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Abstract

Background—Multifactorial liability models predict greater dissimilarity in the neural
phenotype of autism spectrum disorder (ASD) in females than in males, while Gender Incoherence
and Extreme Male Brain models predict attenuated sex differences in ASD. The amygdala is an
informative target to explore these models because it is implicated in both the neurobiology of
ASD and sex differences in typical development (TD).

Methods—We investigated amygdala resting-state functional connectivity in a cohort of 116
ASD (36 female) and 58 TD children (27 female) aged 2 to 7 years during natural sleep. First,
multivariate distance matrix regression assessed global sex and diagnostic differences across the
amygdala connectome. Second, univariate general linear models identified regions with mean
connectivity differences.

Results—Multivariate distance matrix regression revealed greater differences between TD and
ASD children in females than in males, consistent with multifactorial liability models, and
attenuated sex differences in the left amygdala connectome of children with ASD in a pattern
consistent with the Gender Incoherence model. Univariate analysis identified similar sex
differences in dorsomedial and ventral prefrontal cortices, lingual gyrus, and the posterior
cingulate cortex, but also that lower amygdala connectivity with superior temporal sulcus is
observed across sexes.

Conclusions—We provide evidence that ASD in males and females manifests differently in the
brain compared to sex-matched controls at the time of diagnosis and prior to the influence of
compensatory mechanisms, consistent with multifactorial liability models, and that ASD is
associated with reduced sex differences in a pattern consistent with gender incoherence models.
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Introduction

Autism Spectrum Disorder (ASD) is disproportionately diagnosed in males at a ratio of
about 3—-4 males for every female (1). The extant literature largely reflects this bias, and
consequently, the neurobiology of ASD in females is not well characterized. Here we
explored sex differences in the neurobiology of ASD during early childhood by investigating
amygdala resting-state functional MRI (rsfMRI) connectivity. The amygdala is an
interesting target for investigation because it exhibits both altered structure and function in
ASD (2-5) and sex differences in typical development (6, 7).

The amygdala is widely implicated in the neurobiology of ASD. Postmortem research has
reported differences in the number of amygdala neurons in ASD (2, 4), volumetric MRI
research has reported amygdala enlargement in ASD (2, 8-11), and functional neuroimaging
research has reported altered amygdala response and habituation to socio-emotional stimuli
in ASD (12, 13). Altered amygdala rsfMRI connectivity has also been reported in
individuals with ASD (3, 14-16), but samples have been predominantly male. To date, no
analysis of sex differences in amygdala connectivity in ASD has been undertaken, which
could be interesting given the robust sex differences in amygdala structure and function
observed in typical development. The amygdala expresses particularly high concentrations
of estrogen and androgen receptors (6, 17), exerting considerable influence over
neurodevelopment beginning prenatally (18). Consistent with this, amygdala rsfMRI
connectivity may follow different age-related trajectories in males and females in typical
development (19) and divergent functional and neuronal responses to emotional face stimuli
(20, 21). Structural MRI studies find increased volume in males across early childhood and
adulthood, but females reach peak amygdala volume about 1.5 years sooner than males (7, 8,
22-24). Thus, the amygdala may be an especially informative brain region for exploring sex
differences in ASD.

Resting-state fMRI is a useful tool to examine brain networks. In clinical populations,
rsfMRI offers the advantage that it does not require performance of a task which may pose
challenges that would preclude examination of many clinical populations. We examined sex
differences in amygdala rsfMRI connectivity in 2 to 7-year-olds with ASD and typical
development. We used two complementary analytical techniques: multivariate distance
matrix regression (MDMR) assessed global sex and diagnostic differences in whole-brain
amygdala rsfMRI connectivity maps (25-28) and univariate general linear models identified
specific brain regions exhibiting mean differences in amygdala connectivity. Thus, MDMR
can provide an overview of what is characteristic of the connectome while univariate
analysis identifies the brain regions within that connectome exhibiting the most extreme
differences.

