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Autistic individuals generally demonstrate impaired emotion recognition but it is unclear whether effects are emotion-specific or
influenced by oxytocin receptor (OXTR) genotype. Here we implemented a dimensional approach using an implicit emotion
recognition task together with functional MRI in a large cohort of neurotypical adult participants (N = 255, male = 131, aged 17-29
years) to establish associations between autistic traits and neural and behavioral responses to specific face emotions, together with
modulatory effects of OXTR genotype. A searchlight-based multivariate pattern analysis (MVPA) revealed an extensive network of
frontal, basal ganglia, cingulate and limbic regions exhibiting significant predictability for autistic traits from patterns of responses
to angry relative to neutral expression faces. Functional connectivity analyses revealed a genotype interaction (OXTR SNPs
rs2254298, rs2268491) for coupling between the orbitofrontal cortex and mid-cingulate during angry expression processing, with a
negative association between coupling and autistic traits in the risk-allele group and a positive one in the non-risk allele group.
Overall, results indicate extensive emotion-specific associations primarily between patterns of neural responses to angry faces and
autistic traits in regions processing motivation, reward and salience but not in early visual processing. Functional connections
between these identified regions were not only associated with autistic traits but also influenced by OXTR genotype. Thus, altered
patterns of neural responses to threatening faces may be a potential biomarker for autistic symptoms although modulatory

influences of OXTR genotype need to be taken into account.
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INTRODUCTION

Individuals with autism spectrum disorder (ASD) typically exhibit
general problems in discriminating and responding appropriately
to face emotions [1-3], although it is unclear whether problems
are generalized or emotion-specific [4, 5]. While several meta-
analyses demonstrate impaired recognition across all face
emotions in ASD [1, 3], findings are not consistent, with some
studies reporting problems with only negative [6, 7] or positive [8]
emotions while others have found no evidence for impairments
[9-12]. This may reflect differences in tasks and the analytical
approaches used [4, 5]. Additionally, a recent large study has
reported that face emotion recognition impairments in ASD may
be primarily due to a low functioning sub-group [13].

Face emotion recognition engages diverse psychological
processes involving both subcortical and cortical circuitry
[14-16]. Studies on face emotion processing distinguish a ‘core
system’ implicated in visual processing and an ‘extended system’
for cognitive functions. The ‘core system’ is comprised of occipito-

temporal regions while the ‘extended system’ includes the parietal
cortex, orbitofrontal cortex (OFC), inferior frontal gyrus (IFG),
medial prefrontal cortex (mPFC), amygdala, insula, anterior
cingulate cortex (ACC), ventral striatum, and basal ganglia
[14, 15]. Both ‘core’ and ‘extended’ processing systems exhibit
atypical responses during face emotion recognition in ASD, with
hypo- and hyper-activation being reported to all or specific
emotional faces, particularly in the amygdala, fusiform face area,
superior temporal sulcus and mPFC [13, 17-21]. On the other
hand, some studies have found no differences in neural responses
to emotional faces in ASD [10, 22] or in only in a sub-type of ASD
individuals who also showed low face emotion recognition
abilities and more severe symptoms [13].

The variability in both behavioral and neuroimaging findings for
emotional face processing impairment in ASD may reflect the
large heterogeneity in this disorder as well as task and analytical
differences. For example, while the estimated heritability of ASD is
around 60-70%, over 200 specific risk genes identified [23, 24] and

'"The Clinical Hospital of Chengdu Brain Science Institute, MOE Key Laboratory for Neurolnformation, University of Electronic Science and Technology of China, Chengdu, Sichuan,
China. ?Brain Cognition and Brain Disease Institute (BCBDI), Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China. 3Southwest University,
Chongging, China. “Sichuan Normal University, Chengdu, Sichuan, China. *University of Stuttgart, Computational Digital Psychology, Interchange Forum for Reflecting on
Intelligent Systems, Stuttgart, Germany. ®Department of Molecular Psychology, Institute of Psychology and Education, Ulm University, Ulm, Germany. ”State Key Laboratory of
Brain and Cognitive Sciences, The University of Hongkong, Hongkong, China. ®These authors contributed equally: Xiaoxiao Zheng, Feng Zhou. ®email: yang.zhan@siat.ac.cn;

k.kendrick.uestc@gmail.com

Received: 13 September 2023 Revised: 14 March 2024 Accepted: 20 March 2024

Published online: 29 March 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02889-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02889-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02889-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02889-w&domain=pdf
http://orcid.org/0000-0002-4509-4026
http://orcid.org/0000-0002-4509-4026
http://orcid.org/0000-0002-4509-4026
http://orcid.org/0000-0002-4509-4026
http://orcid.org/0000-0002-4509-4026
http://orcid.org/0000-0003-1064-8866
http://orcid.org/0000-0003-1064-8866
http://orcid.org/0000-0003-1064-8866
http://orcid.org/0000-0003-1064-8866
http://orcid.org/0000-0003-1064-8866
http://orcid.org/0000-0001-8112-0837
http://orcid.org/0000-0001-8112-0837
http://orcid.org/0000-0001-8112-0837
http://orcid.org/0000-0001-8112-0837
http://orcid.org/0000-0001-8112-0837
http://orcid.org/0000-0002-9014-9671
http://orcid.org/0000-0002-9014-9671
http://orcid.org/0000-0002-9014-9671
http://orcid.org/0000-0002-9014-9671
http://orcid.org/0000-0002-9014-9671
http://orcid.org/0000-0002-1150-6344
http://orcid.org/0000-0002-1150-6344
http://orcid.org/0000-0002-1150-6344
http://orcid.org/0000-0002-1150-6344
http://orcid.org/0000-0002-1150-6344
http://orcid.org/0000-0002-0371-5904
http://orcid.org/0000-0002-0371-5904
http://orcid.org/0000-0002-0371-5904
http://orcid.org/0000-0002-0371-5904
http://orcid.org/0000-0002-0371-5904
https://doi.org/10.1038/s41398-024-02889-w
mailto:yang.zhan@siat.ac.cn
mailto:k.kendrick.uestc@gmail.com
www.nature.com/tp

X. Zheng et al.

heterogeneity in neural responses to social or other stimuli in ASD
may therefore be contributed to by differences in genotypic as
well as experiential contributions. In recent years there has been
increasing interest in the role of the hypothalamic neuropeptide
oxytocin in social cognition and ASD [25] with a number of studies
having reported modulation of face emotion processing following
intranasal administration of oxytocin in neurotypical individuals as
well as those with ASD [25-27]. Peripheral oxytocin concentrations
are decreased in children with ASD [28], and some clinical trials
have reported improved social symptoms following chronic
treatment with intranasal oxytocin [27, 29-31] and increased
visual attention towards emotional faces [27]. A number of single
nucleotide polymorphisms (SNPs) of the oxytocin receptor (OXTR)
are associated with ASD symptoms, and risk genes identified as
contributing to ASD influence oxytocin signaling [32, 33]. Evidence
has repeatedly linked the polymorphisms of the OXTR gene,
particularly the rs2254298, rs2268491, rs2268498, and rs53576
SNPs with autism, empathy, and social and emotional processing
[34-42]. The OXTR rs53576 SNP is also associated with general
sociability [43] and variations in rs2254298 may represent a trans-
diagnostic biomarker for social dysfunction [44]. Finally, reduced
amygdala and arousal responses to intranasal oxytocin are
modulated by OXTR genotype (both rs53576 and rs22542980)
[45].

Given the variability of both behavioral and neural findings
reported by studies in clinical populations of ASD individuals in
relation to emotion processing, and the likely contribution that
the well-known heterogeneity of such individuals diagnosed with
this disorder could have, the current study aimed to utilize a
Research Domain Criteria (RDoc) inspired dimensional approach
[46]. To this end we aimed to establish firstly whether autistic traits
per se in a large sample of neurotypical individuals (n = 255), not
diagnosed with ASD, are associated with general or emotion-
specific behavioral and neural responses to face expressions
(angry, fear, happy, neutral and sad) and secondly if there are
modulatory influences of their OXTR genotype. For the face
emotion recognition task we used an implicit task approach where
participants only had to identify the sex of individual displayed to
help avoid participants trying to consciously identify face
emotions during presentations in the MRI scanner rather than
simply process face emotion stimuli. By including a simple
requirement to identify the sex of the face presented we ensured
that participants paid attention to the stimuli. Explicit face
emotion recognition, where participants were required to actually
identify specific face emotions, was also tested subsequently
outside of the scanner to provide a measure of recognition
accuracy and speed. Neuroimaging analyses based on univariate
approaches have inherent limitations since they can only measure
associations between activity changes for specific voxels or
regions, so we therefore chose to use multivariate pattern analysis
(MVPA) [47]. MVPA can decode the multivariate information
contained in functional patterns using a classifier. By employing a
searchlight strategy with machine learning it can determine
differences in the patterns of activation exhibited which are
predictive of specific features of individuals using the patterns of
their neural responses to stimuli and without the potential bias of
prior voxel selection [47]. We therefore used MVPA to extract
information from locally distributed fMRI-based patterns of
activation during performance of a face emotion task to permit
a powerful fine-grained analysis of differences in extensive neural
activation patterns which are predictive of autistic traits. This
MVPA approach has been used in several previous studies
comparing small numbers of ASD and neurotypical individuals
[10, 22] but not in large scaled ones. Given that differences in
patterns of neural responses across multiple brain regions
identified by MVPA are likely to be influenced their functional
connectivities, we additionally used a univariate analysis to
investigate these. To assess potential modulatory effects of
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multiple OXTR genotypes on these ASQ-associated functional
connectivities we then investigated whether the ASQ associations
were modulated by individual OXTR genotype by examining the
influence of four SNPs associated with autism and social cognition
(rs2254298, rs2268491, rs2268498, rs53576) to determine whether
autistic trait (Autism spectrum quotient (ASQ)) [48, 49] associations
were genotype-dependent.

