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ARTICLE INFO ABSTRACT

Keywords: Our current understanding of autism is largely based on clinical experiences and research involving male in-
Autism dividuals given the male-predominance in prevalence and the under-inclusion of female individuals due to small
Neurobiology samples, co-occurring conditions, or simply being missed for diagnosis. There is a significantly biased ‘male lens’
g:;;mmagmg in this field with autistic females insufficiently understood. We therefore conducted a systematic review to
Sex examine how sex and gender modulate brain structure and function in autistic individuals. Findings from the past
Gender 20 years are yet to converge on specific brain regions/networks with consistent sex/gender-modulating effects.

Despite at least three well-powered studies identifying specific patterns of significant sex/gender-modulation of
autism-control differences, many other studies are likely underpowered, suggesting a critical need for future
investigation into sex/gender-based heterogeneity with better-powered designs. Future research should also
formally investigate the effects of gender, beyond biological sex, which is mostly absent in the current literature.
Understanding the roles of sex and gender in the development of autism is an imperative step to extend beyond
the ‘male lens’ in this field.

1. Introduction

Autism spectrum disorder (hereafter ‘autism’) is
developmental condition characterized by early-onset and persistent
difficulties in social communication and interaction along with repeti-
tive or stereotyped behaviours (American Psychiatric Association,
2013). This condition is one with strikingly high heterogeneity as in-
dividuals diagnosed with autism may present with varying intensities of
characteristics and difficulties across different domains pertaining to
social, communication, behavioural, intellectual, and adaptive
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functioning and thus, autism is conceptualized as a ‘spectrum’ (Lai et al.,
2013a). Despite the heterogeneity in the manifestation and intensity of
symptoms, autism is consistently reported to disproportionately affect
males (Ferri et al., 2018). Boys and men have been reported to be
diagnosed four to five times more frequently than girls and women;
however, population-based prevalence studies with active case-
ascertainment suggest lower male-to-female ratios (3.25:1) as females
who would meet the criteria for autism may be under-recognized clin-
ically (Loomes et al., 2017).
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1.1. Sex-bias and under-recognition of autistic females

There are a number of possibilities that can explain the under-
recognition of autistic females. Firstly, the commonly referenced early
descriptions of autism in the 1940s (Asperger, 1944; Kanner, 1943) were
based on eight males and three females and another case series of four
males only. Historical investigations have shown that there are even
earlier accounts of autism in Europe that include female cases; however,
these reports were overlooked by the field as they were not accessible in
English until several decades later (Simmonds & Sukhareva, 2020). In
addition to limited access to reports of autistic females, studies of
characteristics and phenotypes of autism were largely derived from male
individuals with this condition. With this ‘male-based’ understanding of
autism, there is likely an ascertainment bias in the clinical recognition of
this condition which may in part contribute to the apparent male bias in
reported prevalence (Werling, 2016), despite the fact that the diagnostic
conceptualization and broad-construct level definition of autism are
meant to be sex/gender-independent (Lai et al., 2015). Further, females
may present with partly different behavioural characteristics (Lai et al.,
2015; Lai et al., 2017a; Mandy, 2017) that makes it more complicated
for the autism phenotype to be recognized, and diagnosis to be made in a
timely manner (Lai & Szatmari, 2020). In addition, gendered sociocul-
tural contexts may further contribute to the under-recognition of autism
in females (Dean et al., 2017; Kreiser & White, 2014).

Autism research studies have been dominated by male participants.
The underrepresentation of non-male participants is often due to small
sample sizes which would limit the statistical power to detect small to
moderate effects — only a handful of studies have attempted to directly
address this issue by analyzing amalgamated large datasets (Kaat et al.,
2021; Tillmann et al., 2018). Small sample sizes of non-male partici-
pants make it difficult to account for the effects of sex and gender, and
thus researchers may limit their analyses to include only male partici-
pants (Jasmin et al., 2019; Ni et al., 2020; Prigge et al., 2021). In
addition, clinically diagnosed autistic females are those who often pre-
sent with coexisting behavioural, emotional, or cognitive difficulties
(Duvekot et al., 2017; Dworzynski et al., 2012) and higher rates of co-
occurring conditions, including epilepsy and low intelligence quotient,
in comparison to autistic males (Lai et al., 2015). As researchers often
screen their participants to maximize signal-to-noise ratio, the higher
frequency of co-occurring conditions in autistic females makes them
more likely to be excluded from research. As a result, the male-to-female
participant ratio in research is even more exaggerated compared to the
general population prevalence ratio. A number of meta-analyses (Hull
et al., 2016; Philip et al., 2012; van Rooij et al., 2018; Via et al., 2011)
have demonstrated a significantly exaggerated male-bias in autism
research with large discrepancies between the population-based ratio
(3.25:1) and those enrolled in brain morphological studies (~6:1), task-
based fMRI studies (~15:1), and resting-state fMRI studies (~9:1).
These discrepancies leave autistic females significantly under-
represented in research and poorly understood in practice, which
further drives the male-biased knowledge base (Fig. 1).

1.2. Autism neurobiology and sex/gender-modulation

Autism is a behaviourally defined condition based on the presence of
difficulties with social communication and restricted/repetitive behav-
iours. Despite the complexity of the interactions of genetics and envi-
ronment and phenotypic heterogeneity in behavioural manifestation,
autism is fundamentally a condition of atypical neurodevelopment
(Wolff et al., 2018). Current evidence suggests that autism is associated
with variations in neural substrates including brain structure, func-
tioning and connectivity (Ecker et al., 2015). For example, atypicalities
in socioemotional processing have been associated with volumetric
differences in frontotemporal regions and the amygdala and the pre-
sentation of repetitive and stereotypical behaviour has been associated
with morphometric differences in the frontostriatal system (Langen
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et al.,, 2007; Lombardo et al., 2011). Clinically, these behavioural in-
dicators seem to present differently in autistic males and females and
therefore may have different phenotypes (Ecker, 2017). Studies so far
have reported that the neurobiology of autism is potentially modulated
by biological sex in quantitative as well as qualitative ways (Lai et al.,
2017b); however, it is unclear whether there are specific brain regions or
networks that consistently show these modulation effects. Although
human neuroimaging studies seem to converge in support of atypical
development and characteristics of the brain anatomy and functioning
(Ecker et al., 2015), the patterns of sex and gender modulation in the
neurobiology of autism still remain a significant knowledge gap.’

2. Research overview

The overarching goal of this systematic review is to synthesize what
is known so far regarding the sex and/or gender modulation in the
neurobiology of autism. Investigating how autism manifests differently
in males and females may provide the key to understanding the sex-
differential probability to and vulnerability in autism and also
contribute to a better understanding of autistic females. The main
questions of interest are: 1) what are the sex and gender differences in
human autistic brains (beyond normative sex and gender differences), and 2)
where are the key brain areas or networks that consistently show these dif-
ferences. As such, we summarized findings of the available neuroimaging
literature that reported sex or gender differences in brain structure or
functioning associated with autism based on a sex- or gender-stratified
examination of autism-control differences, or statistically comparing
autism-control differences across sexes and genders by testing for sex/
gender-by-diagnosis interactions. We also identified gaps in the litera-
ture and outlined important future considerations targeting the sex- and
gender-based heterogeneity in autism.

3. Method
3.1. Search strategy

The systematic review was conducted in line with PRISMA guidelines
(Moher et al.,, 2009) and registered with PROSPERO, identifier
CRD42019138625. A health-science librarian (SB) developed the search
strategy in consultation with coauthors. Four electronic databases
(EMBASE, Medline, PsycINFO, and Web of Science) were searched for
publications involving investigation of the modulating effects of sex or
gender in the neurobiology of autism. The search was conducted using
relevant subject headings and keywords for concepts of (‘sex’ OR
‘gender’) AND ‘autism’ AND ‘brain’. Keywords for ‘brain’ instead of
‘neuroimaging’ was used at this stage to capture all relevant studies
investigating the underpinnings of the autistic brains to provide an
overview of the current research. The search did not have limits to
publication types or language, but it was limited to human studies and
journal articles published from January 1, 2000 to March 15, 2021. The
date restriction was applied to capture studies on the most current
neuroimaging modalities. A focused grey literature search limited to
conference papers and dissertations was conducted by searching three
electronic databases (ProQuest Dissertations and Theses Global, Papers
First, and Proceedings First). The references were managed with dupli-
cates removed, using Mendeley (https://www.mendeley.com/). A copy
of the search strategy is available in Appendix-Medline Search.

1 Note: the definitions of sex and gender was adopted from the World Health
Organization (2014) where ‘sex’ refers to ‘the biological and physiological
characteristics that define men and women,” and ‘gender’ refers to ‘the socially
constructed roles, behaviours, activities, and attributes that a given society
considers appropriate for men and women.’
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Fig. 1. The “Male-Lens” in Clinical Practice and Research in Autism. The male-based knowledge of autism and poor understanding of how autism presents in females
is largely based on clinical practice and research primarily involving males given (1) the male predominance in prevalence and (2) females are often under-
recognized and diagnosed individuals frequently present with co-occurring disorders (e.g., epilepsy) and low intelligence quotient and thus are more likely to be
excluded from studies. This figure illustrates the concept of the “male-lens” in the field, which also largely reflects sex bias in autism since there is a lack of data

pertaining to gender.

3.2. Search eligibility criteria

We implemented a two-tier screening procedure to adequately sort
the identified studies. The first-level screened titles and abstracts for
clear ineligibility (i.e., no mention of autism, animal studies, in-
vestigations of individuals with autistic traits but not an autism diag-
nosis, case studies, or literature reviews). For inclusion, the index of
diagnosis was in accordance with the Diagnostic and Statistical Manual
of Mental Disorder, 4th edition (DSM-IV) or International Statistical
Classification of Diseases and Related Health Problems 10th Revision
(ICD-10) criteria (i.e., pervasive developmental disorders, PDD), or
DSM-5 or ICD-11 criteria (i.e., autism spectrum disorder, ASD), and
confirmed by the Autism Diagnostic Observation Schedule (ADOS/
ADOS-2; Lord et al., 2000; Lord et al., 2012), Autism Diagnostic
Interview-Revised (ADI-R; Rutter et al., 2003), Diagnostic Interview for
Social and Communication Disorders (DISCO; Leekam et al., 2002),
Childhood Autism Rating Scale (CARS; Schopler et al., 1988), or by a
clinician. Studies that include male-only or female-only cohorts were
deemed ineligible as they would provide no ground for comparison
between sexes or genders. Studies that met this first tier of eligibility
criteria at the level of the title/abstract screening were categorized by
research subject to give an overview of the current research landscape.
Specifically, the subject categories include: (1) brain structure and
function, (2) behaviour and cognition, (3) genetics, (4) endocrinology,
(5) environmental factors, (6) prenatal/perinatal factors, (7) immu-
nology, (8) biochemistry, and (9) clinical trial/intervention. This over-
view provided a summary of the types of research that are available in
the current literature that examine underpinnings of the autistic brains.
Given our focus on neuroimaging, only studies under the ‘brain structure
and function’ category moved forward as the second-tier criteria for full-
text review. The screening was completed by two independent reviewers
(KM and TS). In circumstances where there were discrepancies per-
taining to whether a particular study met the eligibility criteria, a third
reviewer (M-CL) provided an independent opinion. At this stage, studies
were eligible for inclusion if:

1) The study’s research method used structural and/or functional brain
imaging techniques, including:
o sMRI (structural magnetic resonance imaging)
e CT (computed tomography)
o DWI/DTI/DSI (diffusion weighted imaging; diffusion tensor im-
aging; diffusion spectrum imaging)
fMRI (functional magnetic resonance imaging)
PET (positron emission tomography)
SPECT (single positron emission computed tomography)
EEG (electroencephalography)
MEG (magnetoencephalography)
MRS (magnetic resonance spectroscopy)
Brain stimulation techniques in combination with other brain
imaging methods for functional brain mapping (e.g., TMS-EEG)
2) They were empirical studies published in peer-reviewed journals;
3) The study design compared autistic participants with typically
developing ‘control’ individuals with both male and female partici-
pants in both groups; and
4) The study examined sex and/or gender as a variable in their exper-
imental design and analyses.

