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Abstract 

Background There is emerging evidence that the neuroanatomy of autism forms a spectrum which extends into the 
general population. However, whilst several studies have identified cortical morphology correlates of autistic traits, it 
is not established whether morphological differences are present in the subcortical structures of the brain. Addition-
ally, it is not clear to what extent previously reported structural associations may be confounded by co-occurring 
psychopathology. To address these questions, we utilised neuroimaging data from the Adolescent Brain Cognitive 
Development Study to assess whether a measure of autistic traits was associated with differences in child subcorti-
cal morphology, and if any observed differences persisted after adjustment for child internalising and externalising 
symptoms.

Methods Our analyses included data from 7005 children aged 9–10 years (female: 47.19%) participating in the Ado-
lescent Brain Cognitive Development Study. Autistic traits were assessed using scores from the Social Responsiveness 
Scale (SRS). Volumes of subcortical regions of interest were derived from structural magnetic resonance imaging data.

Results Overall, we did not find strong evidence for an association of autistic traits with differences in subcortical 
morphology in this sample of school-aged children. Whilst lower absolute volumes of the nucleus accumbens and 
putamen were associated with higher scores of autistic traits, these differences did not persist once a global measure 
of brain size was accounted for.

Limitations It is important to note that autistic traits were assessed using the SRS, of which higher scores are associ-
ated with general behavioural problems, and therefore may not be wholly indicative of autism-specific symptoms. In 
addition, individuals with a moderate or severe autism diagnosis were excluded from the ABCD study, and thus, the 
average level of autistic traits will be lower than in the general population which may bias findings towards the null.

Conclusions These findings from our well-powered study suggest that other metrics of brain morphology, such as 
cortical morphology or shape-based phenotypes, may be stronger candidates to prioritise when attempting to iden-
tify robust neuromarkers of autistic traits.
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Introduction
Autism is a neurodevelopmental condition character-
ised by difficulties in social interaction and communica-
tion, together with restricted interests and a tendency 
to engage in repetitive behaviours [1]. Aetiology is com-
plex, with an interaction of genetic, environmental, and 
neurodevelopmental pathways thought to lead to clini-
cal manifestation [2]. The first behavioural signs typi-
cally emerge in early childhood [3] and are accompanied 
by atypical development of brain structure, function, 
and connectivity, which are hypothesised to play a role 
in behaviours across the lifespan [4]. Characterising the 
neural correlates of autism has therefore remained a 
focus of the field [5].

Advances in neuroimaging technology in the last two 
decades have allowed the development of novel in  vivo 
imaging methods of the human brain. Of these, struc-
tural magnetic resonance imaging (sMRI) has been most 
widely used to characterise the neuroanatomy of autism 
[6, 7]. The identification of a neural endophenotype 
could help inform clinical care, such as earlier diagnosis 
and intervention, and be used in the subtyping of indi-
viduals within the heterogeneous autism umbrella [8]. 
An additional motivating factor has been that a robust 
biomarker could help distinguish autism from other neu-
rodevelopment disorders that have overlapping clinical 
features, enabling individuals to access targeted treat-
ments. For example, a recent study investigated whether 
distinct morphological differences could be detected 
when comparing autistic participants to those with 
obsessive–compulsive disorder (OCD) and attention-
deficit/hyperactivity disorder (ADHD) [9]. However, 
whilst differences were identified, including thicker corti-
cal grey matter in frontal regions of autistic participants 
compared to the other clinical groups, significant over-
lap between groups was observed. Finally, if associations 
were identified to be causal, knowledge of the specific 
regions implicated could provide mechanistic insights 
and help inform novel therapeutic strategies [10].

The neuroimaging literature demonstrates considerable 
heterogeneity regarding direction and effect size of brain 
morphology differences in autism [5, 11–13]. Whilst this 
may reflect the high level of aetiological and neurobio-
logical heterogeneity across the autistic spectrum [14], 
methodological factors are thought to be a contribut-
ing factor. Firstly, existing studies tend to be in relatively 
small samples, leading to overestimation of effect sizes 
and low reproducibility [15]. Secondly, there is substan-
tial heterogeneity in study design, including differences 
in participant characteristics such as age and symptom 
severity, covariates controlled for, and neuroimaging 
outcomes assessed. Finally, analytic differences, such as 
variation in MRI acquisition, processing, and analytic 

pipelines, impact results derived from individual stud-
ies [5]. Two mega-analyses (n ~ 3000) from the Enhanc-
ing Neuro-Imaging Genetics through Meta-Analysis 
consortium aimed to characterise the neuroanatomical 
correlates of autism, whilst addressing these issues [16]. 
Global measures were found to be higher in autistic par-
ticipants, including intracranial volume (ICV), total grey 
matter, and mean cortical thickness. Regional differences 
in cortical thickness, including increases in the frontal 
regions and decreases in the temporal regions, were also 
observed. In contrast, no differences in cortical surface 
area were found [17]. Altered lateralised neurodevelop-
ment was also revealed, with reduced regional asymmetry 
in cortical thickness and area, and increased asymmetry 
in the putamen [18]. In addition, a recent landmark study 
of autism identified early differences in brain morphology 
associated with a diagnosis. In a cohort of infants at high 
likelihood of being autistic, Shen et al. [19] identified that 
those who went on to be diagnosed with autism showed 
a faster amygdala growth between 6 and 24 months, and 
larger volumes at 12 months, when compared to typically 
developing controls.

