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Abstract 

Background Difficulties with (non-verbal) social communication, including facial expression processing, consti-
tute a hallmark of autism. Intranasal administration of oxytocin has been considered a potential therapeutic option 
for improving social difficulties in autism, either by enhancing the salience of social cues or by reducing the social 
stress and anxiety experienced in social encounters.

Methods We recorded fMRI brain activity while presenting neutral, fearful and scrambled faces, to compare the neu-
ral face processing signature of autistic children (n = 58) with that of matched non-autistic controls (n = 38). Next, 
in the autistic children group, we implemented this fMRI face processing task in a double-blind, placebo-controlled, 
multiple-dose oxytocin clinical trial, to evaluate the impact of four-week repeated oxytocin administration (24 IU daily 
dose) on brain activity in face processing regions.

Results No significant diagnostic-group differences were identified between autistic versus non-autistic children 
with regard to neural face processing. Furthermore, no significant treatment effects were found in the oxytocin 
clinical trial. However, exploratory analyses (uncorrected for multiple comparisons) demonstrated decreases in brain 
activity in the left superior temporal sulcus (STS) and inferior frontal region in the oxytocin compared to the pla-
cebo group, and change-from-baseline analyses in the oxytocin group revealed significantly reduced neural activity 
in the core face-processing network (STS, inferior occipital, and posterior fusiform), as well as in amygdala and inferior 
frontal region.

Conclusion These findings suggest an attenuating effect of multiple-dose oxytocin administration on neural face 
processing, potentially supporting the anxiolytic account of oxytocin.
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Introduction
Autism is an early-onset neurodevelopmental condition 
marked by challenges in social interaction and communi-
cation, as well as the presence of repetitive and restrictive 
patterns of behaviours, interests or activities [6]. Impair-
ments in non-verbal social communication, such as 
inferring social meaning from a face, are included in the 
clinical criteria and may play a key role in the socio-com-
municative difficulties experienced by autistic individuals 
[8]. Thus far, no targeted pharmacological interventions 
have been established to alleviate these socio-communi-
cative difficulties.

Functional neuroanatomy of face processing
Accurately and rapidly reading faces and facial expres-
sions is important for navigating social interactions 
[73]. The human brain has an innate preference for faces 
compared to objects [47, 48] and relies on distinct neu-
ral face processing mechanisms [20, 30, 71]. Visual facial 
information enters the brain via the inferior occipital 
cortex, which hosts the occipital face area (OFA) and 
preferentially processes low-level facial features [40, 42, 
68]. A ventral visual pathway connects the OFA to the 
fusiform face area (FFA) [51], which primarily processes 
static facial features (e.g. identity recognition) [10, 37]. 
A parallel dorsal pathway connects OFA with the poste-
rior superior temporal sulcus (STS), a region involved in 
processing dynamic aspects of the face (e.g. facial expres-
sion) [40, 42, 46, 69]. Next, an extended face processing 
network further extracts specific emotional and semantic 
information from the face [41]. The amygdala attributes 
salience and is involved in the perception of emotional 
expressions (e.g. fearful expression) [1, 34, 92]. The infe-
rior frontal gyrus plays a part in understanding dynamic 
features of a face such as eye-gaze [18, 31]. The anterior 
temporal region, eventually, hosts identity specific infor-
mation of familiar faces, such as the name and biographi-
cal details [41].

Neural face processing in autism
Findings on behavioural face processing alterations in 
autism are generally mixed, probably due to the mobiliza-
tion of compensatory strategies in the autistic population 
[72, 82, 83, 87]. Yet, neuroimaging studies do reveal atyp-
ical processing strategies in autism, with reviews mainly 
emphasizing reduced face processing activity in the infe-
rior occipital, fusiform, superior temporal and inferior 
frontal regions, as well as in the amygdala [25, 53, 66, 67]. 
In particular, when examining expressive face processing, 
reduced activity has been observed in the amygdala, fusi-
form and superior temporal regions in autistic children, 
adolescents and adults [8, 25, 53, 66, 67]. Conversely, 
some studies have also demonstrated increased activity 

in the amygdala in autism, both towards neutral and 
expressive faces [63, 81, 88], which has been interpreted 
as increased emotional arousal in response to an aver-
sively experienced social stimulus. In this regard, Klein-
hans et al. [54] found that higher amygdala activity within 
the autism group was related to increased social anxiety.

Effect of intranasal oxytocin administration on fMRI face 
processing responses
Oxytocin is an endogenous neuropeptide synthesized in 
the hypothalamus. It plays an important role in human 
social behaviour [43, 75] and acts as a neuromodulator in 
several brain regions, including the amygdala and other 
face processing regions [11, 12, 49, 55]. Oxytocin can be 
delivered intranasally and has been shown to improve 
facial identity and expression recognition and prosocial 
behaviour, both in neurotypicals and in various clinical 
populations [11, 13, 84]. At a mechanistic level, two lead-
ing (not mutually exclusive) accounts propose that oxy-
tocin can mediate social behaviour either by enhancing 
the salience of social stimuli or by reducing social stress.

First, the social salience hypothesis argues that oxy-
tocin primarily enhances attention to and perception of 
social cues (e.g. faces) by selectively increasing neural 
activity in the corresponding brain regions [76]. Spe-
cifically, research has demonstrated that a single-dose of 
intranasal oxytocin administration can increase activity 
in the amygdala, fusiform, superior temporal and infe-
rior frontal regions during expressive face processing in 
non-autistic adults [29, 35]. Likewise, in autistic adults, 
single-dose oxytocin studies have linked improved facial 
expression recognition with increased amygdala reactiv-
ity [27, 28]. Similarly, a single-dose of oxytocin induced 
enhanced STS activity in autistic adults, while processing 
emotionally charged point-light displays expressing body 
language [15]. Importantly, however, no differences in 
STS activity were evident in this study after a four-week 
multiple-dose oxytocin regime, indicating differential 
effects of single- versus multiple-dose oxytocin admin-
istration [15]. In children with autism, single-dose intra-
nasal oxytocin administration increased neural activity in 
brain regions related to social attention and perception 
(i.e. STS, posterior cingulate and premotor cortex) [38].