Overall, we hypothesized that there would be a negative
association between autistic traits and accuracy in identifying the
expressions but not the sex of emotional faces and that MVPA
would reveal that there are patterns of activity in both ‘core’ and
‘extended’ face processing regions in response to specific
emotions which are predictive of autistic trait scores. We also
hypothesized further analysis would reveal that the strength of
functional connectivity between regions identified by the MVPA as
predictive of autistic trait scores would be associated with these
scores in an OXTR genotype-dependent manner.

MATERIALS AND METHODS

Participants

255 neurotypical Han Chinese (male = 131; age range = 17-29 years,
mean age = SD=21.62 + 2.339 years) participants were enrolled (for
inclusion criteria see Supplementary). Sample size was not pre-determined
but post-hoc analysis showed that this sample size achieved >90% power
for a medium effect size in all types of statistical tests used in the data
analysis (calculated by G*Power v3.1.9.4). Participants reported being free
from current or past medical, neurological, or psychiatric conditions, and
no history of head injury or MRI contraindications. All volunteers were
required to abstain from alcohol, caffeine-containing drinks, cigarettes or
other psychoactive substances during the 24 h prior to the experiment.
Before the experiment all participants provided written informed consent.
The study was approved by the local ethics committee (Institutional
Review Board, University of Electronic Science and Technology of China)
and in accordance with the latest revision of the Declaration of Helsinki.
The study was part of a large-scale fMRI project composed of multiple task-
based paradigms investigating diverse questions including inhibitory
control [50, 51], imitation and the mirror neuron system [52] and pain
empathy [53, 54]. In contrast to these previous studies, the current one
aimed to establish associations between autistic traits and neural and
behavioral responses to specific face emotions, along with modulatory
effects of OXTR genotype.

A total of 26 participants were excluded due to failure to complete the
study (n=6), head movement (n =12; see fMRI data preprocessing for
details) or technical failures (incomplete data, n=38), leaving a final
experimental cohort of 229 participants (males = 114).

Experimental procedures

The experimental protocols are presented in Fig. 1a. Autistic traits were
assessed by the ASQ [48, 49] with Cronbach’s a scores in the present
sample being 0.744. The ASQ is a widely used measure of autistic traits in
both neurotypical and ASD individuals and comprises 50 self-report
questions. It is not intended as a diagnostic tool per se and total scores for
the level of autistic traits are calculated from responses to questions in five
different sub-domains (social skills, social communication, attention to
detail, attention switching and imagination). Total ASQ scores range from 0
and 50 with higher scores representing greater autistic traits and a
suggested clinical threshold of scores above 32 [48]. All participants
provided buccal swaps for analysis of OXTR (rs2254298, rs2268491,
rs2268498, rs53576) genotype (see Supplementary and [35]).

An event-related design implicit emotional face recognition task was
implemented during fMRI scanning. Fifty grayscale facial stimuli displaying
angry, fear, happy, neural or sad expressions (n =10 per category, 50%
male, each from different identities) were presented twice in two runs with
a different pseudorandom sequence for all participants for discrimination
of sex (see Fig. 1a for paradigm and Supplementary). About forty minutes
after fMRI scanning participants completed a surprise explicit face
recognition memory test to establish if they remembered the facial stimuli
presented during fMRI. This was used to assess possible associations
between autistic trait scores on the ASQ and accuracy and corresponding
response times (RT), but was not used in the analysis of the previous fMRI
responses (see supplementary and Fig. S1).

Translational Psychiatry (2024)14:168
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Fig. 1 Experimental protocol and the searchlight-based multivariate pattern analysis (MVPA). a The experimental protocols and event-
related implicit emotion recognition fMRI paradigm. b lllustration of the searchlight-based multivariate pattern analysis (MVPA). Three-voxel
radius spherical searchlights around center voxels were employed for each contrast separately, with individual beta maps as features to
predict participants’ ASQ scores. The optimal hyperplane was computed based on the multivariate pattern for 10 different iterations of a
training cohort of a sub-set of participants and another excluded subset (test set). Regional activation patterns which could robustly predict
autistic traits, pattern maps were corrected for multiple comparisons and a Pearson correlation analysis used to measure the correlation
between actual and predicted ASQ scores and those predicted by the MVPA.

MRI data acquisition and preprocessing

MRI data were acquired on a 3T GE MR750 system (General Electric,
Milwaukee, WI, USA). High-resolution whole-brain T1-weighted structural
MRI data were acquired to improve normalization of the functional images.
Task-based fMRI data were acquired during the implicit face recognition
task (lasted around 12 min, two sessions were implemented, each session
consisted of 173 volumes). Functional MRI data were preprocessed using
SPM12 (Statistical Parametric Mapping; http://www fil.ion.ucl.ac.uk/spm)
(see Supplementary for details).

Translational Psychiatry (2024)14:168

Analytic approach for behavioral data

During the fMRI implicit emotion recognition task, discrimination accuracy
for the sex of faces and RT were calculated. For the post-fMRI test,
recognition accuracy and RT for both the surprise face memory test and
explicit emotion recognition task, as well as ratings of arousal and intensity
were calculated. All RTs were calculated only for trials where accurate
identification of face sex or emotion was shown. Repeated measures
ANOVAs with emotion expression (angry, fear, sad, neutral, and happy) as
the within-subject factor were conducted to explore the main effect of
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emotion expression on behavioral indices. To further investigate if autistic
traits were associated with behavioral indices, correlational analyses
(Pearson) were conducted.

Analytic approach for MRI data

General linear model (GLM) analyses. First-level general linear models
(GLMs) for the task-based fMRI data included condition-specific regressors
of the 5 emotions (angry, fear, happy, neutral, and sad) were modelled to
generate main contrasts of interest (angry > neutral, fear > neutral, happy
> neutral, sad > neutral) and the six movement parameters were included
as nuisance regressors.

Pattern-based MVPA analyses and thresholding. To determine if local
activation patterns were predictive of autistic traits (ASQ scores), a whole-
brain (restricted to a grey matter mask) searchlight-based multivariate
machine-learning pattern analysis was implemented (see Fig. 1b for
illustration). Specifically, we employed a support vector regression (SVR)
algorithm  implemented in the Spider toolbox (http:/
people.kyb.tuebingen.mpg.de/spider) (linear kernel, C=1) with three-
voxel radius spherical searchlights around center voxels employed for each
contrast separately, with individual beta maps as features to predict
participants’ ASQ scores. The accuracy with which the significant neural
activation patterns in response to different face emotions identified by the
MVPA could be predictive of actual ASQ scores was determined by a
Pearson correlation analysis between the actual ASQ scores and those
predicted by the MVPA. The prediction performance was evaluated by a
tenfold cross-validation procedure during which all participants were
randomly assigned to 10 subsamples of 22 or 23 participants using
MATLAB’s cvpartition function. The optimal hyperplane was computed
based on the multivariate pattern of the labeled 206 or 207 participants
(training set) and then evaluated using the excluded 22 or 23 participants
(test set). This procedure was repeated 10 times with each subsample
being the testing set once. To identify regional activation patterns which
could robustly predict autistic traits, pattern maps were corrected for
multiple comparisons, within a grey matter mask based on false discovery
rate (FDR) and additionally taking into account multiple comparisons
involving the different face emotions (i.e. 4 contrasts) resulting in a
corrected threshold at a whole-brain voxel level of g=0.0125 FDR
corrected (two-sided).

Functional connectivity (FC) analyses and thresholding. To further explore
associations between autistic traits and FC in face-emotion processing
networks, and modulatory effects of OXTR genotype, seed-to-whole-brain
FC analyses with the contrasts exhibiting significant results from the MVPA
analyses were computed using generalized psychophysiological interac-
tions (gPPI) [55]. Seeds (6-mm spheres) were placed at peak coordinates of
significant clusters from the MVPA analyses. FC analysis firstly employed a
whole brain approach with a significance threshold of p < 0.05 peak-level
family-wise error (FWE) correction and a minimum voxel size of k> 10. To
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take into account the three different face emotions for which the MVPA
showed significant effects Bonferroni corrections (x3) were additionally
applied. Brain regions were identified using the Automated Anatomic
Labelling atlas 3 (AAL3) [56] as implemented in the WFU Pick Atlas (School
of Medicine, Winston-Salem, North Carolina).