An additional limitation of the existing literature is the 
use of categorical diagnoses when assessing neural cor-
relates of autism [6]. There has been little focus on iden-
tifying the brain morphology correlates associated with 
subclinical autism in typically developing populations. 
Subclinical autistic traits include social communica-
tion differences alongside restricted behaviour patterns, 
which does not cause difficulties for everyday functioning 
[20]. The behaviours associated with autism can therefore 
be considered continuous traits, which extend into the 
general population [21, 22]. Genetic studies have demon-
strated that liability to autism influences typical variation 
in the population of social–emotional interaction and 
communication ability, providing further evidence for 
the importance of studying autism-related phenotypes in 
a quantitative manner [23]. With this wealth of evidence 
that autistic traits fall along a continuum in the general 
population, it can therefore be hypothesised that the 
neuroanatomical differences associated with autism also 
extend into the general population.

Two longitudinal studies have examined cortical corre-
lates of autistic traits in community-based samples, using 
measures from the Social Responsiveness Scale (SRS) 
[24]. Higher SRS scores were correlated with reduced 
regional cortical thickness including the right superior 
temporal sulcus [25] and the middle temporal gyri, ven-
tral precentral and postcentral gyri, anterior cingulate, 
and right frontopolar cortex [26], which remained stable 
from childhood to adolescence.

Associations between autistic traits and brain mor-
phology have also been examined in the Generation R 
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Study, a population-based longitudinal cohort. Cross-
sectional vertex-wise modelling was used to demonstrate 
autistic traits measured at age 6  years were associated 
with properties of cortical morphology, including sur-
face area, thickness, and gyrification in late childhood 
[27], and adolescence [28]. Importantly, differences per-
sisted after exclusion of autism cases, providing further 
evidence for the extension of autistic traits into the gen-
eral population. Differences in brain structure associated 
with varying levels of autistic traits may therefore reflect 
alternate trajectories of brain development, which in turn 
are associated with behavioural differences across this 
continuum.

Whilst this work has begun to reveal the neurobio-
logical differences associated with autistic traits, there 
remains a gap in the literature regarding differences in 
subcortical morphology. Given that previous studies 
show differences in subcortical structures when compar-
ing autistic participants with typically developing con-
trols, which has included reports of both increases [19, 
29] and decreases [17] in volumes of specific ROIs, and 
the plausible role of these structures in the socio-motiva-
tional, cognitive, and motor symptoms seen in autism, it 
will be important to explore whether differences in these 
structures are observed in non-clinical samples.

In addition, children with autism are at increased risk 
of mental health issues and frequently present with prob-
lems in emotion, attention, and behaviour [30]. Whilst 
prevalence varies greatly, anxiety disorders, depression, 
OCD, ADHD, and specific phobias are most consistently 
reported as secondary psychiatric disorders co-occurring 
with autism [30–32]. Autistic traits have also been identi-
fied as a risk factor for poorer mental health, with asso-
ciations appearing stronger in childhood than adulthood 
[33]. Whilst co-occurring psychopathology will confound 
behavioural-brain associations, such traits are not rou-
tinely controlled for in the existing autism neuroimaging 
literature [6]. The fact that the majority of studies are in 
clinical or community-based samples will bias towards 
a high occurrence of multiple diagnoses, and there-
fore, there is a gap in the literature for the application 
of methods in epidemiological cohorts. The identifica-
tion of brain morphology features that remain associated 
with autistic traits beyond correction for co-morbidities 
will help delineate the biological underpinning of autism 
from other neurodevelopment disorders with overlap-
ping clinical features.

In our study, we aim to expand on existing literature 
by exploring whether autistic traits are associated with 
differences in subcortical morphology, and whether any 
observed differences are explained by co-morbid psycho-
pathology. We present the first population-based analy-
sis of subcortical morphology associated with autistic 

traits, in an epidemiological sample of 9-to-10-year-old 
children participating in the Adolescent Brain Cogni-
tive Development (ABCD) Study (n = 7005). Firstly, we 
explored whether a quantitative measure of autistic traits 
was associated with differences in child subcortical mor-
phology (Aim 1). Secondly, to understand if any identified 
neural endophenotypes were specific to autistic traits, we 
tested whether associations persisted after controlling for 
co-occurring internalising and externalising symptoms 
(Aim 2).