To our knowledge, this is the first study to examine sex differences in rsfMRI connectivity in
young children with ASD during a period of rapid brain growth and near the age of initial
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diagnosis. We made several predictions based on existing literature and current theories
regarding sex differences in the neurobiology of ASD. Our first set of predictions was based
on the Extreme Male brain (EM) and Gender Incoherence (Gl) theories (29-31). Both posit
that atypical processes of masculinization and/or feminization affect the behavioral,
physiological, and neurobiological features of ASD, resulting in attenuation of sex
differences observed in typical development. However, EM and Gl theories make different
predictions in terms of the direction of differences from typically developing counterparts.
While the EM hypothesis posits that both males and females with ASD are hyper-
masculinized (29), the GI hypothesis posits that ASD in males is associated with
feminization of features, and ASD in females is associated with masculinization of features
(30, 32). Thus, shifts in amygdala connectivity in males and females with ASD towards TD
males would be consistent with the EM hypothesis. On the other hand, shifts in amygdala
connectivity toward the opposite TD sex would be consistent with the GI hypothesis (Figure
1A).

Our second set of predictions was based on the differential liability model (33), which posits
that multiple genetic, biological, and environmental factors underlie total liability for an
ASD diagnosis (i.e. etiologic load), and that females with ASD carry greater etiologic load
than ASD males (33) (Figure 1B). Evidence for differential liability comes from genetic
studies, and given that many affected genes are critical to neuronal function (34, 35), an
extension of this model predicts that females with ASD will exhibit a higher liability of
neural alterations as well. Thus, we predicted that differences in amygdala rsfMRI
connectivity between ASD and TD females will be larger than between ASD and TD males.

Methods and Materials

Participants

One-hundred and sixteen children with ASD (36 female/80 male) and 58 TD children (27
female/31 male) aged 2 to 7 years were recruited as part of the UC Davis MIND Institute
Girls with Autism Imaging of Neurodevelopment (GAIN) and the Autism Phenome Project
(APP) longitudinal research programs. Children were enrolled at 2-3.5 years of age, and the
design included three MRI annual time points separated with concurrent behavioral
assessments at the first and third time points. The first time point with a quality rsfMRI was
used (115 Time 1, 39 Time 2, 20 Time 3). A subset of male participants were included in a
previous study (3). All children with ASD underwent diagnostic assessment at Time 1 and
Time 3 by a licensed clinical psychologist specializing in ASD. Diagnostic assessments
included the Autism Diagnostic Interview-Revised (ADI-R) (36) and the Autism Diagnostic
Observation Schedule-2 (37). The ADOS calibrated severity score (CSS) was calculated to
allow comparison different ADOS modules (38). Cognitive ability was assessed at Time 1
using the Mullen Scales of Early Learning (MSEL) (39) and the Differential Ability Scales-
I1 (DAS-II) at Time 3 (40). No participant had known genetic (e.g. fragile X syndrome) or
neurologic disorders, visual or hearing disability, or physical contraindication for MRI. TD
controls had scores within 2 standard deviations of normative means on the MSEL and
scores < 11) on the Social Communication Questionnaire (41). Participants taking any
psychotropic medication were excluded from these analyses. Studies were approved by the
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University of California, Davis Institutional Review Board. Parents or guardians provided
informed consent.

Image Acquisition

T1-weighted magnetization-prepared rapid gradient echo images (MPRAGE; TR = 2170 ms;
TE = 4.86 ms; slices: 192; matrix: 256 x 256, 1.0 mm isotropic voxels) and resting-state
echo planar images (EPI; TR = 2000ms; TE = 27.0 ms; axial slices: 37; matrix: 64 x 64; 4.0
mm isotropic voxels) were acquired at the UC Davis Imaging Research Center in a 3T
Siemens Tim Trio scanner with an 8-channel head coil. Image acquisition occurred during
natural, nocturnal sleep (42). Sleep duration from sleep onset to the start of EPI acquisition
was recorded (Table 1). The EPI acquisition occurred within the first 90 minutes of sleep, an
epoch in which children are likely to be in non-rapid eye movement stage 3 sleep (43, 44).

