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Impact of autism genetic risk on brain
connectivity: a mechanism for the
female protective effect

Katherine E. Lawrence,1 Leanna M. Hernandez,1 Emily Fuster,1

Namita T. Padgaonkar,1 Genevieve Patterson,1 Jiwon Jung,1 Nana J. Okada,1

Jennifer K. Lowe,2 Jackson N. Hoekstra,2 Allison Jack,3 Elizabeth Aylward,4

Nadine Gaab,5 John D. Van Horn,6 Raphael A. Bernier,7 James C. McPartland,8

Sara J. Webb,7,9 Kevin A. Pelphrey,10 Shulamite A. Green,1 Susan Y. Bookheimer,1

Daniel H. Geschwind2,11 and Mirella Dapretto1 on behalf of the GENDAAR Consortium

The biological mechanisms underlying the greater prevalence of autism spectrum disorder in males than females
remain poorly understood. One hypothesis posits that this female protective effect arises from genetic load for
autism spectrum disorder differentially impacting male and female brains.
To test this hypothesis, we investigated the impact of cumulative genetic risk for autism spectrum disorder on
functional brain connectivity in a balanced sample of boys and girls with autism spectrum disorder and typically
developing boys and girls (127 youth, ages 8–17). Brain connectivity analyses focused on the salience network, a
core intrinsic functional connectivity network which has previously been implicated in autism spectrum disorder.
The effects of polygenic risk on salience network functional connectivity were significantly modulated by partici-
pant sex, with genetic load for autism spectrum disorder influencing functional connectivity in boys with and
without autism spectrum disorder but not girls.
These findings support the hypothesis that autism spectrum disorder risk genes interact with sex differential proc-
esses, thereby contributing to the male bias in autism prevalence and proposing an underlying neurobiological
mechanism for the female protective effect.
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Introduction
Autism spectrum disorder (ASD) is a highly heritable neurodevelop-
mental condition.1 A substantial portion of genetic risk for ASD is
estimated to derive from the additive effect of many common var-
iants that are distributed across the genome and individually have
very small effect sizes.2–4 As a whole, genetic variation associated
with ASD impacts neuronal and synaptic function, as well as synap-
tic plasticity, suggesting biological pathways whereby increased
genetic risk for ASD affects brain connectivity.5,6 Supporting this,
both human post-mortem and in vivo neuroimaging studies have
demonstrated that ASD is characterized by altered neural connectiv-
ity, which has been directly linked to individual ASD-associated
common genetic variants in some studies.7–10

Notably, ASD is diagnosed approximately three to four times
more frequently among males than females.11,12 Although the
exact discrepancy in prevalence rates between males and females
may be affected by sex-specific social and diagnostic factors, a
range of studies have shown that ASD is consistently less common
among females than males; these studies include registry- and
population-based analyses, as well as studies of siblings at high fa-
milial risk for ASD.11–15 Sex differences in ASD prevalence are
thought to be driven, at least in part, by a female protective effect,
whereby females require an increased load of genetic and environ-
mental risk factors to develop ASD compared to males.13,14 Prior
studies examining recurrence rates and ASD traits among multi-
plex families and twin pairs, as well as analyses investigating de
novo mutation burden in ASD, have demonstrated a female pro-
tective effect with regards to both inherited and de novo genetic
variation.16–19 Previous work has also indicated that there is no
overarching sex bias in the risk genes for ASD or their expression,
suggesting that the posited female protective effect and associated
sex differences in ASD prevalence are instead driven by the down-
stream impact of ASD risk genes.14,20 One hypothesis proposes
that the female protective effect specifically arises from ASD-asso-
ciated genes interacting with the inherent sex differences present
in the typical brain, such that genetic load for ASD differentially
impacts male and female brains.20 A prior study that assessed dif-
ferential gene expression in the post-mortem human brain pro-
vided support for this hypothesis, demonstrating overlap between
genes that have altered expression in ASD and genes involved in
sexually dimorphic pathways.20 In this study, altered gene expres-
sion in ASD was assessed in 32 subjects with and without ASD be-
tween the ages of 5 and 56 years, and in an overlapping dataset of
73 subjects with and without ASD between 2 and 82 years old; sex
differences in gene expression were quantified in two sex-bal-
anced samples of 10 participants between 13 and 56 years of age
and in a sex-balanced sample of eight foetuses between 16 and 22
post-conception weeks.20 To date, however, no studies in the
in vivo human brain have tested the hypothesis that genetic load