Methods
Study sample
The ABCD  Study® is a longitudinal study of brain devel-
opment and child health. The study design and recruit-
ment strategy have previously been described [34], but 
in brief, the study used school-based recruitment to 
enrol 11,875 children from 21 metropolitan sites across 
the USA. Children were aged between 9 and 10 years at 
time of enrolment, and they and their caregiver com-
pleted the baseline visit between 1 October 2016 and 31 
October 2018, which consisted of questionnaires, clinical 
interviews, neurocognitive interviews, and a neuroimag-
ing protocol. Exclusionary diagnoses include a current 
diagnosis of schizophrenia, a moderate/severe autism 
diagnosis, intellectual disability, or alcohol/substance use 
disorder.

Our study received approval from the institutional 
review board of the University of Southern Califor-
nia. The ABCD Study obtained centralised institutional 
review board approval from the University of California, 
San Diego, and each of the 21 study sites obtained local 
institutional review board approval. Ethical regulations 
were followed during data collection and analysis. Par-
ents or caregivers provided written informed consent, 
and children gave written assent. Data can be accessed 
through registration with the ABCD study at  https:// 
nda. nih. gov/ abcd. The present analyses used data from 
the baseline (demographic information, co-occurring 
psychopathology) and follow-up phase one visits (SRS). 
A total of 11,878 children were recruited at baseline, 
and of these, 11,736 participated in sMRI scanning. As 
the ABCD cohort contains data from siblings, measures 
from a random sample of 7875 unrelated individuals 
were used, of which 345 were excluded due to poor qual-
ity sMRI data. Of the remaining 7521 participants, 7005 
had available data on autistic traits, and thus made up the 
present sample. During the screening process, caregivers 
were asked if their child had previously received a diag-
nosis of a mental health condition. In the present sam-
ple, a total of 107 (1.53%) children were reported to have 
an autism diagnosis, and 1053 (15.03%) were reported to 
have a diagnosis of another mental condition including 

https://nda.nih.gov/abcd
https://nda.nih.gov/abcd
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ADHD, depression, bipolar disorder, anxiety, or a specific 
phobia.

Neuroimaging measures
All neuroimaging data were collected, processed, and 
quality checked by the ABCD Data Analysis, Informat-
ics & Resource Center (DAIRC). Structural MRI scans 
were acquired at twenty-one sites across the USA using 
twenty-six different scanners from two vendors (Siemens 
and General Electric). Data were acquired when chil-
dren were 9-to-10 years of age. Methods were optimised 
and harmonised across ABCD study sites for 3-T scan-
ners, of which the full details have been published previ-
ously [35]. To summarise, after completion of a pre-scan 
assessment, a simulation session in a mock scanner, and 
motion compliance training, children participated in the 
ABCD neuroimaging protocol. T1-weighted structural 
scans with 1-mm isotropic resolution were collected 
using adult size multi-channel coils with image acquisi-
tion protocols for 3-Tesla Siemens, Phillips, and General 
Electric scanners, harmonised across all testing sites. 
Quality control procedures were based on automated 
means and SDs of extracted brain measures, and trained 
raters checked images for poor quality (i.e. motion arte-
facts, blurring, or ringing). Structural MRI data were pro-
cessed by the ABCD DAIRC (Data Analysis, Informatics 
& Resource Center) team using FreeSurfer v5.3 (http:// 
surfer. nmr. mgh. harva rd. edu/) and subjected to quality 
control procedures [36].

FreeSurfer extracts cortical and subcortical region of 
interests (ROIs) based on the Desikan–Killiany atlas [37]. 
The automated pipeline consists of co-registration based 
on a template reference surface, motion correction, and 
averaging. Any intensity variation across the image due 
to magnetic field heterogeneity is corrected, and the skull 
stripped from the normalised intensity image. Images 
are then segmented using a connected components algo-
rithm, where connectivity is not permitted across estab-
lished cutting planes. Any holes within white matter are 
filled, producing a single volume for each hemisphere. 
Volumetric segmentation are used to delineate and label 
global (total brain volume, subcortical volume) and 
regional [nucleus accumbens (NAcc), amygdala, caudate 
nucleus, hippocampus, pallidum, putamen, and thala-
mus] measures [34]. A global subcortical volume was also 
derived, consisting of the total volume of the thalamus, 
caudate, putamen, pallidum, hippocampus, amygdala, 
NAcc, ventral DC, and substantia nigra). Subcortical vol-
umetric measures were derived by averaging the homo-
topic regional volumes.

The resulting output was then visually examined by a 
trained DAIC technician, who rated them from zero to 
three in five categories: motion, intensity homogeneity, 

white matter underestimation, pial overestimation, and 
magnetic susceptibility artefact. From this, an overall 
“pass” or “fail” score was generated. Participants whose 
images failed QC were excluded from the present analy-
ses [34].

