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The dual neural effects of oxytocin 
in autistic youth: results 
from a randomized trial
Adi Korisky1, Abraham Goldstein1,2 & Ilanit Gordon1,2*

Recent discoveries have highlighted the effects of oxytocin (OT) on social behavior and perception 
among autistic individuals. However, a gap persists in the literature regarding the potential effects 
of OT and the neural temporal dynamics due to OT administration. We explored the effect of OT on 
autistic individuals using magnetoencephalography (MEG), focusing on M100, M170, and M250, social 
perception-related components that tend to show atypical patterns in autistic individuals. Twenty-
five autistic adolescents participated in this randomized, double-blind MEG study. Autistic individuals 
arrived at the lab twice and received an acute dose of intranasal OT or placebo in each session. During 
the scans, participants were asked to identify pictures of social and non-social stimuli. Additionally, 
23 typically developing (TD) adolescents performed the same task in the MEG as a benchmark that 
allowed us to better characterize neural regions of interest and behavioral results for this age group 
in this task. A source-model beamformer analysis revealed that OT enhanced neural activity for social 
stimuli in frontal regions during M170. Additionally, in each of the preselected time windows, OT 
increased activation in the left hemisphere, regardless of the content of the presented stimuli. We 
suggest that OT increased the processing of social stimuli through two separate mechanisms. First, OT 
increased neural activity in a nonspecific manner, allowing increased allocation of attention toward 
the stimuli. Second, OT enhanced M170 activity in frontal regions only in response to social stimuli. 
These results reveal the temporal dynamics of the effects of OT on the early stages of social and non-
social perception in autistic adolescents.

Trial registration: This study was a part of a project registered as clinical trial October 27th, 2021. 
ClinicalTrials.gov Identifier: NCT05096676.

Autism spectrum disorders (ASDs) are early-onset, highly prevalent neurodevelopmental disorders character-
ized mainly by impairments in social perception and  interaction1, including deficits in processing emotional 
expressions, recognizing faces, and identifying social cues in various experimental paradigms 2–4. Although an 
increasing body of evidence indicates qualitative and quantitative differences in attention to social stimuli among 
autistic individuals, a new line of studies suggests that the reduced social perception that has been reported in 
the literature does not represent deficits in social perception but rather an alternative way of interpreting social 
cues that enables good social communication when interacting with each  other5–7. These theories claim that the 
former explanations regarding social deficits are over-simplified and that social communication in autism is 
indeed different but not necessarily worst. This line of research highlights the need for a more precise examination 
of both early and late perceptual processes in autistic individuals while taking into account the high heterogene-
ity in this population. In the scope of social communication behavior modulation, one neuropeptide that has a 
crucial modulatory role is oxytocin (OT), a naturally occurring hormone produced in two hypothalamic nuclei 
in mammals 8,9. Various studies have shown that a single-dose of OT can modulate various social behaviors in 
autistic individuals, such as mentalization abilities, face perception, and social  learning10–16. Despite these evi-
dence, other studies have failed to replicate the social-related  effects16,17 or suggest that they depend on several 
individual parameters and  traits16,18,19 and thus it is still unclear who can benefit the most of it and what are the 
specific influences on the perception among autistic individuals. One interesting scientific direction in the con-
text of OT and perception in ASD is its influence on the early stages of social perception and efficiency. While 
several imaging studies showed that OT administration modulates long terms neural activity within and between 
social-related brain  regions9,20–24, most studies have not applied methods with high temporal resolution (such 

OPEN

1The Gonda Multidisciplinary Brain Research Center, Bar-Ilan University, 5290002 Ramat Gan, Israel. 2Department 
of Psychology, Bar-Ilan University, 5290002 Ramat Gan, Israel. *email: ilanit.gordon@biu.ac.il

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-19524-7&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16304  | https://doi.org/10.1038/s41598-022-19524-7

www.nature.com/scientificreports/

as electro- or magneto-encephalography) to investigate whether OT influence early neural perceptual efficiency 
during face and emotional expression perception. Some studies have shown that in typically developed (TD) 
individuals OT promotes face-sensitive neural responses by modulating of the N170  component25, a negative 
posterior neural component that counts to mark face  encoding26. Other studies in the TD population show no 
effects of OT in early components during emotional face perception 27 or a modest effect on the late positive 
 potential28,29 . Although the literature on the effects of acute OT during social perception in ASD is even more 
limited, studies have shown that a single dose of OT modulates late positive potentials depending on an indi-
vidual’s anxiety and endogenous levels of  OT30,31. Despite these encouraging results these few pieces of evidence 
mostly indicate that more study is needed regarding the early effects of OT on face processing in ASD to infer 
about possible potential therapeutic effects.

Therefore, this study aimed to investigate the effect of OT on early processes of social perception in autistic 
individuals. Namely, we wished to explore the effect of OT on M100 and M170, which have an important role 
in early attention toward visual perception and face  processing32. and found to present atypical patterns in ASD 
33–37. In addition, we aimed to inspect the effect of OT on M250, which a frontal reaction that emerges during 
face  representation35,36 that is reduced in autistic  individuals37,38. Based on previous studies showing that OT 
increases social-related neural  responses22,23,39, our main hypothesis was that OT would increase the amplitudes 
of these three components in response to social stimuli.

In addition, using magnetoencephalography (MEG), which has both excellent temporal and spatial resolu-
tions, we aim to explore the influences of OT specifically in social-related neural regions which, in the current 
study, found to differentiate social from non-social stimuli in the TD brain. We assumed that autistic individuals 
would show reduced neural activity in these regions and that OT would increase the activity of these regions to 
resemble more closely that of TD individuals.

Finally, while most of the studies mentioned above focused on the effects of OT on adults with and without 
ASD, we propose a study of the objectives in adolescence (age 12–18), a period where the ability to process others’ 
social signals is developing and essential, is important. Following recent electrophysiology studies that emphasize 
the neural differences in face processing networks between childhood, adolescence, and adulthood in  ASD40, 
we chose to investigate the effect of OT on the developing brain of adolescents to enrich existing knowledge on 
the potential effect of OT on this age group.

Methods and Materials
Participants. After obtaining ethical approval (Declaration of Helsinki) from the Beer-Yaacov-Ness-Ziona 
Mental Health Center Ethics Board (#537/16), 32 adolescents with a diagnosis of ASD visited our lab at Bar-
Ilan University twice. An additional study included a group of 26 typically developing (TD) which served as a 
benchmark for our task in the MEG. These participants visited the lab for one session only and did not receive 
any treatment, but only underwent the MEG procedure.

Four participants, two from the ASD OT study and two from the TD study, were unable to complete the ses-
sion due to technical issues. Seven individuals, six from the ASD OT study group and one from the TD study, 
were excluded from the analysis due to a high percentage of artifacts, such as muscle movements. Thus, 24 
autistic participants and 23 TD participants from both studies were included in the final analysis (See Figure S1 
in supplementary information for CONSORT flow diagram).

Autistic participants for the OT study were recruited through "Bait Echad"—ASD clinical centers of the 
Association for Children at Risk and using social media ads. All participants in this group met the diagnostic 
and statistical manual of mental disorders (DSM-5) criteria for ASD, and clinical diagnoses of high-functioning 
ASD were confirmed using the Autism Diagnostic Observation Schedule (ADOS-2)41.

In the ASD OT study only, we also ensured that there was no comorbid intellectual impairment (cut-off was 
IQ > 80) using the Wechsler Abbreviated Scale of Intelligence (WASI)42.