Secondly, the anxiolytic account of oxytocin highlights 
its regulating function on (autonomic) stress and (social) 
anxiety, which may thereby promote social approach 
behaviour and reduce social avoidance behaviour [16, 
61, 70, 79]. In contrast with the social salience account, 
previous research has also demonstrated that a single-
dose of intranasal oxytocin administration can attenuate 
amygdala activity during expressive face processing in 
non-autistic adults [26, 35, 50, 52]. This oxytocin-induced 
dampening of amygdala reactivity has been related to 
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decreased social stress and facilitated social interac-
tion behaviour [61]. Likewise, multiple-dose adminis-
tration of oxytocin in autistic adults has been shown to 
dampen amygdala activity and amygdala-frontal func-
tional connectivity while viewing social stimuli [3, 15]. 
This decreased amygdala-frontal functional connectivity 
was interpreted as a reduced need for top-down frontal 
control once amygdala activity has been attenuated [3]. 
Together, these studies provide evidence for the attenu-
ating effect of oxytocin on neural activity in response to 
socially relevant cues (e.g. faces), likely reflecting the neu-
romodulatory effect of oxytocin in reducing emotional 
arousal and stress.

In an attempt to reconcile these conflicting findings 
and theories, it has been suggested that the contrasting 
neural effects of oxytocin may be due to variability in 
person-dependent characteristics (such as anxiety lev-
els, diagnosis, gender, personal relevance, etc.[5, 61]) or 
variability in context-dependent aspects (e.g. oxytocin 
enhances cooperation within a trusting context, but 
decreases prosocial behaviour in a threatening context 
[24, 77]). In a similar vein, it has been put forward that 
oxytocin by itself may not induce any therapeutic effect, 
yet, it may open up a window of opportunity to facilitate 
social learning, depending on the social context during 
which it is administered [33, 36].

The current study
Using a classical functional magnetic resonance imaging 
(fMRI) paradigm [17, 74] and a double-blind placebo-
controlled randomized clinical trial design, we assessed 
the effect of four weeks of daily intranasal oxytocin 
administration on neural face processing in school-aged 
children with autism. In line with previous multiple-dose 
oxytocin studies [3, 15], it can be hypothesized that oxy-
tocin administration may induce a general attenuation 
of arousal and neural responsivity towards faces, thus a 
dampening of neural activity. However, in line with the 
social salience account of oxytocin (and with several 
single-dose oxytocin studies, cf. supra), increased neural 
activity could also be anticipated, possibly induced by the 
increased salience of the presented faces. In addition to 
the group of autistic boys and girls, an age and gender 
matched group of non-autistic children also performed 
the fMRI face processing task once (pre-treatment; non-
autistic children did not receive any oxytocin adminis-
tration), in order to examine baseline diagnosis-related 
differences in neural face processing. Here, similar to 
prior findings, we generally expected to find reduced 
neural activity along the face processing network in the 
autistic as compared to the non-autistic children [66], 
even though enhanced neural activity in amygdala could 
also be anticipated in autism [54, 63, 81, 88].

Materials & methods
Clinical trial design
We conducted a single-centre, two-arm, double-blind, 
randomized, placebo-controlled parallel study at the Leu-
ven University Hospital (Belgium) to assess the effects 
of four weeks intranasal oxytocin administration on the 
face processing circuitry using fMRI (see Fig.  1 for the 
CONSORT flow diagram). Children with autism per-
formed a classical face processing block design fMRI 
task at baseline (T0) and post-treatment (T1) (24  h 
after the last nasal spray administration). Additionally, 
at baseline (T0), the face processing fMRI task was also 
administered in a sample of non-autistic controls to com-
pare neural face processing correlates with those in the 
autism group. Study procedures and informed consent 
forms were approved by the Ethics Committee for Bio-
medical Research at the University of Leuven, KU Leu-
ven (S61358) in accordance with The Code of Ethics of 
the World Medical Association (Declaration of Helsinki). 
The trial was registered on 06/07/2018 at the Euro-
pean Clinical Trial Registry (EudraCT 2018–000769-
35; https:// www. clini caltr ialsr egist er. eu/ ctr- search/ 
trial/ 2018- 000769- 35/ BE). The current task-based fMRI 
recordings were part of a larger assessment protocol, 
which aimed at evaluating clinical efficacy of oxytocin 
treatment on several autism symptom questionnaires and 
on neural sensitivity towards expressive faces as assessed 
with EEG. In short, these parallel reports indicate a gen-
eral but no treatment-specific improvement in autism 
characteristics [23] and a significant oxytocin-induced 
dampening of the neural sensitivity (EEG) towards subtle 
socio-communicative facial cues [62]. Notably, at base-
line, the autistic children displayed highly significantly 
reduced neural sensitivity for discriminating fearful and 
happy facial expressions as compared to their non-autis-
tic peers, as demonstrated by frequency-tagging EEG 
[62].

Participants
Autistic participants were recruited between July 2019 
and January 2021 through the Leuven Autism Exper-
tise Centre, KU Leuven. Non-autistic children were 
recruited through elementary schools. For all children 
the parent-rated Social Responsiveness Scale-Children 
(SRS-2 [21] and verbal and performance intelligence 
quotients (IQ; WISC-NL [86]) were acquired. In the 
autistic children, the Autism Diagnostic Observa-
tion Schedule (ADOS-2 [60]) was also administered. 
Both groups were matched on age, gender and per-
formance IQ, although verbal IQ was significantly 
higher in the no-autism compared to the autism group 
(Table  1). Before the treatment, the autistic children 

https://www.clinicaltrialsregister.eu/ctr-search/trial/2018-000769-35/BE
https://www.clinicaltrialsregister.eu/ctr-search/trial/2018-000769-35/BE
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were randomly allocated to receive oxytocin or pla-
cebo. There were no statistically significant differences 
between randomized treatment groups in terms of age, 
gender, IQ and autism symptomatology (Table  1). See 
Suppl. Mat., for more participant information.