for ASD differentially impacts male and female brains or directly
characterized the biological mechanisms of the female protective
effect. We therefore examined for the first time the impact of cu-
mulative polygenic risk for ASD on functional brain connectivity in
boys and girls with and without ASD, allowing us to delineate the
underlying neurobiological mechanisms of the female protective
effect. We hypothesized that genetic load for ASD would differen-
tially impact intrinsic functional connectivity in males with ASD
compared to females with ASD, as well as in neurotypical males
compared to neurotypical females.

Prior studies have found distributed functional connectivity
alterations in ASD, as well as significant differences between
males and females with ASD and atypical patterns of sex differen-
ces in ASD.9,10,21–25 Among the functional connectivity networks
that have been previously investigated in ASD, the salience net-
work is of particular interest as it is hypothesized to contribute dir-
ectly to the emergence of ASD traits.26 The salience network is
thought to play a role in orienting to salient stimuli.26,27 Infants
who later develop ASD show altered attention to and awareness of
social and non-social sensory input, with such differences likely
leading to an altered early environment for the infant and thereby
possibly contributing to the development of ASD traits.28–33

Supporting the importance of salience perception and the salience
network to ASD, prior work examining resting-state salience net-
work functional connectivity in a sample of 53 infants at high or
low familial risk for ASD found altered salience network connectiv-
ity among 6-week-old infants at high familial risk for ASD com-
pared to infants at low familial risk.34 Salience network
connectivity in these 6-week-old infants furthermore predicted
subsequent individual trajectories in social attention to faces as
measured with eye-tracking from 3 to 12 months, as well as future
ASD traits on the Autism Observation Scale for Infants35 at
12 months.34 Paralleling these findings, numerous studies in indi-
viduals already diagnosed with ASD have found that salience net-
work connectivity and activity are atypical in ASD, correlated with
the magnitude of core ASD traits, and able to predict an ASD diag-
nosis at accuracies significantly above chance,36–42 with prior work
from our group likewise demonstrating significant resting-state
salience network functional connectivity alterations in a sample of
75 boys with and without ASD between the ages of 8 and
17 years.23 Notably, previous analyses focused on sex differences
among individuals with and without ASD have also revealed that
salience network functional connectivity significantly differs be-
tween neurotypical males and females, and such sex differences
may be atypical among individuals with ASD.23,43–46 Because of the
robust evidence implicating the salience network in ASD, the cur-
rent study focused on the relationship between polygenic risk for
ASD and intrinsic salience network functional connectivity among
males and females with and without ASD.
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Materials and methods
Participants