Influence of OXTR genotype. Seed-region-specific connectivity maps were
entered into two-sample t-test models, with genotype group (i.e,
rs2254298- A+ vs. A- carriers), ASQ score as well as their interaction terms
as covariates. When significant genotype x ASQ interactions were found,
parameter estimates from the significant clusters were extracted to
visualize the interaction effects. Bonferroni corrections were applied for the
number of SNPs and alleles (i.e. 4 x 2=38).

RESULTS

Sample and genotyping

A total of 229 right-handed neurotypical Han Chinese participants
(male = 114; mean age = SD = 21.58 £ 2.343) were included in the
final analysis (see Fig. S2 for exclusion flowchart). Distribution of
the 4 OXTR (rs2254298, rs2268491, rs2268498, and rs53576)
genotypes were in the Hardy-Weinberg equilibrium (HWE) and
alleles of the SNPs were divided into two groups as in previous
studies [39, 45] to increase statistical power and avoid statistical
inference errors (see Table S1). Mean + SD total scores on the ASQ
were 21.44+5.60 (range 9-35). These ASQ scores are in good
agreement with our previous large-scale (n=280) study on
Chinese adult neurotypical individuals and there were also no
significant differences in ASQ scores between males (21.56 £ 5.42,
range 10-35) and females (21.32 +5.80, range 9-35) [37] (t-test
p = 0.747).

Behavioral results

Two participants were additionally excluded due to incomplete
data for the implicit emotion recognition task, leading to 227
participants (male = 112; mean age + SD=21.57 + 2.351 years)
included for behavioral data analyses. ANOVA results for the
implicit emotion recognition task showed a main effect of face
emotion for both accuracy (Fy 226 = 21.257, p <0.01, np2 =0.086)
and RTs (Fi214) = 24.747, p<0.01, n,° = 0.099). Post-hoc Bonfer-
roni corrected tests revealed that participants were less accurate
for discriminating the sex of individuals with negative emotional
expressions (angry, fear, and sad) compared to neutral and happy
faces (all ps < 0.049) (Fig. 2a). The RTs for all face emotions (angry,
fear, sad and happy) were significantly longer than for neutral
expressions (all ps < 0.002) (Fig. 2b). Overall these results suggest
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Fig.2 Behavioral results. Discrimination of face sex (a) accuracy rate and (b) response time (RT) during the implicit emotion recognition task

during fMRI scanning. *p < 0.05, **p < 0.01.
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Fig. 3 Results of MVPA analyses. Local brain regions that predict individual autistic traits revealed by MVPA analyses in a angry versus
neutral, b fear versus neutral, and c sad versus neutral contrasts. Statistical significant results were thresholded at whole-brain voxel level FDR
p < 0.0125 (two-sided). Color bar denotes prediction-outcome correlation. MVPA multivariate pattern analyses, dmPFC dorsal medial prefrontal
cortex, MFG middle frontal gyrus, OFC orbitofrontal cortex, PoCG postcentral gyrus, SFG superior frontal gyrus, L left, R = right.

that participants attentively processed the facial stimuli (i.e.
discriminated the sex of individual faces accurately) and that
presentation of negative emotional faces resulted in a lower
accuracy and longer RTs.

For the post fMRI emotion recognition memory task an ANOVA
revealed a significant main effect of emotion expression
(F(4,226) = 24359, p < 001, an = 0097) (F(4,226) = 24359, p < 001,
np2 =0.097). Post-hoc Bonferroni-corrected comparisons showed
participants remembered fearful, sad, and happy emotional faces
better than neutral and angry ones, and fearful faces better than
happy ones (see Supplementary Fig. S3). There was no main effect
of emotion for RTs (F(4,226) = 1.206, p = 0.305, 1, = 0.005).

Translational Psychiatry (2024)14:168

For emotion discrimination accuracy, an ANOVA revealed a
significant main effect of emotion expression (F(226 = 105.298,
p<0.01, np2:0.318). Post-hoc Bonferroni-corrected comparison
showed participants exhibited the highest discrimination accuracy
for happy faces and the lowest for fearful faces. For RTs there was
also a main effect of emotion expression (F( 226 = 140.011,
p<0.01, r],,2 =0.383) with the shortest RTs for neutral expression
faces and the longest for fearful ones. For arousal and intensity
ratings, ANOVAs revealed significant main effects of emotion
expression (Arousal: F(4 256 = 258318, p <0.01, np2 =0.533; Inten-
sity: Fia,206)=319.985, p<0.01, n,°=0.586) with post-hoc com-
parisons showing participants rated angry faces as the most

SPRINGER NATURE
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Table 1. FC modulated by OXTR genotype during processing of angry > neutral face emotion.
Region k t-value PrwE-0.05 Pcorrected X y z
rs2254298
seed: OFC (—39/57/-9)
MCC, R 14 5.10 0.006 0.018 15 —21 42
MCC, L/ MCC, R 23 5.05 0.007 0.021 0 -9 45
rs2268491
seed: OFC (-39/57/-9)
MCC, L/ MCC, R 24 5.11 0.005 0.015 0 =9 45
seed: Midbrain (3/—3/—18)
SMG, R 14 4.92 0.012 0.036 63 -39 30

Statistical significance thresholding was applied with whole-brain peak level at prwe < 0.05 and a minimum voxel size of k> 10. Bonferroni corrections (x3)
were additionally applied for the three different face emotions with significant patterns identified by MVPA.
OFC orbitofrontal cortex, MCC middle cingulate cortex, SMG supramarginal gyrus, L left, R right.

arousing and intense with neutral ones as the least. Arousal
ratings for sad faces were significantly lower compared with both
fearful and happy ones. (see Supplementary Fig. S4).

However, no significant associations were found between
explicit face emotion recognition accuracy or RTs or recognition
memory for faces or arousal or intensity ratings and ASQ scores
(see Supplementary).

Findings from MVPA analyses

The SVR-based MVPA analysis revealed activity patterns of the right
midbrain (extending into limbic areas) comprising the ventral
tegmental area (VTA), anterior cingulate cortex (ACC), hypothalamus
(MNIxyz = 3/—3/—18, k=140), the left anterior orbitofrontal cortex
(OFC) (MNIxyz = —39/57/—9, k=11), left caudate (MNIxyz = —3/—6/
0, k= 20), right dorsal medial frontal cortex (dmPFC; MNIxyz = 3/42/
42, k=12), left postcentral gyrus (PoCG; MNIxyz = —45/—33/51,
k=45), and the left superior frontal gyrus (SFG; MNIxyz = —21/63/0,
k=6) could accurately predict individual autistic traits during
processing of angry (versus neutral) expressions (Fig. 3a). Addition-
ally, during processing fear (versus neutral) expressions, individual
autistic trait scores could be decoded from activity in the left MFG
(MNL,y, = —36/18/42, k= 8) (Fig. 3b). Individual autistic-trait scores
could also be decoded from neural activity towards sad (versus
neutral) expressions in the left MFG (MNl,, = —36/24/33, k=7), the
right midbrain (MNl,,, = —3/—30/-9, k= 13), and left hypothalamus
(MNly, = —3/—3/-15, k= 30) (Fig. 3¢).

Analysis of FC associations with ASQ and influence of OXTR
genotype

The gPPI analyses using a seed-to-whole brain approach (seeds
defined according to the MVPA analyses) revealed no significant
(prwe < 0.05) FCs associated with trait autism during processing of
specific emotional faces irrespective of OXTR genotype. However,
there were significant interaction effects of ASQ and genotype for
rs2268491 and rs2254298 on FC during processing of angry
expressions.

Examination of rs2268491 genotype (T+/T—) x ASQ score
interactions revealed effects for the angry > neutral contrast in
coupling of left OFC (seed, x=—39, y =57, z= —9) with bilateral
MCC (MNIxyz = 0/—9/45, k=24, T=5.11, Prwe peak = 0.005;
pcorrected for number of significant face expressions = 0.015) (Table
1). Parameter estimates from the significant clusters extracted to
visualize interaction effects found opposite effects of ASQ scores
on FC strengths in the T+ and T- groups. Pearson tests (p values
Bonferonni corrected for the number of SNPs and alleles i.e. 4 x
2 = 8) revealed a positive association between ASQ and the FC
strength in the T- group and a negative association in the T+
group (T-- r=0318, pcorrected=0.004; T+: r=-0.321,
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pcorrected = 0.005) (Fig. 4). Additionally, ASQ and rs2268491
interactively impacted FC strengths between the right midbrain
(seed, x=3, y=-3, z=—-18) and right supramarginal gyrus
(SMG) (MNIxyz = 63/—39/30, k=14, T=14.92, prwe peak = 0.012,
pcorrected for number of significant face expressions = 0.036) (Table
1). Parameter estimates were subsequently extracted and showed
a positive association between ASQ and the FC strength in the T—
group but negative association in the T+ group (T—: r=0.263,
pcorrected for number of SNPs and alleles = 0.035; T+: r = —0.356,
pcorrected = 0.011) (Fig. 4).

