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The male preponderance in autism spectrum disorder (ASD) led to the hypothesis that aspects of female biology are protective against
ASD. Females with ASD (ASD-F) report more compensatory behaviors (i.e. “camouflaging”) to overcome ASD-related social differences,
which may be a mechanism of protection. No studies have examined sex-related brain pathways supporting camouflaging in ASD-F,
despite its potential to inform mechanisms underlying the ASD sex bias. We used functional connectivity (FC) to investigate “sex-
atypical” and “sex-typical” FC patterns linked to camouflaging in adults with ASD and examined multimodal coherence of findings
via structural connectometry. Exploratory associations with cognitive/emotional functioning examined the adaptive nature of FC
patterns. We found (i) “sex-atypical” FC patterns linked to camouflaging in the hypothalamus and precuneus and (ii) “sex-typical”
patterns in the right anterior cingulate and anterior parahippocampus. Higher hypothalamic FC with a limbic reward cluster also
correlated with better cognitive control/emotion recognition. Structural connectometry validated FC results with consistent brain
pathways/effect patterns implicated in ASD-F. In summary, “male-typical” and “female-typical” brain connectivity patterns support
camouflaging in ASD-F in circuits implicated in reward, emotion, and memory retrieval. “Sex-atypical” results are consistent with
fetal steroidogenic/neuroinflammatory hypotheses. However, female genetics/biology may contribute to “female-typical” patterns

implicated in camouflaging.
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Introduction

Autism spectrum disorder (ASD) has an estimated
sex bias of 3-4: 1 males to females (Loomes et al.
2017; Posserud et al. 2021). This male preponderance
suggests that sex-related biology may protect females
or increase male vulnerability (Werling and Geschwind
2013). Accumulating evidence supports the female
protection hypothesis, with diagnosed females showing
greater ASD genetic liability than males (Ferri et al.
2018). Sex/gender-related ASD models have been put
forth, characterizing adult ASD presentation, in an
effort to identify mechanisms underlying the sex bias.
The Extreme Male Brain model presents evidence that
ASD represents the extreme end of cognitive/behavioral
masculinization (Baron-Cohen 2002), while the Gender
Incoherence model highlights masculinized phenotypic
qualities in females with ASD (ASD-F) and feminized
qualities in males with ASD (ASD-M; Bejerot et al.
2012). Both models suggest ASD-F present with a more
masculine phenotype. Importantly, these models remain
controversial and may be overly simplistic (Ridley 2019).
For example, accumulating evidence supports viewing

the brain as an individualized mosaic of both “masculine”
and “feminine” biological influences interacting with
environment and genetics across the lifespan, in contrast
to the previously held view of a sexually dimorphic brain
(Joel et al. 2015; Eliot et al. 2021). Accordingly, certain
social traits in ASD-F children and adolescent are more
similar to those observed in neurotypical (NT) females
(e.g. social attention, linguistic discourse skills, social
motivation; Lai and Szatmari 2020). Both “masculine”
and “feminine” sex-related biology may be implicated in
the ASD sex bias, but characterization of relevant sex-
related neurobiological pathways is understudied.

Most ASD risk genes are not sex-specific, and sex-
related biology is thought to act downstream of risk vari-
ants to promote female protection (Kissel and Werling
2022). Transcriptomic studies show that gene expression
patterns for certain gene sets (e.g. immune/microglial-
associated genes) are more similar to NT males (NT-
M) than NT females (NT-F; Werling 2016; Kissel and
Werling 2022), implicating “masculine” sex-related biol-
ogy in ASD risk. To date, transcriptomic studies have
examined bulk tissue from prefrontal, temporal, and
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cerebellar regions in small samples, and no studies have
investigated brain regions showing pronounced sex dif-
ferences (e.g. hypothalamus; McCarthy and Wright 2017).
Thus, inference about brain regions implicated in the
ASD sex bias remains limited. Neuroimaging is a com-
plementary approach to transcriptomics, allowing for in
vivo, whole-brain analyses on larger, more homogeneous
samples. Resting-state functional MRI (rs-fMRI) and dif-
fusion tensor imaging (DTI) can be applied to estimate
functional and structural brain connections implicated
in the ASD sex bias (Ecker and Murphy 2014).

Arecent systematic review highlights that ASD-F show
more atypical brain features than ASD-M, but some atyp-
ical features may be “protective” (Walsh et al. 2021). For
example, in a large sample of children and adults, the
left anterior prefrontal cortex has shown more atyp-
ical features in ASD-F (Bedford et al. 2019). However,
recent evidence in a child/adolescent sample suggests
that left anterior prefrontal functional connectivity (FC)
with reward circuitry may buffer against ASD genetic risk
in females with ASD (Hernandez et al. 2020). A novel
way to elucidate brain systems underlying the sex bias
in ASD is to characterize sex-related brain correlates of
behaviors that show a sex bias in ASD. For example,
greater use of compensatory strategies is reported in
ASD-F compared with ASD-M in adolescent and adult
samples (Hull et al. 2020; Tubio-Fungueirino et al. 2020),
and this compensation may be one mechanism of “pro-
tection” against ASD genetic liability in ASD-F. The pri-
mary compensatory construct investigated in adoles-
cents and adults with ASD is “camouflaging” (e.g. behav-
1ors to mask or overcome ASD-related social differences;
Hull et al. 2017). The field is new, and the first stud-
les quantified camouflaging as the discrepancy between
observable versus “intrinsic” (e.g. self-report) ASD traits
(Lai et al. 2017, 2019). The discrepancy approach has
linked greater camouflaging in ASD-F adults to reduced
cerebellar/medial temporal lobe volumes (Lai et al. 2017)
and increased activation of the medial prefrontal cor-
tex during self-reflection (Lai et al. 2019). However, dis-
crepancy scores lack psychometric validation and may
not accurately quantify camouflaging. More recently, the
Camouflaging Autistic Traits Questionnaire (CAT-Q) was
developed (Hull et al. 2018) but has yet to be linked with
neuroimaging. Furthermore, no studies have examined
brain connectivity camouflaging correlates, despite their
translational utility (Fox et al. 2014).