Articles were not included if they included male-only or female-only
samples; if they did not examine sex or gender variables or controlled for
sex and/or gender in the analyses (i.e., treated as covariates in the sta-
tistical models); or if the full-text article was not available or could not
be accessed in English (Fig. 2).

3.3. Data extraction and assessment

A standardized form (available upon request) was developed for data
extraction from the primary studies, which included the following:

1) Sample characteristics. The key information included sample size,
whether the terms ‘sex’ and/or ‘gender’ were used and whether
respective definitions were provided, participant sex and/or gender
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> no autism diagnosis (11);
w l case series (3);
non-primary article (110);
_J Studies included in duplicate (8);
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(meta-analysis) variables (758)
(n=0)
— Tier 3:
did not look for sex-by-diagnosis interactions or
conduct sex-stratified analysis (24)

Fig. 2. PRISMA flow chart of study screening and selection process. This review focused on the qualitative synthesis for included studies since there was a limited
scope for a meta-analysis with the high heterogeneity in study design, methodology, and neuroimaging modalities.

2) Study details. This included outcome measures of the study, imaging
modality employed, methods used (i.e., region-of-interest, whole-
brain approach), whether there were sex and/or gender matched
controls, whether the variables ‘sex’ or ‘gender’ were adequately

ratios, age range, criteria for autism diagnosis, co-occurring di-
agnoses, intelligence, ethnicity, socioeconomic status, and source of
data (e.g., local recruitment of participants, use of open-source data).

1) Was the study’s target population a close representation of the national

population in relation to relevant variables? External Validity

2) Was the sampling frame a true or close representation of target L 0-1 (Low risk)

population? 2 (Medium risk)
3) Was some form of random selection used to select the sample, OR was a 3 (High risk)
census undertaken?

4) Was the likelihood of nonresponse bias minimal?

5) Were data collected directly from the subjects (as opposed to a proxy)?

6) Was an acceptable case definition used in the study?

Internal Validity

7) Was the study instrument that measured the parameter of interest
shown to have validity and reliability?

8) Was the same mode of data collection used for all subjects?

9) Was the length of the shortest prevalence period of the parameter

L 0-1 (Low risk)
2-3 (Medium risk)
4-5 (High risk)

of interest appropriate?

10) Were the numerator(s) and denominator(s) for the parameter of
interest appropriate?

Fig. 3. Risk of Bias Assessment. A modified version of the Hoy Risk of Bias Assessment Tool (Hoy et al., 2012) was used to evaluate included studies. There were two
items pertaining to nonresponse bias and numerators/denominators of the parameter of interest that were not applicable for this systematic review. Thus, the
modified tool provided separate summary scores representing the risk of bias for external validity and internal validity, respectively.
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defined and measured, and how sex and/or gender variables were
analyzed (e.g., sex/gender-by-diagnosis interaction, sex/gender-
stratified analysis).

3) Details of statistical analysis. This included reported effect size of
significant brain findings, or data to calculate effect size using
descriptive statistics for the dependent variable of interest (e.g., re-
ported means and standard deviations).

A modified version of the Hoy Risk of Bias Assessment Tool (Fig. 3;
Hoy et al., 2012) was used to evaluate included studies. There were two
items pertaining to nonresponse bias and numerators/denominators of
the parameter of interest that were not applicable for this systematic
review. Thus, the modified tool provided separate summary scores
representing the risk of bias for external validity and internal validity,
respectively. For evaluation of external validity based on items 1-3, a
summary score of 0-1 indicated a low risk; 2 a moderate risk; and 3 a
high risk of bias. For evaluation of internal validity based on items 5-9, a
summary score of 0-1 indicated a low risk; 2-3 a moderate risk; and 4-5
a high risk of bias. All studies were independently rated by KM and TS
and confirmed by M-CL for any discrepancies. Inter-rater reliability was
measured based on percent agreement between the two raters.

3.4. Statistical evaluation

The studies that were included were very heterogeneous in terms of
design, methodology, neuroimaging modalities used and sample sizes.
There was a lack of consistency in the outcome measures and age group
of participants across studies within each imaging modality. This het-
erogeneity generated a very limited scope for a quantitative meta-
analysis and therefore, it was not conducted. However, to characterize
the current literature, a decision tree was performed and visualized
using the R rpart and rpart.plot packages that implement CART (classi-
fication and decision trees) to examine features of studies that reported
‘positive’ (i.e., statistically significant) findings against those that re-
ported ‘negative’ (i.e., null) findings with regard to any sex/gender-
modulation effects. Studies that reported positive findings were coded
‘1’ and those reporting negative findings were coded ‘0’. This binary
variable assigned as the ‘significance’ was predicted based on study
features including total sample size, male-to-female participant ratio for
total sample, male-to-female participant ratio for autism sample,
method (i.e., region-of-interest, whole brain), and imaging modality.
Across several study features, this list enabled the largest number of
studies to remain in this analysis. Other study features of interest,
including IQ and age range of participants, were not available for many
studies and thus were not included. The decision tree was analyzed for
the study features that best predicted the ‘significance’ of study findings
(i.e., whether a positive finding was reported).

For each imaging modality, the studies with the largest total sample
size and/or largest autistic female sample size that reported positive
findings were further examined with the results qualitatively summa-
rized. In cases where the largest study from an imaging modality did not
have the largest autistic female sample size, the two studies were both
examined, respectively. A sensitivity power analysis was conducted to
evaluate whether the effect sizes reported in the studies would be
reasonably found given the studies’ sample sizes. The minimally
detectable effect (MDE) was calculated using the R pwr package based on
sample size, probability of making a type I error («) as 0.05, and power
of 0.80. The MDE for each study was then compared with the reported
effect sizes where necessary information was available. The MDE and
reported effect sizes were critically analyzed for potentially exaggerated
effect sizes and false positives in these studies (Buxbaum et al., 2019).
Potential overlap in participants from studies with data derived from
common data repositories could not be ascertained due to lack of access
to original individual-level data.
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4. Results
4.1. Overview of current research

The systematic search generated a total of 13,609 articles (including
grey literature and handpicked articles, N = 108). After removal of
duplicates, 8,842 unique citations were screened for relevance and
categorized by subject to generate an overview of the current research
landscape (Fig. 4). Focusing on the ‘Brain Structure & Function’ cate-
gory (N = 1,428), 30% of these studies examined male-only participants
(N = 434) and female-only participants (N = 4). Such discrepancy
(434:4) provides no ground for comparison for the findings between
male-only and female-only studies, thus these studies were excluded,
leaving 990 studies for full-text review. At this stage, 77% of these
studies (N = 758) were excluded because sex and/or gender variables
were not examined or treated as a covariate in analysis; only 93 studies
had some consideration for sex and/or gender variables. Of the 93
studies, 69 studies that examined sex/gender-by-diagnosis interaction
effects and/or sex/gender-stratified analyses of autism-control differ-
ences were eligible for systematic review and were retained for quali-
tative synthesis (Alaerts et al., 2016; Andrews et al., 2017, 2019, 2021;
Beacher et al., 2012a,b; Bedford et al., 2020; Bletsch et al., 2021; Bosco
et al., 2019; Contarino et al., 2016; Di and Biswal, 2016; Doyle-Thomas
et al., 2014; Floris et al., 2021; Fung et al., 2021; Giuliano et al., 2018;
Guo et al., 2019; Hammill et al., 2021; Henry et al., 2018; Hernandez
et al., 2020; Holt et al., 2014; Hsu et al., 2018; Irimia et al., 2017, 2018,
Kirkovski et al., 2015, 2016a,b, 2018, 2020; Lai et al., 2013b, 2019b;
Laidi et al., 2017; Lawrence et al., 2020b; Lee et al., 2020, 2021; Lei
et al., 2019; Lin et al.,, 2019; Maier et al., 2018; Mei et al., 2020;
Mitelman et al., 2018; Moessnang et al., 2020; Nordahl et al., 2020;
Olafson et al., 2021; Olson et al., 2020; O’Neill et al., 2020; Peterson
et al., 2019; Postema et al., 2019; Retico et al., 2016; Saunders et al.,
2016; Schaer et al., 2015; Schneider et al., 2013; Schumann et al., 2010;
Shen et al., 2018; Smith et al., 2019; Subbaraju et al., 2017; Sussman
et al., 2015; Tomasi and Volkow, 2019; Trakoshis et al., 2020; van Rooij
et al., 2018; Williams et al., 2020; Yang and Lee, 2018; Yankowitz et al.,
2020; Yoshimura et al., 2021; Ypma et al., 2016; Zeestraten et al., 2017;
Zhang et al., 2018; Bode et al., 2011; Ecker, 2019; Kozhemiako et al.,
2020; Lawrence et al., 2020a; Appendix-Table 1). Data extracted from
these studies were stratified by neuroimaging modality, including
structural MRI, CT, DWI/DTI/DSI, task fMRI, resting-state fMRI, PET,
resting-state EEG, MEG, MRS, TMS-EEG, as well as different methods of
analysis of sex and/or gender variables.

4.2. Study definitions of ‘sex’ versus ‘gender’

The current neuroimaging literature examining sex/gender modu-
lating effects on brain structure and function in autism does not provide
a clear differentiation between the terms, ‘sex’ and ‘gender’ (Table 1).
There were only two studies that clearly indicated male/female groups
were assigned based on parent-report of (biological) sex designated at
birth. For all other studies, it was unclear whether there were any proxy
measures for sex and/or gender. Of the 69 included neuroimaging
studies, 19 studies correctly specify that ‘sex’ refers to biological sex. The
remaining 50 studies include those that use the term ‘sex’ with no
definition provided (N = 38) and those that use the term ‘gender’ with
no definition provided (N = 12). In addition to a lack of clear definitions
for the use of ‘sex’ and ‘gender’ terms for a large majority of included
studies, there were no studies that implemented measures or investi-
gated the effects of sex and gender variables separately. As such, the
studies that did report significant ‘sex’ or ‘gender’-modulating effects
are likely reflecting the potential modulating effects of both sex and
gender; therefore, the term ‘sex/gender’ is used hereafter in this article.
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Fig. 4. Overview of autism neuroscience research. At the level of the title/abstract screening stage, articles were first divided into primary and secondary studies and
categorized for research subject to provide an overview of the current research landscape. This demonstrates a significant portion of studies that used study cohorts of

only male participants and only four studies that used a cohort of only female participants.

Table 1
Summary of ‘sex’ and ‘gender’ definitions.

N Definition Where a definition =~ Proxy measure

provided? was provided, was provided for sex and/or
the term defined/ gender?
used correctly?
Studies 57 33.3% Yes 100% Yes (N =19) 3.5% Yes (N = 2);
using (N=19) participants were
‘sex’ 66.7% No assigned to the female/
term (N =38) girl or male/boy group
based on parent-report
of biological sex
designated at birth
96.5% No (N = 55)
Studies 12 No (12, N/A - no definition None for all studies
using 100%) provided
‘gender’
term

4.3. Assessment for risk of bias

A risk of bias assessment of included studies revealed high inter-rater
reliability agreement (0.96, 95% CI 0.91-0.98) between reviewers. All
studies were rated a score of 3, indicating high risk for external validity
with low generalizability of findings since the participants were often
recruited locally from hospitals and communities or the neuroimaging
data were leveraged from data sharing initiatives. These included
studies involving autistic individuals that were not ascertained by
random sampling from the general population and were therefore un-
likely to be representative of the population of autistic individuals at
large. On the other hand, the risk of bias scores for internal validity
ranged from O to 1, indicating low risk, and the most common risk was
for studies that did not use the same approach for data collection for all
participants. Such risk was identified for studies leveraging neuro-
imaging data from large data sharing initiatives where there were
multiple contributing sites.

