (whole-brain homo-
topic connectivity), differences supporting a masculinized neu-
ral profile across individuals with ASD (within-network DMN
connectivity), or altered sex differences in ASD (cerebellum,
posterior superior temporal sulcus, posterior cingulate cortex,
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and whole-brain connectivity) (Alaerts et al. 2016; Ypma et al.
2016; Kozhemiako et al. 2019; Smith et al. 2019). Taken together,
these findings of altered sex differences at both the behavioral
and neural level have led to the hypothesis that sex-dependent
biological factors may contribute to the presentation of ASD
(Lai et al. 2017b). However, despite the proposed centrality of
altered SN, DMN, and CEN connectivity to ASD (Menon 2011;
Uddin 2015), no studies to date have specifically investigated sex
differences in the functional connectivity within and between
these key 3 networks among individuals with ASD. It is thus
unknown how such connectivity may differ between females
and males with ASD, as well as how these patterns may compare
with typical sex differences. Importantly, understanding the
nature of such differences would allow us to better characterize
both the brain-based underpinnings of ASD among females and
shed new light on the potential relationship between sex-related
neural factors and ASD as a whole.

We, therefore, analyzed the within- and between-network
functional connectivity of the SN, DMN, and CEN in a balanced
sample of girls and boys with and without ASD to directly
examine sex differences in connectivity in ASD and typical
development. To the best of our knowledge, this multisite study
represents the largest investigation to date of functional connec-
tivity in a pediatric sample of females with ASD. All data were
collected using a harmonized data acquisition protocol, and we
used both a whole-brain seed-based and a region of interest
(ROI)-based network approach to comprehensively examine the
functional connectivity of our 3 networks of interest. Our results
indicate altered sex differences among youth with ASD in the
functional connectivity of the SN, DMN, and CEN, thereby high-
lighting the importance of considering participant sex and sex-
specific biological factors when characterizing the hypothesized
neural mechanisms of ASD.

Materials and Methods
Participants

As part of the Gender Exploration of Neurogenetics and Devel-
opment to Advance Autism Research (GENDAAR; NIMH100028)
Consortium, children and adolescents (ages 8-17) were recruited
from 4 sites across the United States of America (Harvard Med-
ical School, Seattle Children’s Research Institute, University of
California Los Angeles [UCLA], and Yale University). For the ASD
group, all participants were required to have a clinical diagnosis
of ASD that was confirmed by an experienced, research-reliable
clinician using the Autism Diagnostic Observation Schedule
Second Edition (ADOS-2) (Lord et al. 2012) and/or the Autism
Diagnostic Interview, Revised (ADI-R) (Lord et al. 1994). To main-
tain reliability on these measures across sites, all lead clinicians
double-coded one ADOS-2 and one ADI-R every 6 months, with
reliability maintained within each individual site by having the
site’s lead clinician double-code 10% of assessments. Virtually
all participants with ASD met criteria on both the ADOS-2 and
the ADI-R (n =75/80), with 2 participants meeting criteria on
the ADOS-2 but not receiving the ADI-R, and 3 participants
meeting criteria on the ADI-R but being subthreshold on the
ADOS-2 (-1 point), or not receiving the ADOS-2. In addition
to meeting criteria on the ADOS-2 and/or ADI-R, participants
in the ASD group were required to have no history of other
neurological disorders involving pathology above the brainstem,
with the exception of uncomplicated non-focal epilepsy with
no active seizures within the last year; nearly all participants
with ASD had no history of epilepsy (n =78/80), with 1 subject
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having uncomplicated non-focal epilepsy, and 1 subject meeting
inclusion criteria but not having their exact epilepsy status
retained past study enrollment. Typically developing (TD) con-
trol participants were required to have no first- or second-degree
relatives with ASD, no evidence of elevated ASD traits (total t-
scores < 65 on the parent-report version of the Social Respon-
siveness Scale, Second Edition [SRS-2]; Constantino and Gruber
2012), and no known developmental, psychiatric or neurological
disorders. Exclusion criteria for both groups included any known
genetic condition (e.g., Fragile X), premature birth, an inabil-
ity to comprehend scan instructions, excessive motion, and
insufficient high-quality resting-state data. Youth were addi-
tionally excluded if they were siblings of another participant
in the study; the retained sibling was selected with the goal
of matching groups closely by motion during the fMRI scan (as
measured by mean relative motion and the number of fMRI-
independent components automatically labeled as motion or
noise; Pruim et al. 2015b), site/scanner, pubertal development (as
measured by the Pubertal Developmental Scale; PDS; Carskadon
and Acebo 1993), and separately within each diagnostic group,
ASD traits (as measured by the ADOS-2 for the ASD group and
the SRS-2 for both the ASD and TD groups). The final sam-
ple included 169 participants: 46 girls with ASD, 34 boys with
ASD, 48 TD girls, and 41 TD boys. Participants were assigned
to the female/girl or male/boy group based on parent-report
of biological sex designated at birth; gender identity was not
assessed. Informed assent and consent were obtained from all
participants and their legal guardians, and the experimental
protocol was approved by the Institutional Review Board at each
participating site. Anonymized data are publicly available for
participants through the National Database for Autism Research
(NDAR). As scans from this project are not available on the
Autism Brain Imaging Data Exchange (ABIDE; Di Martino et al.
2014; Di Martino et al. 2017), our data are independent from
previous analyses that used ABIDE to examine resting-state
functional connectivity (Alaerts et al. 2016; Ypma et al. 2016;
Yang and Lee 2018; Kozhemiako et al. 2019).