All scores from the WASI reported in the article were based on a four-scale test and were normalized to 
standard T-scores (M = 50, SD = 10). The TD participants were recruited using online ads. In both studies, all par-
ticipants were males, aged 12–18 years, were native Hebrew speakers and had a normal or corrected-to-normal 
vision (see Table 1 for demographic details of both groups). Before the experiment, all participants and their 
parents underwent a telephone screening interview regarding chronic medical problems, cardiovascular risk fac-
tors, CNS disease, other mental illnesses, and the use of prohibited medications (see supplementary information 
for a full approved medication list in the ASD study). In both studies, participants with other neurodevelopmental 

Table 1.  Participant characteristics. Note: WASI- Wechsler Intelligence Scale show subtest standardized 
T-score (M = 50, SD = 10), ADOS-2—Autism Diagnostic Observation Scale 2nd edition comparison score. No 
clinical or intellectual assessment was conducted in the TD study.

Variable ASD OT study (n = 24) TD study (n = 23)

Sex (M:F) 24:0 23:0

Age M = 14.01 (1.63) M = 15.08 (1.51)

Handedness (R:L) 19:5 20:4

WASI M = 45.8 (8.6) –

ADOS-2 M = 10.6 (2.5) –
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conditions, intellectual impairments, impaired vision, impaired hearing, a history of significant head injury or 
neurological illness, current substance dependence diagnosis, or metallic implants were excluded from the study. 
In the TD study, we did not conduct IQ and ADOS assessments, however, we exclude participants with medical, 
neurological, or social impairments based on the above-mentioned screening.

At the beginning of each lab visit, parents provided an informed consent form, and the participant provided 
verbal assent.

All participants were paid for their participation. Individuals in the ASD OT study received 500 NIS, and 
those in the TD study received 150 NIS.

Procedure. Autistic adolescents participated in a randomized, double-blind placebo-controlled trial of OT 
effects. Participants in the ASD OT study visited the lab for two sessions (approximately one week apart). Based 
on a computer-generated list of random numbers, in one of the sessions, they received OT, and in the other, 
they received the placebo (PL). Intranasal doses of 40 international units of OT (IU)/mL were prepared by 
the "Maayan Haim" pharmacy, Israel. We used age-dependent dosing such that participants aged 13–18 years 
received a dose of 24 IU (3 puffs to each nostril), and younger participants (aged 12 years) received 16 IU. Forty–
five minutes following intranasal  administration43,44, participants underwent MEG scanning and were subjected 
to digital registration of the head position. General instructions were provided regarding the need to refrain 
from head or body movements. We ensured that all participants felt as comfortable and relaxed as possible dur-
ing this period. Participants in the TD study underwent the same experimental procedure but did not receive 
OT or PL due to ethical constraints in Israel. Therefore, they do not constitute a control group for the ASD OT 
study. They only provide a benchmark for the MEG task, which allows us to better define task performance and 
neural regions of interest (ROIs).

Paradigm. The effect of OT on social perception was assessed using a well-validated emotion judgment 
task based on the Reading the Mind in the Eyes Test (RMET-R) 3. In this task, participants are asked to match 
grayscale images of human eyes to corresponding mental state labels. In autistic participants, intranasal OT 
administration has been shown to improve behavioral performance in this  task14 and enhance social-related 
neural activations correlated with  endogenous45 or peripheral OT  levels9. Here, participants performed a revised 
version of this task, based on the study by Gordon et al. (2013), in which the original control condition (gender 
attribution) was changed to pictures of vehicles, which served as non-social control stimuli. This version allows 
us to test the social versus non-social effects of OT. Each trial began with a fixation cross, on which the partici-
pants were asked to focus their gaze. Then, an image appeared for one second, followed by a single word. Par-
ticipants had to decide, using a button press, whether the word described the image. Overall, we presented 160 
stimuli—20 different images in each category with four repetitions of each set. The order of the blocks, stimuli, 
and conditions was random and counterbalanced across participants (see Fig. 1).

Participants were placed in a supine position in the MEG apparatus, and stimuli were presented reflected 
on a mirror from a 17" screen located 60 cm above the participant’s head using e-Prime software (version 2.0 
professional, Psychological Software Tools, USA).

Data analysis. Behavioral analysis. A generalized linear mixed model analysis was conducted for each 
participant using JAMOVI  software46. The analysis was composed of two factors: study (OT/PL/TD) and condi-
tion (social/non-social). Accuracy (ACC) and reaction times (RTs, from correct trials only) served as dependent 
variables. A random intercept was included in the regression model adjusted by the clusters. For each participant 
in the ASD OT study, session trials (PL and OT) were clustered to establish a within-subject comparison in each 
analysis. Finally, we correlated individual parameters (age, WASI, and ADOS) with the effect of OT on each 
condition.

Figure 1.  Behavioral paradigm—an example of two separate trials. The experimental procedure was adapted 
from the ’Reading the Mind in the Eyes’ Task (RMET). It consisted of eight blocks—half contained pictures of 
faces (social condition, see example above the line) and the other half contained pictures of vehicles (non-social 
condition, see example below the line). The task lasted approximately 13 min in total. The order of the blocks 
and the order of the pictures inside each block were randomized and counterbalanced across participants. The 
three dots at the end of each row mark the continuity of the block.
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MEG preprocessing analysis. A time-locked analysis was performed to inspect the neural dynamics in response 
to social stimuli compared to non-social stimuli at both the sensor and source levels. Three components, related 
to face processing, that are well known in the literature were selected in a preliminary experiment: M100, M170, 
and M250. The first, M100 (time: 90–140 ms), reflects primary visual processing and relates to social stimuli 
processing. M170 (time: 140–180 ms) relates specifically to face processing compared to other stimuli. Finally, 
we focused on rM250 (time: 220–330 ms), a component representing a neural response to a repetitive series of 
social stimuli, which was the nature of our paradigm. Time windows were selected based on previous studies in 
the field of face  perception32,47,48. We verified, via manual inspection that the selected time windows included 
the peaks of the components in both the first and second levels (see Fig. 2 for the group-averaged signal). At 
both the sensor and source levels, we used the averaged amplitude of the neural activity in each time window to 
compare the conditions.

Brain activity was recorded using a whole-head 248-channel magnetometer array (Magnes 3600WH; 4-D 
Neuroimaging, San Diego, CA) inside a magnetically shielded room. Data were sampled online at 1017.23 Hz 
with a bandpass filter of 0.1–400 Hz. Five coils were attached to the head to record head positions and motions 
throughout the experiment. The head shape was digitized manually for subsequent source estimation. We used 
predesigned algorithms to remove heartbeat artifacts, line power (50 Hz and its harmonics), and excessive exter-
nal  noise49. Reference coils located above the head were used to remove environmental noise. Using the Fieldtrip 
toolbox for  MATLAB50, data were then segmented into 1,400 ms. epochs: 400 ms. before the picture appeared 
and 1000 ms. following. We first removed channels with prolonged electrical abnormalities. After applying a 
high pass filter at 60 Hz, segments containing muscle artifacts were removed by visual inspection. Finally, all 
segments were filtered in the 1–30 Hz range with 10 s of padding. Independent component analysis (ICA) was 
applied (after resampling data to 300 Hz) to remove eye blinks, eye movements, and remaining heartbeats. A 
trial-by-trial inspection was conducted to reject unusual trials. Finally, all trials were time-locked for picture 
appearance and averaged separately for each  condition51. Due to the complexity and size of the individual scan-
ning data files All data is available upon request.