4.4. Characteristics of studies that reported significant versus non-
significant findings on any sex/gender-modulation effects

From the 69 neuroimaging studies, 44 studies reported significant
findings from analysis of sex/gender-by-diagnosis interactions and/or
sex/gender-stratified analysis of autism-control differences and 25
studies reported non-significant findings (Table 2).

The decision tree (Fig. 5) revealed that total sample size was the most
important feature with the percentage of variable importance as follows:
57% total sample size, 22% male-to-female participant ratio (autism
group), 16% male-to-female participant ratio (total sample), 6% imag-
ing modality, and 0% method (ROI, whole-brain). Descriptive statistics
of the two most important continuous variables, total sample size and
male-to-female participant ratio are presented in Figs. 6 and 7,
respectively.

4.5. Notable findings of the available neuroimaging literature

Due to high heterogeneity in study design and participant de-
mographics, the findings of very few studies could be directly compared.
Further, there was no clear consensus for specific brain regions or net-
works showing consistent sex/gender-modulating effects. Findings from
the available literature involve several different imaging modalities.
Generally, certain imaging techniques (e.g., T1-weighted MR, CT, and
DWI/DTI/DSI) can provide inferences for brain structure while others
can provide inferences for brain function (e.g., fMRI, MEG, and EEG);
however, this distinction is not always clear. For example, MRI tech-
niques including Arterial Spin Labelling informs perfusion which can
provide both structural and functional implications. In addition, MRS
and PET address molecular-level mechanisms that may underlie both
structure and function. Thus, to minimize this potential ambiguity,
findings are presented by imaging modality.

4.5.1. Diffusion imaging

There were eight studies of white matter connectivity that examined
sex/gender-by-diagnosis interaction effects and/or sex/gender-stratified
analysis of autism-control differences with significant findings (Table 3).
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Table 2

Comparison of studies reporting positive/significant and negative/non-
significant findings with regard to sex/gender-modulation effects based on
neuroimaging modality and study sample.

Studies reporting
positive/significant
findings (N = 44)

Studies reporting
negative/non-
significant findings (N
= 25)

Number of studies (N/Niota1) by
imaging modality (i.e., DTI/
DWI/DSI, MEG, MRS, PET,
rs-EEG, rs-fMRI, sMRI, task-
fMRI, TMS-EEG)

Sample size, Niogal:
Mean =+ standard deviation
Median (IQR)
Range

Average M:F participant ratio
for whole sample (N of male to
ONE female, mean +
standard deviation)

Average M:F participant ratio
for autism group (N of male to
ONE female, mean +
standard deviation)

Average M:F participant ratio
for control group (N of male to
ONE female, mean +
standard deviation)

DTI/DWI/DSI (8/11)
MRS(2/4)

rs-fMRI (13/15)
sMRI(15/27)
task-fMRI (6/8)

371.68 £+ 617.34
171 (111.75)
49-3607

1.89 +£1.28

2.32 £1.82

1.64 £ 1.06

DTI/DWI/DSI (3/11)
MEG (1/1)

MRS (2/4)

PET(1/1)

rs-EEG (1/1)

rs-fMRI (2/15)

sMRI (12/27)
task-fMRI (2/8)
TMS-EEG (1/1)

391.32 £ 679.67
126 (373)
25-3222

2.46 = 1.46

3.55 £2.81

2.11 £1.68

non_sig

0.37
28%

sig
0.64
100%

©)

yes

total sample < 83

non_sig
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One notable finding was the right inferior fronto-occipital fasciculus
(IFOF) where two studies (N = 53, Bode et al., 2011; N = 213, Zeestraten
et al.,, 2017) reported significant autism-control differences when
stratified by sex/gender; however, the direction of findings differed as
one reported greater fractional anisotropy (FA) in teenage autistic males
compared to typically developing teenage males and the other reported
lower FA in adult autistic males compared to typical adult males.
Neither of these two studies found significant autism-control differences
in FA among female participants. Lei et al. (2019), on the other hand,
reported significant, widespread bilateral reductions in FA in association
tracts, including the IFOF; however, this reduction was only found in
autistic females and there were no reported significant differences in the
male groups in sex/gender-stratified analyses (N = 120). In a unique
sample of preschool aged-children, increased FA in several commissural,
projection, and association tracts, including the IFOF, was found in both
autistic males and females compared to typically developing controls;
however, a sex-by-diagnosis interaction was only observed in measures
of axial diffusivity (AD) in clusters including areas of the body, genu,
and splenium of the corpus callosum with autistic females showing
increased AD and autistic males showing decreased AD compared to
typically developing controls (N = 181, Andrews et al., 2019). To date,
this is the largest diffusion-weighted imaging study of autistic preschool-
aged children.

4.5.2. Magnetic resonance spectroscopy

Of the four MRS studies that examined sex/gender-by-diagnosis
interaction effects and/or sex/gender-stratified analysis of autism-
control differences, there were two studies (N = 174, O’'Neill et al.,
2020; N = 57, Fung et al., 2021) that reported significant findings
(Appendix-Table 1). Using a region-of-interest approach focusing on the
bilateral thalami and left dorsolateral prefrontal cortex, Fung and col-
leagues (2020) examined concentrations of GABA and reported a sig-
nificant gender-by-diagnosis interaction in left dorsolateral prefrontal
cortex. On the other hand, using a whole-brain approach, O’Neill et al.
(2020) examined concentrations of N-acetyl compounds, glutamate and
glutamine, creatine and phosphocreatine, as well as choline compounds

sig = significant

non_sig = non-significant

Variable Importance

total sample >=265

0.47
28%
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Fig. 5. Decision tree — exploring the most important factor associated with the significance of reported sex/gender-by-diagnosis interaction effects and sex/gender-
stratified autism-control differences from studies reviewed (N = 69). Findings from studies are coded by a binary variable, ‘significance’, where positive/significant
findings are coded ‘1’ and negative non-significant findings are coded ‘0’ and expressed as a function of study features included total sample size, male-to-female
participant ratio (total sample), male-to-female participant ratio (autism group), method (i.e., region-of-interest, whole-brain), and imaging modality. At the top
of the decision tree, (1) the proportion of studies that reported a significant finding is 64%. (2) The first node asks whether the total sample size of the study is less
than 83. 28% of the studies include a total sample size less than 83 where the probability of reporting a significant finding is 37%. (3) 72% of the studies include a
total sample size greater than or equal to 83 where the probability of reporting a significant finding is 74%; however, (4) this probability decreases to 47% if the total
sample size is greater than or equal to 265 and (5) increases to 90% if the total sample size is less than 265.
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Fig. 6. Distribution of total sample size for studies
(N = 69) with positive versus negative findings
pertaining to sex/gender-by-diagnosis interaction
effects and sex/gender-stratified autism-control
o differences. The distribution of total sample size is
shown here via box-and-whisker plots overlaid
with individual study data points for all studies,
with shaded markers representing individual
studies and unshaded circles (of the box-and-
whisker plots) indicating outliers. It is important
to note that the large majority of studies with a
total sample size greater than or equal to N = 234
are multi-site studies with the exception of four
studies (Hammill et al., 2021, N = 839; Lee et al.,
2020, N = 429; Nordahl et al., 2020, N = 420,
Shen et al., 2018, N = 236) where the data were
obtained at a single site.

Studies with positive finding
n=44

and reported a bilateral sex-by-diagnosis interaction in the posterior
thalamic radiations and the left centrum semiovale that was strongest
for glutamate + glutamine and N-acetyl compounds. This study had the
largest total sample size compared to the MRS studies that did not report
significant sex/gender-modulating effects (N = 36, Doyle-Thomas et al.,
2014; N = 26, Kirkovski et al., 2018).

4.5.3. Resting-state and task fMRI

There were 13 resting-state fMRI (Table 4) and six task fMRI studies
(Table 5) that reported significant sex/gender-by-diagnosis interaction
effects and/or autism-control differences in sex/gender-stratified anal-
ysis. Among these studies, there was substantial variability in study
design and brain measures. Resting-state fMRI studies involved different
analysis approaches examining whole-brain and different regions/
networks-of-interest. Despite the variability in brain measures, there
were eight resting-state fMRI studies that specifically examined sex/
gender-by-diagnosis interaction effects. Five studies, including one
with two replication samples (N = 234, Alaerts et al., 2016; N = 1,019
discovery sample, N = 309 replication sample 1 of 2, Floris et al., 2021;
N = 168, Smith et al., 2019; N = 135, Trakoshis et al., 2020; N = 96,
Yang & Lee, 2018), reported disordinal (cross-over) interactions, which
implies substantial autism-control differences that are different in
directionality across sex/gender.

Three studies highlighted significant autism-control differences
pertaining to default mode network (DMN) connectivity when stratified
by sex/gender. Ypma et al. (2016) found a significant reduction in DMN
intra-connectivity in both autistic males and females compared to
typically developing controls (N = 91). Kozhemiako et al. (2020) also
reported DMN functional underconnectivity in both autistic females and
males compared to typically developing controls (N = 390). A similar
pattern of autism-control differences in DMN connectivity was observed
in a methodologically rigorous study by Floris et al. (2021). In a large
discovery sample, Floris and colleagues (2021) reported sex-

Studies with negative finding

n=25

independent diagnostic effect involving DMN underconnectivity which
was robust across different preprocessing pipelines. It is important to
note that findings of autism-control DMN differences from these three
studies may rely on a shared neuroimaging data source (Autism Brain
Imaging Data Exchange; ABIDE). Furthermore, while there is support for
a sex-independent role of DMN in autism (Floris et al., 2021; Kozhe-
miako et al., 2020), the DMN could also involve sex-dependent features
measured by other resting-state fMRI metrics. For example, Trakoshis
et al. (2020) reported a sex-by-diagnosis interaction in a neural system
involving DMN by examining a time-series complexity metric, the Hurst
component, as an index for excitation-inhibition balance. These findings
show potential sex-differential features of the DMN in autism.

The identified task fMRI studies were very heterogeneous and
involved distinct cognitive tasks, which evoked neural responses
involving different brain regions. Of the four task fMRI studies that
specifically examined sex/gender-by-diagnosis interaction effects,
different patterns of interactions were found with various cognitive
tasks. Mental rotation tasks (N = 61, Beacher et al., 2012a) evoked
greater activation in males with Asperger syndrome compared to typi-
cally developing males and females with Asperger syndrome and this
sex-by-diagnosis interaction was significant across occipital, temporal,
parietal, middle frontal regions. Neural responses to ‘Reading the Mind
in the Eyes’ task (N = 89, Holt et al., 2014) did not show any significant
sex-by-diagnosis interaction effects. Neural responses to mentalizing
and self-referential cognition (N = 119, Lai et al., 2019b) showed
hypoactive right temporo-parietal junction and ventromedial prefrontal
cortex respectively in autistic males compared to typically developing
males; however, no significant difference in neural responses was found
in the female groups. Social reward processing during an instrumental
implicit learning task (N = 154, Lawrence et al., 2020b) did not show
any significant sex-by-diagnosis interaction effects; however, when
examining autism-control differences stratified by sex, autistic females
showed greater neural activity to social rewards in lateral frontal regions



K. Mo et al.

M:F participant ratio

' ' '
Autism Controls Total

Sample Group

than typically developing females, yet no differences in neural activity
were found between the male groups.