Studies examining sex differences in associations
between brain connectivity and measures of ASD
genetic risk may be useful for informing hypotheses
about “protective” sex-related brain features. A recent
neuroimaging genetics study found that reward circuit
FC within the left anterior prefrontal cortex was
distinctly linked to greater ASD-associated risk alleles
on the oxytocin receptor gene as well as reduced socio-
cognitive symptom severity in child/adolescent ASD-F
but not ASD-M (Hernandez et al. 2020). Thus, reward
circuits may be candidate pathways supporting female

Melissa J. M. Walsh etal. | 317

protection, but the study’s seed-based methodology
limits connectome-wide inference. Another recent study
examined associations between FC and polygenic ASD
risk, finding that greater genetic risk was linked to
higher salience network FC with somatosensory cortex
in child/adolescent boys, irrespective of ASD diagnosis
(Lawrence et al. 2021). Again, this study also used a
seed-based methodology, limiting connectome-wide
inference. Furthermore, no studies to date have used
structural connectivity to investigate sex differences in
brain connectivity correlates of compensatory behavior
or other measures of risk/protection (e.g. genetic risk
scores) in ASD. Data-driven approaches are needed to
advance the understanding of pathways implicated in
the sex bias in ASD.

This study sought to examine sex differences in
the brain connectivity correlates of camouflaging in
adults with ASD using a data-driven, connectome-wide
approach. The objectives were to examine “sex-atypical”
and “sex-typical” FC patterns linked to camouflaging in
ASD. To characterize the adaptive nature of FC patterns
linked to camouflaging in adults with ASD, we examined
associations with cognitive control, memory, emotion
recognition, and depression/anxiety. Finally, to determine
if results showed coherence across imaging modali-
ties, we examined structural connectivity correlates
of camouflaging in each group using a correlational
tractography approach.

Materials and methods
Participants

The sample was derived from a larger age- and IQ-
matched study (n~200) examining sex differences in
nonintellectually disabled, young-to-older adults with
ASD and NT adults. The study began in 2015 and the
CAT-Q was added in 2019. Participants were selected if
they had complete CAT-Q, rs-fMRI, and DTI data, with a
total of 85 participants ages 18-70 (Table 1; n=24 ASD-
F, n=21 ASD-M, n=20 NT-F, n=19 NT-M). As no prior
studies have investigated sex-related FC patterns linked
to compensatory behavior in ASD, adequate sample size
was determined from a recent study examining sex-
related circuits predicting genetic risk in ASD (Lawrence
et al. 2021). With a slightly larger groupwise sample than
our study (e.g. n=31, ASD-F compared with present
study with n=24, ASD-F), this study reported modest
peak-cluster effect sizes (Z~4; Lawrence et al. 2021),
suggesting that our smaller sample will be adequate to
detect sex-related brain-behavior associations.

This sample has been characterized previously (Baxter
et al. 2019; Walsh et al. 2019). ASD participants were
recruited using the Southwest Autism Research and
Resource Center lifetime database of voluntarily enrolled
individuals who consented to be contacted for future
studies and presentations at local ASD community
events. For all participants, snowball recruitment and
community fliers were used. Existing ASD diagnoses or
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Table 1. Sample descriptive statistics and group differences.

ASD NT

Females Males Females Males Difference?
n 24 21 21 19
Age 39.42 (13.21) 19-60 41.95 (11.39) 26-64 43.57 (15.68) 18-65 48.53 (13.35) 26-70 None
CAT-Q 120.21 (30.34) 49-164  107.00 (23.29) 64-161  63.95 (24.45) 38-139 72.68 (13.34) 55-101 2ASD > NT, 2ASD-F > ASD-M
1Q 110.25 (16.94) 73-148  104.14 (15.95) 70-131  108.05 (12.71) 77-132 107 (11.24) 92-127 None
SRS-2 103.87 (29.56) 44-167  110.43 (35.45) 21-155  21.95 (9.67) 5-46 26.95 (14.45) 7-57 bASD>NT
ADOS-2 9.87 (2.13) 7-14 10.67 (3.73) 7-19 N/A N/A None
rs-fMRI Motiond 0.06 (0.02) 0.02-0.08  0.07 (0.02) 0.02-0.11  0.06 (0.01) 0.04-0.09  0.07 (0.03) 0.02-0.13  None
DTI Motion€ ¢ 0.34 (0.13) 0.16-0.61 0.65 (0.61) 0.19-3.01 0.31 (0.15) 0.12-0.64 0.60 (0.38) 0.30-1.63 ®male>female
Education (years) 16.08 (2.32) 12-20 15.29 (2.90) 12-22 16.67 (2.22) 12-21 16.79 (2.15) 14-23 fASD<NT

Differences were tested via ANOVA for main effects of diagnosis, sex, or their interaction. If significant, post-hoc t-tests examined pairwise group differences
driving the significant main effect or interaction. *Social Responsiveness Scale—2nd Edition (SRS-2); 2tg3 =8.62, P <0.001; 2t43 =1.62, P=0.11, btgs =15.25,

P < 0.001; “average root mean square displacements relative first volume; 9no group differences in percent outlier slices or framewise displacement;

etg3 =3.79, P < 0.001, fFLgl =3.93, P=0.051. 8CONN average motion observed (disregarding outlier scans; threshold =0.5).

first-time ASD diagnoses (in cases of suspected ASD)
were confirmed via the Autism Diagnostic Observation
Schedule-2 (ADOS-2; Lord et al. 2012) module 4, a
brief case history, and the DSM-V checklist combined
with clinical judgment. The ADOS-2 module 4 was
administered by a research-reliable psychometrist with
over 10 years ASD diagnostics experience in children
and adults. Furthermore, diagnostic confirmation using
the DSM-V checklist combined with clinical judgment
was conducted by a psychologist with over 25 years
ASD research diagnostics experience in children and
adults. All participants in this sample had an ADOS-
2 module 4 score exceeding diagnostic threshold (7
or higher; Table 1). NT participants were enrolled if
they had (i) no self-reported suspected or diagnosed
ASD, (ii) self-reported Social Responsiveness Scale—2nd
Edition (SRS-2; Constantino 2012) T-scores <66, and
(iii) no first-degree family history of ASD. Furthermore,
no NT participants in this sample had (i) self-reported
history of neuropsychiatric conditions (e.g. ADHD,
learning disabilities, obsessive compulsive disorder, etc,;
exception: depression/anxiety) and (ii) no current self-
reported substance abuse/misuse. All participants were
subject to the following exclusion criteria: (i) Kaufman
Brief Intelligence Test—2nd Edition (Kaufman 2004)
scores < 70, (ii) Mini Mental State Exam (Folstein et al.
1975) scores < 25, (iii) a history of head injury with loss of
consciousness or neurological disorders, or (iv) current
seizure disorder or use of seizure medications. Self-
reported anxiety and depression were not exclusionary
given high prevalence in ASD (Lever and Geurts 2016).
Please see Supplementary Methods S1 for additional
details regarding sample socio-demographic parameters,
menopausal status, and demographic correlates of cam-
ouflaging. This study was conducted in compliance with
Arizona State University’s ethical research standards and
the Declaration of Helsinki 2000 revision. Participants
provided Institutional Review Board approved written
consent.