Image Preprocessing

Resting-state images were preprocessed in the Configurable Pipeline for the Analysis of
Connectomes (45; C-PAC v. 1.0.1; https://fcp-indi.github.io), which leverages tools from
Analysis of Functional Neurolmages (AFNI; https://afni.nimh.nih.gov), FMRIB Software
Library (FSL; https://fsl.fmrib.ox.ac.uk), and Advanced Normalization Tools (ANTSs; http://
stnava.github.io/ANTS). EPI images were time-shifted, and motion corrected. Volumes with
frame-wise displacement greater than 0.25mm were scrubbed (46). Participants with fewer
than 150 frames remaining after scrubbing were excluded. EPIs were co-registered to
MPRAGE and normalized to MNI space. Mean white matter and cerebral spinal fluid, 24-
degree Friston motion, and Global signal (GSR) (46) were entered as nuisance regressors.
Supplemental analyses compared results using CompCor (47) in place of GSR. Data were
then filtered (.008 < f < .08 Hz).

Analytic Approach

In all analyses, separate left and right amygdala connectivity maps (i.e. amygdala
connectomes) were generated by extracting time series from amygdala seeds with all other
voxels in the brain. Timeseries correlations were standardized using Fisher-Z
transformations. Amygdala regions of interest were defined by a 1-mm erosion of the FSL
Harvard-Oxford subcortical atlas binarized at the 50t percentile probability threshold.

Differences across the entire amygdala rsfMRI connectome were assessed using MDMR,
while spatially localized differences were assessed with a univariate general linear model.
Both MDMR and univariate analyses used the same factorial design: Y~ Bg + B1(Sex) +
Bo(Diagnosis) + B3(Age) + B4(Sex x Diagnosis) + Bs(Sex x Age) + Bg(Diagnosis x Age) +
B7(Sex x Diagnosis x Age).

Multivariate Distance Matrix Regression—MDMR is a multivariate statistical method
that allowed us to examine sex and diagnosis difference across whole-brain amygdala
rsfMRI connectivity maps. MDMR is a robust multivariate technique appropriate to data in
which responses (i.e. voxels) greatly outnumber participants (26), a scenario typical to
neuroimaging data; consequently MDMR has found use in connectome-wide association
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studies (27, 28). Here we used MDMR to test connectome-wide associations with a priori
selected seed regions (left and right amygdala). No other seeds regions were examined.

To conduct the MDMR analysis, pair-wise distances between each participant’s whole-brain
amygdala connectivity map were computed using the Manhattan distance, a preferred
distance in high-dimensional applications (48). The resulting distance matrix represented
how dissimilar each individual’s rsfMRI connectome was to every other individual’s
connectome. The relations between each explanatory variable and the distance matrix were
estimated by apportioning the sums of squares of the Gower transformed distance matrix
onto each variable and a residual term (26, 49). Test statistics were then permuted over
100,000 iterations. Interpretation of MDMR analysis was assisted by use of principal
coordinate analysis (PCoA). Analogous to principal component analysis, PCoA attempts to
capture most of the variation in a distance matrix using several dimensions, with the 15t
dimension accounting for the most variation (49). The first several dimensions are typically
interpreted via ordination plots and statistical analysis. The relative effect sizes of different
brain regions contributing to the MDMR result were estimated (50) using 192 regions drawn
from a brain parcellation (AICHA) (51). Analyses were conducted in R (v. 3.43) using the
MDMR (v. 0.5.1) and Vegan (v 2.4-6) packages.

Univariate Analyses—General linear models were conducted on left and right amygdala
resting-state statistical maps smoothed with a 6 mm Full-Width Half-Maximum Gaussian
kernel. Correction for multiple comparisons employed Gaussian Random Field theory with a
cluster forming threshold of p < .001 to control false positive rate (52, 53). Follow-up tests
of marginal means were conducted using the R package Ismeans (v 2.26-3) with Tukey
adjustment for multiple comparisons. In analyses identifying clusters exhibiting effects of
ASD diagnosis common to both males and females, sex was coded as —1 and 1 for males
and females respectively; this ensured that the intercept would be unbiased toward one sex
over another, given the greater number of males with ASD in this sample.

Data Availability—Data from this study are available from the corresponding author and
the senior authors upon reasonable request.