Significant interaction effects of genotype of rs2254298
(A+/A—) x ASQ scores were also observed during processing
angry face emotion in FC between left OFC (seed, x = —39, y =57,
z=-9) and left MCC (extended to the right MCC) (MNIxyz = 0/
—9/45, k=23, T = 5.05, Prwe-peak = 0.007, pcorrected for number of
significant face expressions = 0.021), and additional clusters located
in the right MCC (MNIxyz = 15/—-21/42, k=14, T=5.10, prwe-
peak = 0.006, pcorrected =0.018) (Table 1). Parameter estimates
were extracted and further revealed opposite effects of ASQ on
these two couplings in A+ and A- carriers. ASQ was positively
associated with the left OFC - left MCC coupling in A- carriers while
A+ carriers exhibited a negative correlation (A-: r=0.329,
pcorrected for number of SNPs and alleles = 0.003; A+:
r=—0.311, pcorrected = 0.006) (Fig. 4). Likewise, for A- carriers
there was a positive correlation between autistic trait scores and
left OFC - right MCC coupling but a negative correlation was in A+
carriers (A-: r=0.399, pcorrected < 0.001; A+: r=—0.247, pcor-
rected = 0.032 one-tailed) (Fig. 4).

No significant interaction effects were observed for other seeds
nor during processing fear or sad expressions. The analyses for
SNPs rs53576 and rs2268498 did not yield any significant effects.

DISCUSSION

The current study aimed to identify the neural pattern predictive
of autistic traits during processing of different emotional faces and
potential modulatory effects of OXTR genotype. There were no
associations between trait autism and either implicit or explicit
face emotion recognition accuracy. However, the SVR-based MVPA
identified activity patterns that strikingly predicted individual
autistic traits during processing of angry emotional expressions in
regions involved in emotion, reward and salience, but not in early
visual, processing. As such, they indicate that higher autistic traits
tend to impact the ‘extended’ rather than the ‘core’ face emotion
processing system. A seed-based FC analyses revealed that two
OXTR SNPs (rs2254298, rs2268491) showed a modulatory effect on
OFC-MCC coupling during processing of angry faces. Overall,
these findings indicate that trait autism is predicted from
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Fig. 4 Interaction of autistic traits (ASQ) and OXTR genotype (rs2268491-top panel; rs2254298-bottom panel) on whole-brain FC during
the process of angry versus neutral emotion. a Seeds of interest, i.e. Midbrain and OFC. b Regions exhibiting significant effect of autistic trait
(measured by ASQ) on FC strength as a function of rs2268491 (Top panel) and rs2254298 (Bottom panel) genotypes respectively. ¢ Parameter
estimates from the significant interaction clusters extracted for visualization purpose. Statistical significance thresholding was applied with
whole-brain peak level at ppywe < 0.0125 and a minimum voxel size of k > 10 Bonferroni corrections (x3) were additionally applied for the three
different face emotions with significant patterns identified by MVPA. The p-value for A+ rs2254298 is one-tailed. ASQ autism spectrum
quotient, FC functional connectivity, OFC orbitofrontal cortex; MCC middle cingulate cortex, SMG supramarginal gyrus.

extensive altered patterns of neural activity and reduced
responses during processing of angry expressions in motivation,
reward and salience processing networks. The association
between FC of the OFC and MCC and angry faces is also OXTR
genotype-dependent.

Although we found overall evidence for negative emotional
expressions influencing recognition accuracy of sex and emotion
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expression as well as arousal and intensity ratings, there was no
evidence for associations between implicit or explicit face emotion
recognition performance and ASQ scores. This is in line with a
number of studies comparing autistic and neurotypical individuals
[9-12], although other studies have either reported general
impairment across face expressions or for negative or positive
emotions in ASD [1, 3]. Overall, the absence of any significant
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association between face emotion recognition and trait autism
may reflect our use of a dimensional approach, but it should also
be noted that discrimination accuracies were very high (>90%
except for fear), and associations with trait autism might have
been revealed with an increased task difficulty (see [50]). Another
possibility is that autistic traits have less of an effect on
discrimination/decoding of emotional faces and more on sub-
sequent cognitive and emotional processing. The absence of any
associations between trait autism and responses to emotional
faces in early visual processing regions may support this
interpretation.

The SVR-based MVPA revealed whole-brain neural representa-
tive relevant for autistic traits across all negative face emotion
expressions, although particularly for anger. Trait autism scores
were predicted by patterns across a wide network of cortical and
subcortical regions engaged in the ‘extended’ face emotion
network including those involved in emotion, motivation, reward
and salience processing. Predictive patterns were mainly found in
limbic regions (hypothalamus), the social salience system (ACC)
and most notably fronto-basal ganglia-midbrain reward systems
(dmPFC, SFG, MFG, OFC, caudate and VTA). The MVPA thus
revealed evidence for their spatial patterns of activity being
predictive of dimensional autistic traits. Notably, the MVPA was
not predictive of trait autism in the “core” occipital and temporal
cortex face emotion processing systems. This supports the
conclusion that later cognitive rather than early visual processing
of angry faces is sensitive to autistic traits.

Diminished patterns of activation and responses to angry faces
associated with higher autistic traits in limbic regions may indicate
reduced processing of threatening emotional stimuli [57, 58].
However, our MVPA analysis only revealed hypothalamic rather
than amygdala spatial patterns predicted autistic traits. The
hypothalamus, is involved in emotion processing [59-62], can
function as a valence detector and modulator [60, 63] and is
highly connected with the hippocampus and amygdala [64-66].
Hypothalamic morpho-functional differences have also been
reported in ASD [67].

The ACC in the brain salience network was also predictive of
trait autism during the processing of angry faces suggesting that
higher autistic trait individuals perceive threatening stimuli as less
salient. The ACC plays a central role in processing subjective
evaluation and emotional salience-associated with cognitive
processing, executive control and self-awareness [68-72] and
shows altered structure and function in ASD [72-74]. Two recent
electroencephalography studies have also reported differences in
cingulate and other cortical responses to angry faces in individuals
with ASD both in terms of patterns of synchronization associated
with symptom severity [75, 76] and evoked potentials in cingulate
and other cortical regions, potentially indicating impaired salience
processing.

The ability of patterns of activation in fronto-basal ganglia
circuitry to predict autistic trait scores is in line with the
“Dopamine Theory of ASD” [77, 78]. According to this theory,
the dysfunctional midbrain dopaminergic system which projects
to the prefrontal cortex and striatum via both mesocorticolimbic
(MCL) and nigrostriatal (NS) circuits leads to impaired reward
processing and motivation-related behavior along with altered
goal-directed motor behavior and habitual behavior, contributing
to core behavioral features of ASD. Although fronto-basal ganglia
circuitry plays an important role in reward and motivation, it also
transmits signals related to salient, but non-rewarding, experi-
ences such as aversive and alerting events and thus additionally
plays a crucial role in motivational control of either approach or
avoidance behavior [79]. Individuals with ASD tend to have
greater problems in recognizing angry expression faces rather
than other emotions independent of alexythmia [80] and children
with ASD exhibit an attentional bias away from angry faces at long
presentation rates with greater avoidance being associated with
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greater social communication difficulties [81]. Thus, in ASD, the
basic pre-dispositional mechanisms to allocate attention quickly
towards angry faces may be weaker [82]. However, given that we
only found patterns of activation in response to angry faces were
predictive of autistic trait scores in the ‘extended’ rather than the
‘core’ face processing network this would tend to support the
argument that greater autistic symptoms may primarily lead to
altered interpretation and responses to angry faces rather than
simply to reduced attention towards them. Indeed, in our
behavioral analyses accuracy and response times for identifying
the sex of face emotions did not reveal any problems specific to
angry emotion faces, again suggesting that participants did pay
attention to them. Thus, avoidance of angry faces in ASD may
have more to do with post-attentive cognitive and motivational
processing.

Our initial hypothesis that OXTR genotype would influence
associations between functional connectivity in neural circuitry
identified by the MVPA as predictive of autistic traits was
supported, in line with previous findings [83]. The intrinsic FC of
OFC-MCC and midbrain-SMG was dependent upon both autistic
traits and OXTR genotype (either rs2254298 or rs2268491) for
responses to angry faces. Carriers of the risk alleles of the SNPs (A
+ or T+) associated with social cognition dysfunction and ASD
[32, 39, 84] showed reduced FC in individuals with higher autistic
trait scores but increased connectivity in those carrying the non-
risk allele (A- or T-). The neural coupling of OFC to MCC may be
involved in reward and motivation processing given that the MCC
is known to play a critical role in both reward [58, 85-87] and
emotion [58, 88] processing. Connectivity between midbrain and
SMG may also play an important role in emotion processing [89],
especially for the negative emotions [90, 91]. Both SMG and MCC
are critical for social functioning in the context of ASD such as
empathic processing [43, 92, 93] and self-other distinction [83, 94]
and may contribute to representation and integration of internal
and emotional feeling states. A previous study has also reported a
genotype X autism symptom interaction for SMG responses
during face emotion recognition for rs2254298, rs2268491and
rs53576 OXTR SNPs [37]. The OXTR SNPs rs2268491and rs2254298
exhibit high linkage disequilibrium (LD) [32, 84] which may explain
their common modulatory effects.