Behavioral measures

Camouflaging

The CAT-Q, published in 2018 (Hull et al. 2018), is a
self-report questionnaire developed through interviews
of the “camouflaging” experience in adults with ASD. This
questionnaire quantifies behaviors used to compensate
for or mask autistic traits during social interactions,
scored on a 7-point Likert scale from “Strongly Disagree”
to “Strongly Agree.” Sample questions include “I have
tried to improve my understanding of social skills by
watching other people” and “I monitor my body language
or facial expressions so that I appear interested by the
person I am interacting with.” The total score was used
in analyses. Given that camouflaging and ASD traits are
correlated (Hull et al. 2021), the SRS-2 (Constantino 2012)
measured self-reported ASD traits and was used as a
covariate in all analyses to account for severity-related
brain differences.

Neuropsychological tests

Selected measures spanned broad executive function,
memory, emotional, and psychiatric domains previously
implicated in camouflaging or female protection (Liv-
ingston and Happé 2017; Allely 2019; Lai and Szatmari
2020; Morrison et al. 2020; Tubio-Fungueirifio et al. 2020;
Hull et al. 2021). In brief, the Wisconsin Card Sorting
Task (Memari et al. 2013), Stroop Color and Word Test
(Scarpina and Tagini 2017), and Tower of London (Shallice
1982) estimated flexibility, cognitive control, and plan-
ning, respectively. The Wechsler Memory Scale—Visual
Reproduction II (Wechsler 1997) and Rey Auditory Verbal
Learning Task (Schmidt 1996) measured visual and ver-
bal memory. The Toronto Alexithymia Scale (Kupfer et al.
2000) and Reading the Mind in the Eyes Task (Baron-co-
hen et al. 2001) measured emotional self-awareness and
facial emotion recognition. Finally, the State Trait Anx-
lety Inventory (Spielberger 1983) and Beck Depression
Inventory-II (Beck et al. 1996) measured trait anxiety and



depression. See Supplementary Methods S2 for detailed
measure description.

MRI parameters

Acquisition

A 3 T Philips Ingenia scanner collected anatomical, rs-
fMRI, and DTIimages (max. gradient strength =5m T/m).
The anatomical sequence was 3D magnetization pre-
pared rapid acquisition gradient echo (MPRAGE; 170 axial
slices, 1.2-mm slices, 240-mm FOV, 256 x 256 acquisition
matrix). Six-minute (eyes closed) rs-fMRI scans were col-
lected via a whole-brain coverage, gradient-echo, echo-
planar (EPI) series (3000 ms TR, 25 ms TE, 80° flip angle,
3-mm slices, 240-mm FOV, 64 x 64 acquisition matrix).
DTI scans were acquired via a whole-brain coverage,
diffusion inversion recovery sequence (7055.39 ms TR,
118.655 ms TE, 32 directions, 2500 ms/mm? b-value,
1.41 mm in-plane resolution, 3-mm slice thickness).

Preprocessing and subject-level connectivity
maps

Raw rs-fMRI images were first despiked (Wavelet
Despiking Toolbox; Patel et al. 2014). Subsequent prepro-
cessing was conducted in SPM-12 (https://www.fil.ion.
ucl.ac.uk/), including (i) functional image realignment,
(ii) anatomical image segmentation, skull-stripping,
functional image co-registration, and (iii) DARTEL nor-
malization to MNI space. The CONN Toolbox identified
functional outliers at a conservative 0.5-mm frame-
wise displacement threshold, followed by aCompCor
confound regression (Muschellia et al. 2014), including
realignment parameters/first-order derivatives, scrub-
bing, linear detrending, and bandpass filtering [0.008
0.1]. To facilitate data-driven selection of seeds where FC
patterns were differentially linked to camouflaging as
a function of sex/sex-by-diagnosis group (“sex-typical”
and “sex-atypical”), we utilized the CONN Toolbox (Whit-
field-Gabrieli and Nieto-Castanon 2012) connectome-
wide implementation of group multivariate voxel pattern
analysis (MVPA). At the individual subject level, this
procedure first applies principal components analysis
to retain 64 components characterizing the most salient
features of each subject’s voxel-to-voxel correlation
structure, akin to subject-level dimensionality reduction
applied in group-ICA (Calhoun et al. 2012). At the group-
level, principal components analysis is applied jointly
across all subjects, but separately for each seed(voxel)-
to-voxel FC map, to retain the 15 strongest group-
MVPA components (e.g. those that explain maximum
intersubject variability). This procedure has been pub-
lished on extensively, including in ASD (see Kelly et al.
2020 in Nature Neuroscience and Arnold Anteraper et al.
2019, Schneider et al. 2019, Anteraper et al. 2020, and
Westfall et al. 2020 for other implementations of this
procedure). Also, see Anteraper et al. (2019) and https://
sites.google.com/ view/conn/measures/networks-voxel-
level for mathematical details of the CONN Toolbox
Group-MVPA procedure.
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FSL (FMRIB software library, www.fmri.ox.ac.uk/
fsl) was used for diffusion image preprocessing and
DSI Studio (www.dsi-studio.labsolver.org) to estimate
structural connectivity. In FSL, eddy correction was
applied to account for head motion and eddy current
distortions. Average root-mean-square displacement
from the first nondiffusion weighted volume, scan-
to-scan displacement, and percentage of outlier slices
estimated subject-level motion (see Table 1 for group
comparison). Eddy-corrected diffusion data were entered
into DSI Studio to estimate quantitative anisotropy
(QA). Unlike the more commonly estimated fractional
anisotropy, which is thought to reflect the rate of
diffusion, QA estimates the density of diffusing water
in the fibers’ standard axonal direction as defined
by an atlas (Yeh, Vettel, et al. 2016). This procedure
applied g-space diffeomorphic reconstruction (Yeh and
Tseng 2011) to a standard template to calculate the
spin distribution function (Yeh et al. 2010) with a 1.25-
mm diffusion sampling length and 1-mm isotropic
resolution. Using the Human Connectome Project 1065
atlas, the spin distribution function magnitude in the
standard fiber direction estimated voxel-wise QA, and
values were concatenated within and across subjects
to generate a local connectome matrix (Supplementary
Methods S3 for detailed rs-fMRI and DTI preprocessing
methods/connectivity map construction).