Descriptive statistics are presented in Table 1, with the
reported statistical comparisons completed in R using t-
tests, chi-squared tests, or their non-parametric equivalent
as appropriate (R Core Team 2016). When examining sex
differences separately within the ASD and TD groups, girls and
boys did not significantly differ on any of the following (all
Ps > 0.1): general cognitive ability (i.e., full-scale IQ as measured
by the Differential Ability Scales, Second Edition; Elliot 2007),
age, handedness, site/scanner, mean relative motion, number
of fMRI-independent components labeled as motion or noise,
and psychotropic medication status or class (Linke et al. 2017);
complete psychotropic medication information is presented in
Table S1. There were also no significant differences between
girls and boys in overall ASD traits as measured by total SRS-
2 scores for all groups (all Ps>0.2); compared to boys with
ASD, girls with ASD had somewhat lower levels of ASD traits
as assessed by the ADOS-2, although this difference was not
statistically significant (P =0.08). As expected given the lack
of significant differences in age between girls and boys within
each diagnostic group, girls exhibited more advanced pubertal
development than boys, although this difference only reached
statistical significance in the ASD group (ASD: P =0.01; TD:
P =0.18). When testing for demographic differences separately
within the female and male groups, there were no significant
differences between ASD and TD youth on any of the following
(all Ps>0.1): age, handedness, site/scanner, mean relative


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa105#supplementary-data

5110 | Cerebral Cortex, 2020, Vol. 30, No. 9

Table 1 Mean and standard deviation of sample descriptives

ASD TD Female versus Male P-values ASD versus TD P-values

Female Male Female Male ASD TD Female Male
Sample size 46 34 48 41 — — — -
Age (years) 13.50+2.52 13.32+3.04 13.15+3.04 13.71+2.64 0.77 0.36 0.55 0.55
Pubertal Development 12.84+3.702 10.33+£3.840 12.38+4.632 11.12+3.94 0.01 0.18 0.61 0.39
General conceptual ability 99.59+19.95 103.74+20.38  112.33+14.75 114.20+15.62 0.37 0.57 <0.001 0.01
Handedness (R/L) 43/3 33/1 45/3 38/3 0.63 1.00 1.00 0.62
Scanner (HT/ST/SP/UT/UP/YT) 4/10/7/8/4/13 7/2/9/7/1/8 7/3/13/9/7/9 5/3/10/11/4/8 0.17 0.95 0.16 0.79
Mean relative motion (mm) 0.18+0.15 0.194+0.21 0.15+0.13 0.13+0.08 0.83 0.78 0.30 0.16
# of motion/noise components 22.33+7.75 24.29+7.68 20.10+7.95 21.56+7.69 0.26 0.38 0.40 0.24
SRS-2 total raw 96.18+31.83%  98.31+25.82P 17.13+10.96 18.02 +14.03 0.76 0.74 <0.001 <0.001
SRS-2 total T-Score 77.02+11.42°  75.94+10.35P 45.02+4.65 43.78+£5.82 0.67 0.27 <0.001 <0.001
ADOS-2 Comparison Score 6.58 +1.952 7.38+2.03 — — 0.08 — — —

ASD = Autism Spectrum Disorder; TD = Typically Developing; Handedness: R=Right, L=Left. Scanner: HT =Harvard Trio, ST =Seattle Trio, SP=Seattle Prisma,
UT =UCLA Trio, UP=UCLA Prisma, YT = Yale Trio. SRS-2 = Social Responsiveness Scale, Second Edition. ADOS-2 = Autism Diagnostic Observation Schedule, Second

Edition. Superscripts indicate data missing from 12 or 2P subjects.

motion, and number of fMRI-independent components labeled
as motion or noise. A significant difference was seen in general
cognitive ability, such that girls and boys with ASD exhibited
significantly lower general cognitive ability scores than their
same-sex TD counterparts (both Ps <0.05). General cognitive
ability and pubertal development were therefore included as
covariates in all neuroimaging analyses.