Study participants were cognitively able youth with ASD or typical-
ly developing (TD) youth (ages 8–17) recruited from four collaborat-
ing sites (Harvard Medical School, Seattle Children’s Research
Institute, University of California Los Angeles and Yale University).
All procedures complied with all site-specific ethical regulations.
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. All participants included in the ASD group were required to
have a pre-existing diagnosis of ASD confirmed by a trained, re-
search-reliable study clinician using the Autism Diagnostic
Interview-Revised (ADI-R47 and/or the Autism Diagnostic
Observation Schedule, Generic or Second Edition; ADOS-G48 or
ADOS-249), with virtually all participants meeting criteria on both
(n = 57/61). Youth with ASD were additionally required to have no
history of neurological disorders involving pathology above the
brainstem (with the exception of uncomplicated non-focal epi-
lepsy, with no active seizures within the last year). To be included
in the TD group, youth were required to have no previously diag-
nosed developmental, neurological or psychiatric conditions, as
well as no evidence of elevated ASD traits (i.e. a total t-score 465
on the Social Responsiveness Scale, Second Edition; SRS-250).
Exclusionary criteria for all study participants included an inability
to comprehend scan instructions, any known genetic conditions,
excessive head motion during the resting-state scan, insufficient
high-quality resting-state data and any structural brain abnormal-
ities. Participants were additionally excluded if they were the sib-
ling of another subject in the study; the retained youth were
chosen to match groups more closely on age, full-scale IQ, the
number and percent of resting-state components labelled as mo-
tion/noise during preprocessing, mean relative head motion and,
within the ASD group, ADOS-2 calibrated severity scores. As poly-
genic risk scores (PRSs) calculated based on data from one genetic
ancestry do not generalize well to other ancestries,51,52 our final
analyses only included participants who were of the same ances-
try as the genome-wide association study (GWAS) used to compute
our PRSs6; that is, all included youth were of genetically ascer-
tained European descent.

Our final sample included 127 youth: 30 boys with ASD, 38 TD
boys, 31 girls with ASD and 28 TD girls. Assignment to the boy/

male or girl/female group was based on parent-reported biological
sex, confirmed using genotyped chromosomal sex; participant
gender identity was not assessed. Descriptive statistics and two-
tailed P-values for all four groups and between-group comparisons
are reported in Table 1. Reported statistical comparisons were
completed in R53 using t-tests, chi-squared tests or the non-para-
metric equivalent as appropriate (i.e. when visual inspection indi-
cated a non-normal data distribution for t-tests, or when there
were fewer than five observations per cell for chi-squared tests).
Within both ASD and TD groups, males did not significantly differ
from their female counterparts in any of the following (all P-values
4 0.2; Table 1 and Supplementary Table 1): mean relative head
motion, age, handedness, total ASD traits (as quantified using SRS-
2 Total Raw scores, SRS-2 Total T-scores and ADOS-2 Calibrated
Severity Scores), the number and percent of resting-state compo-
nents automatically classified as motion/noise54,55 and full-scale
IQ (as assessed using the second edition of the Differential Ability
Scales,56 the fourth edition of the Wechsler Intelligence Scale for
Children,57 or the first or second edition of the Wechsler
Abbreviated Scale of Intelligence58,59); however, TD boys were
slightly older than TD girls (P = 0.08). Within the male and female
groups, youth with ASD did not significantly differ from their
same-sex TD counterparts in any of the following (all P-values 4
0.2; Table 1 and Supplementary Table 1): mean relative head mo-
tion, age, handedness and the number and percent of resting-state
components automatically classified as motion/noise, except girls
with ASD were slightly older than TD girls (P = 0.07). Youth with
ASD exhibited lower full-scale IQs than their same-sex counter-
parts, although this difference only attained statistical significance
in the girls (male: P = 0.10; female: P = 0.004). Full-scale IQ and age
were thus included as covariates of non-interest in all neuroimag-
ing analyses.

Genotyping and polygenic risk score derivation

DNA was extracted from whole-blood or saliva samples using
standard protocols from the Gentra Puregene Blood DNA extrac-
tion kit (Qiagen) or the OraGene Collection Kit (DNA GenoTek).
Genome-wide single nucleotide polymorphism (SNP) data were
generated at Yale University or the UCLA Neuroscience Genomics
Core according to standard manufacturer protocols using the
Illumina Omni-1 or Omni-2.5-exome platforms (Illumina Inc.).
Genotypic data were quality filtered (55% missing per person/per
SNP, 41% minor allele frequency, Hardy–Weinberg equilibrium