4.5.4. Structural MRI

Lastly, there were 15 structural MRI studies that reported significant
sex/gender-by-diagnosis interaction effects and/or autism-control dif-
ferences from sex/gender-stratified analysis (Table 6). Two studies (N =
152, Retico et al., 2016; N = 85, Schumann et al., 2010) conducting sex/
gender-stratified analysis with overlapping age range of toddlers and
preschoolers, reported similar autism-control differences where both
autistic males and females featured greater gray matter volumes in the
frontal and temporal regions compared to typically developing in-
dividuals. There was also an overlap of findings where two studies (N =
196, Ecker, 2019; N = 193, Irimia et al., 2018) reported significant
interaction effects in the area of the parahippocampal cortex. There was
one study (N = 654, Williams et al., 2020) that replicated the significant
group-by-linear age-by-sex interaction in hippocampal volumes that was
previously reported (N = 859, Zhang et al., 2018); however, other
interaction effects that were found in caudate and putamen volumes
were not replicated. The largest study (N = 3,607, Postema et al., 2019)
included in this systematic review examined structural brain asymmetry
and a significant sex-by-diagnosis interaction was found in the asym-
metry index for cortical thickness in the rostral anterior cingulate. When
analyzed within male and female groups separately, this asymmetry
index was associated with a diagnosis effect in males but not females.
Finally, a study took a unique approach to examine overall/global
pattern of sex modulation instead of the localization of sex/gender-by-
diagnosis effects across cortical thickness, surface area, volume, mean
absolute curvature, and subcortical volume (N = 839, Hammill et al.,
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Fig. 7. Distribution of male-to-female participant
ratio for studies (N = 69) that reported positive
versus negative findings pertaining to sex/gender-
by-diagnosis interaction effects and sex/gender-
stratified autism-control differences. The distri-
bution of male-to-female participant ratio is
shown here for all autism groups, control groups,
and overall sample (total). The neuroimaging
studies that reported a negative/non-significant
finding appear to have larger male-to-female
participant ratio with much greater spread espe-
cially for the autism group in comparison to the
studies that reported positive/significant finding.

Label

Negative Study
Positive Study

2021) and found that the overall spatial involvement of atypical
neuroanatomy in autistic females and males differed qualitatively in
cortical curvature and subcortical volume.

4.6. Evaluation of reported effect size against minimally detectable effect
(MDE)

A sensitivity power analysis was conducted for ten studies that were
identified to have the largest total sample size and/or largest autistic
female group for each neuroimaging modality (Table 7), as these studies
represent the datasets with the largest power so far in detecting signif-
icant sex/gender-modulation findings for each imaging modality. Where
the information was available, reported effect sizes were compared with
the MDE, computed based on a = 0.05 and power = 0.8. Of the six
among ten studies that reported significant sex/gender-modulating ef-
fects, four studies may have sufficient power to detect the reported sizes
of effects (i.e., reported effect size > MDE). These findings include: 1)
sex-by-diagnosis interaction effects in FA of the anterior segment of the
arcuate fasciculus bilaterally, uncinate fasciculus bilaterally; autism-
control differences in the left uncinate fasciculus that was significant
in males only (DTI, N = 213, Zeestraten et al., 2017); 2) reduced lon-
gitudinal functional connectivity density (IFCD) in the anterior thalamus
in autistic males compared to typically developing males (rs-fMRI, N =
1,491, Tomasi & Volkow, 2019); 3) sex-by-diagnosis interaction effects
in rostral anterior cingulate thickness asymmetry index; autism-control
differences in this same asymmetry index that was significant in males
only (sMRI, N = 3,607, Postema et al., 2019); and 4) autism-control
differences in neural activity to social rewards in lateral frontal re-
gions that was significant in females only (task fMRI, N = 154, Lawrence
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Significant findings of investigations of sex/gender-by-diagnosis interactions and sex/gender-stratified analysis of autism-control differences in white matter con-
nectivity (DTI/DWI/DSI).

Study Country of Method (‘sex’ or ‘gender’ is Metrics/Outcome Sample Age range Covariates in Notable results (“sex’ or ‘gender’
origin for based on the term used in the =~ measure size (M: analysis is based on the term used in the
study study) F) study)
sample

Bode et al., 2011 Finland DTI (whole-brain) FA, MD 27 Autism11.4-17.6 None reported Greater FA in the area

gender stratified autism yr containing clusters of optic
(20:7) TD radiation and the right IFOF
26 TD 11.7-17.3 yr (significant in males only when
(17:9) grouped by gender)
Beacher et al., United DTI; sMRI (ROIs: CC-genu, FA, MD, whole- 28 no range; autism NART score (a significant sex*dx interaction in
2012b Kingdom body, splenium; CING, brain volume autism o) proxy for overall total white matter volume,
CST, SLF, CR, MCP) (15:13) 32+ 10yr intellectual regional gray matter volume in
sex*dx 30 TD autism (F) function) the right parietal operculum,
(15:15) 32+ 7yr and FA in the body of CC, CING,
TD (M) and CR
28 £ 8yr
TD (F)
32 £8yr
Irimia et al., United DWI; sMRI (whole-brain) GM thickness, 110 autism none reported significant sex*dx interaction in
2017 States sex*dx volume, cortical autism 7-18 yr white matter CD innervating,
(GENDAAR) area, mean (55:55) TD bilaterally, the lateral aspect of
curvature, CD 83 TD 8-18 yr the temporal lobe, temporo-
(43:40) parieto-occipital junction and
the medial parietal lobe
Zeestraten United DTI (ROIs: frontal fiber FA 98 autism (M) scanning centre, significant sex*dx interaction in
et al., 2017 Kingdom bundles - anterior segment autism 18-41 yr age, FSIQ frontal tracts only; non-frontal
(MRC-AIMS) of AF, long segment of AF, (61:37) autism (F) tracts revealed no interaction
cingulum, uncinate, IFOF 115TD 18-37 yr lower tract mean FA in autism
and two non-frontal fiber (61:54) TD (M) group compared in TD in all
tracts — posterior segment 18-45 yr frontal tracts except long
of AF, ILF) TD (F) segment of right AF and all
sex*dx + sex stratified 18-52 yr investigated non-frontal tracts
(significant in males only)
Leietal, 2019  United DTI (whole-brain) FA 81 autism none reported significant widespread bilateral
(GENDAAR) States sex stratified autism 4-21 yr reductions in FA in association
(56:25) ™D tracts (CING, IFOF, ILF, SLF,
39 TD 5-18 yr and UF), projection (ATR, CST),
(23:16) commissural fibers (FMAJ,
FMIN) in autistic subjects
(significant in females only)
Andrews et al., United DWI (whole-brain) FA, MD, RD, AD 127 autism age, relative sex*dx interaction in measures
2019 States sex*dx autism 2.2-4.1yr movement of AD across six significant
(85:42) TD clusters incorporating areas of
54 TD 2.1-4.1yr the body, genu, and splenium of
(28:26) CC; females (ASD > TD), males
(ASD < TD)
Kirkovski Australia DWI (whole-brain) FD, FC, FDC 25 autism framewise FDC at the CC (posterior
et al., 2020 sex stratified autism 21-55 yr displacement midbody/isthmus) was
(12:13) TD significantly reduced for
24 TD 19-56 yr females with ASD compared TD
(12:12) females
no differences found between
males with ASD and TD males
Bletsch et al., United DTI (whole-brain) FA, MD, GWC at 92 all participants age, FSIQ significant sex*dx interactions
2021 (MRC- Kingdom sex*dx GWM boundary, autism 18-52 yr for FA and MD (most
AIMS) sex stratified different sampling (53:39) pronounced within the
depths within 92 TD superficial WM)
superficial WM and (51:41) no sex*dx interaction effects for
into GM GWC

10

sex-stratified results in males
mainly showed reduction in FA
(ASD < TD) and increased MD
(ASD > TD) that was most

(continued on next page)
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Study Country of Method (‘sex’ or ‘gender’ is Metrics/Outcome
origin for based on the term used in the =~ measure
study study)
sample

Sample Age range Covariates in Notable results (‘sex’ or ‘gender’
size (M: analysis is based on the term used in the
F) study)

pronounced effects at the GWM
boundary, —1 mm and —2 mm
below GWM boundary

sex stratified results in females
mainly showed increased FA
(ASD > TD) and a reduction in
MD (ASD < TD) that was most
pronounced effects at GWM
boundary and at 30% and 60%
cortical thickness

GWC was reduced (ASD < TD)
in both ASD males and females
compared to same-sex
counterparts at 30% cortical
thickness

Abbreviations: ABIDE, Autism Brain Imaging Data Exchange; AD, axial diffusivity; AF, arcuate fasciculus; ATR, anterior thalamic radiation; CC, corpus callosum; CD,
connectivity density; CING, cingulum; CR, corona radiata; CST, corticospinal tract; FA, fractional anisotropy; FC, fiber cross-section; FD, fiber density; FDC, fiber
density and cross-section; FMAJ, forceps major; FMIN, forceps minor; FSIQ, full scale intelligence quotient; GENDAAR, Gender Exploration of Neurogenetics and
Development to Advance Autism Research; GM, gray matter; GWC, gray-white matter tissue contrast; GWM, gray-white matter; IFOF, interior frontal occipital
fasciculus; ILF, inferior longitudinal fasciculus; MCP, middle cerebellar peduncle; MD, mean diffusivity; MRC-AIMS, Medical Research Council Autism Imaging
Multicentre Study; NART, National Adult Reading Test; RD, radial diffusivity; ROI, region-of-interest; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus

et al., 2020b), although the reported effect sizes here were based on
extracted parameter estimates from cluster-based inference, hence were
likely exaggerated (i.e., suffering from the ‘double dipping’ problem
(Kriegeskorte et al., 2009)). In Table 7, there were studies that reported
significant sex/gender-by-diagnosis interaction effects and/or autism-
control differences where some of the reported effect sizes were
smaller than the estimated MDE, which suggests increased possibility
that some of these tests may be underpowered and may have resulted in
false-positive findings.

5. Discussion
5.1. Overview of autism neuroscience research

This systematic review demonstrates a significant gap in the litera-
ture on the modulating effects of sex or gender in brain structure and
function associated with autism. Screening over 10,000 articles gener-
ated an overview of the current research landscape (Fig. 4) and within
the ‘Brain Structure & Function’ category (N = 1,428), it was notable
that there was a 434:4 discrepancy in the number of male-only versus
female-only studies. The search yielded 851 neuroimaging studies;
however, only 69 of these have formally evaluated sex/gender-by-
diagnosis interaction effects and/or conducted sex/gender-stratified
analyses. This is a reflection of the current autism neuroscience litera-
ture that largely ignores or fails to formally examine sex and gender
variables. Included studies were very heterogeneous in their design,
sample characteristics, and brain metrics analyzed. So far, there is no
consensus for specific regions or neural networks that consistently show
sex/gender-modulating effects in autism.