MRI Data Acquisition

MRI data were acquired on a Siemens 3 T Trio scanner using a
12-channel headcoil or on a Siemens 3 T Prisma scanner using
a 20-channel headcoil after scanner upgrades at 2 sites (Seattle
and UCLA). During the resting-state fMRI scan (TR=2000 ms,
TE=30 ms, field of view [FOV]=192 mm, 34 slices, slice
thickness=4 mm, in-plane voxel size=3 x 3mm, acquisition
time= 5.5 min; Trio and Prisma parameters were identical),
participants viewed a white fixation cross in the center of a
black background using MR-compatible goggles (Resonance
Technology, Inc., Northridge, CA, USA). For registration purposes,
we additionally collected a high-resolution echo planar scan
that was co-planar to the fMRI scan to ensure identical distortion
characteristics (Trio: TR=5000 ms, TE=34 ms, FOV=192 mm,
34 slices, slice thickness=4 mm, in-plane voxel size of 1.5
x 1.5 mm, acquisition time= 1.5 min; Prisma parameters
were identical except TE=35 ms). To control for potential
scanner differences, 3 phantoms (2 human phantoms and
1 agar phantom) traveled to multiple study sites. Temporal
signal-to-noise ratio was calculated for each phantom/scanner
combination using Analysis of Functional Neurolmages (AFNI;
Table S2) (Cox 1996). A linear mixed model including scanner
as a fixed effect and phantom as a random effect revealed a
significant main effect of scanner on the temporal signal-to-
noise ratio calculated from the phantoms (P =0.02). We thus
included scanner as a covariate in all neuroimaging analyses to
statistically control for any effect of scanner. Importantly, data
were acquired for an equal proportion of each group (female
ASD, male ASD, female TD, male TD) on each scanner, further
ensuring that between-group comparisons were not impacted
by scanner.

fMRI Data Preprocessing

Standard preprocessing was completed on all resting-state
fMRI data using FMRIB’s Software Library (FSL) (Smith et al.
2004) and AFNI (Cox 1996). This included skull stripping in

AFNI, motion correction in FSL using the Motion Correction
Linear Registration Tool (MCFLIRT) (Jenkinson et al. 2002), and
smoothing with a 6 mm full width at half maximum (FWHM)
Gaussian kernel in FSL. Resting-state fMRI scans were linearly
registered in FSL using FMRIB’s Linear Image Registration Tool
(FLIRT) (Jenkinson and Smith 2001; Jenkinson et al. 2002), with
each participant’s resting-state fMRI scan first registered to their
individual high-resolution matched bandwidth coplanar image
(6 degrees of freedom) and then to the MNI152 2 mm standard
brain (12 degrees of freedom). To remove potential confounds
resulting from head motion, we used Independent Component
Analysis (ICA)-based Automatic Removal of Motion Artifacts
(ICA-AROMA) (Pruim et al. 2015a; Pruim et al. 2015b) to regress
out single-subject components labeled as motion or noise
(Table 1). To further reduce potential motion confounds and
other noise, resting-state fMRI scans were band-pass filtered
(0.1Hz > t > 0.01 Hz) and the following included as single-subject
nuisance regressors: mean cerebrospinal fluid time series, mean
white matter time series and mean global time series, as well as
their temporal derivatives (Power et al. 2014).

fMRI Data Analysis

To comprehensively examine the SN, DMN, and CEN, we used
both a whole-brain and an ROI-based network approach. These
methods are complementary in that the former allows one to
thoroughly examine the entire extent of each network across
the whole brain, whereas the latter focuses only on the hubs
of each network but allows for greater statistical power due to
the relatively smaller number of multiple comparisons. Group
differences that may fall outside, or only partially overlap with,
the hub ROIs may not be captured by the ROI-based network
approach, but will be observable with the whole-brain approach.
Conversely, between-group findings that are not visible when
using the whole-brain approach may be easily detectable when
using the ROI-based approach because of this approach’s greater
statistical power.

For both the whole-brain and the ROI-based network analy-
ses, our planned comparisons focused on the effect of sex within
diagnostic group (female ASD vs. male ASD; female TD vs. male
TD) and the effect of diagnostic group within sex (female ASD
vs. female TD; male ASD vs. male TD). For completeness, we
additionally examined the interaction between diagnostic group
and sex. All analyses included general cognitive ability, pubertal
development, and site/scanner as covariates of non-interest.
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Effect sizes are reported for all significant between-group con-
trasts as standardized regression coefficients (8s), reflecting that
all group-level comparisons were completed as regressions to
allow for the inclusion of nuisance covariates.