Post-processed FreeSurfer derived phenotypes from 
the ABCD cohort have been widely used in studies 
assessing predictors of interest with brain morphology 
outcomes, including those examining subcortical ROIs 
[35, 36, 38, 39].

Social Responsiveness Scale (SRS)
Autistic traits were assessed using the SRS, which is pri-
marily used to assess the severity of social difficulties 
across the full range of severity in both autistic and non-
autistic children [24]. Statistical properties of the SRS 
have previously been evaluated in a UK population-based 
sample of 5-to-8-year-old children [38]. In the ABCD 
sample, parents answered an 11-item abridged version 
of the questionnaire which has previously shown strong 
loadings on the first unrotated factor of a principal com-
ponents analysis of the SRS in a paediatric sample [39]. 
Parents were asked to rate statements on a four-point 
Likert scale; 0 (not true); 1 (sometimes true); 2 (often 
true); and 3 (almost always true). It encompasses the 
three DSM-IV autism domains, with items relating to 
reciprocal social behaviour (e.g. “Has difficulty making 
friends, even when trying his or her best”.), stereotyped 
and repetitive behaviours (e.g. “Has more difficulty than 
other children with changes in his or her routine”.), and 
communication impairments (e.g. “Has trouble keep-
ing up with the flow of normal conversation”.). Total raw 
summary scores from participants were calculated (mean 
3.49 SD = 0.49, range = 0–39).

Covariates
Potential confounders of the exposure-outcome rela-
tionship were defined a priori based on the previous 
literature. A minimum set of confounders required to 
adequately account for confounding were defined as: age, 
sex, ethnicity, cognition score, and a measure of socioec-
onomic status (family-level income). To assess the impact 
of co-occurring psychopathology, separate models were 
conducted with the inclusion of T-scores of externalis-
ing and internalising symptoms extracted from the Child 
Behaviour Checklist (CBCL) [40].

Demographic information (child sex, age at time 
of MRI, ethnicity, and total household income) was 
extracted from a demographics survey answered by 
the child’s main caregiver. Child cognitive ability was 
assessed using the NIH  Toolbox® cognition measures 
(http:// www. nihto olbox. org) [41]. The toolbox consists 
of seven tasks that cover episodic memory, executive 

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://www.nihtoolbox.org
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function, attention, working memory, processing speed, 
and language abilities and is used to generate a total 
cognitive score composite. The composite score demon-
strates good test re-test reliability and validity in children 
[42].

The CBCL parent report was used to measure inter-
nalising and externalising symptoms in participants [43]. 
This is a well-established parent-completed measure of 
emotional, behavioural, and social problems in children 
and adolescents [44]. Composite scores of internalising 
and externalising problems were used for these analy-
ses. Raw scores were converted to standardised t-scores, 
scaled so that fifty was average for child age and sex, with 
a standard deviation (SD) of ten points. Higher scores 
indicate increased behavioural and emotional problems.

Statistical analysis
Differences in covariates across tertials of SRS scores 
were examined using χ2-testing for categorical variables, 
and univariate regression modelling for continuous vari-
ables. The association of covariates with total subcor-
tical volume was assessed using univariate regression 
modelling.

The association between SRS and brain morphology 
outcomes (volumes of the thalamus, caudate, putamen, 
pallidum, amygdala, hippocampus, and NAcc) was mod-
elled using seemingly unrelated regression (SUR). The 
SUR system allows for a single model containing a num-
ber of linear equations, permitting correlation among the 
error terms. As SUR is used to analyse correlated out-
comes, correlations between measures were assessed as a 
preliminary step in the analysis.

Models were conducted in three steps to assess the 
impact of confounding variables. Model 1: adjustment 
for child age, sex, ethnicity, family income, and ABCD 
recruitment site. Model 2: model 1 with the addition of 
cognition score (Aim 1). Model 3: model 2 with the addi-
tion of externalising symptoms and internalising symp-
toms (Aim 2). Raw p-values were adjusted for multiple 
testing by using Holm correction. All models were con-
ducted with the inclusion of ICV to explore whether 
differences in subcortical volume were explained by dif-
ferences in global brain size. Analyses were conducted 
in Stata v16.0 [45], with the -sureg command utilised to 
conduct SUR. Correlation between individual ROIs was 
assessed using the -pwcorr command.

Sensitivity analyses
A number of sensitivity analyses were conducted. Firstly, 
to explore whether associations were lateralised, analy-
ses were replicated using homotopic ROIs. Secondly, to 
examine whether sex was a moderator of any observed 
associations, analyses were conducted with the addition 

of an interaction term. Finally, to explore the specific 
impact of dimensions of co-occurring mental health con-
ditions, additional analyses were conducted controlling 
for internalising, externalising, and attention problems 
separately.