5.2. Studies reporting significant versus non-significant findings

A quantitative evaluation of study features showed that total sample
size was the most important feature associated with whether any given
study reported significant findings; however, the influence of this vari-
able on the results was not linear. In the literature to date, with sample
sizes greater than 83 but fewer than 265, there was a higher likelihood
for a study to report a significant finding; when the total sample size was
greater than or equal to 265, the studies were less likely to report a
significant finding. It is important to note that of the 69 neuroimaging

11

studies, 20 studies had a total sample size greater than 265 where 80%
(16/20 studies) were multi-site studies — thus, there is an increased
likelihood of noise introduced from variability between sites (e.g., dif-
ferences in scanners, data acquisition protocols, and quality control
measures). These observed patterns should be interpreted with caution
as our findings are simply a reflection of the characteristics of available
neuroimaging studies so far (and not meant to provide a deterministic
guide of the ideal ‘threshold’ for study sample sizes). Evaluation of the
MDE of ten studies with the largest total sample size and/or largest
autistic female group demonstrated that significant effects observed
with large sample sizes tend to be quite modest in the strength of the
effect, suggesting the need for caution in interpreting the biological
implications. So far four studies reported significant results with uni-
variate analyses of specific brain regions/white matter tracts of interest;
however, some reported effect sizes were smaller than the estimated
MDE, which suggests an increased likelihood that some of these tests
were not sufficiently powered and the observed effects may potentially
be false positives (Marek et al., 2020). All these findings highlight that
autism-control differences, even in the context of considering sex/
gender-stratification, and sex/gender-modulation effects, seem small
to moderate at a group-average level, reflecting the substantial hetero-
geneity within autism even after accounting for sex/gender-based het-
erogeneity (Lombardo et al., 2019). Further, published studies, when
reporting significant results, may be vulnerable to finding false posi-
tives. Future investigations of sex/gender-modulation in autism neuro-
biology should strive to include larger total sample sizes and achieve a
male-to-female ratio closer to population prevalence ratio (~3:1) or
smaller, for the analyses to be better powered while ensuring the
necessary measures are considered to minimize the effects of noisy data
from multi-site studies (e.g., using a harmonized protocol).

Even with sufficiently increased power (from larger sample sizes),
the reported localized sex/gender-modulating effects are limited (Post-
ema et al.,, 2019; Zeestraten et al., 2017), indicating that both sex/
gender-independent and sex/gender-dependent localized brain charac-
teristics should be considered to understand autism neurobiology (Floris
et al., 2021). However, all these findings need to be interpreted in light
of sampling/ascertainment bias and the limited external validity as
shown in our risk of bias assessment. On the one hand, given the po-
tential ‘male lens’ in the clinical recognition of autism (Fig. 1), autistic
females included in these neuroimaging studies may be more
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Significant findings of investigations of sex/gender-by-diagnosis interactions and sex/gender-stratified analysis of autism-control differences in resting-state functional
connectivity (rs-fMRI).

Study Country of Method (‘sex’ or Metrics/Outcome Sample Age range Covariates in Notable results (‘sex’ or
origin for ‘gender’ is based on the ~ measure size (M:F) analysis ‘gender’ is based on the term
study sample term used in the study) used in the study)

Alaerts et al., 2016 International rs-fMRI (whole-brain

(ABIDE) region-to-region resting-state 84 autism all female frame-wise seed-to-voxel
functional functional (42:42) participants displacement significant sex*dx effects for
connectivity explored connectivity (seed-to- 150 TD 7-30 yr scores, site, FSIQ, right STS-seed, left STS-seed
with whole-brain voxel, whole-brain (75:75) all male age and PCC-seed
parcellated network region-to-region) participants whole-brain ROI-to-ROI
of 200 ROIs) matched pair- significant sex*dx effects for
sex*dx wise for age right SFG-left MTG
and 1Q connection and right SFG-
precuneus/PCC connection
males (ASD < TD)
females (ASD > TD)
Ypma et al., United rs-fMRI (ROIs: DMN a functional DMN CFSA CFSA site, age, IQ, mean significant reduction in
2016 (CFSA - Kingdom; defined as 58 8 mm- intra-connectivity 51 autism all participants  frame-wise DMN intra-connectivity in
primary; ABIDE -  International radius spherical ROIs (density of all binary (35:16) 12-18 yr displacement both males and females with
replication) derived from meta- intra-DMN edges 40 TD ABIDE ASD compared to same-sex
analysis of fMRI minus a constant (20:20) all participants controls (significant
studies) number of such edges ABIDE 6-58 yr (47% reduction in DMN intra-
sex stratified expected in a random 463 autism  in 12-18 yr connectivity was replicated
network) (408:55) range) in ABIDE sample)
517 TD
(428:89)
Subbaraju et al., International rs-fMRI (ROIs: 90 temporal signals and 505 autism  all participants ~ none reported regional differences in
2017 (ABIDE) regions of the brain spatial distribution (443:62) 6.5-58 yr resting state activities:
based on AAL atlas) weights from 530 TD autistic males showed a
gender stratified projection matrix of (435:95) clear shift in activities to
BOLD time-series PFC; diminished activities in
signals other parts of the brain
compared to TD males
autistic females showed
diminished activities in
posterior and medial
portions compared to TD
females
Yang and Lee, International rs-fMRI (ROIs: four intrinsic functional 48 autism no range; age, IQ scores, eye sex*dx interaction was
2018 (ABIDE) mentalizing regions — connectivity (average (24:24) autism (M) status during found in both short- and
mPFC, bilateral TPJ, BOLD time course 48 TD 14.5 + 4.7 yr scanning, site long- distance functional
precuneus) extracted from each (24:24) autism (F) information (TR, connectivity effects
sex*dx seed region correlated 144 + 4.6 yr voxel size, length autistic males showed
with time courses of TD (M) of scan) overconnectivity (ASD >
all voxels in the rest of 14.9 + 4.3 yr TD) in the bilateral TPJ
the brain) TD (F) autistic females showed
145 £ 4.7 yr underconnectivity (ASD <
TD) in mPFC, precuneus,
right temporo-parietal
region
Tomasi and International rs-fMRI (whole-brain IFCD, LI, ALFF, seed- 656 autism all participants age, FSIQ, mean autistic males showed lower
Volkow (2019) + whole thalamic voxel correlationmaps ~ (565:91) 7-40 yr frame-wise IFCD in the anterior
(ABIDE) partition as seed 835 TD displacement thalamus compared to TD
region for seed-voxel (602:233) males; group differences in
correlation analyses) thalamic IFCD between
sex stratified autistic females and
typically developing females
were not statistically
significant
Smith et al., 2019 United States rs-fMRI (whole-brain) global functional 79 autism autism age, frame-wise two clusters in bilateral
sex*dx connectivity in (56:23) 11-62 yr displacement, cerebellum with sex*dx
cortico-cerebellar 89 TD TD global correlation interaction in global
organization (65:24) 10-54 yr level (GCOR) connectivity

12

males showed cortico-
cerebellar hypoconnectivity
(ASD < TD)

females showed cortico-

(continued on next page)
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Study

Country of
origin for
study sample

Method (‘sex’ or
‘gender’ is based on the
term used in the study)

Metrics/Outcome
measure

Sample
size (M:F)

Age range

Covariates in
analysis

Notable results (‘sex’ or
‘gender’ is based on the term
used in the study)

Lee et al., 2020

Hernandez et al.,
2020
(GENDAAR)

Lawrence et al.,
2020a
(GENDAAR)

Kozhemiako
et al., 2020

United States

United States

United States

International

rs-fMRI (ROIs:
amygdala
connectomes)
sex*dx
sex*dx*age

rs-fMRI (ROIs:
bilateral NAcc —
correlated with every
other voxel in the
brain to generate
functional
connectivity maps)
genetic risk *sex*dx

rs-fMRI (whole-brain
and ROIs: SN, DMN,
CEN)

sex*dx + sex stratified

rs-fMRI (ROIs: seven
network mask of
cerebellum — visual,

amygdala resting-state
functional
connectivity map
(multivariate distance
matrix regression;
univariate analysis)

reward network
resting-state
functional
connectivity (with
additive impact of
genetic risk — ASD-
associated OXTR
variants)

within- and between-
network functional
connectivity of SN,
DMN, and CEN

local connectivity
quantified as regional
homogeneity (ReHo) —

13

116 autism
(80:36)

58 TD
(31:27)

87 autism
(37:50)

86 TD (34:
52)

80 autism
(34:46)
89 TD
(41:48)

194 autism
(102:92)
196 TD

all participants
2-7yr

all participants
8-17 yr

no range;
autism (M)
13.32 + 3.04
yr

autism (F)
13.50 + 2.52
yr

TD (M)
13.71 + 2.64
yr

TD (F)

13.15 + 3.04
yr

all participants
6-26 yr

none reported

MRI data
collection site, IQ,
number of
functional volumes
remaining after
motion scrubbing

general cognitive
ability, pubertal
development, site/
scanner

none reported

cerebellar hyperconnectivity
(ASD > TD)

significant sex*dx
interaction observed for left
amygdala for multivariate
distance matrix regression
model; four sex*dx
interaction clusters (left
amygdala, left DMPFC, left
ventral PFC, left lingual
gyrus, between right
amygdala and right poster
cingulate cortex)

sex significantly modulated
the relationship between
OXTR genetic risk and NAcc
connectivity in the ASD
group only. Relative to their
male counterparts, as
genetic risk for ASD
increased, females with ASD
showed significantly greater
connectivity between the
NAcc and regions of the
mesolimbic reward system,
including the caudate,
pallidum, and putamen, as
well as bilateral thalamus,
right prefrontal cortex, and
left medial prefrontal cortex

whole-brain functional
connectivity (sex stratified):
female ASD group displayed
no significantly atypical
patterns of connectivity;
male ASD group exhibited
atypical SN connectivity
whole-brain functional
connectivity (sex*dx):
significant sex*dx
interaction observed in SN
connectivity with left
posterior parietal cortex and
precuneus

ROI-based network
functional connectivity (sex
stratified): female ASD group
exhibited increased positive
connectivity between the
DMN (PCC) and CEN (L
PPC); male ASD group
displayed less positive
connectivity with the CEN
(R DLPRC with R PPC)
ROI-based network
functional connectivity
(sex*dx): sex*dx interaction
between the DMN and the
CEN, in the within- and
between-network
connectivity of the SN (did
not attain statistical
significance after correction
for multiple comparisons)

increases in local
connectivity in participants
with ASD in the

(continued on next page)
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Study Country of Method (‘sex’ or Metrics/Outcome Sample Age range Covariates in Notable results (‘sex’ or
origin for ‘gender’ is based on the =~ measure size (M:F) analysis ‘gender’ is based on the term
study sample term used in the study) used in the study)

(ABIDE) somatomotor, dorsal concordance of time- (104:92) somatomotor and limbic
attention, ventral series of neighbouring networks and decreased
attention, limbic, voxels local connectivity within the
fronto-parietal default mode network —
control, DMN) alterations were more
sex stratified pronounced in females with

ASD

ASD(M): decreased local
connectivity in ventral
attention and DMN
compared to TD males
ASD(F): decreased local
connectivity in ventral
attention, frontoparietal
control, DMN; increased
local connectivity in limbic
network compared to TD
females

Trakoshis et al., United rs-fMRI (whole brain) Hurst exponent (H) in 68 autism all participants mean frame-wise significant sex*dx

2020 (MRC- Kingdom sex*dx BOLD time-seriesasan  (34:34) 18-49 yr displacement, interaction in VMPFC where

AIMS) index for synaptic 67 TD FSIQ interaction effect is driven

excitation: inhibition (33:34) by large TD > ASD effect in
(E:I) ratio males and a small ASD > TD
effect in females

Olson et al., International rs-fMRI (whole brain) sex-related patterns of 69 autism all participants  root mean squared sex*dx effects were

2020 (ABIDE) sex*dx whole brain functional ~ (34:35) 7-17 yr displacement identified between

connectivity patterns 72 TD sensorimotor and higher-
and relation to ASD (36:36) order supramodal networks,
symptoms default mode network