To examine whole-brain resting-state functional connectiv-
ity of the SN, DMN, and CEN, mean time series were extracted
from standard seeds for these networks located in the right
orbital frontoinsula for the SN (Seeley et al. 2007), the pre-
cuneus for the DMN (Fox et al. 2005), and the right dorsolateral
prefrontal cortex for the CEN (Seeley et al. 2007); these seeds
have previously been used by our group and others to examine
functional connectivity in ASD (Elton et al. 2016; Green et al.
2016; Lawrence et al. 2019). The time series extracted from
each 5-mm radius spherical seed was then correlated with that
of every other voxel in the brain to obtain correlation maps,
which were subsequently transformed into z-score maps using
Fisher’s r-to-z transform. Whole-brain group-level analyses were
completed in FSL using FMRIB’s Local Analyses of Mixed Effects
(FLAME 1+ 2), with variance estimated separately for the ASD
and TD groups. As we were primarily interested in functional
connectivity within and between the SN, DMN, and CEN, all
group analyses were limited to voxels that belonged to one of
these networks in any group at a voxel-wise threshold of Z > 3.1
and a corrected cluster threshold of P <0.05. That is, group
analyses were prethreshold masked using a combined mask
of the SN, DMN, and CEN across all 4 of our groups (female
ASD, male ASD, female TD, male TD). To stringently correct for
multiple comparisons, all within- and between-group contrasts
were thresholded at Z > 3.1, P<0.05 (Kessler et al. 2017).

To examine ROI-based network functional connectivity of
the SN, DMN, and CEN a 9 x 9 ROI correlation matrix was
created for each participant by extracting the mean time series
from key nodes of each network and correlating these time
series with one another; these ROIs were defined in a prior
study with an independent sample (Uddin et al. 2011) and have
previously been used to study connectivity in ASD (Uddin et al.
2015; Neufeld et al. 2018). Specifically, these nodes were located
in the bilateral frontoinsular cortex (L FIC, R FIC) and anterior
cingulate cortex (ACC) for the SN, the posterior cingulate cortex
(PCC) and ventromedial prefrontal cortex (vimPFC) for the DMN,
and the bilateral dorsolateral prefrontal cortex (L dIPFC, R dIPFC)
and bilateral posterior parietal cortex (L PPC, R PPC) for the CEN.
After calculating correlations between each pair of ROIs for each
subject, these values were converted into z-scores using Fisher’s
r-to-z transform and compared between groups using a general
linear model in R. Residuals from all general linear models were
confirmed to meet the assumptions of independence, normality,
and constant variance based on visual inspection of residual
histograms and residual plots. A Benjamini and Hochberg false
discovery rate (FDR) of 5% was used to correct for multiple
comparisons across the 36 ROI pairs, with corrected P-values
reported in all cases unless otherwise specified (Benjamini and
Hochberg 1995).

To confirm that the results from our whole-brain and ROI-
based network analyses were not impacted by medication status
(Linke et al. 2017), we used a general linear model to assess
the effect of medication on those connectivity measures (i.e.,
z-scores) which showed significant between-group differences.
Exploratory analyses were additionally conducted to examine
how the connectivity of those regions that exhibited significant
between-group differences may be associated with pubertal
development (as measured by the PDS) and ASD traits (as mea-
sured by total SRS-2 score and ADOS-2 comparison scores), with
FDR-corrected P-values reported.
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Results
Whole-Brain Functional Connectivity

The SN, DMN, and CEN exhibited the expected patterns of
whole-brain functional connectivity in all 4 groups (Figs S1-
S3 and Tables S3-5S6). This included SN connectivity with the
anterior insula and anterior cingulate cortex, as well as DMN
connectivity with the precuneus/posterior cingulate cortex,
medial prefrontal cortex/ventromedial prefrontal cortex and
angular gyrus, and CEN connectivity with the dorsolateral
prefrontal cortex and intraparietal sulcus.

Girls and boys with ASD did not significantly differ in
whole-brain SN, DMN, or CEN functional connectivity. TD
youth likewise exhibited no significant sex differences in
DMN or CEN connectivity. However, the female and male TD
groups did demonstrate significant SN differences. Compared
to TD girls, TD boys displayed more negative between-network
connectivity with the left posterior parietal cortex (Fig. 1A; MNI
peak coordinates = —38, —60, 38; 8 =0.89; max Z =4.50). Overall,
there were thus no sex differences observed in the ASD group
and sex differences in the TD group were limited to the SN.

When contrasting girls with ASD and TD girls, no signifi-
cant differences emerged in SN, DMN, or CEN functional con-
nectivity. The male ASD and TD groups significantly differed
in SN connectivity only, such that TD boys exhibited signifi-
cantly more negative connectivity with the left posterior parietal
cortex and precuneus than boys with ASD (Fig. 1B; MNI peak
coordinates = —28, —58, 26; g =0.74; max Z =4.25). To assess
whether this difference between boys with ASD and TD boys was
impacted by medication among the boys with ASD, connectivity
z-scores were extracted from this cluster and compared between
medicated and unmedicated boys with ASD; medication did
not significantly affect functional connectivity of this cluster
(P =0.7). As a whole, the female ASD group thus displayed
no significantly atypical patterns of connectivity when using
a whole-brain seed-based approach, whereas boys with ASD
exhibited atypical SN connectivity.