Table 1 Mean and standard deviation of sample descriptives

ASD TD Male versus Female
P-values

ASD versus TD
P-values

Male Female Male Female ASD TD Male Female

Sample size 30 31 38 28 – – – –
Age (years) 13.45 ± 2.99 13.73± 2.45 13.69 ± 2.82 12.41 ± 2.95 0.69 0.08 0.73 0.07
Handedness (R/L) 27/3 30/1 35/3 25/3 0.35 0.69 1.00 0.34
Full-scale IQ 105.20 ± 15.82 100.77 ± 22.43 111.42 ± 15.01 115.75 ± 14.39 0.38 0.24 0.10 0.004
Scanner (HT/ST/SP/UT1/UT2/UP/YT) 5/2/4/9/7/0/3 4/8/6/0/3/2/8 5/2/9/6/8/0/8 5/3/9/0/6/2/3 0.002 0.14 0.55 0.30
Mean relative head motion (mm) 0.15 ± 0.21 0.16± 0.15 0.12 ± 0.08 0.13 ± 0.10 0.97 0.48 0.84 0.43
# of ICA motion/noise components 22.80 ± 5.47 21.13± 7.50 21.16 ± 6.50 19.61 ± 7.32 0.33 0.37 0.27 0.43
% ICA components removed 55.79 ± 9.76 52.81± 12.83 53.00 ± 9.41 50.01 ± 10.86 0.31 0.24 0.24 0.37
SRS-2 Total Raw 97.43 ± 31.00b 98.27± 32.00a 18.68 ± 14.30a 15.12 ± 11.34 0.92 0.28 50.001 50.001
SRS-2 Total T-Score 75.46 ± 12.28b 77.37± 11.21a 44.05 ± 5.98a 44.29 ± 4.84 0.54 0.87 50.001 50.001
ADOS-2 Calibrated severity score 6.66 ± 2.16a 6.27± 1.70a – – 0.44 – – –

Handedness: R = right, L = left; Scanner: HT = Harvard Trio, ST = Seattle Trio, SP = Seattle Prisma, UT1 = UCLA Trio 1, UT2 = UCLA Trio 2, UP = UCLA Prisma, YT = Yale Trio.

ADOS-2 = Autism Diagnostic Observation Schedule, second edition. Reported P-values are two-tailed.
aData missing from one subject.
bData missing from two subjects.
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P4 10–7) in PLINK and used to confirm reported biological sex and
familial relationships.60 Genotypes that passed quality control
were imputed to the Haplotype Reference Consortium reference
panel (http://www.haplotype-reference-consortium.org/) using the
Michigan Imputation Server (imputationserver.sph.umich.edu).
Principal components reflecting genetic ancestry were calculated
and categorical genetic ancestry assigned using the 1000 Genomes
Project as reference.61

To quantify each participant’s cumulative common genetic risk
for ASD across the genome, we used PRSs. Briefly, PRSs are the
weighted sum of a participant’s risk alleles and are typically
normally distributed in the population.62 The use of PRSs to sum-
marize aggregate genetic risk has been extensively validated in
large-scale studies for a variety of conditions including ASD, al-
though the individual-level discriminative ability of PRSs does not
yet approach standards for clinical use.6,62,63 Prior work has add-
itionally established that PRSs for a range of brain-based disorders
are significantly associated with variability in brain structure and
function.64–67 In the current study, PRSs for ASD were calculated
based on recent ASD GWAS results from 18 381 individuals with
ASD and 27 969 controls through the joint efforts of the Lundbeck
Foundation Initiative for Integrative Psychiatric Research (iPSYCH)
and the Psychiatric Genomics Consortium (PGC).6 Genetic data
from the current study were not included in this published GWAS,
ensuring independence of the discovery and target sample. PRSice
was used to compute PRSs based on a range of GWAS P-value
thresholds.68 In line with the known polygenicity of ASD, PRSs cal-
culated at a P-value threshold of 0.5 explained the most variance
in our case-control data and were used for all subsequent analy-
ses.2,6 PRS calculations and imaging genetics analyses included
the first four principal components from our genome-wide data to
further control for genetic ancestry. For supplemental analyses
assessing the robustness of our neuroimaging findings to polygen-
ic risk calculation method, polygenic risk was also computed in
LDPred using a Bayesian approach to estimate posterior effect
sizes of common genetic variants with the 1000 Genomes Project
as reference.69 All subsequent analyses focused on the relation-
ship between aggregate genetic load and brain connectivity, simi-
lar to previous studies examining the impact of cumulative
genetic risk on the brain, and in line with evidence of a stronger
link between genetic variation and neural phenotypes than behav-
ioural phenotypes.64,70–72