Event‑related field (ERF) analysis. A time-locked analysis at the sensor level was performed to validate our task 
and the selected time windows (M100, 90–140 ms; M170, 140–180 ms, and M250, 220–230 ms). For each com-
ponent, ERFs were calculated by averaging the individual neural responses across trials for social and non-social 
conditions separately. The inspection was conducted on the averaged evoked responses across all participants 
(TD, ASD under OT, ASD under PL). For each time window, paired t-tests were performed between sensors 
(threshold α = 0.05) and corrected for multiple comparisons using a cluster-based permutation procedure (1,000 
permutations, statistic: the sum of the T-values within the cluster). In all three components, our analysis revealed 
significant differences in the amplitude of the locked neural response to social stimuli compared to non-social 

Figure 2.  Evoked responses locked to social and non-social stimuli. (A) Root mean square (RMS) responses 
to social and non-social stimuli averaged for all experimental groups. (B) Scalp topographies showing the 
differences between social and non-social neural responses in each component (M100 – left, M170 -middle, 
M250 -right). Black dots represent MEG sensors with a significant difference in the average neural response 
between social and non-social stimuli. (C) RMS responses to social and non-social stimuli for each study group 
separately: ASD-OT (top panel), ASD-PL (middle panel), and TD (bottom panel).
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stimuli (M100: p < 0.001; M170: p < 0.001; M250: p < 0.001) (see Fig. 2), indicating that all of them showed the 
expected differentiation between social and non-social stimuli.

Source level analysis. Neural sources of the activation patterns were estimated with a linearly constrained mini-
mum variance (LCMV)  beamformer52 using custom-made analysis scripts. We fit a template MRI from the NIH 
pediatric database of young adult brains (ages 13–18.5 years)53 to the individual digitized head shapes using 
SPM12 (Wellcome Department of Imaging Neuroscience, University College London, London, UK). Next, we 
segmented the brain model into a canonical 1 cm grid and realigned it to the AAL atlas for subsequent ROI 
identification. We used all data covariance to obtain the common spatial filter, which was later applied separately 
to each condition. After estimating the source-level neural activity for each individual, we divided the statistical 
analysis into two steps.

Effects of OT on the brain in autistic individuals. Our main objective was to investigate the effects of 
OT on early perceptual responses to faces in autistic adolescents. Using a whole-head analysis, we first exam-
ined the interaction between experimental conditions and sessions in the ASD OT study. For each voxel, we 
subtracted the brain activity in response to non-social trials from that which appeared in social trials for each 
group separately. We then compared OT and PL sessions using within-subject t-tests (corrected for multiple 
comparisons). This analysis was separately conducted for each time window. Finally, we investigated the main 
effect of OT by comparing the neural activity in OT and PL sessions above task conditions in each component 
of interest separately.

Identifying social-related ROIs in the TD study and testing these regions for effects in the ASD 
OT study. The secondary objective of this study was to pinpoint social-related ROIs in this MEG task and to 
find significant clusters where higher levels of activation were observed for social cues than for non-social cues 
in TD individuals. Using repeated measures ANOVA, we first validated the differences in these ROIs between 
the TD study group and the ASD OT study groups (see supplementary information). Next, we examined the 
effects of OT on the ASD study only by comparing the neural activity of these ROIs between PL and OT sessions.

All mentioned source-level analyses in the source space were corrected for multiple comparisons using 
nonparametric cluster-based permutation t-tests (1,000 permutations, threshold α = 0.05, statistic: the sum 
of the t-values within the cluster), and the results were adjusted with the Bonferroni correction for multiple 
comparisons.

Results
OT increases early activation of frontal regions in autistic individuals in response to social 
stimuli.. For each component (M100, M170, and M250), the effects of OT in autistic individuals were located 
using a whole-brain LCMV beamformer analysis. The analysis revealed a significant interaction between the 
task condition and experimental session in superior and medial frontal regions (p < 0.05, corrected) during the 
M170 time window only (see Fig. 3 and Table 2). The post hoc analysis revealed that the difference between 
conditions was greater in OT sessions (t(23) = 3.03, p = 0.006, Cohen’s d = 0.62) than in PL sessions (t(23) =  − 1.46, 
p = 0.16, Cohen’s d =  − 0.29). For both M100 and M250, no significant interaction effects were observed (p = 0.6 
and p = 0.83, respectively).

OT increases early neural activation in the left frontal, occipital and temporal regions of autis-
tic individuals.. In addition to the interaction effect described above, a whole-brain analysis in the ASD OT 
study revealed a main effect of OT on all three-time windows (positive clusters: M100: p = 0.036; M170: p = 0.03; 
M250: p = 0.033, corrected for multiple comparisons). The pattern of the results was similar: significantly higher 
activation in frontal, occipital, and temporal regions in the left hemisphere only during the OT session than in 
the PL session (Fig. 4 and Table 3).

The enhancement effect of OT in ASD was also noticeable in social-related ROIs and left and right clusters 
that were more active in response to social cues in the TD group (see Figure S2 and Table S1). Repeated measures 
ANOVA of these regions show a main effect of OT such that OT administration (compared to PL) increased 
neural activation in the left cluster but not in the right cluster in response to social and non-social cues (left: 
F(1,23) = 4.12, p = 0.05, η2=0.047; right: F(1,23) = 2.7, p = 0.11, η2=0.017). The results also reveal a main effect of the 
condition on the right cluster, as in this cluster, higher neural activation was observed in response to social 
stimuli (right: F(1,23) = 6.83, p = 0.01, η2=0.02; left: F(1,23) = 2.9, p = 0.59, η2 < 0.001) (see Fig. 5). The interaction was 
not significant in either of the clusters (left: F(1,23) = 1.7, p = 0.02, η2=0.002; right: F(1,23) = 0.2, p = 0.65, η2<0.001).

Behavioral results. A generalized linear mixed model analysis was conducted for both accuracy and RTs. 
The ACC analysis included all trials in both studies (80 trials per condition), while RT analysis only included 
trials with correct responses (social: M = 62, SD = 5.69; non-social: M = 66.6, SD = 4.75).

The accuracy analysis revealed significant main effects of conditions ( χ2
(1) = 60.58, p < 0.001) and study groups 

( χ2
(2) = 6.88, p < 0.05). The post hoc analysis revealed higher correct response rates under non-social conditions 

(β = 0.688, z = − 7.57 p < 0.001). We also observed significant differences between the TD study group and the 
ASD OT groups in PL sessions only, as TD participants presented higher accuracy rates (β = 0.788, z = − 2.57 
p < 0.05). The interaction was not significant ( χ2

(2) = 0.21, p = 0.9).
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Figure 3.  Source-level interaction between OT and PL sessions in the M170 time window. OT increased neural 
activation in medial frontal regions in response to social stimuli compared to non-social pictures. (A) Significant 
differences in neural activity between social and non-social stimuli were identified based on the t-values. (B) 
The average power of the significant cluster. Lines represent the average activity of the ASD group in each 
session. Dots represent individual data. (C) Source-level activity from a virtual sensor in the significant cluster. 
The horizontal black line represents the significant time window (p < .05, corrected for multiple comparisons). 
Straight lines represent neural activity in social trials, the dashed line represents activity in non-social trials. The 
color-coding is the same as in panel B.

Table 2.  Source-level interaction between OT and PL sessions in the M170 time window—size and location of 
the significant cluster.

Cluster Num

MNI 
coordinates 
(cm)

Anatomic region % of clusterx y z

1

0 4 3 L medial frontal gyrus 63

1 5 4 R medial frontal gyrus 18.50

 − 2 6 3 L superior frontal gyrus 7.40

 − 2 5 3 L middle frontal gyrus 7.40

2 5 4 R superior frontal gyrus 3.70
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The RT analysis also revealed a significant difference between conditions ( χ2
(1) = 16.97, p < 0.001), as RTs 

in non-social trials were shorter than those in social trials (z = 4.12, p < 0.001). No significant differences were 
observed for the study groups ( χ2

(2) = 0.76, p = 0.68) or interaction ( χ2
(1) = 1.17, p < 0.56) (see Fig. 6).