There are some limitations to be noted. Firstly, the study
adopted a dimensional approach using only neurotypical indivi-
duals and measurement of trait autism using the ASQ and findings
should be confirmed in a clinical ASD population. Secondly, due to
current limitations of the MVPA model used, we were unable to
investigate whether autistic trait scores and OXTR genotype
interactions could predict neural patterns in response to
emotional faces. Thirdly, for the functional connectivity analysis
we only investigated effects of four OXTR SNPs and other OXTR
SNPs might have revealed additional influences on functional
connectivity. Lastly, although we hypothesized the potential
relevance of our findings to the “dopamine theory” or reduced
reward processing in ASD we did not specifically quantify changes
in dopamine or dopamine receptors in reward processing regions.

In conclusion, we used a validated implicit emotional face
recognition task and dimensional approach in a large cohort of
neurotypical individuals to demonstrate extensive evidence for
patterns of neural responses to angry (threatening) faces in
individuals which could predict autistic trait scores across
“extended” face emotion processing networks involved in
emotion, motivation and reward and salience but not in ‘core’
early visual processing ones. Functional connectivity changes in
the identified reward (OFC - MCC) and emotion (midbrain - SMG)
processing networks during angry face processing were depen-
dent upon OXTR genotype. One of the overall implications of
these findings may be that individuals with ASD process
threatening face expressions, such as anger, differently and
potentially in a way that could lead to inappropriate responses.
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Given that even neurotypical individuals show altered patterns of
neural responses to threatening emotional faces in cognitive and
emotion processing regions which predict their level of autistic
traits this may provide a potential neural diagnostic biomarker for
ASD. However, this needs to be established in future studies
investigating patterns of neural processing of emotional stimuli in
individuals diagnosed with ASD and it may also be important to
consider the modulating influence of OXTR genotype.

DATA AVAILABILITY

Behavioral data and statistical parametric maps at the group level from all fMRI
analyses are available via the Open Science Framework (https://osf.io/dqyfn/). Other
data can be obtained from the corresponding authors within the context of a formal
data sharing agreement. Analyses were conducted using standard processing scripts
in  SPM12  (wwwfilion.uclac.uk/spm),  the  Spider  toolbox  (http:/
people.kyb.tuebingen.mpg.de/spider) and SPSS 23 (IBM Corp. Released 2016. IBM
SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp).

REFERENCES

1. Lozier L, Vanmeter J, Marsh A. Impairments in facial affect recognition associated
with autism spectrum disorders: a meta-analysis. Dev Psychopath. 2014;26:1-13.
https://doi.org/10.1017/50954579414000479

2. McKenzie K, Murray AL, Wilkinson A, Murray GC, Metcalfe D, O'Donnell M, et al.
The relations between processing style, autistic-like traits, and emotion recog-
nition in individuals with and without Autism Spectrum Disorder. Pers Individ
Differ. 2018;120:1-6. https://doi.org/10.1016/j.paid.2017.08.007

3. Uljarevic M, Hamilton A. Recognition of emotions in autism: a formal meta-
analysis. J Aut Dev Disord. 2013;43:1517-26. https://doi.org/10.1007/s10803-012-
1695-5

4. Harms MB, Martin A, Wallace GL. Facial emotion recognition in autism spectrum
disorders: a review of behavioral and neuroimaging studies. Neuropsychol Rev.
2010;20:290-322. https://doi.org/10.1007/5s11065-010-9138-6

5. Yeung MK. A systematic review and meta-analysis of facial emotion recognition
in autism spectrum disorder: The specificity of deficits and the role of task
characteristics. Neurosci Biobehav Rev. 2022;133:104518. https://doi.org/10.1016/
j.neubiorev.2021.104518

6. Whitaker LR, Simpson A, Roberson D. Brief report: is impaired classification of
subtle facial expressions in children with autism spectrum disorders related to
atypical emotion category boundaries? J Aut Dev Disord. 2017;47:2628-34.
https://doi.org/10.1007/s10803-017-3174-5

7. Wingenbach TSH, Ashwin C, Brosnan M. Diminished sensitivity and specificity at
recognising facial emotional expressions of varying intensity underlie emotion-
specific recognition deficits in autism spectrum disorders. Res Autism Spect
Disord. 2017;34:52-61. https://doi.org/10.1016/j.rasd.2016.11.003

8. Sato W, Sawada R, Uono S, Yoshimura S, Kochiyama T, Kubota Y, et al. Impaired
detection of happy facial expressions in autism. Sci Rep. 2017;7:13340. https://
doi.org/10.1038/541598-017-11900-y

9. Castelli F. Understanding emotions from standardized facial expressions in aut-
ism and normal development. Autism. 2005;9:428-49. https://doi.org/10.1177/
1362361305056082

10. Hendriks MHA, Dillen C, Vettori S, Vercammen L, Daniels N, Steyaert J, et al.
Neural processing of facial identity and expression in adults with and without
autism: a multi-method approach. Neurolmage Clin. 2021;29:102520. https://
doi.org/10.1016/j.nicl.2020.102520

11. Jones CRG, Pickles A, Falcaro M, Marsden AJS, Happé F, Scott SK, et al. A multi-
modal approach to emotion recognition ability in autism spectrum disorders. J
Child  Psych  Psychiatry. 2011;52:275-85.  https://doi.org/10.1111/j.1469-
7610.2010.02328.x

12. Lacroix A, Guidetti M, Rogé B, Reilly J. Recognition of emotional and nonemotional
facial expressions: a comparison between Williams syndrome and autism. Res Dev
Disabil. 2009;30:976-85. https://doi.org/10.1016/j.ridd.2009.02.002

13. Meyer-Lindenberg H, Moessnang C, Oakley B, Ahmad J, Mason L, Jones EJH, et al.
Facial expression recognition is linked to clinical and neurofunctional differences
in autism. Mol Autism. 2022;13:43. https://doi.org/10.1186/s13229-022-00520-7

14. Adolphs R. Recognizing emotion from facial expressions: psychological and
neurological mechanisms. Behav Cog Neurosci Rev. 2002;1:21-62. https://doi.org/
10.1177/1534582302001001003

15. Haxby J, Hoffman E, Gobbini M. The distributed human neural system for face
perception. TICS. 2000;4:223-33. https://doi.org/10.1016/51364-6613(00)01482-0

16. Nomi JS, Uddin LQ. Face processing in autism spectrum disorders: from brain
regions to brain networks. Neuropsychologia. 2015;71:201-16. https://doi.org/
10.1016/j.neuropsychologia.2015.03.029

Translational Psychiatry (2024)14:168

X. Zheng et al.

17. Alaerts K, Woolley DG, Steyaert J, Di Martino A, Swinnen SP, Wenderoth N.
Underconnectivity of the superior temporal sulcus predicts emotion recognition
deficits in autism. Soc Cog Affect Neurosci. 2014;9:1589-1600. https://doi.org/
10.1093/scan/nst156

18. Philip RCM, Dauvermann MR, Whalley HC, Baynham K, Lawrie SM, Stanfield AC. A
systematic review and meta-analysis of the fMRI investigation of autism spectrum
disorders. Neurosci Biobehav Rev. 2012;36:901-42. https://doi.org/10.1016/
j.neubiorev.2011.10.008

19. Rahko JS, Paakki JJ, Starck TH, Nikkinen J, Pauls DL, Katsyri JV, et al. Valence
scaling of dynamic facial expressions is altered in high-functioning subjects with
autism spectrum disorders: an fMRI study. J Autism Dev Dis. 2012;42:1011-24.
https://doi.org/10.1007/s10803-011-1332-8

20. Scherf KS, Elbich D, Minshew N, Behrmann M. Individual differences in symptom
severity and behavior predict neural activation during face processing in ado-
lescents with autism. Neurolmage Clin. 2015;7:53-67. https://doi.org/10.1016/
j.nicl.2014.11.003

21. Weisberg J, Milleville SC, Kenworthy L, Wallace GL, Gotts SJ, Beauchamp MS, et al.
Social perception in autism spectrum disorders: impaired category selectivity for
dynamic but not static images in ventral temporal cortex. Cereb Cortex.
2014;24:37-48. https://doi.org/10.1093/cercor/bhs276

22. Kliemann D, Richardson H, Anzellotti S, Ayyash D, Haskins A, Gabrieli JDE, et al.
Cortical responses to dynamic emotional facial expressions generalize across
stimuli, and are sensitive to task-relevance, in adults with and without Autism.
Cortex. 2018;103:24-43. https://doi.org/10.1016/j.cortex.2018.02.006

23. Gonatopoulos-Pournatzis T, Wu M, Braunschweig U, Roth J, Han H, Best AJ, et al.
Genome-wide CRISPR-Cas9 interrogation of splicing networks reveals a
mechanism for recognition of autism-misregulated neuronal microexons. Mol
Cell. 2018;72:10-524.e12. https://doi.org/10.1016/j.molcel.2018.10.008

24. Wei H, Zhu Y, Wang T, Zhang X, Zhang K, Zhang Z. Genetic risk factors for autism-
spectrum disorders: a systematic review based on systematic reviews and meta-
analysis. J Neural Transm. 2021;128:717-34. https://doi.org/10.1007/500702-021-
02360-w

25. Kendrick KM, Guastella AJ, Becker B. Overview of human oxytocin research. Curr
Top Behav Neurosci. 2018;35:321-48. https://doi.org/10.1007/7854_2017_19

26. Ellenbogen MA. Oxytocin and facial emotion recognition. Curr Top Behav Neu-
rosci. 2018;35:349-74. https://doi.org/10.1007/7854_2017_20