MRI acquisition and preprocessing

MRI data were acquired at each site on a Siemens 3 T Trio scanner
using a 12-channel head coil or, after scanner upgrades, on a
Siemens 3 T Prisma scanner using a 20-channel head coil. Eyes-
open resting-state functional MRI scans were collected while par-
ticipants viewed a fixation cross (Trio: repetition time = 2000 ms,
echo time = 30 ms, field of view = 192 mm, 34 slices, slice
thickness = 4 mm, in-plane voxel size = 3 � 3 mm, acquisition
time = 5.5 min, or repetition time = 3000 ms, echo time = 28 ms,
field of view = 192 mm, 34 slices, slice thickness = 4 mm, in-plane
voxel size = 3 � 3 mm, acquisition time = 6 min; Prisma: repetition
time = 2000 ms, echo time = 30 ms, field of view = 192 mm, 34 sli-
ces, slice thickness = 4 mm, in-plane voxel size = 3 � 3mm, acqui-
sition time = 5.5 min). For registration purposes, we additionally
acquired a high-resolution matched bandwidth scan that was co-
planar to the functional MRI scan to ensure identical distortion
characteristics (Trio: repetition time = 5000 ms, echo time = 34 ms,
field of view = 192 mm, 34 or 36 slices, slice thickness = 4 mm, in-
plane voxel size = 1.5 � 1.5 mm; Prisma: repetition time = 5000 ms,
echo time = 35 ms, field of view = 192 mm, 34 slices, slice thick-
ness = 4 mm, in-plane voxel size = 1.5 � 1.5 mm).

Resting-state functional MRI data underwent standard prepro-
cessing using FMRIB’s Software Library (FSL)73 and Analysis of
Functional NeuroImages,74 including skull stripping, motion cor-
rection and smoothing with a 6 mm full-width at half-maximum
Gaussian kernel. Participants’ resting-state scans were linearly
registered to their corresponding high-resolution matched band-
width coplanar image using 6 degrees of freedom, before being
linearly registered to the standard MNI152 2 mm standard brain
using 12 degrees of freedom. To remove motion confounds and
other sources of noise from the single-subject resting-state data,
we completed several additional preprocessing steps. First,
the automatic independent component classifier ICA-AROMA
was used to regress out components labelled as motion or noise
at the single-subject level, an approach which effectively controls
for motion without needing to delete individual motion-contami-
nated volumes.54,55 Second, we bandpass filtered the data
(0.01 Hz 5 t5 0.1 Hz). Third, we included the following as nuis-
ance regressors at the single-subject level: mean white matter
time series, mean cerebrospinal fluid time series and mean glo-
bal time series, as well as the temporal derivatives of these
regressors.75

Intrinsic functional connectivity of the salience network was
examined using a 5 mm radius seed located in the right orbital
frontoinsula [Montreal Neurological Institute (MNI) coordinates:
38, 26, –10],76 an approach which has previously been used to
examine salience network functional connectivity in ASD.23,41,77

Specifically, the mean time series extracted from this seed was
correlated with that of every other voxel in the brain and the
resulting correlations converted into connectivity z-scores using
Fisher’s r-to-z transform.