Females and males with ASD were comparable across age, ADOS CSS, ADI-R Social
Domain score, and DQ. Children with ASD had lower DQ than TD controls (Table 1).
Motion was both minimal and not significantly different between groups. Sleep duration was
similar between groups (Table 1).

Multivariate Distance Matrix Regression.

Left and right amygdala rsfMRI connectomes were investigated separately. For right
amygdala, while the overall MDMR model was significant (R = .044, p=.045), no
individual effect parameters reached conventional significance (Table 2). For the left
amygdala, the overall model was significant (R? = .046, p=.011), and a significant sex by
diagnosis interaction was observed (Table 2). Pairwise comparison tests were conducted.
Within diagnosis comparisons of sex (i.e. ASD females vs ASD males; TD females vs TD
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males) revealed significant sex differences in the left amygdala connectome in TD (R?
=.027, p=.005), but not in ASD (R? = .009, p = .47). Within sex comparisons of the effect
of diagnosis (ASD females vs TD females; ASD males vs TD males) revealed significant
diagnosis differences in females (R2 = .022, p=.017), which explained nearly twice the
variance in left amygdala connectivity than diagnosis difference in males (R = .011, p
=.052). Cross-sex, cross-diagnosis comparisons (ASD males vs TD females; ASD females
vs TD males) revealed that left amygdala connectivity significantly differed between ASD
males and TD females (R2 = .014, p=.003), and marginally differed between ASD females
and TD males (R? = .018, p=.081). Notably, both cross-comparisons explained a similar
amount of variance, (see Figure S1 for plots of pairwise distances). We used PCoA to
ascertain directionality of differences revealed in the sex by diagnosis interaction (Figure 2
A); the 15t PCoA axis exhibited a significant sex by diagnosis interaction (p=.01). Further
information about the PCoA is provided in supplementary materials; see Figure S2A for a
scree plot =eigenvalue decomposition and Figure S2B for group difference plots over the
first four principal coordinates axes. Results were similar using data preprocessed with
Compcor (47) in place of GSR (Figure S3A), suggesting that findings were not idiosyncratic
to GSR. In addition to the sex by diagnosis interaction, the effect of diagnosis was
moderated by age (Table 2), such that left amygdala connectivity was more dissimilar
between ASD and TD groups in older children (R2 =.017, p=.005) than in younger
children (R% = .012, p= .52). Finally, relative effect sizes of each AICHA parcellation to left
amygdala MDMR parameters are presented in Figure 2B. Visual inspection suggests that
many brain regions contributed to the sex by diagnosis interaction, but particularly left
amygdala—prefrontal connectivity.

Overall, analysis of the connectome revealed that sex differences in ASD were attenuated
and shifted in the direction of the opposite TD sex, consistent with Gl theory, and that ASD
was associated with larger differences in females, consistent with the differential liability
model.

Univariate General Linear Model Analyses

Multiple clusters revealed significant differences by sex, diagnosis, and age (Table 3). Four
sex by diagnosis interaction clusters were identified (Table 3, Figure 3) between left
amygdala and left dorsomedial prefrontal cortex (dmPFC), left ventral PFC, and left lingual
gyrus, and between right amygdala and right posterior cingulate cortex. Post-hoc tests of
differences in the marginal means evaluated at the mean age (]43.8 months) were conducted
using the Tukey adjustment for multiple comparisons. Results of these tests are reported in
Figure 3.

In general, two notable patterns were observed. First, in all four sex-by-diagnosis clusters,
significant sex differences in TD controls were observed, but sex differences were attenuated
in two of those clusters in ASD children. Second, compared to TD sex-matched counterpart,
females with ASD exhibited larger and more significant differences than males with ASD
(Figure 3). In all 4 clusters, significant or marginally significant diagnosis differences were
observed in females, but significant diagnosis differences in males were observed only in left
dmPFC and left lingual gyrus. The direction of differences in these two latter clusters
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followed an opposite pattern in males and females (i.e. a crossed interaction pattern). For
example, in the left dmPFC cluster, females with ASD exhibited higher connectivity than
TD females, but this pattern was reversed in males, with ASD males exhibiting decreased
connectivity relative to TD males. The pattern of results did not change when Compcor
preprocessing was used instead of GSR (Figure S3B).