When examining the interaction between diagnostic group
and sex, there was no significant interaction with regards to
connectivity of the DMN or CEN. A diagnostic group by sex
interaction was observed in SN connectivity with the left pos-
terior parietal cortex and precuneus (Fig. S4; MNI peak coor-
dinates =—38, —56, 40; B =1.13; max Z =3.55) at a commonly
used but somewhat less stringent threshold (Z > 2.3, P<0.05).
Connectivity z-scores extracted from this cluster revealed that
medicated youth with ASD did not significantly differ from their
same-sex unmedicated counterparts (both Ps > 0.6). In sum, the
whole-brain seed-based results indicate both that youth with
ASD exhibit altered sex differences relative to their TD peers,
and that the pattern of atypicalities seen in ASD relative to
typical development depends on participant sex.

Exploratory analyses examining the relationship between
pubertal development, or ASD traits, and functional connectivity
of regions showing between-group differences (Figs 1 and S4)
yielded no statistically significant associations (all Ps > 0.1).

ROI-Based Network Functional Connectivity

The female and male ASD groups significantly differed in func-
tional connectivity between the DMN (PCC) and CEN (L PPC), with
greater positive connectivity between the DMN and CEN in the
female ASD group than the male ASD group (8 =0.87, P =0.02;
Figs 2A and 3A). Girls and boys with ASD exhibited no significant
differences in SN functional connectivity. In contrast, TD girls
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Figure 1. Clusters that displayed a significant difference in salience network functional connectivity between TD girls and boys (A) or between boys with ASD and
TD boys (B). Connectivity z-scores extracted from each significant cluster are represented at right, with boxplots displaying the median and interquartile range of
connectivity z-scores and whiskers representing the most extreme z-scores within 1.5 times the interquartile range. ASD: Autism Spectrum Disorder; TD: Typically

Developing; F: Female; M: Male; L: Left.

and boys displayed significant sex differences in SN connectivity
only, including differences in both within-network connectivity
and between-network connectivity (Figs 2B and 3D). TD boys
displayed increased positive connectivity within the SN (R FIC
with ACC; L FIC with ACC) compared to TD girls (8 =0.63,P =0.03;
B =0.62,P =0.03), as well as more negative connectivity between
the SN (L FIC) and DMN (PCC; 8 =0.67, P =0.03). Sex differences
among TD youth were also observed in functional connectivity
between the SN and CEN, with the male TD group exhibiting
greater negative connectivity between the right FIC node of the
SN and the CEN (L PPC; 8 =0.74, P =0.02), and the female TD
group displaying greater positive connectivity between the left
FIC node of the SN and the CEN (L PPC; 8 =0.64, P =0.03). As a
whole, girls and boys with ASD thus differed only in connectivity
between the DMN and the CEN, whereas TD girls and boys
differed only in the within- and between-network connectivity
of the SN.

Significant differences between youth with ASD and their
same-sex TD counterparts were detected only in DMN and CEN
functional connectivity (Figs 2C, D and 3B, C). Specifically, girls
with ASD exhibited increased positive connectivity between the
DMN (PCC) and CEN (L PPC) compared to TD girls (8 =0.85,
P =0.002), whereas boys with ASD displayed less positive con-
nectivity within the CEN (R dIPFC with R PPC) than TD boys
(B8 =0.86,P =0.02). When analyzing the impact of medication on
these connections, medicated girls and boys with ASD exhibited
no significant differences from their same-sex unmedicated
counterparts (all uncorrected Ps > 0.5). Briefly, the female ASD
group was thus characterized by atypical between-network con-
nectivity of the DMN and the CEN, and the male ASD group by
atypical within-network connectivity of the CEN.

Interactions between diagnostic group and sex were
observed in functional connectivity between the DMN and the
CEN (Fig. S5), as well as in the within- and between-network
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Figure 2. Correlation matrices and significant between-group differences for all ROIs. The upper triangle and lower triangle reflect correlation values extracted from
the group identified directly to the upper right or lower left of the correlation matrix, respectively. ASD: Autism Spectrum Disorder; TD: Typically Developing; F: Female;
M: Male; DMN: Default Mode Network; SN: Salience Network; CEN: Central Executive Network; ROIL region of interest; *corrected P < 0.05; **corrected P < 0.01.