A significant positive correlation was identified between behavioral performance after OT administration 
and individual ADOS scores: the higher the score, the higher the differentiation between social and non-social 
accuracy rates in the OT (but not PL) session (OT: r = 0.46, p = 0.024; PL: r = − 0.15, p = 0.47, not corrected). No 
correlation was found between the OT effect and WASI score (OT: r = − 0.04, p = 0.85; PL: r =  − 0.1, p = 0.65, not 
corrected).

No correlation was observed between performance on the task and the neural effects of OT on the frontal 
and posterior regions (see SI for ROI definitions), either in the social (frontal: r = 0.08, p = 0.7; left posterior: 
r =  − 0.1, p = 0.65; right posterior: r =  − 0.14, p = 0.5) or non-social trials (frontal: r = 0.31, p = 0.13; left posterior: 
r =  − 0.24, p = 0.26; right posterior: r =  − 0.18, p = 0.38).

Discussion
The current study examined the effects of OT administration on early attention toward social cues in autistic 
adolescents. By utilizing MEG imaging in combination with OT administration in autistic youth, we were able 
to identify a two-level mechanism by which OT affects perception. First, OT increased social-related neural 
activation in superior and medial frontal regions during the M170 time window. Second, OT increased neural 
activity in several social and non-social regions during the early phases of perception, regardless of the stimulus 
content. Below, we will elaborate on each pathway.

First pathway: OT exerts distinct effects on social-related frontal regions. We first showed that 
OT modulates social perception in medial and frontal regions. These regions, which tend to be hypoactive in 
autistic  individuals54, are crucial for social functions, such as  mentalization55. This increased activation of frontal 
regions in response to social stimuli was observed only in the M170 time window, which is known to reflect 
cognitive processes of face recognition and  identification32. Thus, consistent with other imaging studies show-
ing higher socially related neural activation after OT administration in  ASD9,20,22,23, our results suggest that OT 
enables more efficient and accurate processing of social cues and thus may improve the ability to interpret oth-
ers’ emotions by increasing activation in frontal regions. Gordon et al. (2013) suggested that OT represents the 
enhancement of signal-to-noise ratio (SNR) by increasing activity in social-related regions and reducing it in 
regions that are less relevant to the presented social perception. Thus, OT allowed individuals to be attuned more 

Figure 4.  Main effect of OT is source-level. In general, compared to PL, OT increased neural activation in 
frontal, temporal, and occipital regions, regardless of the content (social/non-social) of the presented stimuli. 
Top panel–significant differences in each of the preselected components of interest between OT and PL sessions. 
Significant differences were observed in the left hemisphere only. Bottom panel–average power in the significant 
clusters for each group separately. Vertical lines represent mean values ±1 SE.
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to the social stimuli in the task. Our results partly strengthen this hypothesis and expand it by showing that in 
frontal regions, OT increases the SNR even in early perceptual stages, such as the M170 time window.

Interestingly, the frontal complex was not identified as task-relevant in the TD study group (comparing 
social and non-social regions—see SI). We thus suggest that the unique effect of OT that is observed in the 

Table 3.  Main effect of OT in all three components of interest—size and location of the significant clusters.

Cluster Num time window

MNI coordinates 
(cm)

Anatomic region Percent of clusterx y z

1 M100
(90–140 ms)

 − 6 0  − 2 L middle temporal gyrus 24.14

 − 6  − 1  − 3 L inferior temporal gyrus 18.97

 − 5 3 0 L inferior frontal gyrus, triangular part 12.07

 − 3  − 10 0 L middle occipital gyrus 8.62

 − 6 0  − 1 L superior temporal gyrus 6.90

 − 4 1  − 2 L superior temporal pole 6.90

 − 5 3  − 1 L orbitofrontal cortex 4.31

 − 6 1 1 L inferior operculum 3.45

 − 3 1  − 2 L insula 3.45

 − 5  − 7  − 1 L inferior occipital gyrus 3.45

 − 6  − 3 4 L supramarginal gyrus 2.59

 − 5 1  − 3 L middle temporal pole 2.59

 − 4  − 5  − 2 L fusiform 1.72

 − 5 4 2 L middle frontal gyrus 0.86

2 M170
(140–180 ms)

 − 6 0  − 2 L middle temporal gyrus 31.96

 − 4  − 8 1 L middle occipital gyrus 16.49

 − 6  − 4 2 L superior temporal gyrus 10.31

 − 6  − 2 3 L postcentral gyrus 8.25

 − 6  − 4 3 L supramarginal gyrus 7.22

 − 2  − 10  − 1 L inferior occipital gyrus 5.15

 − 6  − 1  − 3 L inferior temporal gyrus 4.12

 − 6 1 3 L precentral 2.06

 − 6 1 2 L inferior operculum 2.06

 − 6 2 3 L inferior frontal gyrus, triangular part 2.06

 − 1  − 10  − 1 L calcarine sulcus 2.06

 − 6  − 4 4 L inferior parietal gyrus 2.06

 − 5 2  − 2 L superior temporal pole 2.06

 − 6 0 1 L rolandic operculum 1.03

 − 1  − 10 1 L superior occipital gyrus 1.03

 − 3  − 7  − 1 L fusiform 1.03

 − 5 1  − 3 L middle temporal pole 1.03

3 M250
(220–330 ms)

 − 6 2 2 L inferior frontal gyrus, triangular part 15.79

 − 6 1 3 L precentral gyrus 14.91

 − 6 0 2 L postcentral gyrus 12.28

 − 6 0  − 3 L middle temporal gyrus 11.40

 − 6  − 3 2 L superior temporal gyrus 10.53

 − 5 4 2 L middle frontal gyrus 7.89

 − 6 1 2 L inferior operculum 6.14

 − 6  − 3 3 L supramarginal gyrus 5.26

 − 5 2  − 2 L superior temporal pole 3.51

 − 6  − 1  − 3 L inferior temporal gyrus 3.51

 − 3 3 1 L insula 2.63

 − 6 0 1 L rolandic operculum 1.75

 − 5 1  − 3 L middle temporal pole 1.75

 − 5 2  − 1 L orbitofrontal cortex 0.88

 − 6  − 4 4 L inferior parietal cortex 0.88

 − 6  − 1 1 L heschl gyrus 0.88
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current study ASD group might reflect a compensation mechanism where acute administration of OT recruits 
the frontal regions, a region with expertise in social interpretation to enhance the overall social perception. This 
assumption needs a further examination of the connections between the frontal region and posterior areas and 
how they are influenced by OT.

Second pathway: OT increased general early attention toward visual stimuli. Although several 
theories argue that OT mainly increases the salience of social  cues18,56, our results show that during M100, M170, 
and M250, OT increased early neural activity in response to both social and non-social stimuli. One potential 

Figure 5.  Neural activity in typical social-related ROIs of the experimental groups. These ROIs were pooled 
from the M170 time windows of the TD group. In this period, higher neural activity was observed in response 
to social stimuli than non-social stimuli. The middle section shows posterior and bottom views of social-related 
ROIs in the TD study. Color coding represents t-values. These regions represent neural regions that were more 
active in social trials than in non-social trials. The left and right panels show the average neural activity in these 
clusters (left and right, respectively) in each group separately.