Thus far the reported univariate analyses emphasized the differences between males and
females with ASD and their TD counterparts. However, ASD diagnosis was also associated
with differences in amygdala rsfMRI connectivity across sex in several regions, including
the superior temporal sulcus and supramarginal gyrus (Table 3). Reduced left and right
amygdala connectivity in ASD was observed in three overlapping clusters along the entire
length of the right superior temporal sulcus (Figure 4A). Reduced amygdala connectivity in
ASD was also observed in right frontal operculum gyrus and left amygdala (Figure S4A).
Increased amygdala connectivity in ASD was observed in three clusters (Table 3), including
between left amygdala and left supramarginal gyrus (Figure 4B), left cerebral peduncle, and
the anterior lobe of the cerebellum (Figure S4B). Alterations to amygdala connectivity in
ASD exhibited age-related differences in multiple clusters, consistent with altered
development that could result in increasing deviation from TD with age. Two clusters in
right and two clusters in left superior temporal gyrus exhibited opposite age-related
trajectories by diagnosis, such that age-related decreases in connectivity were observed in
ASD (bs<-.013, ts= 2.11, ps< .037), while age-related increases amygdala connectivity
were observed in TD (bs=.030, t5=3.22, ps< .002) (Figure S5). These age-related
differences suggest progressive hypoconnectivity in ASD during early childhood in the
superior temporal gyrus, consistent with the hypo-connectivity observed in the superior
temporal sulcus. Two clusters in left and right thalamus exhibited the opposite pattern of
age-related trajectories in ASD and TD (Figure S6), such that age-related increases in right
amygdala rsfMRI connectivity were observed in ASD (652.027, ts= 3.18, ps< .002), but
age-related decreases in TD (bs< —.035, 5= 2.72, ps< .007).

Discussion

Within the emerging field investigating sex differences in ASD, there is interest in
determining whether the etiology of ASD alters ongoing neurodevelopmental processes of
sexual differentiation (29, 30, 54, 55) and the extent to which females and males with ASD
differ from their sex-matched TD counterparts. Here we sought to characterize sex
differences in amygdala rsfMRI connectivity in ASD—a brain region displaying both sex
differences in typical development and alteration in ASD (3, 7). Multivariate and univariate
analyses provided evidence that ASD is associated with attenuated sex differences in
amygdala rsfMRI connectivity in a pattern that is consistent with the GI hypothesis (Figure
1A). We also found evidence that ASD is associated with greater differences in females than
in males—consistent with multifactorial liability models hypothesizing female protective
and/or male vulnerability factors which result in differential liability for ASD diagnosis
(Figure 1B).

Multivariate analysis of sex differences in the amygdala rsfMRI connectome using MDMR
revealed global sex differences in the left amygdala rsfMRI connectome of TD children but
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these sex differences were attenuated in ASD. Many regions across the brain contributed in
aggregate to this effect, including the frontal lobes, inferior and middle (but not superior)
regions of the temporal lobe, the cuneus and lingual gyrus, and the putamen. On their own,
differences in many of these regions would not be large enough to produce a significant
finding, but by aggregating evidence across the connectome, MDMR allowed us to uncover
the global trend. Univariate analysis complemented MDMR analysis by identifying clusters
exhibiting the largest differences, revealing that left amygdala rsfMRI connectivity with the
lingual gyrus and ventral PFC exhibited attenuated sex differences in ASD but robust sex
differences in TD children. Consistent with our results, sex differences in lingual-amygdala
connectivity have been reported in TD children (19) and hyperconnectivity has been
reported in adolescents and adults with ASD (16). The lingual gyrus is involved in brain
networks that process social stimuli, faces, and facial affect (20) and is frequently implicated
in fMRI studies of ASD that use social stimuli (56). Ventral PFC is associated with social
flexibility (57) and impaired cognitive control in ASD (58). Altogether, these data suggest
atypical attenuation of sex differences in left amygdala rsfMRI connectivity, particularly in
regions associated with regulating emotional social response. These findings also support the
hypothesis that alteration in networks exhibiting sex differences in TD may be associated
with at least some aspects of the ASD neuro-phenotype (59), consistent with the idea that
sex differences reflect ongoing processes of neural development, which is regulated by many
factors that are also associated with risk for ASD (18, 31, 34, 60, 61).