Group-level analysis

Using the CONN Toolbox, a general linear model was
specified including group-wise intercepts and CAT-
Q slopes with age/SRS-2 covariates (accounting for
age/severity-related brain variability). “Sex-atypical”
patterns (e.g. camouflaging-by-sex-by-diagnosis effects)
in ASD were modeled as inverse slopes for ASD-
F/NT-M vs. ASD-M/NT-F. This “sex-atypical” contrast
tested for voxels where ASD-F showed camouflaging-
FC associations more similar to NT-M (here-to-forth
referred to as “male-typical”) and ASD-M showed
camouflaging-FC associations more similar to NT-F
(here-to-forth referred to as “female-typical”). “Sex-
typical” patterns (e.g. camouflaging-by-sex effects) were
modeled as inverse slopes for females vs. males (See
Supplementary Methods S4 for contrast details). This
“sex-typical” contrast tested for voxels where ASD-F
showed “female-typical” camouflaging-FC associations
and ASD-M showed “male-typical” camouflaging-FC
associations. An F-test evaluated all 15 group-MVPA
rs-fMRI components simultaneously, but separately for
each contrast, to identify voxels that showed significant
“sex-atypical” or “sex-typical” FC patterns (e.g. abstract
multivariate representations; Shehzad et al. 2014)
linked to camouflaging. Post-hoc seed-to-voxel analyses
characterized FC patterns driving the significant group-
MVPA clusters. Specifically, the average time course was
computed for significant MVPA-derived clusters and
used as a seed to produce seed-to-voxel FC maps. The
same contrasts from the Group-MVPA analysis were then
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tested on these seed-to-voxel FC maps, separately for
positive and negative effects. For all rs-fMRI analyses,
a voxel height threshold of P <0.001, uncorrected and
cluster threshold of P<0.05, and false discovery rate
(FDR) corrected was used. To determine if results
were driven by subgroups, we tested regression model
significance using mean FC values from significant
post-hoc clusters to predict residualized CAT-Q scores
(partialing out age/SRS-2), with one model per MVPA
cluster. Unthresholded t-maps from each MVPA post-
hoc contrast were submitted to the Neurosynth Decoder
(https://neurosynth.org/decode/) and word clouds were
generated using R Studio Wordcloud?2 for the top 10
correlated terms (based on correlation absolute values).

Group connectometry was conducted in DSI Studio
(Yeh, Badre, et al. 2016) using a whole-brain regression
procedure, separately across each sex-by-diagnosis
group, to identify tracts significantly associated with
camouflaging. Given that ASD-F shows more camou-
flaging than ASD-M (Hull et al. 2020) and this may be a
mechanism of female protection, structural connectivity
correlates of camouflagingin ASD-M and NT groups were
not of primary interest but are reported in Supplemen-
tary Fig. S2. The model included CAT-Q as the study vari-
able of interest, with age, SRS-2, and average root-mean-
square displacement as nuisance covariates to account
for age, symptom severity, and motion-related signal
variability (given male > female group differences on this
parameter; Table 1). A t-threshold of 3, corresponding
to the more conservative recommended threshold in
DSI Studio, was used to select QA values associated
with the study variable for subsequent deterministic
fiber tracking along substantial coefficients (Yeh et al.
2013). Topology-informed pruning (Yeh et al. 2019) was
applied across 4 iterations to filter false tracks. For tracks
exceeding a length of 40 voxels, FDR < 0.05 was estimated
using a distribution of 4,000 random permutations to
subject phenotypic values. Average track QA was plotted
against residualized CAT-Q scores (age/SRS-2 partialed
out) to visualize effects.

FC-behavior associations

For ASD-F, 2-tailed partial Pearson correlations (age/SRS-
2 covariates) were calculated between behavioral mea-
sures and each FDR-corrected cluster from post-hoc
seed-to-voxel results using the group-MVPA derived
seeds. Again, while associations in ASD-F were of primary
interest given higher self-reported use of camouflaging
(Hull et al. 2020), we report behavioral associations in
ASD-M in Supplementary Fig. S3.

Diagnosis-by-camouflaging effects

Diagnosis-differential camouflaging-FC associations
(Supplementary Table S1; Supplementary Table S2; Sup-
plementary Fig. S1) and behavioral associations (Supple-
mentary Fig. S4) were explored. Given the purpose of this
paper to characterize sex-related circuits underpinning

camouflaging in ASD, the Methods/Results/Discussion
are documented in Supplementary Materials.

Results

Functional connectivity

“Sex-atypical” (sex-by-diagnosis-by-camouflaging) effects

Group-MVPA revealed clusters in the precuneus and
hypothalamus (Fig. 1; Table 2). For both regions, ASD-F
showed “male-typical” camouflaging-FC associations.
ASD-M showed inverse “female-typical” associations.
For the precuneus, more positive FC with the left
dorsolateral prefrontal cortex (dIPFC) and bilateral
superolateral occipital cortex (sLOC; Supplementary
Table S2) was linked to less camouflaging in ASD-
F/NT-M and inverse patterns in ASD-M/NT-F. For the
hypothalamus, more positive FC with a left lateralized
limbic cluster (basal forebrain/left orbitofrontal cortex,
left ventral striatum/thalamus/substantia nigra) and the
right anterior cingulate cortex (ACC) as well as more
negative FC with a cerebellar cluster (bilateral crus
2/1, right lobule 6) was associated with higher levels of
camouflaging in ASD-F/NT-M and lower in ASD-M/NT-F.