Figure 6.  Behavioral results for accuracy rates and reaction times. After OT administration, the accuracy rates 
of the autistic individuals more closely resembled those of the TD study group. Analyses also revealed that all 
individuals presented higher ACC and lower RTs in the non-social trials. Accuracy (top panel) and RT (bottom 
panel) in response to social (left side) and non-social (right side) stimuli in the ASD-OT, ASD-PL, and control 
groups. Black lines represent the mean values of the groups. Vertical lines represent 1 SEM. Dots represent the 
individual data in the group.
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explanation for the differences between our results and the expected outcomes relates to our ability to target 
early temporal processes using MEG. The aforementioned theories mainly investigate the mechanism of OT 
through fMRI, which integrates early and late processing in a 2-s time frame, but the use of MEG allows us to 
focus on early stages in the processing timeline that reflects primary attention and perception time courses. A 
recent evolutionary-based theoretical perspective, allostatic  theory57, suggests that OT facilitates early sensing, 
learning, and prediction to maintain stability in a changing environment. Our results regarding OT modula-
tion are consistent with the allostatic theory, as we show that OT increased attentional preparation to the cur-
rent stimulus, regardless of its social content, via an extensive amplification of neural activity in the left occipi-
tal, temporal, and parietal regions. These results are also consistent with several other studies highlighting the 
effects of OT on non-social functioning, such as decision  making58, approach-avoidance  behavior59, and clinical 
 symptoms60–62. From this perspective, we suggest that one of the mechanisms by which OT improves the per-
ception of social stimuli among autistic adolescents is, in fact, an early and widespread increase in the attentive 
capability to process the presented stimuli, regardless of their content.

In the current OT study, we did not find significant behavioral differences between OT and PL sessions. these 
results are in line with Gordon et al. (2013) paper which used a similar paradigm and did not find behavioral 
effects for OT. One possible explanation for these results is the lack of feedback throughout this task, which may 
impede an ability to improve and learn, which might be enhanced by OT. Another explanation is the fact that 
we modified the original fMRI task to fit the MEG setting,and reduced the number of labeling options. This 
might have resulted in a ceiling effect in the behavioral data, which could not be improved by OT administration. 
Despite the lack of behavioral differences, we believe that the reported null-effect do not diminish the significance 
of the observed neural effects of OT. In fact, these results highlight the need to validate the potential use of OT 
in ASD in combination with opportunities for feedback and  learning9,63.

Limitation. Although our study provides new insights into the effect of OT on the early processing of autis-
tic adolescents, several limitations must be considered. The main limitation of our design is that we could not 
administer OT to individuals in the TD study due to the ethical guidelines for conducting OT research. We only 
examined the neural activity of TD adolescents who did not receive OT, which allowed us to identify “typical” 
ROIs and patterns of activity in response to our task and obtain new information regarding the differences 
between perception in TD adolescents and autistic individuals. However, to rule out confounds and assess gen-
eralizability, future research should aim to test which effects of OT are exclusive to ASD to ensure that the trans-
lation of OT use will be based on a deeper understanding of its effects and their specificity. This point is highly 
relevant, especially in light of theories that challenge the classic views of social deficits in autism by claiming 
that the observed communication differences point to an alternative perceptual channel that benefits the inter-
autistic-group’s social communication 7. As such, despite the high clinical validation of the ’reading the mind in 
the eyes’ test we used in order to gain an understanding of the influence of OT on social function in ASD, future 
studies should explore OT’s effects during real-life interactions between TD and autistic individuals and during 
social interactions between autistic individuals only.

Another limitation relates to the MIE task design, which needed to be adapted to the MEG setup. We changed 
the assignment and asked participants to agree if a single word represented the picture to reduce muscle arti-
facts due to eye movements. In the classic  task9,64,65, children were asked to choose one word from four options. 
Although all individuals exhibited proper performance on the MIE in this study, the choice of an answer from 
multiple options might have enabled us to identify links between brain activity and behavior. We thus recom-
mend that future studies collect more data in terms of time recording and task complexity.

Furthermore, several points should be mentioned regarding the characteristics of the participants in the 
current study. First, in the ASD study, the sample was quite homogenous and composed of autistic males with 
functional abilities. Future studies should further explore the effects of OT on a female sample and individuals 
with a variety of functional abilities to obtain an understanding of the full potential benefits of OT in autistic 
populations. Further to this point, since the TD study was used solely to identify social-related ROIs, participants 
were chosen according to their gender and age and were excluded based on medical information and parental 
reports only. We encourage future studies to match ASD individuals to TD individuals based on other critical 
individual properties such as IQ and social skills.

Finally, the experimental groups were composed of both left and right-handed participants. Former studies 
suggest that left-handed participants show less hemispheric lateralization in the FFA during face processing, 
compared to right-handed  individuals66,67. Thus, it is possible that the effects of OT, in the pre-selected ROIs, may 
differ depending on individuals’ hand preferences. This hypothesis should be examined with larger sample-sized 
studies thus allowing to control for handedness.

Nevertheless, the current study is unique in several ways, as it is the first to examine the effects of OT on 
autistic male youth using MEG; thus, it has important theoretical implications for a better understanding of the 
possible clinical benefits of OT in this population.

Conclusion. In conclusion, our findings contribute to the accumulating evidence on the neural effects of 
OT in male autistic adolescents. By showing that OT modulates two early temporal neural pathways—both the 
widespread attentional pathway and the specific processes of the social cue pathway—our results extend the 
existing literature regarding the specification of effects of OT in autistic individuals and emphasize the impor-
tance of studying the effects of OT with high temporal resolution imaging techniques. In addition to the existing 
challenge of identifying individuals who will benefit the most from OT administration we highlight the poten-
tial of OT to enhance early processing of both social and non-social stimuli, in combination with behavioral 
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treatments or opportunities for learning. This emphasis should be considered when devising optimal treatment 
methods in the future.

Ethics statement
This study was carried out following the recommendations of the medical ethics committee of Israel and was 
approved by the Beer-Yaacov-Ness-Ziona Mental Health Center Ethics Board in accordance with the Helsinki 
declaration. Before the beginning of the sessions, participants’ parents were provided an informed consent form 
(details on clinical registration can be found in www. clini calTr ial. gov, unique identifier: NCT05096676, registered 
as clinical trial October 27th, 2021).

Data availability
Due to the clinical features and the age of our sample as well as the sizes and nature of the imaging files, all data 
will be sent upon request. Please send an e-mail to the corresponding author for more details.

Received: 27 February 2022; Accepted: 30 August 2022

References
 1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders (2013)
 2. Adolphs, R., Sears, L. & Piven, J. Abnormal processing of social information from faces in autism. J. Cogn. Neurosci. 13(2), 232–240. 

https:// doi. org/ 10. 1162/ 08989 29015 64289 (2001).
 3. Baron-Cohen, S., Wheelwright, S., Hill, J., Raste, Y. & Plumb, I. The ‘reading the mind in the eyes’ test revised version: A study 

with normal adults, and adults with Asperger syndrome or high-functioning autism. J. Child Psychol. Psychiatry. 42(2), 241–251. 
https:// doi. org/ 10. 1111/ 1469- 7610. 00715 (2001).

 4. Lozier, L. M., Vanmeter, J. W. & Marsh, A. A. Impairments in facial affect recognition associated with autism spectrum disorders: 
A meta-analysis. Dev. Psychopathol. https:// doi. org/ 10. 1017/ S0954 57941 40004 79 (2014).