27. Le J, Zhang L, Zhao W, Zhu S, Lan C, Kou J, et al. Infrequent intranasal oxytocin
followed by positive social interaction improves symptoms in autistic children: a
pilot randomized clinical trial. Psychother Psychosom. 2022;91:335-47. https://
doi.org/10.1159/000524543

28. John S, Jaeggi AV. Oxytocin levels tend to be lower in autistic children: a meta-
analysis of 31 studies. Autism. 2021;25:2152-61. https://doi.org/10.1177/
13623613211034375

29. Parker KJ, Oztan O, Libove RA, Sumiyoshi RD, Jackson LP, Karhson DS, et al.
Intranasal oxytocin treatment for social deficits and biomarkers of response in
children with autism. Proc Natl Acad Sci USA. 2017;114:8119-24. https://doi.org/
10.1073/pnas.1705521114

30. Yamasue H, Kojima M, Kuwabara H, Kuroda M, Matsumoto K, Kanai C, et al. Effect
of a novel nasal oxytocin spray with enhanced bioavailability on autism: a ran-
domized trial. Brain. 2022;145:490-9. https://doi.org/10.1093/brain/awab291

31. Yatawara CJ, Einfeld SL, Hickie IB, Davenport TA, Guastella AJ. The effect of
oxytocin nasal spray on social interaction deficits observed in young children
with autism: a randomized clinical crossover trial. Mol Psychiatry.
2016;21:1225-31. https://doi.org/10.1038/mp.2015.162

32. LoParo D, Waldman I. The oxytocin receptor gene (OXTR) is associated with
autism spectrum disorder: a meta-analysis. Mol Psychiatry. 2014;20:640-6. https://
doi.org/10.1038/mp.2014.77

33. Wang T, Zhao T, Liu L, Teng H, Fan T, Li Y, et al. Integrative analysis prioritised
oxytocin-related biomarkers associated with the aetiology of autism spectrum dis-
order. EBioMedicine. 2022;81:104091. https://doi.org/10.1016/j.ebiom.2022.104091

34. Feldman R, Monakhov M, Pratt M, Ebstein RP. Oxytocin pathway genes: evolutionary
ancient system impacting on human affiliation, sociality, and psychopathology. Biol
Psychiatry. 2016;79:174-84. https://doi.org/10.1016/j.biopsych.2015.08.008

35. Jurek B, Neumann ID. The oxytocin receptor: from intracellular signaling to behavior.
Physiol Rev. 2018;98:1805-908. https://doi.org/10.1152/physrev.00031.2017

36. Luo S, Ma Y, Liu Y, Li B, Wang C, Shi Z, et al. Interaction between oxytocin
receptor polymorphism and interdependent culture values on human empathy.
Soc Cog Affect Neurosci. 2015;10:1273-81. https://doi.org/10.1093/scan/nsv019

37. Montag C, Sindermann C, Melchers M, Jung S, Luo R, Becker B, et al. A functional
polymorphism of the OXTR gene is associated with autistic traits in Caucasian
and Asian populations. Am J Med Gen Part B: Neuropsychiatr Gen.
2017;174:808-16. https://doi.org/10.1002/ajmg.b.32596

38. Tops S, Habel U, Radke S. Genetic and epigenetic regulatory mechanisms of the
oxytocin receptor gene (OXTR) and the (clinical) implications for social behavior.
Horm Behav. 2019;108:84-93. https://doi.org/10.1016/j.yhbeh.2018.03.002

SPRINGER NATURE


https://osf.io/dqyfn/
http://www.fil.ion.ucl.ac.uk/spm
http://people.kyb.tuebingen.mpg.de/spider
http://people.kyb.tuebingen.mpg.de/spider
https://doi.org/10.1017/S0954579414000479
https://doi.org/10.1016/j.paid.2017.08.007
https://doi.org/10.1007/s10803-012-1695-5
https://doi.org/10.1007/s10803-012-1695-5
https://doi.org/10.1007/s11065-010-9138-6
https://doi.org/10.1016/j.neubiorev.2021.104518
https://doi.org/10.1016/j.neubiorev.2021.104518
https://doi.org/10.1007/s10803-017-3174-5
https://doi.org/10.1016/j.rasd.2016.11.003
https://doi.org/10.1038/s41598-017-11900-y
https://doi.org/10.1038/s41598-017-11900-y
https://doi.org/10.1177/1362361305056082
https://doi.org/10.1177/1362361305056082
https://doi.org/10.1016/j.nicl.2020.102520
https://doi.org/10.1016/j.nicl.2020.102520
https://doi.org/10.1111/j.1469-7610.2010.02328.x
https://doi.org/10.1111/j.1469-7610.2010.02328.x
https://doi.org/10.1016/j.ridd.2009.02.002
https://doi.org/10.1186/s13229-022-00520-7
https://doi.org/10.1177/1534582302001001003
https://doi.org/10.1177/1534582302001001003
https://doi.org/10.1016/S1364-6613(00)01482-0
https://doi.org/10.1016/j.neuropsychologia.2015.03.029
https://doi.org/10.1016/j.neuropsychologia.2015.03.029
https://doi.org/10.1093/scan/nst156
https://doi.org/10.1093/scan/nst156
https://doi.org/10.1016/j.neubiorev.2011.10.008
https://doi.org/10.1016/j.neubiorev.2011.10.008
https://doi.org/10.1007/s10803-011-1332-8
https://doi.org/10.1016/j.nicl.2014.11.003
https://doi.org/10.1016/j.nicl.2014.11.003
https://doi.org/10.1093/cercor/bhs276
https://doi.org/10.1016/j.cortex.2018.02.006
https://doi.org/10.1016/j.molcel.2018.10.008
https://doi.org/10.1007/s00702-021-02360-w
https://doi.org/10.1007/s00702-021-02360-w
https://doi.org/10.1007/7854_2017_19
https://doi.org/10.1007/7854_2017_20
https://doi.org/10.1159/000524543
https://doi.org/10.1159/000524543
https://doi.org/10.1177/13623613211034375
https://doi.org/10.1177/13623613211034375
https://doi.org/10.1073/pnas.1705521114
https://doi.org/10.1073/pnas.1705521114
https://doi.org/10.1093/brain/awab291
https://doi.org/10.1038/mp.2015.162
https://doi.org/10.1038/mp.2014.77
https://doi.org/10.1038/mp.2014.77
https://doi.org/10.1016/j.ebiom.2022.104091
https://doi.org/10.1016/j.biopsych.2015.08.008
https://doi.org/10.1152/physrev.00031.2017
https://doi.org/10.1093/scan/nsv019
https://doi.org/10.1002/ajmg.b.32596
https://doi.org/10.1016/j.yhbeh.2018.03.002

X. Zheng et al.

10

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

Uzefovsky F, Bethlehem RAI, Shamay-Tsoory S, Ruigrok A, Holt R, Spencer M, et al.
The oxytocin receptor gene predicts brain activity during an emotion recognition
task in autism. Mol Autism. 2019;10:12. https://doi.org/10.1186/s13229-019-0258-
4

Wu S, Jia M, Ruan Y, Liu J, Guo Y, Shuang M, et al. Positive association of the
oxytocin receptor gene (OXTR) with autism in the Chinese Han population. Biol
Psychiatry. 2005;58:74-77. https://doi.org/10.1016/j.biopsych.2005.03.013

Yang S, Dong X, Guo X, Han Y, Song H, Gao L, et al. Serum oxytocin levels and an
oxytocin receptor gene polymorphism (rs2254298) indicate social deficits in
children and adolescents with autism spectrum disorders. Front Neurosci.
2017;11:221. https://doi.org/10.3389/fnins.2017.00221

Zimmermann J, Deris N, Montag C, Reuter M, Felten A, Becker B, et al. A common
polymorphism on the oxytocin receptor gene (rs2268498) and resting-state
functional connectivity of amygdala subregions—a genetic imaging study.
Neurolmage. 2018;179:1-10. https://doi.org/10.1016/j.neuroimage.2018.06.014

Li J, Zhao Y, Li R, Broster LS, Zhou C, Yang S. Association of oxytocin receptor
gene (OXTR) rs53576 polymorphism with sociality: a meta-analysis. PLoS ONE.
2015;10:¢0131820. https://doi.org/10.1371/journal.pone.0131820

Briine M. Does the oxytocin receptor polymorphism (rs2254298) confer “vul-
nerability” for psychopathology or “differential susceptibility”? Insights from
evolution. BMC Med. 2012;10:38. https://doi.org/10.1186/1741-7015-10-38

Kou J, Zhang Y, Zhou F, Sindermann C, Montag C, Becker B, et al. A randomized
trial shows dose-frequency and genotype may determine the therapeutic efficacy
of intranasal oxytocin. Psychol Med. 2022;52:1959-68. https://doi.org/10.1017/
50033291720003803

Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, et al. Research
domain criteria (RDoC): toward a new classification framework for research on
mental disorders. Am J Psychiatry. 2010;167:748-51. https://doi.org/10.1176/
appi.ajp.2010.09091379

Liu M. Screening adults for Asperger syndrome and high-functioning autism by
using the autism-spectrum quotient (AQ) (Mandarin version). Bull Spec Educ.
2008;33:73-92.