“Sex-typical” (sex-by-camouflaging) effects

This contrast revealed significant MVPA clusters in
the right anterior cingulate and right anterior parahip-
pocampus (aPaHC; Fig. 2; Table 2). Greater right anterior
cingulate FC with bilateral sensorimotor, lateral parietal,
thalamic, and lingual regions; right ventral prefrontal
cortex and anterior temporal cortex; left dIPFC; and
mid-cingulate cortex (MCC; Supplementary Table S2)
was linked to more camouflaging in females and less
in males. For the right aPaHC, higher FC with bilateral
parietal and left ventral prefrontal cortex as well as lower
FC with the right temporal pole (TP) was associated with
more camouflaging in females and less in males.

Behavior associations

More positive FC that was linked to greater camouflaging
in ASD-F was generally also linked to better executive
functioning (Fig. 3). Furthermore, hypothalamic-limbic
FC was the strongest positive predictor of camouflaging
and was also positively linked to cognitive control and
facial emotion recognition. Specific to the right ante-
rior cingulate, more positive FC was linked to greater
camouflaging but poorer emotional self-awareness. For
patterns where more positive FC was linked to less cam-
ouflaging, there was also a general pattern, albeit non-
significant, where more positive FC was associated with
poorer executive functioning.

When more positive FC was linked to greater cam-
ouflaging in ASD-F, associations were inverse in ASD-M
(as specified by “sex-atypical” and “sex-typical” group-
MVPA contrasts). For the anterior cingulate, more positive
FC was associated with less camouflaging, poorer
cognitive control, better emotional self-awareness (also
for more positive hypothalamic FC), and trends toward
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Table 2. Sex-atypical and sex-typical camouflaging-FC associations in ASD revealed via group-MVPA.

Cluster details Cluster-level inference

dGroupwise: Predicts CAT-Q?

Sex-atypical patterns Cluster (x,, z) Size Size P-FDR  Size P-unc  Peak P-unc  F(i5¢y) ASD-F ASD-M  NT-F NT-M
R Precuneus 16, —64, 34 23 0.021 0.000 1.000 3.54 byes No No “Yes
L Hypothalamus —4.0, -6 17 0.048 <0.0001 1.000 2.19 dves Yes fYes gYes
Sex-typical patterns

R dACC 8,26,28 56 <0.0001 0.000 1.000 4.83 hves No No es
R aPaHC 22,14, -36 29 0.003 <0.0001 0.021 2.03 No No Yes JYes

aMean clusterwise FC from significant MVPA post-hoc seed-to-voxel clusters was entered into regression to predict residualized CAT-Q (partialing out
age/SRS-2 variance) for each group. °F(3 5) = 6.08, P=0.004. °F 3 15) = 10.49, P =0.001. 4F 3 50 =4.35, P=0.016. °F3 17) =4.70, P=0.014. F 3 1) = 5.13, P=0.010.

8F (3,15 =5.33, P=0.011. PF(10 13 =3.10, P=0.030. IF 7 15 =3.22, P=0.033. }F(; ;1) = 3.24, P= 0.040; right (R); left (L). XF(3g) =8.72, P=0.003.

less depression/anxiety (Supplementary Fig. S3). For
the aPaHC, associations with FC were nonsignificant or
mixed in positive and negative directions for executive
functioning, memory, and facial emotion recognition.
When FC was positively associated with camouflaging
in ASD-M (e.g. precuneus-right occipital; aPaHC-TP-FC),
associations with other behavioral measures were largely
nonsignificant.

Structural connectometry

Connectometry in ASD-F

QA was positively associated with the camouflag-
ing variable (FDR<0.05) in a track (total streamline
count: 989) including the left anterior thalamic radia-
tions (ATRs), forceps minor, bilateral parahippocampal

cingulum, and bilateral cerebellum/vermis (Fig.4).
Negative correlations were found in a track (streamlines:
1560) comprising posterior commissural fibers (corpus
callosum [CC]-body, tapetum [temporal fibers], forceps
major), and the bilateral arcuate/superior longitudinal
fasciculus (SLF).

Connectometry in ASD-M and NT groups

In ASD-M, QA was negatively associated with camouflag-
ing only in the cerebellum (right hemisphere/vermis; 870
streamlines; Supplementary Fig. S2). In NT groups, sparse
connectometry associations were observed, mostly
localized to cerebellar tracts. NT-F showed positive
associations in the right cerebellum and CC-tapetum
(streamlines: 35), and NT-M showed positive associations
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Fig. 2. MVPA-derived clusters showing “sex-typical” FC patterns predicting camouflaging in ASD. ASD-F showed “female-typical” and ASD-M showed
“male-typical” camouflaging-FC associations. Post-hoc seed-to-voxel results display unthresholded t-maps with FDR-surviving clusters outlined in white
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absolute values). *right (R); dorsal ACC (dACC); posterior cingulate cortex (PCC).

in the middle cerebellar peduncle and left frontal aslant
tract (streamlines: 22).

Discussion

Using a data-driven, connectome-wide analytic approach,

we found distinct sex-related brain connectivity patterns
associated with camouflaging in ASD-F vs. ASD-M.
For ASD-F, “male-typical” FC patterns were found in
the precuneus and hypothalamus and “female-typical”
patterns in the right anterior cingulate and aPaHC.
Hypothalamic-limbic FC was significantly associated
with camouflaging across each group (ASD-F, ASD-M, NT-
F, and NT-M), with “male-typical” positive associations
in ASD-F and “female-typical” negative associations
in ASD-M. This finding may suggest that “gender
incoherent” (Bejerot et al. 2012) FC between the brain’s
hormone center and reward circuitry contributes to
sex-biased camouflaging patterns in ASD. In ASD-F,
more positive hypothalamic-reward circuit FC may be
an adaptive compensatory pattern given its (i) positive
association with camouflaging, (ii) its link to better
cognitive control and facial emotion recognition, and (iii)
absent associations with depression/anxiety. Groupwise
structural connectometry revealed substantial tracts
associated with camouflaging in ASD-F, and sparse
correlates outside of the cerebellum for ASD-M and NT
groups. Furthermore, tracts implicated in camouflaging
in ASD-F showed correlation patterns that were largely
consistent with FC results and implicated overlapping
circuits.