 5. Mitchell, P., Sheppard, E. & Cassidy, S. Autism and the double empathy problem: Implications for development and mental health. 
Br. J. Dev. Psychol. 39(1), 1–18. https:// doi. org/ 10. 1111/ bjdp. 12350 (2021).

 6. Crompton, C. J., Ropar, D., Evans-Williams, C. V. M., Flynn, E. G. & Fletcher-Watson, S. Autistic peer-to-peer information transfer 
is highly effective. Autism 24(7), 1704–1712. https:// doi. org/ 10. 1177/ 13623 61320 919286 (2020).

 7. Bolis, D., Balsters, J., Wenderoth, N., Becchio, C. & Schilbach, L. Beyond autism: Introducing the dialectical misattunement 
hypothesis and a bayesian account of Intersubjectivity. Psychopathology 50(6), 355–372. https:// doi. org/ 10. 1159/ 00048 4353 (2018).

 8. Gimpl, G., Fahrenholz, F. & Gene, C. The oxytocin receptor system: Structure, function and regulation. Physiol. Rev. 81(2), 629–683 
(2001).

 9. Gordon, I. et al. Oxytocin enhances brain function in children with autism. Proc. Natl. Acad. Sci. U. S. A. 110(52), 20953–20958. 
https:// doi. org/ 10. 1073/ pnas. 13128 57110 (2013).

 10. Kanat, M., Heinrichs, M., Schwarzwald, R. & Domes, G. Oxytocin attenuates neural reactivity to masked threat cues from the eyes. 
Neuropsychopharmacology 40183(10), 287–295. https:// doi. org/ 10. 1038/ npp. 2014. 183 (2015).

 11. Auyeung, B. et al. Oxytocin increases eye contact during a real-time, naturalistic social interaction in males with and without 
autism. Transl. Psychiatry 5(2), e507. https:// doi. org/ 10. 1038/ tp. 2014. 146 (2015).

 12. Andari, E. et al. Promoting social behavior with oxytocin in high-functioning autism spectrum disorders. Proc. Natl. Acad. Sci. 
107(9), 4389–4394. https:// doi. org/ 10. 1073/ pnas. 09102 49107 (2010).

 13. Domes, G., Kumbier, E., Heinrichs, M. & Herpertz, S. C. Oxytocin promotes facial emotion recognition and amygdala reactivity 
in adults with Asperger syndrome. Neuropsychopharmacology 39(3), 698–706. https:// doi. org/ 10. 1038/ npp. 2013. 254 (2014).

 14. Guastella, A. J. et al. Intranasal oxytocin improves emotion recognition for youth with autism spectrum disorders. Biol. Psychiatry 
67(7), 692–694. https:// doi. org/ 10. 1016/j. biops ych. 2009. 09. 020 (2010).

 15. Kruppa, J. A. et al. Neural modulation of social reinforcement learning by intranasal oxytocin in male adults with high-functioning 
autism spectrum disorder: A randomized trial. Neuropsychopharmacology https:// doi. org/ 10. 1038/ s41386- 018- 0258-7 (2019).

 16. Parker, K. J. et al. Intranasal oxytocin treatment for social deficits and biomarkers of response in children with autism. Proc. Natl. 
Acad. Sci. https:// doi. org/ 10. 1073/ pnas. 17055 21114 (2017).

 17. Dadds, M. R. et al. Nasal oxytocin for social deficits in childhood autism: A randomized controlled trial. J. Autism Dev. Disord. 
44(3), 521–531. https:// doi. org/ 10. 1007/ s10803- 013- 1899-3 (2014).

 18. Shamay-Tsoory, S. G. & Abu-Akel, A. The Social salience hypothesis of oxytocin. Biol. Psychiat. https:// doi. org/ 10. 1016/j. biops 
ych. 2015. 07. 020 (2016).

 19. Kosaka, H. et al. Oxytocin efficacy is modulated by dosage and oxytocin receptor genotype in young adults with high-functioning 
autism: a 24-week randomized clinical trial. Transl. Psychiatry 6(8), e872. https:// doi. org/ 10. 1038/ tp. 2016. 152 (2016).

 20. Andari, E., Richard, N., Leboyer, M. & Sirigu, A. Adaptive coding of the value of social cues with oxytocin, an fMRI study in autism 
spectrum disorder. Cortex 76, 79–88. https:// doi. org/ 10. 1016/j. cortex. 2015. 12. 010 (2016).

 21. Aoki, Y. et al. Oxytocin’s neurochemical effects in the medial prefrontal cortex underlie recovery of task-specific brain activity in 
autism: a randomized controlled trial. Mol. Psychiatry 20(4), 447–453. https:// doi. org/ 10. 1038/ mp. 2014. 74 (2015).

 22. Domes, G. et al. Effects of intranasal oxytocin on the neural basis of face processing in autism spectrum disorder. Biol. Psychiatry 
https:// doi. org/ 10. 1016/j. biops ych. 2013. 02. 007 (2013).

 23. Gordon, I. et al. Intranasal oxytocin enhances connectivity in the neural circuitry supporting social motivation and social percep-
tion in children with autism. Sci. Rep. https:// doi. org/ 10. 1038/ srep3 5054 (2016).

 24. Groppe, S. E. et al. Oxytocin influences processing of socially relevant cues in the ventral tegmental area of the human brain. Biol. 
Psychiatry https:// doi. org/ 10. 1016/j. biops ych. 2012. 12. 023 (2013).

 25. Tillman, R. et al. Oxytocin enhances the neural efficiency of social perception. Front. Hum. Neurosci. https:// doi. org/ 10. 3389/ 
fnhum. 2019. 00071 (2019).

 26. Bentin, S., Allison, T., Puce, A., Perez, E. & McCarthy, G. Electrophysiological studies of face perception in humans. J. Cogn. 
Neurosci. 8(6), 551–565. https:// doi. org/ 10. 1162/ jocn. 1996.8. 6. 551 (1996).

 27. Van der Donck, S. et al. Monitoring the effect of oxytocin on the neural sensitivity to emotional faces via frequency-tagging EEG: 
A double-blind, cross-over study. Psychophysiology https:// doi. org/ 10. 1111/ psyp. 14026 (2022).

 28. Rutherford, H. J. V. et al. Intranasal oxytocin and the neural correlates of infant face processing in non-parent women. Biol. Psychol. 
https:// doi. org/ 10. 1016/j. biops ycho. 2017. 08. 002 (2017).

 29. Huffmeijer, R. et al. The impact of oxytocin administration and maternal love withdrawal on event-related potential (ERP) 
responses to emotional faces with performance feedback. Horm. Behav. https:// doi. org/ 10. 1016/j. yhbeh. 2012. 11. 008 (2013).

http://www.clinicalTrial.gov
https://doi.org/10.1162/089892901564289
https://doi.org/10.1111/1469-7610.00715
https://doi.org/10.1017/S0954579414000479
https://doi.org/10.1111/bjdp.12350
https://doi.org/10.1177/1362361320919286
https://doi.org/10.1159/000484353
https://doi.org/10.1073/pnas.1312857110
https://doi.org/10.1038/npp.2014.183
https://doi.org/10.1038/tp.2014.146
https://doi.org/10.1073/pnas.0910249107
https://doi.org/10.1038/npp.2013.254
https://doi.org/10.1016/j.biopsych.2009.09.020
https://doi.org/10.1038/s41386-018-0258-7
https://doi.org/10.1073/pnas.1705521114
https://doi.org/10.1007/s10803-013-1899-3
https://doi.org/10.1016/j.biopsych.2015.07.020
https://doi.org/10.1016/j.biopsych.2015.07.020
https://doi.org/10.1038/tp.2016.152
https://doi.org/10.1016/j.cortex.2015.12.010
https://doi.org/10.1038/mp.2014.74
https://doi.org/10.1016/j.biopsych.2013.02.007
https://doi.org/10.1038/srep35054
https://doi.org/10.1016/j.biopsych.2012.12.023
https://doi.org/10.3389/fnhum.2019.00071
https://doi.org/10.3389/fnhum.2019.00071
https://doi.org/10.1162/jocn.1996.8.6.551
https://doi.org/10.1111/psyp.14026
https://doi.org/10.1016/j.biopsycho.2017.08.002
https://doi.org/10.1016/j.yhbeh.2012.11.008


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16304  | https://doi.org/10.1038/s41598-022-19524-7

www.nature.com/scientificreports/

 30. Althaus, M. et al. Do blood plasma levels of oxytocin moderate the effect of nasally administered oxytocin on social orienting in 
high-functioning male adults with autism spectrum disorder?. Psychopharmacology https:// doi. org/ 10. 1007/ s00213- 016- 4339-1 
(2016).