Results
Association of autistic traits with covariates
In our sample of children, male children of white ethnic-
ity tended to score higher on the SRS compared to their 
peers (Table  1). A higher SRS score was negatively cor-
related with cognition score, and increased scores of 
total externalising and internalising problems. A strong 
negative gradient of family-level income with SRS score 
was observed. Children in the highest scoring SRS group 
demonstrated a lower ICV on average. The quality of 
sMRI data, which can be lower in autistic children due to 
increased participant motion inside the scanner [46], was 
not correlated with SRS score (Fig. 1).

Association of global subcortical volume with covariates 
of interest
The association of covariates of interest with global sub-
cortical volume was examined (Table  2). Male sex and 
older age were strongly predictive of higher subcortical 
volume. Non-white ethnicity, across all categories, was 
associated with lower subcortical volume. Children with 
increased scores on the total composite cognition score 
showed a higher subcortical volume. Whilst scores of 
total internalising problems showed little association, 
externalising symptoms were robustly associated with 
lower subcortical volume. Family-level income was posi-
tively associated with subcortical volume at all levels. 
Levels of correlation between individual subcortical ROIs 
were high across all comparisons justifying our use of 
SUR (Table 3).

Aim 1: association of SRS traits with subcortical 
morphology
Overall, in our sample of 7005 children from the ABCD 
study we found little evidence to suggest autistic traits are 
associated with disproportionate differences in volumes 
of seven subcortical structures (Fig. 2).

In model 1, adjusted for age, sex, ethnicity, ABCD 
recruitment site, and family-level income, autistic traits 
were found to be predictive of absolute values of sub-
cortical ROIs, with the strongest reductions with the 
NAcc (B =  − 1.68, SE = 0.54, pholm = 0.013) and palli-
dum (B =  − 3.31, SE = 1.14, pholm = 0.023). Suggestive 
associations were observed with the caudate and puta-
men (B =  − 7.60, SE = 3.12, pholm = 0.059 and B =  − 9.38, 
SE = 3.67, pholm = 0.053). The inclusion of total cognition 
score in model 2 attenuated these estimates towards the 
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null, with only the reduction in NAcc volume remaining 
associated with SRS (β =  − 1.51, SE = 0.55, pholm = 0.039) 
(Fig.  3). In contrast, little difference in subcortical ROI 
volumes was observed once ICV was corrected for, sug-
gesting that these observed small differences are not 
beyond proportional differences of overall brain size in 
children.

Aim 2: adjustment for co‑morbid psychopathology
To assess whether any observed differences persisted 
after adjustment for co-occurring psychopathology, 
model 3 incorporated t-scores of total scores of external-
ising and internalising problems.

The observed weak reduction in absolute NAcc vol-
ume attenuated towards the null once externalising and 
internalising symptoms were accounted for (β =  − 0.79, 
SE = 0.61, pholm = 1.00), suggesting that differences are 
not specific to autistic traits. Inclusion of externalising 
and internalising symptoms had little impact on effect 

estimates for the additional six subcortical ROIs. Simi-
larly, analyses examining the impact of inclusion of ICV 
did not alter effect estimates substantially. Results from 
all models are presented in Additional file  1: Tables S1 
and S2.

Findings from sensitivity analyses assessing the impact 
of lateralisation, sex modification, and specific dimen-
sions of co-occurring mental health conditions on the 
association of autistic traits with subcortical brain mor-
phology can be found in Additional file 1: Tables S3–S6. 
Results across all sensitivity analyses demonstrated lit-
tle difference in effect estimates from those in the main 
analyses.

Discussion
There is emerging evidence that the neuroanatomy of 
autism falls along a continuum within the general popu-
lation. Whilst several studies have assessed cortical phe-
notypes of autistic traits [26, 47], there remains a distinct 

Table 1 Distribution of covariates of interest stratified by SRS group

Reported p values generated by univariate regression modelling for continuous variables and  chi2 testing for categorical variables

ICV Intracranial volume, SC Subcortical

Social responsiveness score p value Total N (prop)

Lower Middle Upper

2791 (39.84) 2417 (34.50) 1797 (25.65) 7005

Sex, N (%)

Female 1471 (44.49) 1145 (34.63) 690 (20.87)

Male 1320 (35.69) 1272 (34.39) 1107 (29.92)  < 0.0001 7005 (100.00)

Age, mean (SD)

Years 9.88 (± 0.01) 9.90 (± 0.01) 9.90 (± 0.01) 0.2090 7005 (100.00)

Ethnicity, N (%)

White 1494 (42.07) 1196 (33.68) 861 (24.25)

Black/African American 364 (36.25) 365 (36.35) 275 (27.39)

Hispanic 585 (37.40) 547 (34.97) 432 (27.62)