Floris et al., International, rs-fMRI (whole brain) PCC-iFC, VMHC, ABIDE all participants mean frame-wise sex*dx interaction identified

2021 (ABIDE - United States sex*dx ReHo, network degree =~ 444 autism  7-18 yr displacement in the dorsolateral occipital

discovery) (EU- centrality, fALFF (362:82) cortex, with reduced VMHC

AIMS LEAP, 575 TD in autistic females compared

GENDAAR - (409:166) to autistic males and TD

replication) EU-AIMS controls, whereas TD

LEAP females had higher VMHC
176 autism than the other three groups;
(133:43) sex-by-diagnosis interaction
133 TD was replicated in the larger
(85:48) of the two replication
GENDAAR samples—EU-AIMS LEAP
87 autism

(43:44)

109 TD

(56:53)

Abbreviations: AAL, automated anatomical labelling; ABIDE, Autism Brain Imaging Data Exchange; ALFF, amplitude of low-frequency fluctuations; BOLD, blood
oxygen level dependent; CEN, central executive network; CFSA, Cambridge Family Study of Autism; DLPFC, dorsolateral prefrontal cortex; DMN, default mode
network; DMPFC, dorsomedial prefrontal cortex; EU-AIMS, European Autism Interventions - A Multicentre Study for Developing New Medications; fALFF, fractional
amplitude of low frequency fluctuations; FSIQ, full scale intelligence quotient; GENDAAR, Gender Exploration of Neurogenetics and Development to Advance Autism
Research; iFC, intrinsic functional connectivity; LEAP, Longitudinal European Autism Project; IFCD, local functional connection density; LI, laterality index; MRC-
AIMS, Medical Research Council Autism Imaging Multicentre Study; MTG, middle temporal gyrus; NAcc, nucleus accumbens; PCC, posterior cingulate cortex; PFC,
prefrontal cortex; PPC, posterior parietal cortex; ReHo, regional homogeneity; ROI, region-of-interest; SFG, superior frontal gyrus; SN, salience network; STS, superior
temporal sulcus; TPJ, temporo-parietal junction; TR, repetition time; VMHC, voxel-mirrored homotopic connectivity; VMPFC, ventromedial prefrontal cortex.

phenotypically similar to males and/or with heightened autistic features
(Ratto et al., 2018), therefore more likely to show brain characteristics
that are similar to males (Beacher et al., 2012b). On the other hand, the
included autistic females may have more co-occurring physical or psy-
chiatric conditions (Kassee et al., 2020; Lai et al., 2019a), and hence the
observed or un-observed sex/gender-modulation effects in these neu-
roimaging studies may be confounded by residual effects of co-occurring
conditions and medication exposure that can impact brain development
(Chugani, 2005).

14

5.3. Implications of disordinal (cross-over) sex/gender-by-diagnosis
interactions

The studies that do report localized significant sex/gender-by-
diagnosis interactions are mostly finding disordinal (cross-over),
instead of ordinal (same-direction of effect) interactions (Widaman
et al., 2012). Disordinal interactions imply a switch or reversal of the
effect of one independent variable (e.g., diagnostic group: autism vs.
controls), at a level of a second independent variable (e.g., sex/gender:
male vs. female) where the autism-control differences for males and
females are of different directions; ordinal interactions, on the other
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Table 5
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Significant findings of investigations of sex/gender-by-diagnosis interactions and sex/gender-stratified analysis of autism-control differences in brain activation and
neural responses to tasks (task fMRI).

Study Country of Method (‘sex’ or Metrics/Outcome Sample size Age range Covariates in Notable results (‘sex’ or ‘gender’ is
origin for ‘gender’ is based measure (M:F) analysis based on the term used in the study)
study on the term used in
sample the study)

Beacher et al., United task fMRI (whole-  brain activation 29 autism no range; realignment significant sex*dx interaction across
2012a Kingdom brain) during performance (15:14) AS movement, proxy occipital, temporal, parietal, middle
sex*dx of mental rotationand 32 TD 328 +9.1yr  measure of frontal regions (left precuneus, left
verbal fluency tasks (16:16) TD intelligence (NART) middle occipital gyrus, left inferior
30.4 £ 7.7 yr temporal gyrus, right middle
occipital gyrus) with greater
activation in males with AS
compared to females with AS and
TD males
Schneider Germany task fMRI (whole- ~ empathic responses 28 autism all realignment autistic females had decreased
et al., 2013 brain) and task-relevant (15:13) participants parameters, TAS-20 activation in the midbrain, limbic
gender stratified neural activation 28 TD 18-55 yr (Toronto regions (left amygdala), right PAG
patterns (15:13) Alexithymia (ASD < TD); no significant
Scores) difference in male groups
Holt et al., United task fMRI (whole- performance/ neural 49 autism all age, verbal IQ no significant sex*dx interaction
2014 (CFSA) Kingdom brain) response on Eyes task  (33:16) participants effects
sex*dx + sex 40 12-18 yr autistic females and unaffected
stratified unaffected female siblings both had decreased
siblings activation in the left dorsal anterior
(12:28) ACC, anterior PFC, inferior
40 TD prefrontal gyrus, DLPFC,
(20:20) retrosubicular area — suggesting
neuro-endophenotype in females;
sex stratified analysis in males did
not show evidence of neuro-
endophenotype in male groups
Kirkovski Australia task fMRI (whole-  performance/ neural 27 autism all motion realignment males - right posterior superior
et al., 2016a brain + ROIs: response in social (13:14) participants parameters (not temporal sulcus (ASD < TD); no
medial PFC, right  under-standing task 23 TD 19-56 yr specified), significant difference in female
TPJ - including (11:12) handedness groups
STS)
sex stratified
Lai et al., United task fMRI (ROIs: neural response 57 autism all age, FSIQ males — right TPJ and VMPFC (ASD
2019b (MRC- Kingdom VMPFC, right during mentalizing (29:28) participants < TD); no significant difference in
AIMS) TPJ) and self-referential 62 TD 18-45 yr female groups
sex*dx cognition (33:29)
Lawrence United task fMRI (whole-  social reward 82 autism all site/scanner, age, ROI analyses: compared to same-sex
et al., 2020b States brain limited to processing during (43:39) participants pubertal TD counterparts, autistic males and
(GENDAAR) gray matter instrumental implicit 72 TD 8-17 yr development, females showed no significant
voxels and learning task (39:33) general cognitive differences in NAcc activity
bilateral NAcc ability whole-brain analyses: autistic
ROI) females showed greater neural
sex*dx + sex activity (ASD > TD) to social
stratified rewards in lateral frontal regions

(VLPFC, OFC, anterior insula, and
other frontal and temporal regions);
autistic males did not significantly
differ from TD males

no significant sex*dx interaction in
NAcc ROI or whole-brain analyses

Abbreviations: ACC, anterior cingulate cortex; AS, Asperger syndrome; CFSA, Cambridge Family Study of Autism; DLPFC, dorsolateral prefrontal cortex; FSIQ, full
scale intelligence quotient; GENDAAR, Gender Exploration of Neurogenetics and Development to Advance Autism Research; MRC-AIMS, Medical Research Council
Autism Imaging Multicentre Study; NART, National Adult Reading Test; NAcc, nucleus accumbens; OFC, orbitofrontal cortex; PAG, periaqueductal gray; PFC, pre-
frontal cortex; ROI, region-of-interest; STS, superior temporal sulcus; TPJ, temporo-parietal junction; VLPFC, ventrolateral prefrontal cortex; VMPFC, ventromedial

prefrontal cortex.

15
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Table 6
Significant findings of investigations of sex/gender-by-diagnosis interactions and sex/gender-stratified analysis of autism-control differences in brain morphometry
(structural MRI).
Study Country Method (‘sex’ or ‘gender’  Metrics/Outcome Sample size ~ Age range Covariates in analysis Notable results (‘sex’ or
of origin is based on the term used =~ measure (M:F) ‘gender’ is based on the term
for study in the study) used in the study)
sample

Schumann et al., United sMRI (ROIs: frontal cerebral GM and WM 41 autism all age at scan autistic females showed

2010 States gray, temporal gray, volume (32:9) participants more pronounced abnormal

(longitudinal parietal gray, occipital 44 TD 1-2 yr at growth profile in more

study) gray, cingulate gray, (32:12) start of study brain regions than autistic

total gray, total white, final visit: males
total cerebral volume) autism males — frontal and
gender stratified 1.8-5.6 yr temporal GM volumes
M) (ASD > TD); females — total
2.2-4.8 yr cerebrum, WM, GM, frontal
F) and temporal volumes
TD (ASD > TD)
1.0-5.3 yr
o)
1.0-5.1 yr
®
Lai et al., 2013b United sMRI (whole-brain) brain GM and WM 60 autism all age significant sex*dx
(MRC- AIMS) Kingdom sex*dx volume (30:30) participants interaction in two clusters
60 TD 18-49 yr in bilateral temporo-
(30:30) parieto-occipital regions,
involving posterior portion
of bilateral cingulum, ILF,
CC (splenium), right AF
with the females show ASD
> TD and males show ASD
=TD
significant sex*dx
interaction in two clusters
involving internal capsule
bilaterally at the level
around the basal ganglia
and thalamus where the
females show ASD < TD
and males show ASD > TD

Schaer et al., Inter- SMRI (whole-brain) local cortical 106 autism all site, age, cortical local cortical volume:

2015 (ABIDE) national sex*dx morphometry (53:53) participants volume no sex*dx interaction
(volume, thickness, 104 TD 6-56 yr local cortical thickness:
gyrification) (53:51) no sex*dx interaction

local cortical gyrification:
significant sex*dx
interaction in VMPFC/OFC
cluster

Sussman et al., Canada sMRI (ROISs: cortical total brain volume, 72 autism all age no sex*dx interaction effect

2015 (POND) segmentation into 78 total surface area, (61:11) participants was found for total surface

brain regions; volumes mean cortical 138 TD 4-18 yr area or mean cortical

for cerebellum, thickness (116:22) thickness

hippocampus, striatum, significant sex*dx

pallidum, thalamus and interaction was found in

associated sub-regions total brain volume, relative

(MAGeT Brain volume of cerebellar

algorithm) lobules 8b and 10, total

sex*dx hippocampus, left
hippocampus and
hippocampal subiculum

Retico et al., Italy sMRI (whole-brain) GM and WM volume, 76 autism autism none reported autistic males showed

2016 gender stratified CSF volume, TIV (sum  (38:38) 2.1-7.3yr increased GM volume in left
of GM, WM, CSF 76 TD TD middle occipital gyrus and
volumes) (38:38) 1.8-7.4 yr right superior temporal