 31. Althaus, M. et al. Oxytocin enhances orienting to social information in a selective group of high-functioning male adults with 
autism spectrum disorder. Neuropsychologia 79, 53–69. https:// doi. org/ 10. 1016/j. neuro psych ologia. 2015. 10. 025 (2015).

 32. Liu, J., Harris, A. & Kanwisher, N. Stages of processing in face perception: An MEG study. Nat. Neurosci. https:// doi. org/ 10. 1038/ 
nn909 (2002).

 33. Kylliainen, A., Braeutigam, S., Hietanen, J. K., Swithenby, S. J. & Bailey, A. J. Face-and gaze-sensitive neural responses in children 
with autism: A magnetoencephalographic study. Eur. J. Neurosci. 24(9), 2679–2690. https:// doi. org/ 10. 1111/j. 1460- 9568. 2006. 
05132.x (2006).

 34. Kovarski, K. et al. Enhanced early visual responses during implicit emotional faces processing in autism spectrum disorder. J. 
Autism Dev. Disord. https:// doi. org/ 10. 1007/ s10803- 018- 3787-3 (2019).

 35. Batty, M., Meaux, E., Wittemeyer, K., Rogé, B. & Taylor, M. J. Early processing of emotional faces in children with autism: An 
event-related potential study. J. Exp. Child Psychol. https:// doi. org/ 10. 1016/j. jecp. 2011. 02. 001 (2011).

 36. McPartland, J. C. et al. Atypical neural specialization for social percepts in autism spectrum disorder. Soc. Neurosci. https:// doi. 
org/ 10. 1080/ 17470 919. 2011. 586880 (2011).

 37. Hileman, C. M., Henderson, H., Mundy, P., Newell, L. & Jaime, M. Developmental and individual differences on the P1 and N170 
ERP components in children with and without autism. Dev. Neuropsychol. https:// doi. org/ 10. 1080/ 87565 641. 2010. 549870 (2011).

 38. Streit, M., Wölwer, W., Brinkmeyer, J., Ihl, R. & Gaebel, W. EEG-correlates of facial affect recognition and categorisation of blurred 
faces in schizophrenic patients and healthy volunteers. Schizophr. Res. https:// doi. org/ 10. 1016/ S0920- 9964(00) 00041-4 (2001).

 39. Schweinberger, S. R., Pickering, E. C., Jentzsch, I., Burton, A. M. & Kaufmann, J. M. Event-related brain potential evidence for a 
response of inferior temporal cortex to familiar face repetitions. Cogn. Brain Res. https:// doi. org/ 10. 1016/ S0926- 6410(02) 00142-8 
(2002).

 40. Safar, K., Vandewouw, M. M. & Taylor, M. J. Atypical development of emotional face processing networks in autism spectrum 
disorder from childhood through to adulthood. Dev. Cogn. Neurosci. https:// doi. org/ 10. 1016/j. dcn. 2021. 101003 (2021).

 41. Lord, C. et al. Autism diagnostic observation schedule (ADOS). J. Autism Dev. Disord. 30(3), 205–223. https:// doi. org/ 10. 1007/ 
BF022 11841 (2000).

 42. D. Wechsler, WASI -II Wechsler abbreviated scale of intelligence—second edition. (2011)
 43. Webb, S. J. et al. ERP responses differentiate inverted but not upright face processing in adults with ASD. Soc. Cogn. Affect. Neurosci. 

7(5), 578–587. https:// doi. org/ 10. 1093/ scan/ nsp002 (2012).
 44. Churches, O., Damiano, C., Baron-Cohen, S. & Ring, H. Getting to know you: The acquisition of new face representations in autism 

spectrum conditions. NeuroReport https:// doi. org/ 10. 1097/ WNR. 0b013 e3283 556658 (2012).
 45. Uzefovsky, F. et al. The oxytocin receptor gene predicts brain activity during an emotion recognition task in autism. Mol. Autism 

https:// doi. org/ 10. 1186/ s13229- 019- 0258-4 (2019).
 46. The jamovi project, “jamovi (Version 2.2) [Computer Software].” Retrieved from https:// www. jamovi. org. (2021)
 47. Black, M. H. et al. Mechanisms of facial emotion recognition in autism spectrum disorders: Insights from eye tracking and elec-

troencephalography. Neurosci. Biobehav. Rev. https:// doi. org/ 10. 1016/j. neubi orev. 2017. 06. 016 (2017).
 48. Hinojosa, J. A., Mercado, F. & Carretié, L. N170 sensitivity to facial expression: A meta-analysis. Neurosci. Biobehav. Rev. https:// 

doi. org/ 10. 1016/j. neubi orev. 2015. 06. 002 (2015).
 49. Tal, I. & Abeles, M. Cleaning MEG artifacts using external cues. J. Neurosci. Methods https:// doi. org/ 10. 1016/j. jneum eth. 2013. 04. 

002 (2013).
 50. Oostenveld, R., Fries, P., Maris, E. & Schoffelen, J. M. FieldTrip: Open source software for advanced analysis of MEG, EEG, and 

invasive electrophysiological data. Comput. Intell. Neurosci. https:// doi. org/ 10. 1155/ 2011/ 156869 (2011).
 51. Zeev-Wolf, M., Dor-Ziderman, Y., Goldstein, A., Bonne, O. & Abramowitz, E. G. Oscillatory brain mechanisms of the hypnotically-

induced out-of-body experience. Cortex https:// doi. org/ 10. 1016/j. cortex. 2017. 08. 025 (2017).
 52. Van Veen, B. D., Van Drongelen, W., Yuchtman, M. & Suzuki, A. Localization of brain electrical activity via linearly constrained 

minimum variance spatial filtering. IEEE Trans. Biomed. Eng. https:// doi. org/ 10. 1109/ 10. 623056 (1997).
 53. Evans, A. C. The NIH MRI study of normal brain development. Neuroimage 30(1), 184–202. https:// doi. org/ 10. 1016/j. neuro image. 

2005. 09. 068 (2006).
 54. Kana, R. K. et al. Aberrant functioning of the theory-of-mind network in children and adolescents with autism. Mol. Autism. 

https:// doi. org/ 10. 1186/ s13229- 015- 0052-x (2015).
 55. Van Overwalle, F. Social cognition and the brain: A meta-analysis. Hum. Brain Mapp. https:// doi. org/ 10. 1002/ hbm. 20547 (2009).
 56. MacDonald, K. & MacDonald, T. M. The peptide that binds: A systematic review of oxytocin and its prosocial effects in humans. 