Other 348 (39.28) 309 (34.88) 229 (25.85) 0.0060 7005 (100.00)

Cognition, mean (SD)

Standardised score 103.77 (± 0.33) 102 (0.38) 97.76 (± 0.45)  < 0.0001  < 0.0001 6769 (96.63)

Externalising symptoms, mean (SD)

Standardised score 42.21 (± 0.16) 45.69 (0.19) 52.22 (± 0.26)  < 0.0001  < 0.0001 7003 (99.97)

Internalising symptoms, mean (SD)

Standardised score 44.72 (± 0.17) 49.04 (0.20) 56.01 (± 0.25)  < 0.0001  < 0.0001 7003 (99.97)

ICV, mean (SD)

mm3 1,510,210 (± 2795.58) 1,512,337 (± 2986.24) 1,506,107 (± 3554.96) 0.605 0.3600 7005 (100.00)

SC volume, mean (SD)

mm3 60,301 (± 94.51) 60,296 (± 99.73) 60,101 (± 121.24) 0.972 0.1860 7005 (100.00)

Family income, N (%)

$34,999 or less 400 (29.50) 491 (36.21) 465 (34.29)

$99,999 or less 882 (39.10) 789 (34.97) 585 (25.93)

$199,999 or less 917 (45.13) 686 (33.76) 429 (21.11)

$200,000 + 407 (49.69) 256 (31.26) 156 (19.05)  < 0.0001 6463 (92.26)
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gap in the literature regarding subcortical morphol-
ogy. Thus, the primary aim of the present study was to 
investigate the association of autistic traits in childhood, 
measured by parent reported SRS score, with subcortical 
brain morphology. Our second aim was to test whether 
any observed differences were robust to adjustment for 
co-occurring psychopathology, measured as total scores 
of externalising and internalising symptoms. To our 
knowledge, this is the first such study to examine this 
association within the general population and therefore 
represents a novel contribution to the current body of 
literature.

To summarise, in this study of school aged children in 
the ABCD cohort, we did not find strong evidence for an 
association of autistic traits with differences in the sub-
cortical volumes assessed, with results compatible with 
the null hypothesis and generally wide confidence inter-
vals throughout.

Whilst we observed lower absolute volumes of the 
NAcc and putamen in those scoring higher on the SRS, 
this attenuated towards the null once overall brain size 
was accounted for. As univariate analyses had demon-
strated children in the upper group of SRS scores had 
on average a lower ICV, this suggests the observed dif-
ferences were not beyond that of proportional differences 
in brain size of the children in our sample. This finding 
of a reduced global measure of brain volume is in line 
with other studies assessing the neural correlates of autis-
tic traits in epidemiological samples [27, 47]; however, it 

is important to note this is not consistent with findings 
from clinical populations [5, 13].

In the ABCD sample, being male or of white ethnicity 
was associated with higher SRS scores. It has been previ-
ously reported that in samples from the general popula-
tion, male children tend to have higher SRS scores than 
female [27, 38, 48]. In contrast, there is little published 
literature regarding distribution across ethnic groups, 
and therefore, this is an area which requires further 
investigation.

The existing literature is composed predominantly of 
studies using a case-cohort design. Most notably, findings 
from the ENGIMA consortium identified lower volumes 
of the pallidum, putamen, and NAcc in participants with 
autism compared to controls [9]. Post hoc analyses dem-
onstrated these differences were related to the degree of 
autism symptom severity, measured by scores extracted 
from the Autism Diagnostic Observation Schedule 
(ADOS) [49]. Although it must be noted that there are 
qualitative differences between the SRS and ADOS [50] 
and that these findings from the ENGIMA consortium 
have not yet been replicated, we had hypothesised we 
may see similar effects of a smaller magnitude focussed 
on these specific ROIs when examining the correlates 
of SRS scores in our sample. One possible explanation 
for our null results is that the differences in subcorti-
cal morphology observed in autism cases may represent 
neurobiology associated with a higher degree of autistic 
symptoms that meet the criteria for a clinical diagnosis.

Fig. 1 Histograms depicting distribution of Social Responsiveness Scale scores across study sample, stratified by sex
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A further study from the Generation R neuroimaging 
cohort, whilst predominantly focussed on cortical mor-
phology, examined one subcortical ROI in relation to 
autistic traits [26]. The authors utilised a sample from 
9- to 12-year-olds in the Netherlands (n = 2400), exam-
ining amygdala volume in relation to SRS scores. In line 
with our findings, amygdala volume was found to not 
differ significantly with SRS score when covariates were 
accounted for. In contrast, strong evidence was found for 
differences in metrics of cortical morphology, including 
lower gyrification, thickness, and surface area, suggesting 
that autistic traits in this sample are primarily associated 
with cortical, rather than subcortical ROI, differences.