Oxytocin administration
Autistic participants received oxytocin (Syntocinon®, 
Sigma-tau) or placebo nasal sprays. Placebo sprays con-
tained all identical ingredients as the active solution, 
except the oxytocin compound. Sprays were prepared by 

Fig. 1 CONSORT flow diagram. Participants of the non-autistic and autism groups were recruited and assessed at baseline (T0). Next, the autism 
group was allocated to receive either oxytocin or placebo (four weeks of twice daily intranasal administrations), followed by a post-treatment (T1) 
assessment. As outlined, for some participants, fMRI recordings were not acquired at one or both assessment sessions due to physical contact 
restrictions and closing down of hospital facilities during the COVID-19 pandemic or due to technical issues
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the University Hospital of Heidelberg (Germany) in iden-
tical 10 ml brown glass bottles with a white nasal pump 
(0.05 ml or 2 IU /puff). Before the start of the study, par-
ticipants and their parents received clear instructions on 
how to administer the nasal spray [39].

Participants administered the nasal spray twice daily—
six puffs (three per nostril) or 12 IU in the morning and 
six puffs in the afternoon (after school)—resulting in 
a daily dose of 24  IU, following a conservative dosing 
scheme used in children with autism [91].

On day 28, i.e. the last day before the post-treatment 
assessment (T1), participants withheld the afternoon 
spray, to avoid single-dose oxytocin effects during test-
ing the next day. Potential adverse events were recorded 
through weekly parent reports and daily parent and child 
diaries, and revealed minimal and non-treatment specific 
side effects (see [23]).

Face processing fMRI
Block‑design fMRI task
During scanning, blocks of neutral (N), fearful (F) and 
scrambled (S) faces were alternately projected on a 
screen behind the MRI scanner, which could be seen 
via a mirror (Fig.  2). Each block lasted 15.75  s, a whole 
run lasted 236.25 s and each participant completed two 
runs. Twenty-one faces (randomly sampled from seven 
different identities) were presented for 0.75 s each in one 
block. A fixation cross (fix), was shown for 15.75 s at the 
beginning of the run, after six face blocks, and at the end 
of the run. Within each run, faces were semi-randomly 
presented using MATLAB R2018b (MATLAB and Sta-
tistics Toolbox Release 2018b, The MathWorks, Inc., 
Natick, Massachusetts, United States). Male and female 

faces were shown in separate runs, counterbalanced 
across runs. During the run with female faces, a male 
face appeared randomly 2 or 3 times per block, and vice 
versa for the male run. To ensure focus on the screen and 
attention to the face characteristics, participants were 
instructed to press a button with the thumb of their dom-
inant hand whenever this gender switch occurred. Like-
wise, during the scrambled condition the scrambled faces 
randomly (2 or 3 times per block) changed to a plain 
face-silhouette, and participants were instructed to also 
press the button on this occasion. Average performance 
accuracy on this orthogonal task was 80.81%, with no 
diagnostic-group (autism = 76.41%, no-autism = 81.45%; 
t(87) = 1.27, p = 0.21) or nasal spray-related group 
differences (autism-oxytocin = 83.33%, autism-pla-
cebo = 82,04%; t(35) = 0.28, p = 0.78). Neither were there 
diagnostic-group (autism = 0.78  s, no-autism = 0.78  s; 
t(81) = -0.30, p = 0.76) or treatment-related group differ-
ences (autism-oxytocin = 0.79  s, autism-placebo = 0.78  s; 
t(32) = 0.18, p = 0.86) in reaction time.

Stimuli
Seven male and seven female identities were chosen 
from the Radboud Faces Database (RaFD) [57]. For each 
identity, a neutral and fearful face was included. All fear-
ful faces were reliably rated as “fearful” (91.4% agree-
ment[57]). The scrambled faces were made from three 
fearful and four neutral faces with different identities 
with a grid size of ten, using webmorph.org. All images 
were 5.5 × 8  cm and placed on an 8 × 12  cm grey back-
ground. The visual angle of the face stimuli during MRI 
acquisition was 17.15 degrees.

Table 1 Demographic characteristics of the trial participants at baseline

a P-values based on independent, two-sample t-tests or Chi-square tests
b Age expressed in years
c Verbal Intelligence Quotient (IQ) was derived from the subtests Similarities and Vocabulary, Wechsler Intelligence Scale for Children, Fifth Edition, Dutch version 
(WISC-V-NL [86])
d Performance IQ was derived from the subtests Block Design and Figure Puzzles (WISC-V-NL [86])
e Social Responsiveness Scale-Children, 2nd edition (SRS-2 [21])
f Prior to randomization, the Autism Diagnostic Observation Schedule, 2nd edition (ADOS-2 [60]) was administered in the autism group
* Significant difference at p < 0.05 statistical threshold

Measures Autism
(n = 58)

No autism
(n = 38)

P‑valuea Autism-oxytocin
(n = 20)

Autism-placebo
(n = 24)

P‑valuea

♂:♀ 46:12 30:8 0.99 18:2 21:3 0.95

Ageb (mean ± SD) 9.93 ± 1.26 9.79 ± 1.28 0.59 10.20 ± 1.36 9.88 ± 1.26 0.47

VIQc (mean ± SD) 108.78 ± 12.24 117.76 ± 15.22  < 0.01* 104.25 ± 16.05 111.61 ± 16.61 0.15

PIQd (mean ± SD) 104.40 ± 13.77 107.76 ± 12.46 0.22 101.60 ± 13.47 103.43 ± 12.01 0.64

SRS-2e (mean ± SD) 88.66 ± 20.97 21.03 ± 12.27  < 0.001* 88.65 ± 22.53 85.63 ± 20.78 0.65