Harv. Rev. Psychiatry https:// doi. org/ 10. 3109/ 10673 22090 35236 15 (2010).
 57. Quintana, D. S. & Guastella, A. J. An allostatic theory of oxytocin. Trends Cogn. Sci. https:// doi. org/ 10. 1016/j. tics. 2020. 03. 008 

(2020).
 58. Kapetaniou, G. E. et al. The role of oxytocin in delay of gratification and flexibility in non-social decision making. Elife https:// doi. 

org/ 10. 7554/ ELIFE. 61844 (2021).
 59. Harari-Dahan, O. & Bernstein, A. Oxytocin attenuates social and non-social avoidance: Re-thinking the social specificity of 

Oxytocin. Psychoneuroendocrinology https:// doi. org/ 10. 1016/j. psyne uen. 2017. 04. 005 (2017).
 60. Giel, K., Zipfel, S. & Hallschmid, M. Oxytocin and eating disorders: A narrative review on emerging findings and perspectives. 

Curr. Neuropharmacol. https:// doi. org/ 10. 2174/ 15701 59x15 66617 11281 43158 (2018).
 61. Miller, M. A., Bershad, A., King, A. C., Lee, R. & De Wit, H. Intranasal oxytocin dampens cue-elicited cigarette craving in daily 

smokers: A pilot study. Behav. Pharmacol. https:// doi. org/ 10. 1097/ FBP. 00000 00000 000260 (2016).
 62. Hansson, A. C. et al. Oxytocin reduces alcohol cue-reactivity in alcohol-dependent rats and humans. Neuropsychopharmacology 

https:// doi. org/ 10. 1038/ npp. 2017. 257 (2018).
 63. Geschwind, D. H. Oxytocin for autism spectrum disorder—Down, but not out. N. Engl. J. Med. 385(16), 1524–1525. https:// doi. 

org/ 10. 1056/ nejme 21101 58 (2021).
 64. Baron-Cohen, S., Wheelwright, S., Hill, J., Raste, Y. & Plumb, I. Reading the Mind in the Eyes; test revised version: A study with 

normal adults, and adults with Asperger syndrome or high-functioning autism. J. Child Psychol. Psychiatry 42(2), 241–251. https:// 
doi. org/ 10. 1111/ 1469- 7610. 00715 (2001).

 65. Baron-Cohen, S. & Cross, P. Reading the Eyes: Evidence for the development of perception in the development of a theory of mind. 
Mind. Lang. 7(1), 173–186. https:// doi. org/ 10. 1111/j. 1468- 0017. 1992. tb002 03.x (1992).

 66. Bukowski, H., Dricot, L., Hanseeuw, B. & Rossion, B. Cerebral lateralization of face-sensitive areas in left-handers: Only the FFA 
does not get it right. Cortex 49(9), 2583–2589. https:// doi. org/ 10. 1016/j. cortex. 2013. 05. 002 (2013).

 67. Frässle, S., Krach, S., Paulus, F. M. & Jansen, A. Handedness is related to neural mechanisms underlying hemispheric lateralization 
of face processing. Sci. Rep. https:// doi. org/ 10. 1038/ srep2 7153 (2016).

https://doi.org/10.1007/s00213-016-4339-1
https://doi.org/10.1016/j.neuropsychologia.2015.10.025
https://doi.org/10.1038/nn909
https://doi.org/10.1038/nn909
https://doi.org/10.1111/j.1460-9568.2006.05132.x
https://doi.org/10.1111/j.1460-9568.2006.05132.x
https://doi.org/10.1007/s10803-018-3787-3
https://doi.org/10.1016/j.jecp.2011.02.001
https://doi.org/10.1080/17470919.2011.586880
https://doi.org/10.1080/17470919.2011.586880
https://doi.org/10.1080/87565641.2010.549870
https://doi.org/10.1016/S0920-9964(00)00041-4
https://doi.org/10.1016/S0926-6410(02)00142-8
https://doi.org/10.1016/j.dcn.2021.101003
https://doi.org/10.1007/BF02211841
https://doi.org/10.1007/BF02211841
https://doi.org/10.1093/scan/nsp002
https://doi.org/10.1097/WNR.0b013e3283556658
https://doi.org/10.1186/s13229-019-0258-4
https://www.jamovi.org
https://doi.org/10.1016/j.neubiorev.2017.06.016
https://doi.org/10.1016/j.neubiorev.2015.06.002
https://doi.org/10.1016/j.neubiorev.2015.06.002
https://doi.org/10.1016/j.jneumeth.2013.04.002
https://doi.org/10.1016/j.jneumeth.2013.04.002
https://doi.org/10.1155/2011/156869
https://doi.org/10.1016/j.cortex.2017.08.025
https://doi.org/10.1109/10.623056
https://doi.org/10.1016/j.neuroimage.2005.09.068
https://doi.org/10.1016/j.neuroimage.2005.09.068
https://doi.org/10.1186/s13229-015-0052-x
https://doi.org/10.1002/hbm.20547
https://doi.org/10.3109/10673220903523615
https://doi.org/10.1016/j.tics.2020.03.008
https://doi.org/10.7554/ELIFE.61844
https://doi.org/10.7554/ELIFE.61844
https://doi.org/10.1016/j.psyneuen.2017.04.005
https://doi.org/10.2174/1570159x15666171128143158
https://doi.org/10.1097/FBP.0000000000000260
https://doi.org/10.1038/npp.2017.257
https://doi.org/10.1056/nejme2110158
https://doi.org/10.1056/nejme2110158
https://doi.org/10.1111/1469-7610.00715
https://doi.org/10.1111/1469-7610.00715
https://doi.org/10.1111/j.1468-0017.1992.tb00203.x
https://doi.org/10.1016/j.cortex.2013.05.002
https://doi.org/10.1038/srep27153


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16304  | https://doi.org/10.1038/s41598-022-19524-7

www.nature.com/scientificreports/

Acknowledgements
A special thanks to all the adolescents who participated in this study. The authors acknowledge Nofit Fraizait, 
Omer Raviv, and Lilach Graff-Nomkin, & Shai Rabin for their assistance in recruiting the participants and the 
ongoing communication with the families.

Author contributions
I. G and A. G. secured funding for the project. A.K., A. G and I. G. wrote and reviewed the main manuscript text. 
A.K. collected data and performed all analyses and prepared all figures. All authors reviewed the manuscript.

Funding
Abraham Goldstein is funded by the Israeli Science Foundation (ISF grant #726/15). Ilanit Gordon is funded by 
the Israeli Science Foundation (ISF grants #1726/15; #2096/15).

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/ s41598- 022- 19524-7.

Correspondence and requests for materials should be addressed to I.G.

Reprints and permissions information is available at 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 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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-19524-7
https://doi.org/10.1038/s41598-022-19524-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The dual neural effects of oxytocin in autistic youth: results from a randomized trial
	Methods and Materials
	Participants. 
	Procedure. 
	Paradigm. 
	Data analysis. 
	Behavioral analysis. 
	MEG preprocessing analysis. 
	Event-related field (ERF) analysis. 
	Source level analysis. 

	Effects of OT on the brain in autistic individuals. 
	Identifying social-related ROIs in the TD study and testing these regions for effects in the ASD OT study. 

	Results
	OT increases early activation of frontal regions in autistic individuals in response to social stimuli.. 
	OT increases early neural activation in the left frontal, occipital and temporal regions of autistic individuals.. 
	Behavioral results. 

	Discussion
	First pathway: OT exerts distinct effects on social-related frontal regions. 
	Second pathway: OT increased general early attention toward visual stimuli. 
	Limitation. 
	Conclusion. 

	Ethics statement
	References
	Acknowledgements