16

gyrus compared to TD
males

autistic females showed
increased GM volume in
bilateral frontal regions,

(continued on next page)
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Study Country Method (‘sex’ or ‘gender’  Metrics/Outcome Sample size ~ Age range Covariates in analysis Notable results (‘sex’ or
of origin is based on the term used =~ measure (M:F) ‘gender’ is based on the term
for study in the study) used in the study)
sample
right anterior cingulate
cortex, right cerebellum
compared to TD females
Irimia et al., 2018 United sMRI (ROIs: 165 brain GM thickness, volume, 110 autism no range; age, site significant sex*dx
(GENDAAR) States regions identified using cortical area, mean (55:55) autism interaction in temporal
a probabilistic atlas to curvature, CD 83 TD 12.7 + 2.8 yr pole, parahippocampal
parcel a total of 74 (43:40) TD gyrus, superior temporal
cortical structures [gyri 13.0 £3.0yr gyrus, occipital poles,
and sulci] in each cuneus
hemisphere and the
brain stem)
sex*dx
Zhang et al., Inter- SMRI (whole-brain) GM and WM volume 401 autism all FSIQ, total brain no significant sex*dx
2018 (ABIDE) national sex*dx and subcortical (351:50) participants volume interaction; age*sex*dx
age*sex*dx structure volumes 458 TD 6.5-64.0 yr interaction in total GM,
(378:80) total WM, hippocampal
volumes, caudate volumes
and putamen volumes
Ecker, 2019 (MRC-
AIMS) United sMRI (whole-brain) cortical thickness 98 autism autism total GM volume significant interaction in
Kingdom sex*dx (49:49) 18-41 yr bilateral parahippocampal
98 TD TD and entorhinal cortex,
(51:47) 18-42 yr fusiform and lingual gyrus,
inferior or middle temporal
lobe
Bosco etal., 2019 Italy sMRI (ROIs: brainstem) volume and shape of 76 autism autism age, total intracranial brainstem volume in males
gender stratified brainstem (38:38) 2.1-7.3yr volume (ASD > TD); no significant
76 TD TD autism-control difference in
(38:38) 1.8-7.4 yr female groups
Peterson et al., United sMRI and Arterial Spin regional cerebral 44 autism autism age, FSIQ, significant sex*dx effect on
2019 States Labeling (ASL) (whole- blood flow (rCBF) (32:12) 5.9-60.7 yr psychotropic rCBF in limbic regions
brain) 66 TD TD medication use (subgenual ACC, ventral
sex*dx (50:16) 6.9-59.0 yr striatum, amygdala,
parietal WM)
Postema et al., Inter- sMRI (whole-brain) structural brain 1778 all corrected for ‘data set’ significant sex*dx
2019 (ENIGMA) national sex*dx + sex stratified asymmetry for autism participants as a random effect in interaction in the rostral
multiple brain (1504:274) 2-64 yr analysis (to account anterior cingulate thickness
regional and global 1829 TD for heterogeneity of asymmetry index (AI); this
hemispheric measures  (1400:429) imaging protocols) Al had shown a significant
(i.e., cortical effect of diagnosis in the
thickness, cortical primary analysis. In
surface area, analysis within the sexes
subcortical volume) separately, this Al was
associated with diagnosis in
males but not females
Bedford et al., Inter- sMRI (whole-brain) cortical morphometry 491 autism all age (and using a no significant sex*dx
2020 (MRC- national sex*dx + sex stratified (cortical thickness, (362:129) participants prospective meta- interactions found
AIMS, CFSA, surface area, cortical 836 TD 2-65 yr analytic technique to autistic males had
ABIDE, Hospital volume, total GM, (481:355) account for inter-site significantly greater

for Sick Children,
NIMH)

total WM, total brain
volume)

17

differences)

cortical volume, mean
cortical thickness in the
bilateral superior temporal,
inferior frontal, and right
precentral gyri compared to
TD males; WM volume was
also greater in autistic
males compared to TD
males; no differences in
total surface area or GM
volume

autistic females had greater

(continued on next page)
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Study Country Method (‘sex’ or ‘gender’  Metrics/Outcome Sample size ~ Age range Covariates in analysis Notable results (‘sex’ or
of origin is based on the term used =~ measure (M:F) ‘gender’ is based on the term
for study in the study) used in the study)
sample
mean cortical thickness in
the bilateral prefrontal and
occipital cortices, and left
posterior parietal cortex
and pre- and postcentral
gyri compared to TD
females; no differences
observed for total brain
volume, total surface area,
cortical volume, GM or WM
Williams et al., Inter- sMRI (whole-brain) subcortical allometric 302 autism autism FSIQ, total brain replicated significant
2020 (ABIDE) national sex*dx*linear age and volumetric group (265:37) 7.0-26.9 yr volume sex*dx*linear age
(replication of Zhang differences 352 TD TD interaction in hippocampal
et al., 2018) (283:69) 6.5-26.9 yr volumes found by Zhang
et al. (2018)
Olafson et al., Inter- sMRI (whole-brain) Boundary sharpness 415 autism all age, FIQ (and using a females with ASD showed
2021 (MRC- national sex stratified coefficient (BSC) — (303:112) participants prospective meta- significantly greater BSC in
AIMS, CFSA, proxy for alterations 721 TD 2-65 yr analytic technique to bilateral superior parietal
ABIDE, Hospital in micro-structure at (438:283) account for inter-site gyrus and superior
for Sick Children, cortical GWM differences) temporal gyrus
etc.) boundary males with ASD showed
significantly greater BSC in
bilateral inferior temporal
gyrus and left inferior
frontal lobe
Hammill et al., Canada SMRI (whole-brain) cortical thickness, 373 autism all total brain volume no evidence supporting
2021 (POND, overall sex modulation surface area, volume, (299:74) participants (and its exponential quantitative sex
Hospital for Sick pattern (local magnitude mean absolute 466 TD 2.8-50 yr transform), age (linear ~ modulation; some evidence
Children) model - quantitative sex curvature, and (240:226) or quadratic), their supporting qualitative sex

modulation; spatial
dissimilarity model —
qualitative sex
modulation)

subcortical volume

interactions with sex,
and scanner version —
determined via model
selection

modulation in terms of
cortical mean absolute
curvature and subcortical
volume

Abbreviations: ABIDE, Autism Brain Imaging Data Exchange; ACC, anterior cingulate cortex; CC, corpus callosum; CD, connectivity density; CFSA, Cambridge Family
Study of Autism; CR, corona radiata; CSF, cerebrospinal fluid; ENIGMA, Enhancing Neuro Imaging Genetics through Meta-Analysis; FSIQ, full scale intelligence
quotient; GM, gray matter; GWM, gray-white matter; MRC-AIMS, Medical Research Council Autism Imaging Multicentre Study; NIMH, National Institute of Mental
Health; OFC, orbitofrontal cortex; PFC, prefrontal cortex; POND, Province of Ontario Neurodevelopmental Disorders Network; ROI, region-of-interest; TIV, total

intracranial volume; WM, white matter

hand, imply that the effect (e.g., diagnosis) in one condition (e.g., fe-
males) is of the same direction but stronger than that in the other con-
dition (e.g., males). For example, two resting-state fMRI studies (Alaerts
et al., 2016; Smith et al., 2019) converged to show patterns of under-
connectivity in autistic males and overconnectivity in autistic females,
which suggest that neural connectivity atypicalities related to autism
may present differently in males and females. Retico et al. (2016) have
also reported male and female autistic toddlers showing increased gray
matter volumes in different regions of the brain. These localized sex/
gender differences correspond to a converging profile identified by a
study demonstrating overall/global patterns of qualitative sex/gender
differences in neuroanatomy (Hammill et al., 2021), highlighting the
importance of considering how sex and gender moderate the overall
autism neurobiology. It is important to note that disordinal interactions
may be over-represented in the literature and reflect a reporting bias in
the field, as they require less power than ordinal interactions to detect
and whole-brain ANOVAs may be biased towards detecting disordinal
interactions (Chavez & Wagner, 2017). Thus, disordinal effects only
reflect parts of the whole picture of sex/gender-modulation in autism
neuroimaging findings.

18

5.4. Age and sex/gender-modulation of autism neurobiology

For diffusion imaging, four studies showed significant findings in the
inferior frontal occipital fasciculus; however, the direction of findings
diverged between studies. In comparison to same-sex typically devel-
oping controls, greater FA was reported in teenage autistic males (Bode
et al., 2011) while lower FA was reported in adult autistic males
(Zeestraten et al., 2017) and lower FA was reported in female autistic
children and adolescents (Lei et al., 2019) and greater FA was reported
in both preschool-aged autistic males and females (Andrews et al.,
2019). Notably, these studies examined participants with different ages,
which may be a key factor for the inconsistent findings. In typical
development, FA increases with age until adulthood and then gradually
declines (Lebel et al., 2010). Previous studies have found age-related
differences in white matter microstructure between autistic males and
typically developing males, including atypical microstructure in the
thalamus and the posterior limb of the internal capsule during childhood
that appeared to approach the trajectory of typically developing in-
dividuals in adolescence and adulthood (McLaughlin et al., 2018). Ex-
amination of the developmental trajectory of the corpus callosum using
a cohort sequential design over nine years in autistic males from 3 to 41
years has shown atypical brain maturation in terms of FA in the anterior



K. Mo et al.

Table 7

Comparison of minimally detectable effect (MDE) and reported effect sizes of the largest studies (Niota and Nayeism(p) by neuroimaging modality.
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Imaging Study Method Metrics/Outcome Sample size ~ Minimally Reported effect size (Cohen’s d) where P-values are significant at a

Modality (‘sex’ or measure (M:F) detectable effect level <0.05

(Niotal and/ gender is size (N,[DE;:, sex/gender*dx NOTE: F sex/gender- sex/gender-

or Nautism based on the Cohen’s d)" a = 8¢ 8¢

. converted to Cohen’sd ( stratified (M) stratified (F)
®) term used in 0.05 power = 0.8 Lenhard and Lenhard,
the study)
2016)

DTI” Zeestraten ROI FA 98 autism sex*dx (0.39) Anterior segment of AF Anterior segment  No significant
Niotal = et al., 2017 sex*dx + (61:37) sex-stratified left (0.41); right (0.46) of AF left (0.49); diagnostic effect
213 (MRC-AIMS) sex 115 TD (males, 0.51) Long segment of AF left right (0.41) in females

United stratified (61:54) (females, 0.60) (0.32) Long segment of
Kingdom CING left (0.38); right AF left (0.37)
(0.33) CING left (0.50)
Uncinate left (0.43); Right (0.43)
right (0.49) Uncinate left
IFOF left (0.34); right (0.52); right
(0.34) (0.48)
IFOF left (0.47);
right (0.45)
Posterior
segment of AF
left (0.31); right
(0.29)
ILF left (0.41);
right (0.34)

DTI” Irimia et al., whole- GM thickness, volume, 110 autism sex*dx (0.41) CD (0.19) N/A N/A
Nautism(® 2017 brain cortical area, mean (55:55)
=55 (GENDAAR) sex*dx curvature, CD 83 TD

(43:40)

MEG Yoshimura (whole- bilateral auditory 29 autism gender*dx (0.66) No significant N/A N/A
Nrotal = et al., 2021 brain) cortical response (21:8) gender*dx interaction
75 gender* dx (P1m) 46 TD found
Nautism(f) (41:5)
=8

MRS O’Neill et al., Near metabolite 78 autism sex*dx (0.43) No effect size reported N/A N/A
Niotal = 2020 whole- concentration (N- (63:15) (only reported p =
174 brain acetyl compounds, 96 TD 0.001)

Nautism sex*dx glutamate + (69:27)
®=15 glutamine, creatine +
phosphor-creatine,
choline compounds)

PET Mitelman ROI GM and WM metabolic 25 autism group*sex (0.57)"  no significant group*sex ~ N/A N/A
Niotal = et al, 2018 group* rates (21:4) interaction; d = 0.068;

121 sex 41 schizo- p=0.79
Nautism(p 3x2 phrenia
=4 ANOVA (32:9)
55TD
(29:26)

1s-EEG Saunders whole- 128-channel EEG 13 autism group *gender Interaction between N/A N/A
Niotal = et al., 2016 brain oscillation coherence (10:3) (1.02)* gender and
46 group* 10 anxiety experimental group for
Nautism(p gender (2:8) interhemispheric
=3 4x2 11 ADHD coherence scores that