Our results suggest a global pattern of amygdala rsfMRI connectivity in males within ASD
shifted away from TD males toward TD females, and connectivity in females shifted away
from TD females towards TD males—a pattern which is most consistent with the Gender
Incoherence model. Such shifts were most acutely observed in amygdala connectivity to left
dmPFC and left lingual gyrus, in which females with ASD exhibited hyperconnectivity
whereas males with ASD exhibited hypoconnectivity relative to their TD sex-matched
counterparts. Opposite patterns of differences in males and females have been previously
reported in univariate analysis (32, 59). However, as a practical matter, such mass univariate
connectivity analyses tend to highlight the strongest forms of an interaction (i.e. fully
crossed) because weaker forms fail to retain statistical significance after correction for
multiple comparisons. The hazard is not subtle. The difference between EM masculinization
(29) and GI models (30), for example, is the difference between a weaker and stronger form
of a sex by diagnosis interaction. MDMR allowed us to assess the global pattern of sex
differences and revealed a broader pattern of sex differences in the amygdala connectome
consistent with gender incoherence in ASD.

We also found evidence supporting a multifactorial liability model of sex differences in
ASD. Multifactorial liability models posit that multiple factors underlie total liability for an
ASD diagnosis and that females with ASD carry greater etiologic load than ASD males (33—
35), potentially via mechanisms of female protection or male vulnerability. Specifically, we
predicted greater diagnosis differences in amygdala connectivity in females than in males.
Consistent with prediction, we found larger within-sex differences in females than in males
over the entire left amygdala rsfMRI connectome as well as in the specific clusters identified
by univariate analysis, with significant differences between ASD and TD females in all four
of sex by diagnosis interaction clusters, while significant differences between ASD and TD
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males were observed in only two clusters. If the larger differences in amygdala connectomes
between ASD and TD females are signatures reflecting female protective factors, the young
age of our cohort increases the likelihood these protective factors reflect biological sex
differences in neurodevelopment rather than gender-informed experiential factors (31).

Importantly, we also identified some similarities in the pattern of alterations across males
and females. Both sexes exhibited reduced amygdala rsfMRI connectivity with the superior
temporal sulcus (STS). Connectivity between amygdala and superior temporal sulcus has
established anatomical connectivity (62-64), and plays a central role in social cognition
(65), alterations of which are relevant to the core deficits of ASD (66, 67). Such sex-
convergent alterations may be an especially important target for future research on the core
etiologies of ASD.

The current research has several limitations. First, we did not investigate behavioral
associations of amygdala rsfMRI connectivity differences as almost one quarter of
participants did not have concurrent behavioral measures. Second, we did not directly
measure sleep-stage in this study. Third, this study had a relatively small sample of females
with ASD, underscoring the need for further research. Last, the current study used a cross-
sectional design, and yet sex and gender may be intrinsic to how autism develops;
longitudinal studies are needed to assess how sex and autism shape brain development
within individuals.