Statistical analysis

Group-level contrasts were conducted on salience network con-
nectivity z-scores, calculated as described above, by using FSL’s
FMRIB’s Local Analyses of Mixed Effects (FLAME 1 + 2), with a
voxelwise threshold of Z 43.1 and a corrected cluster threshold
of P5 0.5 to correct for multiple comparisons based on current
recommended standards in the field.78 All analyses included
site/scanner, full-scale IQ, age and the first four principal com-
ponents obtained from our genome-wide data (reflecting genet-
ic ancestry) as covariates of non-interest to control for within-
group variability and/or group differences in these variables.
We investigated the effect of polygenic risk for ASD on salience
network functional connectivity by including demeaned PRSs in
our group-level analyses as a covariate of interest and assessing
their association with brain connectivity separately within each
of our four groups (male ASD, female ASD, male TD, female TD).
To test our hypothesis that the female protective effect arises
from ASD risk genes interacting with sex differential processes,
our planned contrasts assessed whether the relationship be-
tween demeaned PRSs and functional connectivity significantly
differed between boys and girls with ASD (male ASD versus fe-
male ASD) or between TD boys and girls (male TD versus female
TD); these comparisons allowed us to directly assess whether
cumulative genetic load for ASD differentially affects connect-
ivity in males and females with ASD, as well as in TD males and
females (i.e. the interaction between genetic risk and sex was
tested within each diagnostic group). Follow-up analyses were
completed to confirm that our primary analyses examining the
sex differential impact of cumulative genetic risk on functional
connectivity were robust to head motion and site/scanner.
Specifically, connectivity z-scores were extracted from those
significant clusters where the effect of genetic load depended
on participant sex. We then repeated our analyses using a
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general linear model which was identical to our primary analy-
ses, except the model was supplemented with mean relative
motion as a nuisance covariate, or each site/scanner was
excluded one at a time to assess the stability of results to site/
scanner. Residuals from all regressions were confirmed to meet
statistical assumptions of independence, normality and con-
stant variance based on visual inspection of residual histo-
grams and residual plots. Effect sizes for all group-level
comparisons are reported as standardized regression coeffi-
cients (bs), reflecting that these comparisons were completed
as regressions to allow for the inclusion of nuisance covariates.

Supplemental analyses were additionally completed to assess
the robustness of our primary findings to polygenic risk calcula-
tion method. Extracted connectivity z-scores were analysed as
described above, with polygenic risk estimated using Bayesian
methods in LDPred. For completeness, supplemental analyses also
investigated how the association between our main PRSs for ASD
and salience network functional connectivity might differ across
the whole-brain between boys with and without ASD (male ASD
versus male TD) and between girls with and without ASD (female
ASD versus female TD). Lastly, we also assessed the relationship
between our main PRSs and functional connectivity in males and
females across the whole-brain when collapsing across diagnostic
groups (main effect of sex) and in youth with ASD and TD youth
across participant sex (main effect of diagnostic group); these anal-
yses also examined how the association between genetic load for
ASD and functional connectivity may differ between males and
females across diagnostic groups (interaction with sex) and be-
tween youth with ASD and TD youth regardless of participant sex
(interaction with diagnostic group). Results from all additional
analyses are presented in the Supplementary material.

Data availability

All subjects’ neuroimaging data are available via the NIMH Data
Archive (NDA) under collection ID 2021 (https://nda.nih.gov/edit_col
lection.html?id=2021) or via the Autism Brain Imaging Data
Exchange (ABIDE) under the University of California Los Angeles col-
lections (http://fcon_1000.projects.nitrc.org/indi/abide/abide_I.html;
http://fcon_1000.projects.nitrc.org/indi/abide/abide_II.html).45,46