ADOS-2f (mean ± SD) – – – 9.22 ± 3.41 9.16 ± 4.13 0.96
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fMRI data acquisition
Structural and functional MRI images were obtained 
using a 3 Tesla Philips Ingenia CX MR scanner (Best, 
The Netherlands) with a 32-channel head coil. fMRI 
series were acquired using BOLD sensitive echo planar 
imaging sequence (TR/TE 1500/30  ms, 80° flip angle, 
228 × 228  mm2 field of view, 48 axial slices, multiband 
slice order (factor of 2), 2.75 mm tick, in plane voxel size 
2.75  mm2). Structural scans were collected using a stand-
ard T1-weighted pulse sequence (TR/TE 9.6/4.6  ms, 
8° flip angle, 250 × 250  mm2 field of view and voxel size 
0.97 × 0.97 × 1.2  mm3).

fMRI data analysis
Preprocessing fMRI data were preprocessed using the 
CONN SPM toolbox 2017 [89], within MATLAB 2022b 
(MATLAB and Statistics Toolbox Release 2022b, The 
MathWorks, Inc., Natick, Massachusetts, United States). 
First, structural images were manually positioned accord-
ing to the anterior commissure—posterior commissure 
line. Second, functional images were slice timing cor-
rected and realigned to the first functional image. The six 
head motion parameters (three translational and three 
rotational), obtained during this process were used as 
confounds in the general linear model. Third, outliers due 
to excessive head motion (framewise displacement (FD) 
exceeding 0.9 mm) were scrubbed using Artifact Detec-
tion Toolbox (https:// www. nitrc. org/ proje cts/ artif act_ 
detect/). Average FD head motion did not differ between 

diagnostic-groups (t(94) = 1.2, p = 0.23) nor between 
treatment-groups at baseline or after spray administra-
tion period (t(42) = 0.42, p = 0.68). Fourth, structural 
images were co-registered to the functional images. Fifth, 
structural and functional images were normalized to MNI 
space, resampling the functional scans to a voxel size of 
2 × 2 × 2  mm. Lastly, functional images were smoothed 
with a Gaussian kernel with a full-width half maximum 
(FWHM) of 8 mm to increase the signal to noise ratio.

General analysis approach At subject level, a first-
level general linear model (GLM) was built, based on the 
onset and duration of each stimulus block (condition). 
The GLM contained the following variables: two runs 
with each four conditions (fearful, neutral, scramble and 
fixation) and additionally six head-motion parameters. 
Estimation of the GLM resulted in beta-values for each 
condition, which were used in the subsequent second-
level analyses. We first performed a series of whole-brain 
univariate analyses, aimed at pinpointing the (expres-
sive) face processing brain circuitry with an increasing 
level of specificity (by making the consecutive contrasts 
more specific, i.e. NEUTRALvsFIX, NEUTRALvsS-
CRAMBLE, FEARFULvsFIX, FEARFULvsSCRAMBLE, 
FEARFULvsNEUTRAL). For each of the contrasts, we 
investigated T0 baseline activity for the no-autism and 
the autism group separately, as well as for the diagnostic 
group comparison (all Family Wise Error (FWE) cor-
rected at a threshold of p < 0.05). Here, we can already 

Fig. 2 The face processing fMRI paradigm. Blocks of neutral, fearful and scrambled faces were alternately projected. A fixation cross (fix) was shown 
for 15.75 s at the beginning of the run, after six face blocks, and at the end of the run. Each block lasted 15.75 s, a whole run lasted 236.25 s. 
Twenty-one faces (from seven different identities) were presented for 0.75 s each in one block. Male and female faces were shown in separate runs, 
counterbalanced across runs

https://www.nitrc.org/projects/artifact_detect/
https://www.nitrc.org/projects/artifact_detect/
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mention that -contrary to our expectation- the most 
specific contrasts and particularly the FEARFULvsNEU-
TRAL contrast did not reveal any significant activation, 
imposing us to focus on the more general face process-
ing network with the use of the FACES(neutral + fearful)
vsFIX contrast. Second, we performed a more targeted 
region of interest (ROI) based analysis within multiple 
regions of a predefined face processing network (cf. 
[44] see infra). In these ROIs, we performed the same 
analysis approach, comparing univariate brain activity 
for several contrasts for the no-autism and the autism 
groups separately, as well as for the diagnostic group 
comparison, controlling for multiple comparisons by 
calculating False Discovery Rate (FDR) corrected p-val-
ues. Again, here, we were obliged to proceed with the 
most general FACESvsFIX contrast that yielded signifi-
cant activity. Third, we explored whether a multivariate 
representational similarity analysis might be more sen-
sitive to reveal expression-specific activity patterns (i.e. 
FEARFULvsNEUTRAL) in particular brain regions in 
any of the groups. Yet, again, this approach did not yield 
any selective activity patterns. Finally, based on all these 
analyses at T0 baseline, we determined to investigate 
the treatment-related effects (i.e. T1 versus T0) based 
on the univariate FACESvsFIX contrast throughout the 
13 ROIs.

Definition of  ROIs Based on the face processing neu-
roimaging literature, we performed more targeted ROI 
analyses. Specifically, we used the ROIs delineated by 
Hendriks et al. [44] which were applied in a multi-method 
fMRI study on neural face processing in adults with and 
without autism. Seven brain regions involved in the core 
and extended face processing network were delineated: 
the inferior occipital cortex (including the OFA), the pos-
terior fusiform cortex (including the FFA), and the supe-
rior temporal cortex (including the STS), the amygdala, 
the anterior temporal cortex, the inferior frontal cortex, 
and primary visual cortex V1, see Fig. S1. As all regions 
were subdivided in left and right hemisphere ROIs, except 
V1, we were left with 13 ROIs in total. These ROIs were 
created by calculating the intersection of anatomical 
masks from the WFU PickAtlas’ ‘aal’ (Wake Forrest Uni-
versity PickAtlas, http:// fmri. wfubmc. edu/ cms/ softw are) 
and face-responsive voxels from a whole-brain second 
level “faces versus fixation” contrast across all their par-
ticipants (n = 52) (see Hendriks et al., [44], for details).