Our second aim was to explore the role of co-occurring 
psychopathology, to understand if neural phenotypes 
were specific to autistic traits or simply a reflection of 
generalised psychopathology. Inclusion of these covari-
ates had little impact on effect estimates; however, given 
that we found little association with SRS scores alone and 
that univariate analyses did not demonstrate strong asso-
ciations of these covariates with our outcomes of interest, 
this is unsurprising.

It is important to note that whilst we did not detect sig-
nificant group differences in subcortical ROIs, it is pos-
sible these volumetric measures are not sensitive to what 
may be more subtle differences exerted by autistic traits 
in the general population. Aggregate measures such as 
volume do not fully capture the complexity of subcorti-
cal structures and may be insensitive to specific local 
effects, or obscure heterogeneous local effects by averag-
ing out subtle differences in shape [51]. This is particu-
larly true for phenotypes which are likely characterised 
by specific associations with functionally distinct sub-
fields of subcortical structures, such as traits of autism. 
Therefore, our lack of detectable volumetric differences 

Table 2 Results from univariate regression modelling of the 
association between covariates of interest and total subcortical 
volume

ICV intracranial volume

*Indicator variable

Total subcortical volume Total

B SE p value

Sex

Female

Male 4055.83 109.43  < 0.0001 7005 (100.00)

Age

Years 483.50 98.12  < 0.0001 7005 (100.00)

Ethnicity

White*

Black/African Ameri-
can

 − 3187.04 173.91  < 0.0001

Hispanic  − 1775.08 147.66  < 0.0001

Other  − 1338.85 182.72  < 0.0001 7005 (100.00)

Cognition

Raw score 58.08 3.27  < 0.0001 6769 (96.63)

SRS

Standardised score 4.66 14.55 0.7490 7005 (100.00)

Externalising symptoms

Standardised score  − 17.29 5.83 0.0030 7003 (100.00)

Internalising symptoms

Standardised score  − 0.02 5.60 0.9970 7003 (100.00)

ICV

mm3 0.03 0.00  < 0.0001 7003 (100.00)

Family income

$34,999 or less*

$99,999 or less 1586.39 169.03  < 0.0001

$199,999 or less 2415.20 172.49  < 0.0001

$200,000 + 3027.52 217.70  < 0.0001 6463 (92.26)

Table 3 Correlation between subcortical regions of interest

Thalamus Pallidum Caudate NAcc Putamen Hippocampus Amygdala

Thalamus 1

Pallidum 0.55 1

 < 0.00001

Caudate 0.52 0.51 1

 < 0.00001  < 0.00001

NAcc 0.41 0.48 0.47 1

 < 0.00001  < 0.00001  < 0.00001

Putamen 0.54 0.54 0.47 0.48 1

 < 0.00001  < 0.00001  < 0.00001  < 0.00001

Hippocampus 0.63 0.47 0.39 0.4 0.51 1

 < 0.00001  < 0.00001  < 0.00001  < 0.00001  < 0.00001

Amygdala 0.56 0.41 0.38 0.45 0.51 0.65 1

 < 0.00001  < 0.00001  < 0.00001  < 0.00001  < 0.00001  < 0.00001
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in subcortical ROIs may be due to analytic methods, 
which do not allow for these subtler differences to be 
assessed. Whilst no studies have specifically used shape-
based methods when assessing the subcortical correlates 
of autism, it has been demonstrated that for other neu-
robehavioral phenotypes, these methods provide more 
information than volumetric methods alone. For exam-
ple, a recent study examining the subcortical alterations 
associated with major depressive disorder found little dif-
ference in subcortical volumes, beyond that of lower hip-
pocampal volume [52]. In contrast, subsequent analyses 
using shaped-based methods identified specific effects 
localised to regions of the amygdala and hippocampus 
associated with patients in comparison to controls [53]. 

Complementary analyses, using shape-based analytic 
methods, will therefore be necessary to understand if 
autistic traits are associated with more sensitive markers 
of difference in subcortical morphology.

Limitations
When interpreting our findings, several limitations must 
be considered. Firstly, as the ABCD cohort excluded 
participants with a moderate or severe autism diagnosis 
(based on whether a child’s caregiver reported they did 
not attend mainstream school), the average severity of 
autistic traits will be artificially lower than in the gen-
eral population, and therefore, findings may be biased 
towards the null. Secondly, as information regarding 

Fig. 2 Forest plot depicting results from regression modelling of the 
association between the SRS and subcortical ROIs when adjusted 
for ICV. Corrected p values were generated using holm correction for 
multiple testing. NAcc: nucleus accumbens. Model 1 was adjusted for 
child age, sex, ethnicity, family income, and ABCD recruitment site. 
Model 2 was adjusted for the covariates included in model 1 with the 
addition of cognition score. Model 3 was adjusted for the covariates 
included in model 2 with the addition of externalising symptoms and 
internalising symptoms