Results
To test the hypothesis that genetic risk for ASD differentially
impacts the male and female brain, we analysed the association
between polygenic risk and functional connectivity of the salience
network in males and females with and without ASD. Among
youth with ASD, we found that elevated genetic risk in boys with
ASD was associated with increased functional connectivity be-
tween the salience network and regions involved in somatosen-
sory processing only, including the postcentral gyrus and the
supramarginal gyrus (Fig. 1A; MNI peak coordinates: –60, –30, 46;
b = 0.76; max Z: 4.07). Girls with ASD exhibited no significant rela-
tionship between cumulative genetic load and salience network
functional connectivity. A significant interaction was observed be-
tween sex and aggregate genetic risk in the ASD group, such that
sex significantly modulated the relationship between polygenic
risk and functional connectivity. Specifically, as aggregate genetic
risk increased, boys with ASD exhibited stronger functional con-
nectivity than girls with ASD did between the salience network
and regions involved in sensorimotor processing, including the
precentral gyrus and the mid-insula (Fig. 1B; MNI peak coordi-
nates: –36, –4, 8; b = 1.19; max Z: 3.89). Follow-up analyses indicated
that this result remained significant when using an alternate

Figure 1 Effects of polygenic risk for ASD on salience network functional connectivity among youth with ASD. (A) In boys with ASD, greater polygenic
risk was associated with increased functional connectivity between the salience network and the postcentral and supramarginal gyri. (B) When com-
paring boys and girls with ASD, distinct effects of polygenic risk were observed on salience network functional connectivity with the precentral gyrus
and mid-insula. Graphs are for illustrative purposes only and represent the relationship between untransformed PRSs and mean connectivity
z-scores extracted from each significant cluster at the left. L = left.
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approach to control for potential confounds resulting from head
motion and when assessing the robustness of results by site/
scanner (all P-values 5 0.01; all bs = 0.96–1.26). Taken together,
these findings indicate that genetic risk for ASD differentially
impacts functional brain connectivity among males and females
with ASD.

Similar to the relationship observed in the ASD cohort, TD boys
demonstrated a significant relationship between cumulative gen-
etic risk and functional connectivity. Analogous to boys with ASD,
greater cumulative genetic risk among TD boys was related to
stronger salience network functional connectivity with sensori-
motor areas, including the precentral and postcentral gyri (Fig. 2A;
MNI peak coordinates: 4, –26, 68; b = 0.71; max Z: 4.21). TD boys also
showed weaker functional connectivity between the salience net-
work and the inferior temporal gyrus as a function of increasing
polygenic load (Fig. 2B; MNI peak coordinates: 46, –16, –32; b = 0.55;

max Z: 4.24). In contrast to TD boys and similar to ASD girls, TD
girls displayed no significant association between aggregate genet-
ic risk for ASD and salience network connectivity. There was a sig-
nificant interaction among TD youth between sex and cumulative
genetic load. That is, participant sex significantly modulated the
association between polygenic risk and functional connectivity in
the TD group, such that TD boys displayed greater functional con-
nectivity between the salience network and primary motor cortex
(i.e. precentral gyrus) as a function of increasing genetic load com-
pared to TD girls (Fig. 2C; MNI peak coordinates: 14, –26, 66;
b = 1.01; max Z: 4.29). Results were identical when using a distinct
approach to reduce potential head motion confounds and when
assessing the stability of results by site/scanner (all P-values 5

0.01; all bs = 0.93–1.10). As a whole, these results demonstrate that
the impact of polygenic risk for ASD is dependent on participant
sex not only among ASD youth, but also among TD youth.

Figure 2 Effects of polygenic risk for ASD on salience network functional connectivity among TD youth. (A) In TD boys, greater polygenic risk was
associated with increased functional connectivity between the salience network and the precentral and postcentral gyri. (B) In TD boys, increasing
polygenic risk was related to weaker salience network functional connectivity with the inferior temporal gyrus. (C) When comparing TD boys and
girls, distinct effects of polygenic risk were observed on salience network functional connectivity with the precentral gyrus. Graphs are for illustrative
purposes only and represent the relationship between untransformed polygenic risk scores and mean connectivity z-scores extracted from each
significant cluster at left. L = left.
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Several additional analyses were conducted for completeness.
First, we assessed that our primary findings remained significant
when using a distinct method to calculate polygenic risk
(Supplementary material). Second, we examined how the relation-
ship between aggregate genetic risk for ASD and salience network
connectivity might differ between boys with and without ASD, as
well as between girls with and without ASD (Supplementary mater-
ial). Third, we investigated the association between genetic load for
ASD and salience network connectivity when collapsing across diag-
nostic group or participant sex, including how genetic risk’s associ-
ation with functional connectivity may differ between males and
females across diagnostic groups and between ASD and TD groups
regardless of participant sex (Supplementary material). These add-
itional results are included in the Supplementary material.