Univariate ROI analyses We conducted an ROI-based 
univariate analysis (using custom code in MATLAB 
and R (RStudio Team (2022)) to examine diagnosis- and 
treatment-related differences in the processing of faces. 
Per participant, the average beta-values were computed 

for every contrast and every ROI. Values exceeding two 
standard deviations from the mean were excluded from 
the analysis to enhance the accuracy and reliability by 
mitigating their disproportionate influence. First, per 
group, these were entered in a one-sample t-test to pin-
point condition-specific activity. Second, these beta-val-
ues were used in two-sample t-tests to evaluate group dif-
ferences. For the diagnosis-related group differences, this 
was performed across all the predefined contrasts (from 
more general to more specific, i.e. FACESvsFIX, NEU-
TRALvsFIX, FEARFULvsFIX, NEUTRALvsSCRAM-
BLED, FEARFULvsSCRAMBLED, and FEARFULvsNEU-
TRAL). To examine treatment-related group differences, 
this was only performed for the FACESvsFIX contrast. In 
particular, change-from-baseline scores were calculated, 
i.e. we subtracted the beta-values for the activity per ROI 
at T0 from the beta-values for the activity per ROI at T1. 
Across all these analyses, we corrected for multiple com-
parisons by controlling the false discovery rate (FDR) with 
q < 0.05 [14].

Multivariate ROI analyses To further pinpoint selec-
tive brain activity for the fearful versus neutral faces and 
explore possible group differences in expressive face pro-
cessing, we performed a multivariate analysis in each of 
the predefined ROIs by comparing neural dissimilarity in 
the multivoxel patterns elicited by the fearful versus neu-
tral face condition. Specifically, representational similarity 
analysis (RSA), resulting in representational dissimilarity 
matrices (RDM), was applied to quantify the quality of 
the neural representation and to examine potential diag-
nosis-related group differences in expressive vs. neutral 
face processing. For each ROI, neural RDMs comprised 
the pairwise correlation distance between activity pat-
terns (beta values) for the different conditions (i.e. fear-
ful and neutral faces) [90]. We then tested the significance 
of differences between these distance values per ROI, 
both within and between diagnosis-groups, using paired 
t-tests. Then, p-values were corrected for multiple com-
parisons across all ROIs using false discovery rate (FDR) 
with q < 0.05 [14].

Results
No diagnostic-group differences in whole-brain face 
processing activity
Contrary to our expectation, the most specific FEAR-
FULvsNEUTRAL contrast did not yield any selective 
activity for the whole-brain analysis, not for the sepa-
rate groups, nor for the diagnostic group comparison 
(all pFWE > 0.05). Likewise, inclusion of the SCRAMBLE 
control condition already appeared to largely evoke 
the face processing network, thereby abolishing any 
specific activity for the NEUTRALvsSCRAMBLE and 

http://fmri.wfubmc.edu/cms/software
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FEARFULvsSCRAMBLE contrasts (all pFWE > 0.05). 
Against this background, we thus proceeded with the 
more general FACESvsFIX contrast. Face process-
ing related brain activity was evident across all par-
ticipants (n = 96) from the FACESvsFIX whole-brain 
contrast, with peak activity in clusters in the right fusi-
form gyrus (t(95) = 9.64, pFWE < 0.001, 1711 voxels), left 
fusiform gyrus(t(95) = 7.57, pFWE < 0.001, 430 voxels), 
brain stem (t(95) = 6.74, pFWE < 0.001, 644 voxels), right 
inferior frontal gyrus (t(95) = 6.74, pFWE < 0.001, 390 
voxels), right supplementary motor area (t(95) = 6.40, 
pFWE < 0.001, 255 voxels) and right angular gyrus 
(towards the end of the STS) (t(95) = 5.61, pFWE = 0.001, 
205 voxels), see Fig. 3. Notably, a diagnostic group com-
parison did not yield any significant diagnosis-related 
differences in activity for this FACESvsFIX whole-brain 
contrast (pFWE > 0.05).

No diagnostic-group differences in ROI-based face 
processing activity
Table  2 and Fig.  4 display average beta-values for the 
univariate FACESvsFIX contrast in each of the ROIs 
for each group, as well as statistics for the group com-
parison. One-sample t-tests per group confirm that the 

Fig. 3 fMRI face processing responses across all participants. As there were no diagnostic-group differences, the figure shows the whole-brain face 
processing activity (FACESvsFIX contrast) across all autistic and non-autistic participants (n = 96,  pFWE   <  0.05). Face processing related brain activity 
was evident in the right and left fusiform gyrus, brain stem, right inferior frontal gyrus, right supplementary motor area and right angular gyrus 
(wraps the end of the STS)

Table 2 Diagnostic-group comparison of the average face 
processing activity in each of the ROIs

Beta-values with an asterisks (° p < 0.05 uncorrected, * q < 0.05 FDR corrected) 
indicate whether the FACESvsFIX contrast yields significant brain activity within 
a particular ROI within a particular group, based on a one-sample t-test with  H0: 
Mean X = 0. P-values in bold (p < 0.05) indicate whether the FACESvsFIX contrast 
yields significant brain activity within a particular ROI between both groups, 
based on a two-sample t-test. However, no significant group-differences were 
observed

ROI activity
FACES vs. FIX contrast

Autism
beta-value

No autism
beta-value

Group comparison

t value Punc PFDR

V1  − 0.05  − 0.01  − 0.91 0.37 0.55

Left inferior occipital 0.16* 0.15* 0.37 0.71 0.78

Right inferior occipital 0.25* 0.20* 1.11 0.27 0.55

Left posterior fusiform 0.22* 0.17* 0.98 0.33 0.55

Right posterior 
fusiform

0.22* 0.26*  − 0.72 0.48 0.60

Left STS 0.01 0.06*  − 1.17 0.25 0.55

Right STS 0.06° 0.09*  − 0.81 0.42 0.57

Left amygdala 0.08 0.10*  − 0.31 0.76 0.78

Right amygdala 0.09* 0.08* 0.28 0.78 0.78

Left anterior temporal 0.00 0.07*  − 1.87 0.07 0.55

Right anterior temporal 0.00 0.05*  − 1.36 0.18 0.55

Left inferior frontal 0.02 0.06  − 1.13 0.26 0.55

Right inferior frontal 0.26* 0.18* 1.58 0.12 0.55
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brain activity is centred around the key regions of the 
extended face processing network, i.e. inferior occipital 
(OFA), posterior fusiform (FFA), inferior frontal, STS 
and amygdala. Comparison of the average ROI activity 
between autism and no-autism yielded no significant 
effect of diagnostic-group (all pFDR > 0.14; see Table  2 
and Fig. 4).