connectivity of the SN (Fig. S5), although they did not quite
attain statistical significance after correction for multiple
comparisons. More specifically, we found an interaction
between diagnostic group and sex in functional connectivity
of the DMN (PCC, vimPFC) with the left PPC hub of the CEN
(8 =0.97, uncorrected P =0.002; g =0.64, uncorrected P =0.046).
An interaction was also noted for functional connectivity
within the SN (R FIC with ACC; 8 =0.81, uncorrected P =0.01).
Lastly, a diagnostic group by sex interaction was observed for
connectivity between the FIC hubs of the SN (L FIC, RFIC) and the
left PPC hub of the CEN (8 =0.73, uncorrected P =0.02; 8 =0.89,
uncorrected P =0.004), as well as for connectivity between the
ACC hub of the SN and the CEN (L PPC: 8 =0.80, uncorrected
P =0.009; R DLPFC: B =0.76, uncorrected P =0.02). There was no
significant impact of medication status on these connections
among either girls with ASD or boys with ASD (all uncorrected
Ps > 0.3). In sum, the ROI-based network analyses indicate both
that youth with ASD display altered sex differences in the SN,
DMN, and CEN compared with TD youth, and that there are sex

differences in how these networks are altered in ASD relative to
typical development.

When investigating the association between pubertal devel-
opment, or ASD symptom severity, and functional connectivity
of those ROI network hubs that exhibited group differences
(Figs 2, 3, and S5), there was no significant relationship between
pubertal development, or ASD symptomatology, and connectiv-
ity (all Ps > 0.3).

Discussion

Here, we found that youth with ASD exhibited altered sex dif-
ferences in SN, DMN, and CEN functional connectivity relative
to TD youth, and that the nature of neural atypicalities in ASD
varied as a function of sex. Connectivity within and between
these key higher-order networks are hypothesized to be central
to the pattern of symptoms seen in ASD, and prior analyses
in largely male samples have found that the functional con-
nectivity of these networks is significantly impacted in ASD
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Figure 3. Connectivity z-scores extracted from each ROI pair exhibiting a significant between-group difference, with boxplots displaying the median and interquartile
range of connectivity z-scores and whiskers representing the most extreme z-scores within 1.5 times the interquartile range. ASD: Autism Spectrum Disorder; TD:
Typically Developing; F: Female; M: Male; DMN: Default Mode Network; SN: Salience Network; CEN: Central Executive Network; ROI: region of interest; *corrected

P <0.05; **corrected P <0.01.

(Menon 2011; Nomi and Uddin 2015; Uddin 2015; Abbott et al.
2016; Padmanabhan et al. 2017; Lawrence et al. 2019; Nomi et al.
2019). However, no previous studies have specifically examined
the patterns of functional connectivity within and between
these 3 networks among females with ASD, even though recent

investigations suggest that females and males with ASD dis-
play significant behavioral, cognitive, and neural differences
(Beacher et al. 2012b; Schneider et al. 2013; Baron-Cohen et al.
2014; Frazier et al. 2014; Hiller et al. 2014; Lai et al. 2015; Nor-
dahl et al. 2015; Alaerts et al. 2016; Hull et al. 2017; Lai et al.
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2017b; Evans et al. 2018; Harrop et al. 2018a; Harrop et al. 2018b;
Knutsen et al. 2018; Lawson et al. 2018; Moseley et al. 2018;
Tillmann et al. 2018; Kozhemiako et al. 2019; Matheis et al. 2019).
Notably, such sex differences in ASD have also been shown to
differ from those seen in the neurotypical population, suggest-
ing that the biological mechanisms that contribute to sexual
differentiation may additionally be implicated in ASD (Beacher
etal. 2012b; Supekar and Menon 2015; Alaerts et al. 2016; Moseley
et al. 2018; Smith et al. 2019; O’Neill et al. 2020).