Discussion
As a whole, our results serve as an important proof of concept by
providing the first in vivo evidence that cumulative, genome-wide
risk for ASD differentially impacts the male and female brain. This
pattern of results is consistent with the hypothesis that the inter-
action of ASD risk genes with sex-specific biology drives the previ-
ously demonstrated male bias in ASD prevalence,11,12 with such an
interaction resulting in the sex-dependent associations between
genetic risk and functional brain connectivity observed in the cur-
rent study. Our findings are also in line with a previous study of
gene expression in the post-mortem human brain, whereby genes
with ASD-associated alterations in expression were found to over-
lap with genes that have differential patterns of expression as a
function of sex.20 Prior investigations of gene expression have also
demonstrated that both male individuals and individuals with
ASD display reduced expression of genes associated with neural
and synaptic function, as well as increased expression of genes
related to inflammatory and neuroimmune processes.20,79 Gene
expression patterns or other neurobiological differences in the
developing male brain may thus provide the background for ASD-
associated genetic risk to have more penetrant effects in males
than females, ultimately resulting in the known greater prevalence
of ASD among males.11,12 Our data support this hypothesis that
genetic risk for ASD may have more penetrant effects on the male
brain, as boys demonstrated a stronger relationship between ASD
genetic risk and functional connectivity than girls, irrespective of
diagnosis.

The neural regions that exhibited a sex-dependent effect of
genetic load on salience network functional connectivity are
involved in sensorimotor processing.80,81 Altered sensory process-
ing and repetitive motor behaviours are included in the diagnostic
criteria for ASD, and such sensorimotor differences are hypothe-
sized to causally contribute to the emergence of ASD.82–84 Indeed,
infants at high familial risk for ASD exhibit significant salience
network hyperconnectivity with sensorimotor cortices, and stereo-
typed and repetitive motor behaviours are one of the earliest be-
havioural manifestations of ASD to emerge.34,85,86 Notably,
previous studies have demonstrated that females exhibit lower
levels of restricted and repetitive behaviours, which includes sen-
sory and motor symptoms, compared to their male counter-
parts.82,87–89 Our finding that girls are relatively shielded from the
impact of polygenic risk on salience network functional connectiv-
ity with sensorimotor regions thus raises the intriguing possibility
that girls may exhibit fewer repetitive behaviours and ultimately
be less likely to receive an ASD diagnosis, precisely because this
neural circuitry is protected. This proposed multiscale mechanism
should be directly assessed in future infant studies by specifically
testing whether such neural sensitivity to cumulative genetic risk

for ASD mediates the emergence of restricted and repetitive
behaviours.

The current study is, to the best of our knowledge, the largest
neuroimaging genetics study to date focused on polygenic risk for
ASD among individuals with ASD. Future analyses should investi-
gate the replicability of current results when using yet larger sam-
ples and complementary approaches for assessing genetic risk,
such as familial relatedness to individuals with diagnosed ASD or
elevated ASD traits.90–92 Additionally, the current study focused on
the salience network because of the robust evidence implicating it
in ASD and its hypothesized role in the emergence of ASD traits.26

However, other neural systems may also contribute to ASD.9,93,94

Future large-scale investigations should thus expand on the cur-
rent proof-of-concept study by examining the effect of polygenic
load for ASD on a range of additional brain networks.

In sum, our findings are the first to demonstrate in vivo that the
neural impact of genome-wide risk for ASD is significantly modu-
lated by biological sex, supporting the hypothesis that the female
protective effect is driven by the interaction of ASD risk genes with
sex differential biology and thereby proposing a neurobiological
mechanism for the female protective effect.
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