In conclusion, this study provides evidence that ASD is associated with both sex-
independent and sex-dependent alterations in amygdala functional connectivity observable
near the age of first diagnosis. Sex-dependent alterations include both qualitative, i.e.
attenuated sex differences in ASD consistent with the GI hypothesis, as well as quantitative
differences in the magnitude of differences between males and females with ASD and their
sex-specific TD. These findings suggest that brain regions and networks exhibiting sex
differences in typical development (TD) underlie some aspects of the ASD neuro-phenotype
(59), but that no single model can fully explain sex differences in ASD. Further investigation
of sex-dependent differences in amygdala connectivity should be considered in relation to
heterogeneity in behavioral symptoms and co-occurring conditions related to amygdala
function, such as emotion regulation and anxiety.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. The Gender Incoherence model of ASD, Bejerot et al., (2012) proposes that sex
differences are altered in ASD, such that, on a normative male-female dimension, ASD is
characterized by a shift in the distribution of some unknown subset of features towards the
opposite gender/sex. The Extreme Male Brain also proposes that sex differences are altered
in ASD, but characterized by a shift toward the extremes of TD males. Consequently, both
Gender Incoherence and Extreme Male Brain predict that mean differences in the
distributions of males and females with ASD is reduced and have greater overlap, albeit by
differentially directed shifts relative to their sex-matched TD counterparts. B. The
Multifactorial Differential Liability model for ASD (Werling and Geschwind, 2013) posits
that multiple genetic, biological, and environmental factors underly total liability for ASD.
Male-specific risk factors shift the male population towards, and female-specific protective
factors shift the female population away from a single liability threshold. Consequently,
females will, on average, be further away from the threshold than males, resulting in fewer
ASD diagnoses for females. Given that many of the genetic and biological liability factors
for ASD are associated with key aspects of brain development and function, an extension of
the differential liability model is that differences in brain networks (e.g., the amygdala
connectome) between TD and ASD females will be greater than between ASD and TD
males.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Leeetal.

Page 15
A.
A Female TD @ Female ASD @ Male ASD A Male TD
8 | a
o \
© \
0; °
o
S ]
(=] A
= ;
o AA
S
o
N
A
N
<
o o — o
O
o N
o
o
S 4
Bl
o
8 3
S - .
i
¢ o
o °
o
S 4
o
! T T T T T T T
-6000 -4000 -2000 0 2000 4000 6000
PCoA 1
method = "manhattan”
B.

g
Z

Relative Effect Size &

Figure 2.
Sex and diagnostic differences in the left amygdala resting-state functional connectome. A.

Left amygdala resting-state connectome significantly differed between typically developing
(TD) males and females, but not significantly between males and females with an ASD
diagnosis, as depicted in this ordination plot of the first two principal coordinate analytic
(PCoA) decompositions of the left amygdala resting-state functional connectome’s
Manhattan distance matrix. The 15t PCoA axis exhibited a significant sex by diagnosis
interaction (p =.01, see also Figure S3 for additional details). The reader should note that
Multivariate Distance Matrix Regression (MDMR) does not utilize dimension reduction (i.e.
PCoA) and thus this ordination may not fully capture all the multi-dimensional differences
contributing to the MDMR result. Ellipses indicate 95% confidence intervals for centroid
locations on the first two PCoA axes. B. Plot of the estimated relative effect sizes of brain
regions contributing to MDMR maodel effects for the left amygdala resting-state functional
connectome.
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Figure 3.

Clusters exhibiting significant sex by diagnosis interaction F effects from univariate general
linear models. Tests of predicted marginal means were conducted within each cluster using
the Tukey adjustment for multiple comparisons. Error bars represent standard error.
Significance codes: * <.05, ** <.01, <.001, ****<.0001.
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Figure 4.
Clusters exhibiting significant differences by diagnosis (in both males and females) in a

univariate general linear model of amygdala resting-state functional connectivity. A. Lower
left and right amygdala resting-state fMRI connectivity with right superior temporal sulcus
(STS) in ASD. B. Greater left amygdala resting-state fMRI connectivity with left
supramarginal gyrus in ASD. Error bars represent standard error.
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Table 1.
Sample Behavioral and Scanning Characteristics
Female Male

Measure ASD TD ASD TD p
N 36 26 80 31
Age (Months) 446(11) 411(7.7) 446(12) 422 (12) 5= .28
ADOS-CSS 7.31(1.9) - 7.52 (1.7) - p=53
ADI-R Social 18.3 (3.9) - 16.9 (4.1) - p=.09
DQ 66.9 (24) 107 (11) 66.0(23) 103(12) Sex: ps=.55

Dx: p<le-12
Framewise Displacement (mm) .126 (.05) .120(.05) .114 (.04) .120 (.04) ps2.19
Proportion Frames Scrubbed .068 (.06) .060 (.06) .051(.04) .044 (.05) ps=.23
Sleep Duration (minutes) 51.5(15) 46.5(12) 51.1(12)  48.4(12) ps=.13