Kriegeskorte N, Goebel R, Bandettini P. Information-based functional brain
mapping. Proc Natl Acad Sci USA. 2006;103:3863-8. https://doi.org/10.1073/
pnas.0600244103

Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E. The Autism-
Spectrum Quotient (AQ): evidence from asperger syndrome/high-functioning
autism, males and females, scientists and mathematicians. J Autism Dev Dis.
2001;31:5-17. https://doi.org/10.1023/A:1005653411471

Zhuang Q, Xu L, Zhou F, Yao S, Zheng X, Zhou X, et al. Segregating domain-general
from emotional context-specific inhibitory control systems - ventral striatum and
orbitofrontal cortex serve as emotion-cognition integration hubs. Neuroimage.
2021;238:118269. https://doi.org/10.1016/j.neuroimage.2021.118269

Zhuang Q, Qiao L, Xu L, Yao S, Chen S, Zheng X, et al. The right inferior frontal
gyrus as pivotal node and effective regulator of the basal ganglia-thalamocortical
response inhibition circuit. Psychoradiology. 2023;3:kkad016. https://doi.org/
10.1093/psyrad/kkad016

Xu L, Zheng X, Yao S, Li J, Fu M, Li K, et al. The mirror neuron system compensates
for amygdala dysfunction - associated social deficits in individuals with higher
autistic  traits.  Neuroimage.  2022;251:119010.  https://doi.org/10.1016/
j.neuroimage.2022.119010

Li J, Xu L, Zheng X, Fu M, Zhou F, Xu X, et al. Common and dissociable con-
tributions of alexithymia and autism to domain-specific interoceptive dysregu-
lations: a dimensional neuroimaging approach. Psychother Psychosom.
2019;88:187-9. https://doi.org/10.1159/000495122

Zhou F, Li J, Zhao W, Xu L, Zheng X, Fu M, et al. Empathic pain evoked by sensory
and emotional-communicative cues share common and process-specific neural
representations. Elife. 2020;9:e56929. https://doi.org/10.7554/eLife.56929
McLaren DG, Ries ML, Xu G, Johnson SC. A generalized form of context-dependent
psychophysiological interactions (gPPI): a comparison to standard approaches.
Neurolmage. 2012;61:1277-86. https://doi.org/10.1016/j.neuroimage.2012.03.068
Rolls ET, Huang C-C, Lin C-P, Feng J, Joliot M. Automated anatomical labelling atlas 3.
Neurolmage. 2020;206:116189. https://doi.org/10.1016/j.neuroimage.2019.116189
Rolls ET. Limbic systems for emotion and for memory, but no single limbic
system. Cortex. 2015;62:119-57. https://doi.org/10.1016/j.cortex.2013.12.005
Rolls ET. The cingulate cortex and limbic systems for emotion, action, and
memory. Brain Struct Funct. 2019;224:3001-18. https://doi.org/10.1007/500429-
019-01945-2

Davidson RJ. Toward a biology of personality and emotion. Ann N Y Acad Sci.
2001;935:191-207. https://doi.org/10.1111/j.1749-6632.2001.tb03481.x

Karlsson KA, Windischberger C, Gerstl F, Mayr W, Siegel JM, Moser E. Modulation
of hypothalamus and amygdalar activation levels with stimulus valence. Neuro-
Image. 2010;51:324-8. https://doi.org/10.1016/j.neuroimage.2010.02.029

Kober H, Barrett LF, Joseph J, Bliss-Moreau E, Lindquist K, Wager TD. Functional
grouping and cortical-subcortical interactions in emotion: A meta-analysis of

SPRINGER NATURE

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

neuroimaging studies. Neurolmage. 2008;42:998-1031. https://doi.org/10.1016/
j.neuroimage.2008.03.059

Phan KL, Wager T, Taylor SF, Liberzon I. Functional neuroanatomy of emotion: a
meta-analysis of emotion activation studies in PET and fMRI. Neurolmage.
2002;16:331-48. https://doi.org/10.1006/nimg.2002.1087

Habel U, Windischberger C, Derntl B, Robinson S, Kryspin-Exner I, Gur RC, et al.
Amygdala activation and facial expressions: explicit emotion discrimination ver-
sus implicit emotion processing. Neuropsychologia. 2007;45:369-2377. https://
doi.org/10.1016/j.neuropsychologia.2007.01.023

Herman JP, Cullinan WE. Neurocircuitry of stress: central control of the
hypothalamo-pituitary-adrenocortical axis. TINS. 1997;20:78-84. https://doi.org/
10.1016/50166-2236(96)10069-2

Hikosaka O, Bromberg-Martin E, Hong S, Matsumoto M. New insights on the
subcortical representation of reward. Curr Op Neurobiol. 2008;18:203-8. https://
doi.org/10.1016/j.conb.2008.07.002

Price JL. Comparative aspects of amygdala connectivity. Ann N Y Acad Sci.
2003;985:50-8. https://doi.org/10.1111/j.1749-6632.2003.tb07070.x

Caria A, Ciringione L, de Falco S. Morphofunctional alterations of the hypotha-
lamus and social behavior in autism spectrum disorders. Brain Sci. 2020;10:E435
https://doi.org/10.3390/brainsci10070435

Bush G, Luu P, Posner MI. Cognitive and emotional influences in anterior cingulate
cortex. TICS. 2000;4:215-22. https://doi.org/10.1016/S1364-6613(00)01483-2

Carrillo M, Han Y, Migliorati F, Liu M, Gazzola V, Keysers C. Emotional mirror
neurons in the Rat's anterior cingulate cortex. Curr Biol. 2019;29:1301-1312.e6.
https://doi.org/10.1016/j.cub.2019.03.024

Davis KD, Taylor KS, Hutchison WD, Dostrovsky JO, McAndrews MP, Richter EO,
et al. Human anterior cingulate cortex neurons encode cognitive and emotional
demands. J Neurosci. 2005;25:8402-6. https://doi.org/10.1523/JNEUROSCI.2315-
05.2005

Lane RD, Reiman EM, Axelrod B, Yun LS, Holmes A, Schwartz GE. Neural correlates
of levels of emotional awareness. Evidence of an interaction between emotion
and attention in the anterior cingulate cortex. J Cogn Neurosci. 1998;10:525-35.
https://doi.org/10.1162/089892998562924

Lukito S, Norman L, Carlisi C, Radua J, Hart H, Simonoff E, et al. Comparative meta-
analyses of brain structural and functional abnormalities during cognitive control
in attention-deficit/hyperactivity disorder and autism spectrum disorder. Psychol
Med. 2020;50:894-919. https://doi.org/10.1017/50033291720000574

Agam Y, Joseph RM, Barton JJS, Manoach DS. Reduced cognitive control of
response inhibition by the anterior cingulate cortex in autism spectrum disorders.
Neurolmage. 2010;52:336-47. https://doi.org/10.1016/j.neuroimage.2010.04.010
Laidi C, Boisgontier J, de Pierrefeu A, Duchesnay E, Hotier S, d’Albis M-A, et al.
Decreased cortical thickness in the anterior cingulate cortex in adults with autism.
J Autism Dev Disord. 2019;49:1402-9. https://doi.org/10.1007/510803-018-3807-3
Leung RC, Pang EW, Brian JA, Taylor MJ. Happy and angry faces elicit atypical neural
activation in children with autism spectrum disorder. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2019;4:1021-30. https://doi.org/10.1016/j.bpsc.2019.03.013

Van der Donck S, Dzhelyova M, Vettori S, Mahdi SS, Claes P, Steyaert J, et al. Rapid
neural categorization of angry and fearful faces is specifically impaired in boys
with autism spectrum disorder. J Child Psychol Psychiatry. 2020;61:1019-29.
https://doi.org/10.1111/jcpp.13201

Paval D. A dopamine hypothesis of autism spectrum disorder. Dev Neurosci.
2017;39:355-60. https://doi.org/10.1159/000478725

Paval D, Miclutia IV. The dopamine hypothesis of autism spectrum disorder
revisited: current status and future prospects. Dev Neurosci. 2021;43:73-83.
https://doi.org/10.1159/000515751

Bromberg-Martin ES, Matsumoto M, Hikosaka O. Dopamine in motivational
control: rewarding, aversive, and alerting. Neuron. 2010;68:815-34. https://
doi.org/10.1016/j.neuron.2010.11.022

Keating CT, Fraser DS, Sowden S, Cook JL. Differences between autistic and non-
autistic adults in the recognition of anger from facial motion remain after con-
trolling for alexithymia. J Autism Dev Disord. 2022;52:1855-71. https://doi.org/
10.1007/s10803-021-05083-9

Garcia-Blanco A, Lépez-Soler C, Vento M, Garcia-Blanco MC, Gago B, Perea M.
Communication deficits and avoidance of angry faces in children with autism
spectrum disorder. Res Dev Disabil. 2017;62:218-26. https://doi.org/10.1016/
j.ridd.2017.02.002

Isomura T, Ito H, Ogawa S, Masataka N. Absence of predispositional attentional
sensitivity to angry faces in children with autism spectrum disorders. Sci Rep.
2014;4:7525 https://doi.org/10.1038/srep07525