Given the specific interest in expressive face process-
ing for the diagnostic-group comparison, we also inves-
tigated the ROI-based average activity for the more 
specific contrasts (see Supplementary Table S1A-E). Con-
trary to our expectation, however, the FEARFULvsNEU-
TRAL contrast did not reveal any significant activation 
(all pFDR > 0.78; see Table S1E), nor did the other contrasts 
across any of the ROIs (all pFDR > 0.11; see Table S1A-D). 
To further pinpoint selective brain activity for the fear-
ful versus neutral faces and explore possible diagnos-
tic-group differences in expressive face processing, we 
performed a multivariate representational similarity 
analysis. However, here again, this analysis did not allow 
to significantly differentiate the neural representations of 
fearful versus neutral facial expressions (all pFDR > 0.89, 
see Suppl. Mat., Table  S2), thereby making any further 
group comparisons invalid. Accordingly, based on this 
series of analyses, the focus of the subsequent treatment-
specific group comparisons was on the FACESvsFIX con-
trast, similar to Hendriks et al., [44].

No specific treatment-related effects on fMRI face 
processing responses in autism
A whole-brain analysis comparing the oxytocin ver-
sus placebo group for the FACESvsFIX contrast did 
not reveal any significant group differences in activity 
at pFWE < 0.05. Next, for each of the ROIs we calculated 
change-from-baseline scores by subtracting the average 
beta-values at T0 from the average beta-values at T1. 
Only in the oxytocin and not in the placebo group did the 
neural activity decrease from T0 to T1, in the left infe-
rior occipital (t(19) =  − 3.21, pFDR = 0.04) and left STS 
(t(18) =  − 3.20, pFDR = 0.04) regions and a similar trend, 
at an uncorrected level, was found for the right amygdala 
(t(19) =  − 2.20, punc = 0.04), the left posterior fusiform 
(t(18) =  − 2.23, punc = 0.04) and the left inferior frontal 
(t(18) =  − 2.51, punc = 0.02) regions.

While these change-from-baseline effects were only 
significant within the oxytocin group, no significant 
treatment-effect was found when contrasting the oxy-
tocin with the placebo group corrected for multiple 
comparisons (all pFDR > 0.25; see Table  3 and Fig.  5). 
Note that at an uncorrected level, activity in the left STS 
(t(38) = -2.49, punc = 0.02) and the left inferior frontal 
(t(37) = -2.21, punc = 0.03) were decreased in the oxytocin 
compared to the placebo.

Fig. 4 Diagnostic-group comparison of average ROI activity during face processing. fMRI face processing responses (average beta-values 
for the FACESvsFIX contrast) across all voxels within each of the ROIs are shown in bar graphs, for the autism and no-autism groups. Error bars 
denote standard errors of the mean
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Discussion
The present study compared fMRI face processing neural 
activity of autistic children versus matched non-autistic 
controls, and subsequently investigated the impact of a 
four-week course of repeated oxytocin administration on 
these neural responses in the autism cohort. No signifi-
cant diagnostic-group differences were identified in the 
children, possibly due to large inter-individual variability. 
Crucially, repeated oxytocin administration did not sig-
nificantly alter the neural activity in the face processing 
circuitry, compared to placebo, at a stringent statistical 
threshold. Only at a more lenient threshold, a pattern of 
oxytocin-induced decreased neural activity was identified 
in STS and inferior frontal regions, compared to placebo.

No diagnostic-group differences in the mobilisation 
of the face processing circuitry
Even though previous research generally reported 
reduced activation of face processing brain regions in 
individuals with autism [8, 22, 67], we did not observe 
any significant diagnosis-related group differences, not 
via the whole-brain analysis nor via the focused ROI 
analysis, despite our representative neuroimaging data-
set from 58 autistic and 38 non-autistic children. Our 
results do align with a prior study by Hendriks et al., [44], 
similarly showing no diagnosis-related differences, using 

Table 3 Oxytocin versus placebo treatment effect on the 
change-from-baseline (CFB) activity per ROI during face 
processing

CFB-values with an asterisks (° p < 0.05 uncorrected. * q < 0.05 FDR corrected) 
indicate whether the T1 versus T0 change-from-baseline contrasts yield 
significant brain activity within a particular ROI within a particular treatment 
group based on a one-sample t-test with  H0: Mean X = 0. P-values in bold 
(p < 0.05) indicate whether the FACESvsFIX contrast yields significant brain 
activity within a particular ROI between both treatment-groups, based on a 
two-sample t-test

ROI activity
FACES vs. FIX contrast

Oxytocin
CFB-value

Placebo
CFB-value

Group comparison

t value Punc PFDR

V1 0.06 0.13  − 0.51 0.61 0.82

Left inferior occipital  − 0.17*  − 0.02  − 1.65 0.11 0.32

Right inferior occipital  − 0.07 0.01  − 0.87 0.39 0.58

Left posterior fusiform  − 0.16° 0.00  − 1.47 0.15 0.32

Right posterior fusiform 0.03 0.01 0.18 0.86 0.96

Left STS  − 0.18* 0.03  − 2.49 0.02 0.25

Right STS  − 0.03 0.12  − 1.52 0.14 0.32

Left amygdala  − 0.04  − 0.03  − 0.08 0.94 0.96

Right amygdala  − 0.13° 0.03  − 1.57 0.13 0.32

Left anterior temporal  − 0.07  − 0.07 0.05 0.96 0.96

Right anterior temporal  − 0.03  − 0.09 0.99 0.33 0.58

Left inferior frontal  − 0.12° 0.02  − 2.21 0.03 0.25

Right inferior frontal  − 0.16  − 0.06  − 0.93 0.36 0.58

Fig. 5 Treatment-specific effect on change-from-baseline average ROI activity during face processing. fMRI face processing responses (average 
change-from-baseline beta-values for the FACESvsFIX contrast) across all voxels within each of the ROIs are shown in bar graphs, for the oxytocin 
and placebo groups. Note that, even though not strictly significant, the oxytocin group generally displays a reduction in brain activity 
across the face processing network at T1 compared to T0. Error bars denote standard errors of the mean
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an identical set of face processing regions-of-interest in 
autistic adults. Likewise, a recent study of Langenbach 
et  al., [56], compared amygdala activity between a large 
cohort of autistic vs. non-autistic individuals during 
emotional face processing and found no differences [56].