Sex-related FC patterns linked to camouflaging

More positive hypothalamic FC with reward centers was
associated with more camouflaging in ASD-F (“male-
typical”) and less camouflaging in ASD-M (‘female-
typical”). In ASD-F, higher hypothalamic-limbic FC also
was linked to better cognitive control and facial emotion
recognition. The hypothalamus is a sexually dimorphic
structure (McCarthy 2016), responsible for neuroen-
docrine regulation of the autonomic nervous system
(Saper and Lowell 2014). Although high-resolution
spatial inference should be interpreted with caution, the
hypothalamic region identified in this study overlapped
most substantially with the paraventricular nucleus of
the hypothalamus (Neudorfer et al. 2020), implicated
in sex-differential regulation of social behavior (Rigney
et al. 2021). Prior research highlights a complex interplay
between hypothalamic neuropeptides (e.g. oxytocin,
vasopressin) and sex hormone concentrations in socio-
emotional processing (Kret and de Gelder 2012). When
considered in this context of this study, ASD-related eti-
ological factors may also impact hypothalamic function,
potentially driving social processes that are more “male-
typical” in ASD-F and “female-typical” ASD-M. Previous
evidence has implicated reward centers in hormonally
mediated female protection in ASD, such that more ASD-
associated oxytocin receptor allele variants uniquely
predict more positive left prefrontal-reward center FC
in ASD-F, and this FC pattern is linked to reduced ASD
socio-cognitive difficulties (Hernandez et al. 2020). Fur-
thermore, reward centers play a role in sex-differential
development of social behavior (Walker et al. 2017),
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Executive Function Memory Socio-Emotional Psychiatric
Visual Verbal | Emotional  Emotion Less
Camouflaging [ Flexibility Control Planning | Memory Memory |Awareness Recognition | Less Anxiety Depression
More Camoufiaging
Sex-atypical
Hypothalamus - Limbic 0525| 0.280[ 0441] 0403 0.119 -0.177|  -0.099[ 0,546 -0.071 0.113
Hypothalamus - RACC 0.464 0.171 0.070 0.367| -0.001 0.250 0.302 0.157 -0.209 -0.022
Sex-typical
ACC - Sensorimotor 0.197 -0.044 0.169 0.014 0.149 0.118 -0.441 0.121 -0.304 -0.242
ACC - RVIPFC -0.173 0.060 -0.107 -0.102| -0.020 -0.086 -0.011 -0.391 -0.052 0.335
ACC-RTP | 0.429 0.178 -0.048 0.094| -0.013  0.249 -0.066 0.323 -0.375 0.277
ACC - R Lat. Parietal 0.292 0.047 0.054] 0538/ 0.189 0.139 -0.060 0.125 -0.104 0.034
ACC - L Lat. Parietal 0.371 0.195 -0.130 0.330| 0.048 0.266 -0.026 0.119 -0.032 -0.064
ACC - MCC 0.389 0.268 -0.060 -0.121 0.051 -0.078 -0.201 -0.038 0.048 -0.002
ACC - L Thalamus 0.322 -0.066 0.307 0.246( -0.255 -0.119 0.255 0.067 0.130 0.423
ACC - R Thalamus 0.489 0.019 0.225 0.411| -0.344 0.031 0.053 0.011 -0.110 0.313
ACC - LdIPFC 0.454 0.128 -0.099 -0.031| -0.221 -0.052 -0.145 0.046 -0.110 -0.009
ACC - R/L Lingual 0.309 0.093 0.028 0.011 0.215| 0.511 -0.488| 0.173 -0.314 -0.215
R aPaHC - Medial Parietal 0.220 0.232 -0.061 -0.082| -0.009 0.244 -0.170 -0.113 -0.179 -0.262
R aPaHC - R SPL 0.265 0.423| 0.073  0.051 0.164  0.103 -0.177 0.026 -0.258 0.323
R aPaHC - R IPL 0.322 0.350| . 0.607] 0.044| -0.024 -0.313 0.338 -0.150 -0.118 0.135
R aPaHC - L IPL 0.124 0.381 0236 0.149| 0.048 0.049 0.022 -0.285 -0.186 -0.026
R aPaHC - L vIPFC 0.273 0.359 0405 0325/ 0.211 -0.309 0.043 -0.047 0.142 0.285
R aPaHC - PCC 0.134 0.488| -0.346  0.067| 0.381 I 0.430 -0.096 0.143 -0.364 -0.190
Less Camouflaging
Sex-atypical
Precuneus - L dIPFC . -0733] -0.305 -0.222 -0.064| 0.098 -0.160 0.212 -0.204 0.183 0.155
Precuneus - R sLOC -0.567 -0.245 -0.140 -0.081 0.119  0.047 0.311 0.041 -0.032 -0.215
Precuneus - L sLOC -0.149 -0.141 0.030 0.111 0.168  0.099 -0.424 -0.010 0.252 -0.315
Hyothalamus - Crus 2/1 -0.397 -0.116 0.092 0.185| -0.099 -0.110|  0.612 0.036 0.166 0.160
Sex-typical
RaPaHC - RTP | -0.471 -0.519] -0.202 -0.006 -0.282 -0.038 0.281 -0.138 0.156 0.197

Fig. 3. Exploratory behavioral associations in ASD-F to examine the adaptive nature of sex-related FC patterns implicated in camouflaging. Coefficients
are partial Pearson correlations with SRS-2/age covariates. Dark bold boxes indicate P<0.01 and thin outlines P <0.05. For all subscales, positive
correlations (green) indicate that more positive FC is linked to more camouflaging, better performance on cognitive/emotional tasks or attenuated
anxiety/depression. In contrast, negative correlations (red) indicate that more positive FC is linked to less camouflaging, worse performance on
cognitive/emotional tasks or more anxiety/depression. Correlations were inverted (multiplied by —1) if higher scores on a cognitive/memory/psychiatric
symptoms scale indicated worse performance/symptoms. *Camouflaging Autistic Traits Questionnaire Total Score (camouflaging); Wisconsin Card
Sorting Task Perseverative Errors (flexibility); Stroop Color and Word Test Interference Score (control); Tower of London Total Correct (planning); Weschler
Memory Test—Visual Reproduction Delayed Recall (verbal memory); Rey Auditory Verbal Learning Task A7 (verbal memory); Toronto Alexithymia Scale—
26 (emotional awareness); Reading the Mind in the Eyes Task (emotion recognition); State Trait Anxiety Inventory Trait Score (anxiety); Beck Depression
Inventory—II (depression); right (R); left (L); ventrolateral prefrontal cortex (vIPFC); lateral parietal (lat. Parietal); superior parietal lobule (SPL); inferior

parietal lobule (IPL).