ANOVA (7:4) was approaching
12 TD (7:5) significance:
Alpha eyes closed
frontal-frontal
d =0.231; p = 0.053
Alpha eyes open
central-central
d =0.219; p = 0.072
Theta eyes open
central-central
d =0.218; p = 0.074
rs-fMRI Tomasi and whole- IFCD, LI, ALFF, seed- 656 autism sex-stratified N/A IFCD in anterior none reported;
Niotal Volkow, 2019 brain voxel correlation maps (565:91) (males, 0.16) thalamus (ASD no significant
=1491 (ABIDE) sex 835 TD (females, 0.35) < TD) (PFWE < group
Nautism(p) stratified (602:233) 0.005, effect size:  differences in
=91 0.1807 < d < thalamic In
0.3034, (IFCD) between
df = 1162) autistic and TD
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females (P =
0.55)

(continued on next page)
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Table 7 (continued)
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Imaging Study Method Metrics/Outcome Sample size Minimally Reported effect size (Cohen’s d) where P-values are significant at a

Modality (‘sex’ or measure (M:F) detectable effect level <0.05

(Niota and/ gender” is size (N,[DE;;, sex/gender*dx NOTE: F sex/gender- sex/gender-

or Nautism based on the Cohen’s d)" a = ° °

. converted to Cohen’sd ( stratified (M) stratified (F)
® term used in 0.05 power = 0.8 Lenhard and Lenhard,
the study)
2016)

SMRI Postema whole- structural brain 1778 sex*dx (0.09) rostral anterior rostral anterior no group
Niotal et al., 2019 brain asymmetry for autism sex-stratified cingulate thickness cingulate differences in
=3607 (ENIGMA) sex*dx + multiple brain regional ~ (1504:274) (males, 0.10) asymmetry index (d = thickness rostral anterior
Nautism(® sex and global hemispheric 1829 TD (females, 0.22) 0.11) asymmetry index cingulate
=274 stratified measures (i.e., cortical (1400:429) (d=-0.17, thickness

thickness, cortical P=1.4x10") asymmetry index
surface area, (d=0.11,P =
subcortical volume) 0.165)
task fMRI Lawrence whole- social reward 82 autism sex*dx (0.45) ROI analyses: no sex*dx ~ ROI analyses: no ROI analyses: no
Niotal et al., 2020b brain and processing during (43:39) sex-stratified interaction found differences found differences
=154 (GENDAAR) ROI instrumental implicit 72 TD (males, 0.63) Whole-brain analysis: between autism found between
Nautism(® sex*dx + learning task (39:33) (females, 0.67) no sex*dx interaction and control autism and
=39 sex found groups when control groups
stratified stratified by sex when stratified
Whole-brain by sex
analysis: no Whole-brain
differences found  analysis:
between autism Left frontal/
and control insular cluster (d
groups when =0.87)
stratified by sex Right insular/
temporal cluster
(d =0.89)
Left frontal
cluster (d =
0.80)

TMS-EEG Kirkovski ROI cortical function and 22 autism sex stratified N/A no differences no differences
Niotal et al., 2016b sex connectivity (10:12) (males, 1.29) found between found between
=42 stratified 20 TD (females, 1.30) autism and autism and
Nautism(p) (11:9) control groups control groups
=12 when stratified when stratified

by sex by sex

Abbreviations: ABIDE, Autism Brain Imaging Data Exchange; AF, arcuate fasciculus; ALFF, amplitude of low-frequency fluctuations; CD, connectivity density; CING,
cingulum; CSF, cerebrospinal fluid; ENIGMA, Enhancing Neuro Imaging Genetics through Meta-Analysis; GABA, gamma-aminobutyric acid; GENDAAR, Gender
Exploration of Neurogenetics and Development to Advance Autism Research; GM, gray matter; IFOF, interior frontal occipital fasciculus; ILF, inferior longitudinal
fasciculus; IFCD, local functional connection density; LI, laterality index; MRC-AIMS, Medical Research Council Autism Imaging Multicentre Study; PFC, prefrontal
cortex; ROI, region-of-interest; TPJ, temporo-parietal junction; WM, white matter.

@ Due to limitations of the R pwr package for MDE calculations for 3 x 2 and 4 x 2 ANOVA designs, the MDE was calculated assuming equal sample sizes using
WebPower (Zhang & Yuan, 2018). This value is expected to be smaller than the MDE for a study with unequal sample sizes.

b DTI study conducted by Zeestraten et al., (2017) had the largest total sample size but did not have the largest autistic female sample. A second DTI study (Irimia
et al., 2017) which had the largest autistic female sample size was therefore also included.

corpus callosum that was present only in the youngest participants (<10
years) in the autism group when stratified by age (Travers et al., 2015).
Both of these longitudinal investigations consist of only male cohorts.
Therefore, it is unclear whether the trajectory of white matter micro-
structural maturation for autistic females follows a similar or different
pattern. There is a great need to consider the effects of age and devel-
opmental stage when investigating potential sex- and gender-
modulating effects in autism neurobiology, especially since sex-
differential brain development is known to be influenced by both
organizational and activational effects, the latter continuing throughout
the lifespan (Bale & Epperson, 2015), and age-related gendered
contextual factors can further shape brain growth (Rippon, 2019). In-
vestigations of diagnosis-by-age-by-sex/gender interactions with large
and well-powered cross-sectional and, more ideally, longitudinal de-
signs in the future will provide further insight.

5.5. A lack of research examining the effects of gender

This systematic review demonstrates a lack of a clear definition of the
terms, ‘sex’ and ‘gender’, in over 70% of the included neuroimaging
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studies (N = 69) examining sex/gender-modulation effects and/or
conducting sex/gender-stratified analyses. Without clear indications or
measurements for sex and gender respectively, it is difficult to determine
whether the observed effects are associated with sex or gender, or both.
There are no studies to date that measured sex and gender variables and
their effects separately. This lack of research examining the effects of
gender represents a substantial knowledge gap and a missed opportunity
to capture the broader variances associated with the multiple sex- and
gender-related factors compared with a single, binarized sex/gender
label (Joel & McCarthy, 2017). Apart from the potential sex-modulating
effects that contribute to the manifestation of autism in males and fe-
males, socially constructed roles and activities can affect one’s behav-
iour and brain development, especially with the consideration that
gender socialization begins at birth (Lai et al., 2015). Parent-child and
peer relationships serve a key role in brain development and neuro-
plasticity; child play, for example, is a powerful peer relationship that
may influence prefrontal development (Kolb & Gibb, 2011) and is often
associated with gendered play patterns. Further, studies have suggested
that there is a higher prevalence of gender diversity and gender
dysphoria among autistic individuals compared to typically developing
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individuals (Dewinter et al., 2017; Hisle-Gorman et al., 2019). Affilia-
tion to gender constructs in line with sex assigned at birth also seems
lower in autistic individuals, especially in birth-assigned females
(Cooper et al., 2018), which may be associated with their social expe-
riences with expectations to conform with societal gendered norms.
These experiences can influence brain development and plasticity,
suggesting that gender can have potentially modulating effects on
autism neurobiology over and above those of biological sex. Future in-
vestigations should formally examine the effects of gender and sex
respectively (Strang et al., 2020) and explore how the relations between
gender constructs and social behaviour influence brain development,
structure, and function associated with autism.

5.6. Limitations of this systematic review and of the current literature

It is important to note the significant heterogeneity of the 69 neu-
roimaging studies included in this systematic review, with a very wide
range of imaging modalities, brain metrics, and sample demographics.
This makes it difficult to directly compare findings across studies. Our
comparison of studies that reported significant findings with those that
reported non-significant findings was limited to comparing study fea-
tures where the information was available across reports, which was not
exhaustive. For example, although the age range of participants would
have been an important study feature to consider, there were studies
that did not report this information. Therefore, our discovery pertaining
to study characteristics in association with the significance of reported
findings must be considered exploratory, descriptively reflecting the
current literature (which is still evolving) and limited by the inconsis-
tency of reporting and diversity of study methodologies.

Our search strategy used subheadings and keywords for broad terms,
including ‘brain’ instead of more specific terms (i.e., ‘neuroimaging’), to
capture all relevant studies examining the underpinnings of the autistic
brains, which were then categorized by research subjects. Search queries
in databases are generally limited to searching titles and abstracts and
research articles tend to focus on positive findings in their abstract,
which may cause bias in systematic reviews (Duyx et al., 2019). To
address this potential ‘abstract reporting bias’ (Duyx et al., 2019), sub-
headings and keywords for (‘sex’ OR ‘gender’) were used instead of
searching directly for (‘sex difference’ OR ‘gender difference’). This
broader search was an attempt to capture studies that may have con-
ducted post-hoc tests involving sex/gender, where the investigation of
sex/gender differences may not have been the primary goal, and the
terms ‘sex difference’ or ‘gender difference’ may not be in the title or
abstract of these articles. As such, our choice of search criteria was
limited to capturing articles where there was mention of ‘sex’ or ‘gender’
in the title or abstract, but not restricted to capturing only those that
specifically reported sex or gender differences. Articles that examined
sex/gender-modulating effects with positive and negative findings were
identified at the level of full-text screening with a three-tier exclusion
process (Fig. 2). The use of broader search terms and a three-tier
exclusion process are notable features of this systematic review that
provided a thorough and unbiased search of the available literature.

Publication bias is a widely recognized limitation for systematic re-
views, where it is the ‘tendency to publish only results that are statisti-
cally or clinically significant’ (Hedin et al., 2016). The included
neuroimaging studies that did report significant sex/gender-by-
diagnosis interactions mainly found disordinal interactions, which are
commonly reported in the literature and require less power to detect
than ordinal interactions (Chavez & Wagner, 2017), which further
contributes to publication bias. This systematic review provided a
unique approach of comparing the MDE and reported effect sizes for a
quantitative examination and synthesis of the literature. The compari-
son of the MDE and reported effect sizes showed that some of the re-
ported statistically significant sex/gender-modulating effects may
potentially be false positive findings — this may be a sign that published
studies are prone to reporting positive findings.
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In addition, studies that reported significant findings were unlikely
to be all independent since there were a number of studies utilizing
common open sources of neuroimaging data (e.g., the Autism Brain
Imaging Data Exchange; ABIDE) and it is unclear the extent of overlap in
the datasets used. Therefore, seemingly replicated findings of (partially)
similar patterns of sex/gender-modulation (e.g., functional over-
connectivity in autistic females vs. underconnectivity in autistic males
(Alaerts et al., 2016; Kozhemiako et al., 2020; Tomasi & Volkow, 2019))
or a lack thereof (e.g., sex/gender-independent DMN functional under-
connectivity (Floris et al., 2021; Kozhemiako et al., 2020)) should be
interpreted with caution, especially considering the insufficient external
validity in making inferences to the wider autism population. Moving
forward, efforts to examine the reproducibility of findings across inde-
pendent samples (Floris et al., 2021) and to identify critical sources of
heterogeneity (King et al., 2019; Tang et al., 2020) will remain the
primary foci of future neuroimaging studies of autism.

5.7. Conclusion

This systematic review highlights a significant research gap in un-
derstanding sex and gender effects in the human autistic brains. The
available studies that attempted to investigate these effects thus far have
yet to identify converging regions or networks with consistent sex/
gender-modulating effects. Despite at least three well-powered studies
identifying specific patterns of significant sex/gender-modulation of
autism-control differences, many other studies might not have sufficient
statistical power to detect significant sex/gender-by-diagnosis interac-
tion effects or might be at risk of reporting false-positive findings. Future
investigation of sex- and gender-based heterogeneity in autism will need
to use much larger, and more sex- and gender-balanced and inclusive
samples to determine sex/gender-dependent and sex/gender-
independent neurodevelopmental features in the autistic brains, and
how they may be linked to behavioural phenotypes in autistic in-
dividuals of different sexes and genders. Effects associated with con-
structs of gender should be formally measured and investigated,
alongside those of sex, to address this significant research gap.
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