Hoffmann F, Koehne S, Steinbeis N, Dziobek I, Singer T. Preserved self-other
distinction during empathy in autism is linked to network integrity of right
supramarginal gyrus. J Autism Dev Dis. 2016;46:637-48. https://doi.org/10.1007/
$10803-015-2609-0

Baribeau DA, Dupuis A, Paton TA, Scherer SW, Schachar RJ, Arnold PD, et al.
Oxytocin receptor polymorphisms are differentially associated with social abilities

Translational Psychiatry (2024)14:168


https://doi.org/10.1186/s13229-019-0258-4
https://doi.org/10.1186/s13229-019-0258-4
https://doi.org/10.1016/j.biopsych.2005.03.013
https://doi.org/10.3389/fnins.2017.00221
https://doi.org/10.1016/j.neuroimage.2018.06.014
https://doi.org/10.1371/journal.pone.0131820
https://doi.org/10.1186/1741-7015-10-38
https://doi.org/10.1017/S0033291720003803
https://doi.org/10.1017/S0033291720003803
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.1073/pnas.0600244103
https://doi.org/10.1073/pnas.0600244103
https://doi.org/10.1023/A:1005653411471
https://doi.org/10.1016/j.neuroimage.2021.118269
https://doi.org/10.1093/psyrad/kkad016
https://doi.org/10.1093/psyrad/kkad016
https://doi.org/10.1016/j.neuroimage.2022.119010
https://doi.org/10.1016/j.neuroimage.2022.119010
https://doi.org/10.1159/000495122
https://doi.org/10.7554/eLife.56929
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1016/j.neuroimage.2019.116189
https://doi.org/10.1016/j.cortex.2013.12.005
https://doi.org/10.1007/s00429-019-01945-2
https://doi.org/10.1007/s00429-019-01945-2
https://doi.org/10.1111/j.1749-6632.2001.tb03481.x
https://doi.org/10.1016/j.neuroimage.2010.02.029
https://doi.org/10.1016/j.neuroimage.2008.03.059
https://doi.org/10.1016/j.neuroimage.2008.03.059
https://doi.org/10.1006/nimg.2002.1087
https://doi.org/10.1016/j.neuropsychologia.2007.01.023
https://doi.org/10.1016/j.neuropsychologia.2007.01.023
https://doi.org/10.1016/s0166-2236(96)10069-2
https://doi.org/10.1016/s0166-2236(96)10069-2
https://doi.org/10.1016/j.conb.2008.07.002
https://doi.org/10.1016/j.conb.2008.07.002
https://doi.org/10.1111/j.1749-6632.2003.tb07070.x
https://doi.org/10.3390/brainsci10070435
https://doi.org/10.1016/S1364-6613(00)01483-2
https://doi.org/10.1016/j.cub.2019.03.024
https://doi.org/10.1523/JNEUROSCI.2315-05.2005
https://doi.org/10.1523/JNEUROSCI.2315-05.2005
https://doi.org/10.1162/089892998562924
https://doi.org/10.1017/S0033291720000574
https://doi.org/10.1016/j.neuroimage.2010.04.010
https://doi.org/10.1007/s10803-018-3807-3
https://doi.org/10.1016/j.bpsc.2019.03.013
https://doi.org/10.1111/jcpp.13201
https://doi.org/10.1159/000478725
https://doi.org/10.1159/000515751
https://doi.org/10.1016/j.neuron.2010.11.022
https://doi.org/10.1016/j.neuron.2010.11.022
https://doi.org/10.1007/s10803-021-05083-9
https://doi.org/10.1007/s10803-021-05083-9
https://doi.org/10.1016/j.ridd.2017.02.002
https://doi.org/10.1016/j.ridd.2017.02.002
https://doi.org/10.1038/srep07525
https://doi.org/10.1007/s10803-015-2609-0
https://doi.org/10.1007/s10803-015-2609-0

across neurodevelopmental disorders. Sci Rep. 2017;7:11618. https://doi.org/
10.1038/541598-017-10821-0

85. Fujiwara J, Tobler PN, Taira M, lijima T, Tsutsui KI. Segregated and integrated
coding of reward and punishment in the cingulate cortex. J Neurophysiol.
2009;101:3284-93. https://doi.org/10.1152/jn.90909.2008

86. Liu X, Hairston J, Schrier M, Fan J. Common and distinct networks underlying
reward valence and processing stages: A meta-analysis of functional neuroima-
ging studies. Neurosci Biobehav Rev. 2011;35:1219-36. https://doi.org/10.1016/
j.neubiorev.2010.12.012

87. Schneider M, Leuchs L, Czisch M, Sdmann PG, Spoormaker VI. Disentangling
reward anticipation with simultaneous pupillometry / fMRI. Neurolmage.
2018;178:11-22. https://doi.org/10.1016/j.neuroimage.2018.04.078

88. Pereira MG, de Oliveira L, Erthal FS, Joffily M, Mocaiber IF, Volchan E, et al.
Emotion affects action: Midcingulate cortex as a pivotal node of interaction
between negative emotion and motor signals. Cogn Affect Behav Neurosci.
2010;10:94-106. https://doi.org/10.3758/CABN.10.1.94

89. Heberlein AS, Saxe RR. Dissociation between emotion and personality judgments:
convergent evidence from functional neuroimaging. Neurolmage. 2005;28:770-7.
https://doi.org/10.1016/j.neuroimage.2005.06.064

90. Grosbras MH, Paus T. Brain networks involved in viewing angry hands or faces.
Cereb Cortex. 2006;16:1087-96. https://doi.org/10.1093/cercor/bhjo50

91. Hofer A, Siedentopf CM, Ischebeck A, Rettenbacher MA, Verius M, Felber S, et al.
Sex differences in brain activation patterns during processing of positively and
negatively valenced emotional words. Psych Med. 2007;37:109-19. https://
doi.org/10.1017/50033291706008919

92. Kogler L, Miiller VI, Werminghausen E, Eickhoff SB, Derntl B. Do | feel or do |
know? Neuroimaging meta-analyses on the multiple facets of empathy. Cortex.
2020;129:341-55. https://doi.org/10.1016/j.cortex.2020.04.031

93. Xu L, Bolt T, Nomi JS, Li J, Zheng X, Fu M, et al. Inter-subject phase synchroni-
zation differentiates neural networks underlying physical pain empathy. Soc Cog
Affect Neurosci. 2020;15:225-33. https://doi.org/10.1093/scan/nsaa025

94. Lombardo MV, Chakrabarti B, Bullmore ET, Sadek SA, Pasco G, Wheelwright SJ,
et al. Atypical neural self-representation in autism. Brain. 2010;133:611-24.
https://doi.org/10.1093/brain/awp306

ACKNOWLEDGEMENTS

This work was supported by: Key Technological Projects of Guangdong Province
grant (grant number 2018B030335001), UESTC High-end Expert Project Development
grant (grant number Y0301902610100201), and Guangdong Basic and Applied Basic
Research Foundation (grant number 2021A1515110374).

Translational Psychiatry (2024)14:168

X. Zheng et al.

AUTHOR CONTRIBUTIONS

XZ: Conceptualization, investigation, resources, data curation, methodology, formal
analysis, visualization, writing - original draft. FZ: Conceptualization, methodology,
validation, writing - original draft. MF: Data curation. LX: Data curation. JW:
Visualization. JL: Data curation. KL: Data curation. CS and CM: Genotyping. BB:
Methodology, validation. YZ: Supervision, validation, writing - review & editing. KMK:
Conceptualization, methodology, supervision, validation, writing - original draft,
Writing - review & editing.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541398-024-02889-w.

Correspondence and requests for materials should be addressed to Yang Zhan or
Keith M. Kendrick.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

11


https://doi.org/10.1038/s41598-017-10821-0
https://doi.org/10.1038/s41598-017-10821-0
https://doi.org/10.1152/jn.90909.2008
https://doi.org/10.1016/j.neubiorev.2010.12.012
https://doi.org/10.1016/j.neubiorev.2010.12.012
https://doi.org/10.1016/j.neuroimage.2018.04.078
https://doi.org/10.3758/CABN.10.1.94
https://doi.org/10.1016/j.neuroimage.2005.06.064
https://doi.org/10.1093/cercor/bhj050
https://doi.org/10.1017/S0033291706008919
https://doi.org/10.1017/S0033291706008919
https://doi.org/10.1016/j.cortex.2020.04.031
https://doi.org/10.1093/scan/nsaa025
https://doi.org/10.1093/brain/awp306
https://doi.org/10.1038/s41398-024-02889-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Patterns of neural activity in response to threatening faces are predictive of autistic traits: modulatory effects of oxytocin receptor genotype
	Introduction
	Materials and methods
	Participants
	Experimental procedures
	MRI data acquisition and preprocessing
	Analytic approach for behavioral�data
	Analytic approach for MRI�data
	General linear model (GLM) analyses
	Pattern-based MVPA analyses and thresholding
	Functional connectivity (FC) analyses and thresholding
	Influence of OXTR genotype


	Results
	Sample and genotyping
	Behavioral results
	Findings from MVPA analyses
	Analysis of FC associations with ASQ and influence of OXTR genotype

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