When contrasting girls and boys with ASD, we found
that girls with ASD exhibited significantly greater functional
connectivity between the DMN and the CEN than their male
counterparts. These results are broadly consistent with the few
published studies to date examining functional connectivity in
females with ASD, which, as a whole, have found that females
with ASD exhibit increased functional connectivity compared
to their male counterparts in a number of connections across
the brain (Alaerts et al. 2016; Smith et al. 2019). Our finding of
increased functional connectivity between the DMN and the
CEN among girls with ASD thus adds to an emerging body
of evidence that females with ASD exhibit greater functional
connectivity than males with ASD. As females with ASD may
be more adept at camouflaging their symptoms than males
with ASD, such findings of increased connectivity among
affected females in this study and others may reflect protective
or compensatory mechanisms (Allely 2019; Hull et al. 2020).
With regards to our specific finding of connectivity differences
between the DMN and the CEN, functional connectivity between
the DMN and the CEN has previously been associated with lab-
based measures of executive function as well as IQ, such that
greater segregation between these 2 networks is related to better
cognitive performance among neurotypical individuals (Kelly
et al. 2008; Hampson et al. 2010; Sherman et al. 2014). As girls
and boys with ASD exhibit different types of executive function
challenges relative to their same-sex peers (Lai et al. 2015; Hull
et al. 2017), our finding that girls and boys with ASD differ in
their patterns of functional connectivity between the DMN and
CEN may relate to the unique executive function difficulties
observed in each group. When comparing TD girls and boys, sex
differences in SN connectivity were observed. Specifically, we
found that TD boys displayed significantly greater connectivity
within the SN, as well as a pattern of both less positive and
more negative between-network connectivity of the SN with
the DMN and CEN. Previous literature examining sex differences
among the neurotypical population has focused on adults and
indicated both increased and decreased functional connectivity
in males relative to females, where the directionality of sex
differences may depend on the specific network connections
and the age range of the sample (Bluhm et al. 2008; Biswal
et al. 2010; Allen et al. 2011; Filippi et al. 2013; Scheinost
et al. 2015; Zhang et al. 2016). Functional connectivity analyses
focused on whole-brain organizational properties have likewise
suggested the presence of sex differences that may depend on
participant age (Tian et al. 2011; Wu et al. 2013), with a large-
scale developmental study reporting that females exhibited
greater network segregation than males (Satterthwaite et al.
2015). Similar to our finding that TD boys displayed greater
functional connectivity within the SN than TD girls, one recent
study in adolescents demonstrated increased within-network
SN connectivity in TD boys relative to TD girls (Teeuw et al.
2019), although another developmental study with a broader
age range found no significant differences (Sole-Padulles et al.
2016). Normative sex differences in SN connectivity are also
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supported by large-scale studies in neurotypical adult samples,
which have likewise found that males exhibit greater functional
connectivity than females in some SN connections (Biswal et al.
2010; Filippi et al. 2013).

As a whole, our pattern of results demonstrate that youth
with ASD exhibit significant sex differences in functional con-
nectivity between the DMN and the CEN that are not present
among TD youth, whereas typical sex differences in SN func-
tional connectivity are not observed in ASD youth. A number
of previous brain-based studies have similarly demonstrated
the existence of altered sex differences in ASD. Recent func-
tional connectivity analyses focused on the cerebellum, poste-
rior superior temporal sulcus, posterior cingulate cortex, and
the whole brain, have found that functional connectivity sig-
nificantly differed between females and males with ASD in the
reverse direction of typical sex differences, such that functional
connectivity was comparatively masculinized among females
with ASD and comparatively feminized among males with ASD
(Alaerts et al. 2016; Floris et al. 2018; Smith et al. 2019), although
other higher-order networks may instead be comparatively mas-
culinized among males with ASD (Ypma et al. 2016; Floris et al.
2018). Such relative differences in neural feminization and mas-
culinization among the ASD population have also been found
when assessing neural activity during a mental rotation task
(Beacher et al. 2012b), as well as when analyzing the concen-
trations of neurometabolites using magnetic resonance spec-
troscopy (MRS) (O’Neill et al. 2020). Females and males with
ASD have additionally been shown to differ from each other
even when neurotypical females and males do not, with pat-
terns of cortical and subcortical gray matter volumes differ-
entiating girls and boys with ASD but not TD girls and boys
(Supekar and Menon 2015). Neurotypical sex differences have
also been reported which are not observed when comparing
females and males with ASD, such that typical sex differences
in total white matter volume, regional white matter integrity,
and regional gray matter volume are attenuated or absent in
adults with ASD (Beacher et al. 2012a). Studies analyzing sex
hormones or the relative masculinity or femininity of physical
features have likewise found reduced sex differences among
adults with ASD (Geier and Geier 2007; Bejerot et al. 2012). Taken
together, this prior work indicates that individuals with ASD
exhibit distinct sex differences relative to neurotypical controls
across a wide range of neural and biological measures. Our
finding that youth with ASD exhibit unique sex differences in
SN, DMN, and CEN functional connectivity is thus both con-
sistent with and expands upon a growing literature demon-
strating altered sexual differentiation in ASD. Importantly, such
atypicalities suggest in turn that biological factors related to
sexual differentiation—such as sex hormones and sex differ-
ential gene expression—may contribute to ASD (Arnold 2017;
McEwen and Milner 2017). Evidence from previous studies indi-
cate that prenatal sex steroids have organizational effects on
the brain (Chura et al. 2010; Lombardo et al. 2012), and that
sex differential gene expression likewise contributes to sex-
ual dimorphism in the brain (Rinn and Snyder 2005; Arnold
2017). Such typical sex differences suggest that neurotypical—
or arguably “optimal”—brain profiles are sex-specific. Combined
with findings of altered sex differences in ASD, this suggests
that any deviations from the expected sex-specific neurotypical
profile (among females or males) may converge and give rise to
core ASD symptomatology in both sexes (Alaerts et al. 2016).