motivated recruitment of cognitive control (Botvinick
and Braver 2015), and emotional learning (Likhtik and
Johansen 2019). The limbic reward cluster comprised
dopaminergic regions implicated in reward processing
(e.g. nigrostriatal pathway; Likhtik and Johansen 2019)
and a hub of the cholinergic systems implicated in
state arousal (e.g. basal forebrain; Zaborszky et al.
2018). Future research is warranted to examine the
sex-specific influence of hormones on major neuro-
transmitter systems in ASD as well as associated brain
and behavioral/physiological features, in particular,
social behavior, reward processing, and arousal. Finally,
more positive hypothalamic-cerebellar FC was linked to
less camouflaging in ASD-F (“male-typical”) and more
camouflaging in ASD-M (“female-typical”). This circuit
plays a role in implicit socio-emotional processing (Clausi
et al. 2017), and our data suggest “sex-atypical” recruit-
ment of hypothalamic-cerebellar FC for camouflaging
in ASD.

The right precuneus also showed “sex-atypical” FC
patterns linked to camouflaging in ASD. Greater FC with
the left dIPFC and bilateral sLOC was associated with

less camouflaging in ASD-F (“male-typical”) and inverse
patterns in ASD-M (“female-typical”). The precuneus is
a hub of the default mode network (DMN) implicated in
task-negative reflective states and dynamic switching
with task-positive networks (Riemer et al. 2020). Diverse
term associations yielded by the Neurosynth Decoder
may reflect the precuneus’ role in communication
between task-positive and task-negative networks. The
precuneus has also been extensively implicated as a
sex hormone-sensitive region (Rehbein et al. 2020; Tan
et al. 2020). Together, “sex-atypical” FC correlates of cam-
ouflaging highlight a complex interplay between sex-
related biology and ASD etiology, potentially resulting in
recruitment of “male-typical” FC patterns to support
camouflaging in ASD-F and “female-typical” recruitment
in ASD-M.

Right anterior cingulate FC with sensorimotor regions
was a “sex-typical” FC pattern linked to camouflaging
in ASD, such that more positive FC was linked to more
camouflaging in females and less in males. The anterior
cingulate is a hub of the salience network, involved in
stimulus salience processing (Seeley et al. 2007). Altered
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Fig. 4. Results of connectometry in ASD-F revealing tracks where structural connectivity (QA) correlated with camouflaging (P < 0.05, FDR-corrected).
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sensory processing is a hallmark of ASD (Baum et al.
2015), and salience network FC with sensorimotor cortex
has been implicated in the ASD sex bias (Lawrence
et al. 2021). Specifically, irrespective of diagnosis, boys
but not girls showed a relationship such that increasing
polygenic ASD risk predicted greater salience network FC
with sensorimotor cortex, suggesting that female biology
may protect against ASD-risk gene mediated alterations
in sensorimotor processing. Future research is warranted
examining how this male penetrant feature of increased
salience network-sensorimotor FC in ASD may reduce
compensatory behaviors in ASD-M but increase them
in ASD-F. We also found that greater anterior cingulate-
sensorimotor FC was associated with poorer emotional
self-awareness in ASD-F but greater emotional self-
awareness in ASD-M. The salience network plays a role in
emotional and empathic processing (Lamm et al. 2011),
and FC with the sensorimotor cortex is implicated in
somatic representation of emotions (Avenanti et al. 2005;
Lindquist and Barrett 2012). Animal studies have shown
that estrogen and testosterone inversely impact emotion
context generalization (Asok et al. 2019), and it remains
unknown how sex hormones uniquely influence emotion
learning in ASD.

“Sex-typical” camouflaging-FC associations in ASD
were also found in the right aPaHC. More positive FC
with regions of the DMN (e.g. precuneus) was linked to
more camouflaging in females and less in males. The
parahippocampus acts as a hub linking the DMN with the
medial temporal memory system (Ward et al. 2014) and

may process stimulus familiarity (Kafkas and Montaldi
2018). Greater right parahippocampal-precuneus FC
has been associated with better episodic remembering
(Sheldon et al. 2016). From a neurochemical perspective,
engagement of the right aPaHC/anterior cingulate and
precuneus during memory tasks in women is altered by
estrogen and anticholinergic drugs (Dumas et al. 2012),
suggesting that these regions may constitute neuromod-
ulatory hubs, where hormones and neurotransmitters
interact to influence state arousal.

Coherence of structural connectivity results

Structural connectivity associations with camouflaging
were substantial in ASD-F, and largely absent outside of
cerebellar tracts for ASD-M and NT groups. Furthermore,
structural connectivity correlates of camouflaging in
ASD-F broadly aligned with sex-related circuits identified
in FC results. For example, higher structural connectivity
in limbic and cerebellar tracts was linked to greater
camouflagingin ASD-F. The left-dominant ATRs, anterior
commissural fibers, and the medial cingulum form part
of the limbic pathway connecting the hypothalamus
with emotion, cognitive control, reward, and cerebellar
circuits (Grodd et al. 2020). These tract connections
are coherent with “sex-atypical” FC results implicating
hypothalamic FC with orbitofrontal/ventral striatal,
anterior cingulate, and cerebellar regions. Further-
more, the direction of effects was largely consistent,
where higher connectivity was associated with more
camouflaging in ASD-F. In addition, the cingulum



was implicated in positive structural connectivity-
camouflaging associations in ASD-F. This tract connects
medial regions of the DMN (Sandhu et al. 2021) and the
parahippocampus (Lin et al. 2021), which is consistent
with “sex-typical” results showing that higher right
anterior parahippocampal FC with the DMN was linked
to more camouflaging in ASD-F. Finally, higher structural
connectivity in parietal tracts connecting medial/lateral
parietal and occipital cortex (Hofer and Frahm 2006) to
precentral (Ramos-Fresnedo et al. 2019) and dorsolateral
prefrontal regions (Catani et al. 2012) was associated
with less camouflaging in ASD-F. This finding is largely
consistent with “sex-atypical” FC results in the right
precuneus, where greater FC with superolateral occipital
and dIPFC was associated with less camouflaging in ASD-
F. The consistent direction of camouflaging-connectivity
associations and coherence of circuits implicated across
FC and structural connectivity analyses increases
confidence in FC findings, suggesting that they are not
influenced by scanner-related confound variables (e.g.
head motion).