Notably, in a prior study from our lab, a significant 
diagnostic group difference was revealed in the same 
cohort of autistic/non-autistic children, using an EEG-
based frequency-tagging facial expression discrimination 
paradigm, i.e., indicating reduced implicit facial discrimi-
nation processing in autistic children [62]. These results 
sharply contrast with the lack of a significant group dif-
ference in facial expression processing as assessed in 
the current study, using fMRI. The observation of facial 
processing difficulties as shown using EEG [62], but 
not using the current fMRI paradigm, may therefore 
indicate the superiority of this frequency-tagging EEG 
approach in revealing more subtle difficulties in implicit 
facial processing. Possibly due to the fact that MRI can 
be perceived as stressful (loud noises, supine position, 
etc.) compared EEG, which may interfere with the detec-
tion of subtle neural activations related to emotional face 
processing. It is also possible that our results are task-
dependent and other tasks (e.g. including faces in a more 
naturalistic settings) are more sensitive to discriminate 
between the diagnostic groups.

Oxytocin treatment effects on fMRI face processing 
responses in autism
Next, we implemented the fMRI face processing task in 
a randomized, double-blind, placebo-controlled clinical 
trial, to monitor the effect of oxytocin administration for 
the autistic children. Crucially, no robust oxytocin-spe-
cific differences were observed. However, at a more leni-
ent exploratory threshold we did observe lower neural 
activity in left STS and left inferior frontal region in the 
oxytocin group compared to the placebo group. Examin-
ing the change-from-baseline in the oxytocin group sepa-
rately, indeed showed that in the oxytocin group, not in 
the placebo group, neural activity in the STS and inferior 
occipital regions significantly reduced from the pre (T0) 
to the post (T1), neuroimaging assessment. Similar pre-
to-post changes were identified in the posterior fusiform 
region, inferior frontal region and amygdala, indicating 
significant pre-to-post reductions in neural activity in 
these regions in the oxytocin group, but not in the pla-
cebo group.

At a functional level, changes in STS activity might 
relate to changes in facial expression processing abil-
ity, especially since STS has classically been designated 
as the core face processing region involved in process-
ing the dynamic aspects of faces, such as expressions 
[41, 65]. The observation of oxytocin-induced reduction 

in STS activity is in line with prior studies investigating 
the effects of oxytocin in individuals with autism. For 
instance, Aoki et al., [9] demonstrated reduced STS activ-
ity,  although not significant (p = 0.075), after a single-
dose of oxytocin in autistic adults when they had to infer 
others’ emotions. Likewise, Andari et  al., [7] reported 
diminished activity in the middle temporal cortex during 
a social ball-tossing game, also upon single-dose oxytocin 
administration in autistic adults [7]. In contrast, other 
single-dose oxytocin studies have reported increased 
oxytocin-induced activity in STS in autism [15, 38]. For 
example, Bernaerts et  al., [15] found increased activ-
ity in STS in autistic adults while processing point-light 
biological motion, after a single dose of oxytocin, but 
no consistent long-term changes in STS activity were 
induced after a four-week multiple-dose administration. 
Note, however, that this same study did observe consist-
ent and long-term reductions in amygdala activity after a 
four-week oxytocin treatment [15], similar to the current 
trend of reduced amygdala activity upon chronic oxy-
tocin administration.

The inferior frontal region is believed to play a role 
in semantic knowledge about faces [18, 45]. It shows 
stronger activation when viewing familiar faces compared 
to newly learned faces [59] and responds more to the face 
of one’s partner than one’s own face [80], suggesting that 
the region is involved in monitoring social information 
rather than familiarity alone [44]. Given these roles, the 
observed reduction in inferior frontal activity induced by 
oxytocin compared to placebo (although uncorrected for 
multiple testing), might suggest reduced recruitment of 
cognitive control resources as the orthogonal face pro-
cessing task required selective attention for interpreting 
the gender of the face stimuli. Of note, in our study, no 
oxytocin-related performance differences were found on 
the orthogonal task, indicating and equal level of overt 
attention to the face stimuli.

While we did not administer any behavioural face 
processing tasks throughout the clinical trial, in a paral-
lel report on this same participant cohort we describe 
oxytocin-induced changes in neural sensitivity for subtle 
facial expression cues as assessed by frequency-tagging 
EEG [62]. Interestingly, in the EEG data, the selective 
neural sensitivity for facial expression discrimination, 
as indexed by occipito-temporal responses, significantly 
increased after receiving placebo, but this effect was 
dampened after receiving the four-week oxytocin treat-
ment [62]. Strikingly, the current change-from-baseline 
neural activity reveals a similar decrease after oxytocin 
treatment in the inferior occipital, posterior fusiform 
and STS core face processing regions. Thus, together, 
the EEG and fMRI findings converge on demonstrating 
evidence for a generally attenuating effect of oxytocin on 
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face processing activity. This is additionally supported by 
the observed (uncorrected) trend of oxytocin-induced 
lowered activity in the amygdala and the inferior frontal 
gyrus, regions known to play a crucial role in emotion 
processing [2, 19], [42], [78].