Fig. 3 Forest plot depicting results from regression modelling of 
the association between the SRS and subcortical ROIs. Corrected p 
values were generated using holm correction for multiple testing. 
NAcc: nucleus accumbens. Model 1 was adjusted for child age, sex, 
ethnicity, family income, and ABCD recruitment site. Model 2 was 
adjusted for the covariates included in model 1 with the addition of 
cognition score. Model 3 was adjusted for the covariates included 
in model 2 with the addition of externalising symptoms and 
internalising symptoms
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whether children had received a clinical diagnosis of 
autism was not available, it was not possible to conduct 
sensitivity analyses excluding these participants. Thirdly, 
neuroimaging measures and SRS scores were not con-
temporaneous; however, given the relatively short time 
period between clinics, and that autistic traits have been 
shown to remain stable over time [54, 55], this will likely 
have had limited impact. Fourthly, it is important to note 
that the SRS is contaminated by general behavioural 
problems [50] and therefore may not be wholly indicative 
of autism-specific symptoms. For example, SRS scores 
have been shown to be higher when co-occurring condi-
tions are present, such as mood disorders [56], and child 
behaviour problems account for a significant propor-
tion of the variance in SRS scores [57]. In addition, the 
11-item SRS, rather than full 65-item SRS, was used in 
the ABCD cohort to reduce participant burden. Whilst 
the brief measure has been used previously [39], it is pos-
sible it may be a less sensitive marker of autistic traits 
than the full scale. This point, alongside the exclusion 
of participants with moderate/severe autism, may have 
reduced power to detect brain morphology correlates of 
autistic traits in this sample. It will be important to rep-
licate this analysis in samples fully representative of the 
general population to enrich the higher end of score dis-
tribution for these traits.

Fifthly, our analyses were based on sMRI data obtained 
at a single time point, limiting our analyses to a cross-
sectional design. Currently, there is limited longitudinal 
analysis of brain morphology outcomes associated with 
autistic traits in the general population, with a single 
study finding cortical morphology differences associated 
with autistic traits in the general population remain rela-
tively stable over time [28]. Interestingly, this finding is 
not consistent with studies examining brain morphology 
associated with an autism diagnosis, with differences in 
developmental trajectories of total brain volume and sub-
cortical morphology identified [19, 58]. It will therefore 
be important to replicate these previous epidemiological 
findings, and test associations in the context of subcor-
tical morphology. As the ABCD cohort is an ongoing, 
longitudinal study, it will provide the ideal sample to con-
tinue examining these trends as further data are released, 
to understand if autistic traits are associated with indi-
vidual or group differences in trajectories of subcortical 
volumes [59]. Finally, it is also important to note that 
neuroimaging phenotypes were derived using Free-
Surfer 5.3, as described in the ABCD Release Notes for 
Data Release 3.0 (https:// nda. nih. gov/ abcd/). As newer 
versions are now available, this must be considered as a 
source of heterogeneity if comparing study findings to 
those using updated software.

These limitations must be also contrasted against the 
multiple strengths of our study. Firstly, data were drawn 
from a large population-based cohort with autistic 
traits measured continuously. The use of a dimensional 
approach, rather than a case-cohort design, is better 
suited to the idea of an autism spectrum and allowed us 
to test whether the underlying subcortical neurobiology 
of these traits extends into the general population. In 
addition, the ABCD cohort is socioeconomically, ethni-
cally, and racially diverse, whilst being relatively homog-
enous regarding the age of participants. This allowed the 
generation of a representative estimate of the association 
of autistic traits with subcortical morphology, minimis-
ing the selection bias that has hindered previous studies 
in clinical samples. In addition, the wealth of phenotypic 
data available allowed us to control for all identified 
potential confounders of the exposure-outcome relation-
ship, a significant source of bias in existing studies. In 
addition, utilising data from the ABCD cohort allowed a 
large sample size, with a total of 7005 included partici-
pants, twofold greater than that of the largest published 
study in this area.

Conclusions
In conclusion, in our population-based sample of 9- to 
10-year-olds, we did not find evidence for an association 
between autistic traits and subcortical volumetric differ-
ences, with results across all models compatible with the 
null hypothesis. Although higher scores of the SRS were 
predictive of lower absolute volumes of the NAcc and 
putamen, these differences were not robust to correction 
for overall brain size.

Our findings suggest autistic traits are not associated 
with subcortical brain morphology in school-age chil-
dren from population-based samples. However, it will be 
important to replicate these findings in an independent 
cohort which includes individuals presenting with mod-
erate/severe autism, to enrich the higher end of score 
distribution for these traits, in addition to studying other 
metrics of brain morphology which may prove better tar-
gets when attempting to identify robust biomarkers of 
these traits.
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