Sex-related biological mechanisms

The clusters identified in MVPA analyses—including the
hypothalamus, precuneus, right anterior cingulate, and
aPaHC—are all sex-hormone sensitive regions (Dumas
et al. 2012; Tan et al. 2020). Albeit not consistently
replicated (May et al. 2021), various studies have linked
elevated prenatal sex steroid exposure to ASD (Ingudom-
nukul et al. 2007; Auyeung et al. 2013; Baron-Cohen et al.
2015, 2020; Simantov et al. 2021). Prenatal sex steroid
exposure in female mice results in “masculinized” brain
features (McCarthy et al. 2017). Thus, such exposure
would be expected to result in some brain features
being more “male-typical” in ASD-F, in alignment with
observed connectivity patterns in this study. It should
be noted that elevated prenatal sex steroid exposure has
not been consistently linked to ASD (May et al. 2021), and
other prenatal neuroinflammatory triggers (other than
sex steroids) may result in similar “masculine” features
(Barrientos et al. 2019; Breach et al. 2021). Furthermore,
other explanations are plausible and may not be
mutually exclusive. For example, sex steroid influence
cannot be easily disentangled from other aspects of
sex-related biology. A recent study highlights the X-
chromosome’s privileged influence on neuroanatomical
variation (Mallard et al. 2021). Regions linked to enriched
X-chromosome morphological influence overlap with
the “sex-typical” right anterior cingulate/aPaHC and the
“sex-atypical” precuneus nodes linked to camouflaging
in this study. It is plausible that processes such as
escape from X inactivation may preserve function
in sex-related pathways affected by ASD risk genes
(Ferri et al. 2018). The results of this study suggest a
role for hormonally mediated processes in sex-biased
compensatory behavior in ASD, but other aspects of sex-
specific biology (e.g. sex chromosomes) may also play a
role and require further investigation.
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Limitations

The small study sample and high model complexity are a
limitation. However, the biological plausibility of findings
revealed via data-driven methods is encouraging. To
ensure results are not sample-specific, replication is
needed. Furthermore, the sample age range was broad
(18-70 years) and inclusion of pre-/postmenopausal
women and younger/older men suggests diverse cir-
culating sex hormone levels. However, larger hormonal
variance may improve sensitivity to sex-related effects
in these dimensional analyses. Given that brain con-
nectivity patterns linked to ASD vary across ages/devel-
opmental stages (Olson et al. 2020; Walsh et al. 2021),
testing whether results extend to younger cohorts is an
important future direction. Furthermore, the exploratory
investigations of the adaptive nature of camouflaging FC
patterns via correlations with behavior were uncorrected
for multiple comparisons. Future investigations would
benefit from larger samples with rich phenotypic data
to validate the current results. Finally, it should be
noted that this study is not advocating the need to
compensate for/camouflage social differences in ASD.
We acknowledge that camouflaging is associated with
poorer mental health in ASD (Tubio-Fungueirifio et al.
2020). Instead, the purpose of this study was to capitalize
on observed sex difference in self-reported camouflaging
in ASD due to its potential sensitivity to neurobiological
differences related to the sex bias.

Conclusion

This study is the first to characterize sex-related connec-
tivity correlates of compensatory social behaviors in ASD
(e.g. camouflaging) using a data-driven, connectome-
wide neuroimaging approach. This study lends insight
into the ASD sex bias, suggesting both “male-typical”
and “female-typical” brain connectivity patterns play
a role in camouflaging in ASD-F. Circuits liked to
greater camouflaging in ASD-F were associated with
reward (“sex-atypical” pathway), emotion, and memory
retrieval (“sex-typical” pathways). Intriguingly, more
positive FC between the hypothalamus and limbic
reward circuits was linked to more camouflaging, better
cognitive control/emotion recognition, and showed no
association with depression/anxiety in ASD-F, suggesting
that this “male-typical” FC pattern may be particularly
adaptive. The observed “male-typical” patterns support-
ing camouflaging in ASD-F are consistent with fetal
neuroinflammatory hypotheses (e.g. fetal steroidogenic
hypothesis; Ingudomnukul et al. 2007; Auyeung et al.
2013; Baron-Cohen et al. 2015, 2020; Simantov et al. 2021;
see Barrientos et al. 2019; Breach et al. 2021 for other
neuroimmune hypotheses), given that such exposure in
females would result in “male-typical” brain features
(McCarthy and Wright 2017). However, these hypotheses
remain controversial, and more research is needed to
characterize environmental processes that may result
in “sex-atypical” brain and behavioral features in ASD.
Furthermore, the growing literature on sex differences in



326 | Cerebral Cortex, 2023, Vol. 33, No. 2

the brain suggests that both “masculine” and “feminine”
processes interact with individual genetics and environ-
ment across development in a time-sensitive manner to
produce an individual’'s brain “mosaic” (Joel et al. 2015;
Joel and McCarthy 2017; Eliot et al. 2021). In keeping,
the “female-typical” FC patterns linked to camouflaging
suggest that female sex chromosomes or reproductive
biology (e.g. ovarian hormones) also influence social
compensatory behavior in ASD-F and, potentially, the
broader sex bias in ASD. Further research is warranted
investigating sex-differential brain and behavioral
development in ASD across the lifespan, especially
during sensitive windows of hormone transition, and
its relationship to sex-specific biology (e.g. hormones,
genetics). Furthermore, research characterizing broader
sex-related neurochemical and hormonal influences
(and their interaction) on FC and behavior in ASD is
needed, in particular focusing on reward, cognitive,
emotion, memory, and social circuits/behavior.
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