While this conclusion conflicts with the social salience 
account of oxytocin, it may corroborate the anxiolytic 
and social stress reduction theory of oxytocin, as pos-
sibly aversive facial stimuli may be processed in a more 
attenuated manner. To further explore this theory, the 
association between oxytocin-induced reductions in neu-
ral activity and self-reported anxiety, measured as the 
change-from-baseline using the Screen for Child Anxi-
ety Related Disorders (SCARED) questionnaire [64] was 
exploratively investigated. Improved self-reported anxi-
ety was significantly associated with attenuated left infe-
rior occipital (Pearson correlation r = 0.61; p < 0.01) and 
left inferior frontal (r = 0.61; p < 0.01) activity, and mar-
ginally significant with reduced left STS activity (r = 0.45; 
p = 0.06). Note, however, that no treatment-specific 
improvements were demonstrated on the SCARED ques-
tionnaire (for more information on the behavioural data 
see Daniels et al., [23]).

Further evidence corroborating this social stress reduc-
tion account is offered by Alaerts and colleagues [4], 
showing that this four-week oxytocin course reduced 
cardiac autonomic arousal in this same sample of autis-
tic children, as evidenced by increased high-frequency 
heart rate variability. Yet, despite these beneficial anxio-
lytic effects of chronic oxytocin administration, caution 
is warranted about the possible functional impact of the 
reduced fine-grained face processing capacities [62].

A recent systematic review summarized the impact of 
intranasal oxytocin administration on fMRI responses in 
autism [32]. Note that thus far only two studies (beside 
the current study, i.e. Bernaerts et al., [15] and Watanabe 
et  al., [85]) assessed the neural effect of multiple-dose 
oxytocin on the processing of socio-emotional stimuli. 
While the authors acknowledge that oxytocin adminis-
tration can alter brain activity in individuals with autism, 
they also emphasize that this largely depends on the 
type of task and thus the actual context of (single-dose) 
oxytocin administration [32, 33]. More specifically, per-
forming a social task within the time window of actively 
circulating oxytocin administration might boost the 
circuitry involved in this task, whereas these circuitries 
might not be affected by oxytocin alone (in isolation). 
This might explain why some single-dose studies dem-
onstrate increased neural activity in response to faces (in 
line with the social salience hypothesis), as the brain is 
concurrently primed by a social task. On the other hand, 
the current and previous multiple-dose oxytocin study 
[15], did not specifically prime the brain with either a 

social task or a positive social context while exogenous 
oxytocin was administered and circulating, and therefore 
they may not have boosted the related neural circuitry, 
thus not resulting in enhanced neural activity. A unique 
recent multiple-dose clinical trial in children with autism 
did explicitly combine oxytocin administration with psy-
chosocial stimulation, and did demonstrate enhanced 
social attention (increased looking at the eye region of 
a face) and consistent clinical improvements in autism 
symptoms [58]. Yet, this latter study did not incorporate 
neuroimaging, leaving the neural mechanisms of social 
improvements after oxytocin treatment uncertain. This 
calls for further exploration of the impact of combining 
multiple-dose oxytocin treatment with targeted socially-
stimulating tasks in order to uncover the underlying 
neural mechanisms of the resulting behavioural/clinical 
effects.

Limitations
Although the current study reveals important insights 
on the effects of repeated oxytocin administration on 
fMRI face processing responses in children with autism, 
some limitations need to be addressed. First considering 
the possible lack of sensitivity of the block-design dur-
ing fMRI neuroimaging, it is plausible that subtle group 
differences in neural activity during face processing are 
not detected. This may explain why results from a related 
investigation, adopting a similar face processing task 
assessed during EEG (with higher temporal resolution) 
in the same cohort of autistic and non-autistic children, 
did convincingly show diagnostic group differences and 
oxytocin-related effects [62]. Secondly, we implemented 
anatomically defined ROIs, which were functionally 
restricted to ensure that only face-selective voxels were 
included. Yet, these anatomical ROIs are based on fMRI 
scans of adults with and without autism, which may be 
divergent from children with and without autism. Third, 
the higher prevalence of medication use (e.g., methyl-
phenidate) and comorbidities (e.g., attention-deficit/
hyperactivity disorder) in the autism group compared to 
the non-autistic group may have influenced the observed 
fMRI activity. Importantly, a stable medication-use regi-
men was required for participation in the study, poten-
tially mitigating its impact on the results. Furthermore, 
the inclusion of children on medication and with comor-
bidities reflects the real-world population of autistic chil-
dren, enhancing the ecological validity of the findings and 
ensuring that the sample is representative of the broader 
clinical population. Fourth, considering the study design, 
we did not include a single-dose oxytocin assessment, so 
no direct comparison between single and multiple-dose 
oxytocin effects on neural face processing could be made. 
Lastly, a more consistent standardization or monitoring 



Page 13 of 15Moerkerke et al. Molecular Autism           (2024) 15:53  

of the social context during heightened exogenous oxy-
tocin availability throughout the long-term trial would 
have been informative, also to understand possible inter-
individual variability in neural response patterns.

Conclusion
Reading someone’s face is crucial for social interac-
tion, which is often altered in individuals with autism. 
The underlying neural correlates of face processing have 
been extensively examined using fMRI, allowing to quan-
tify brain activity with great spatial resolution. We used 
an fMRI task to compare the neural face processing sig-
nature of children with autism with that of matched 
non-autistic controls, but no robust diagnostic-group dif-
ferences were identified.

Next, we implemented this fMRI face processing task 
in a double-blind, placebo-controlled, multiple-dose oxy-
tocin clinical trial in children with autism, to evaluate the 
impact of oxytocin on face processing brain activity. No 
significant treatment effects were found. Yet, uncorrected 
for multiple-comparisons, we did observe lower left STS 
and inferior frontal activity in the oxytocin group, com-
pared to the placebo group. Furthermore, looking at the 
change-from-baseline in the oxytocin group separately, 
reduced neural activity was found in core face-processing 
regions (STS, inferior occipital and posterior fusiform 
regions) as well in the amygdala and the inferior fron-
tal region. These findings suggest an attenuating effect 
of multiple-dose oxytocin administration on face pro-
cessing, possibly supportive of the anxiolytic account of 
oxytocin.
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