Page 18

Note: Means and Standard deviations = M (SD); reported p-values are for F-tests of sex, or sex by diagnosis differences; ADOS-CSS= Autism

Diagnostic Observation Schedule Calibrated Severity Score; ASD Autism Spectrum Disorder; ADI-R Autism Diagnostic Interview; TD =

Typically Developing; Dx = Diagnosis. Means and Standard deviations = M(SD); ADOS and DQ characteristics report concurrent scores for Time
1 and Time 3 participants. Concurrent scores were unavailable for Time 2 participants (23 ASD, 16 TD), thus Time 1 were used. Mean framewise
displacement computed using method presented in Power et al (2012); Sleep duration is time from beginning of sleep to start of resting-state scan.
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Multivariate Distance Matrix Regression of Amygdala Connectomes

Table 2.

Right Amygdala Left Amygdala
Effect Statistic ~ R?2 p Statistic  R2 p
(Omnibus) .047 .044  .045 .048 .046 .011
Age .008 .007 .057 .006 006 429
Sex .006 .006 .556 .008 .008 .011
Dx .006 .006 .279 .008 .008 .026
Sex x Dx .006 .005 .768 .007 .007 .049
Age x Sex .006 .006 .346 .006 .005 .635
Age x Dx .007 .007 114 .008 .008 .024
Age x Dx x Sex .006 .006 .512 .005 .005 .981

Notes:

*

p<.05;

Statistics computed over 100,000 permutations; Dx=Diagnosis.
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General Linear Model of Amygdala Resting-State Functional Connectivity

Table 3.

Page 20

MNI
Cluster
Effect Amygdala Region X Y z \Voxels Cluster p Value Relation
ASD: F<M
. . TD: F>M
Sexx Right ~ Right Posterior Cingulate 10 -48 6 124 000003
Female: ASD<TD
Male: ASD~TD
ASD: F~M
TD: F>M
Left Left Lingual Gyrus -10 -50 -10 84 .0008
Female: ASD<TD
Male: ASD>TD
ASD: F~M
TD: F<M
Left Ventral PFC -20 56 -4 50 .019
Female: ASD>TD
Male: ASD~TD
ASD: F>M
TD: F<M
Left Dorsal Medial PFC -6 44 28 60 .007
Female: ASD>TD
Male: ASD<TD
Rgex Right  Right Thalamus 18 -28 0 159 4.9e-5 ASD: 1 Age; TD: { Age
Left Thalamus -10 -28 14 74 .010 ASD: 1 Age; TD: | Age
Right Superior Temporal Gyrus 50 -8 -8 82 .0058 ASD: | Age; TD: T Age
Left Superior Temporal Gyrus -50 -12 2 251 4.2e-7 ASD: | Age; TD: 1 Age
Left Right Superior Temporal Pole 46 6 -12 236 1.2e-7 ASD: | Age; TD: T Age
Left Superior Temporal Gyrus -46 -16 -4 89 .0013 ASD: | Age; TD: T Age
Dx Right ~ Right Superior Temporal 52 -40 4 908 11e22 TD > ASD
Sulcus
Left  Right Superior Temporal 58 -8 -12 56 022 TD > ASD
Sulcus
Right Superior Temporal _
Sulcus 46 44 8 144 .00004 TD > ASD
Right Frontal Operculum _
Gyrus 46 2 6 135 .00006 TD > ASD
Left Supramarginal Gyrus -50 -54 42 268 2.9e-8 ASD >TD
Left Cerebral Peduncle -20 -14 -10 61 .015 ASD >TD
Anterior Lobe of the 2 -48 -20 76 0043 ASD > TD

Cerebellum

Notes: Correction for multiple comparisons of F-tests was performed using random field theory with a cluster forming threshold of p =.001;
Parameter tests were performed on the mean correlation of a cluster in each individual using R. Dx=Diagnosis; M= Male; F= Female; * =

Significant Increase. ¥ = Significant Decrease; ~ = Not significant difference; w/ = with.
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