In addition to examining sex differences in ASD and typical
development, we also investigated how girls and boys with ASD
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may differ from their same-sex TD counterparts in SN, DMN, and
CEN functional connectivity. When contrasting functional con-
nectivity among girls with ASD and TD girls, girls with ASD dis-
played significant hyperconnectivity between the DMN and CEN.
Several recent analyses have likewise found hyperconnectivity
among females with ASD in a range of functional connections
across the brain (Alaerts et al. 2016; Yang and Lee 2018; Smith
et al. 2019), even though other connections may instead exhibit
hypoconnectivity in females with ASD (Alaerts et al. 2016; Ypma
et al. 2016; Yang and Lee 2018). A generally mixed pattern of
over- and underconnectivity has previously been demonstrated
in males with ASD as compared to neurotypical males, with
numerous studies suggesting that such variability may depend
on the exact connections examined, as well as the specific
characteristics of the sample and analysis methods (Muller et al.
2011; Uddin et al. 2013b; Nair et al. 2014; Picci et al. 2016; Hernan-
dez et al. 2017). Our finding that girls with ASD exhibited greater
functional connectivity than TD girls between the DMN and CEN,
in conjunction with previous studies indicating the existence of
both hyper- and hypoconnectivity in males with ASD, suggests
that patterns of altered connectivity among females with ASD
may similarly depend on the specific network examined as well
as sample characteristics. When comparing boys with ASD to TD
boys in our analyses, boys with ASD exhibited hyperconnectivity
of the CEN and reduced negative connectivity of the SN. Previous
studies have likewise found significant alterations in SN and
CEN functional connectivity among boys with ASD (Nomi and
Uddin 2015; Abbott et al. 2016; Lawrence et al. 2019; Nomi et al.
2019), although the impacted connections and the directional-
ity of such alterations in these networks varies and may also
depend on sample attributes (e.g., age) and the selected analysis
methods (e.g., task-based vs. resting-state functional connec-
tivity) (Muller et al. 2011; Uddin et al. 2013b; Nair et al. 2014;
Hernandez et al. 2017). Taken together, our results demonstrate
that girls and boys with ASD exhibit different alterations in func-
tional connectivity when compared with their corresponding
same-sex TD peers, such that girls with ASD exhibit significant
overconnectivity between the DMN and CEN, whereas boys with
ASD display significant alterations in SN and CEN connectivity.
This pattern of findings may be specific to ASD, as one recent
study in girls and boys with attention-deficit/hyperactivity dis-
order (ADHD) found that girls with ADHD significantly differed
from their same-sex TD counterparts in functional connec-
tivity, but boys with ADHD did not significantly differ from
TD boys (Rosch et al. 2018). The currently reported differences
between girls and boys with ASD in their pattern of atypi-
calities relative to TD youth also further highlight the impor-
tance of considering participant sex when characterizing func-
tional connectivity in ASD. Additionally, some of the connec-
tions that exhibited significant differences between our sample
of youth with ASD and their TD counterparts overlap with
the connections that displayed altered sex differences in ASD.
This suggests that alterations in sexual differentiation among
youth with ASD may underlie some of the atypicalities in func-
tional connectivity seen in ASD relative to TD controls, both
in the present study and in previous ones that used primar-
ily male ASD samples. The current results are furthermore in
line with a brain-based gene expression study, which found
that sexually dimorphic processes significantly overlapped with
pathways altered in ASD (Werling et al. 2016). As a whole, our
findings thus lend additional support to the hypothesis that
the biology underlying sexual differentiation may contribute to
ASD (Lai et al. 2017b).

Future studies should directly examine how sex-specific
biological factors, such as sex hormones and sex differential
gene expression, may relate to the atypicalities in functional
connectivity seen in ASD. An improved understanding of this
relationship may facilitate the creation of biologically based
ASD subgroups and more targeted treatments. Additionally,
the current investigation focused on functional connectivity
differences that were independent of age. However, a recent
longitudinal study by our group in a primarily male sample of
adolescents with and without ASD found altered developmental
trajectories of functional connectivity in ASD (Lawrence et al.
2019). Thus, it will be important to examine trajectories
of functional connectivity among both girls and boys with
ASD, as well as their TD counterparts. Lastly, atypical sexual
differentiation in ASD has also been observed for other
measures of brain function and structure (Beacher et al. 2012a;
Beacher et al. 2012b; Supekar and Menon 2015; O’Neill et al.
2020). Future studies should directly examine the overlap in such
altered sex differences across multiple neuroimaging modalities
to foster our understanding of the neural mechanisms that may
contribute to such alterations.

In sum, our results demonstrate that youth with ASD exhib-
ited altered sex differences in SN, DMN, and CEN functional
connectivity relative to their TD peers, as assessed in a large,
well-matched sample using 2 independent analytic approaches.
These findings underscore the importance of sex-related biolog-
ical factors in ASD and the need to consider both females and
males when characterizing the neural underpinnings of ASD.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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