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Abstract
Oxytocin (OXT) is a neuropeptide which has a critical role in human social behaviour and
cognition. Research investigating the role of OXT on functional brain changes in humans has
often used task paradigms that probe socioemotional processes. Preliminary evidence
suggests a central role of the amygdala in the social cognitive effects of intranasal OXT (INOXT), however, inconsistencies in task-design and analysis methods have led to inconclusive
findings regarding a cohesive model of the neural mechanisms underlying OXT’s actions.
The aim of this meta-analysis was to systematically investigate these findings. A systematic
search of PubMed, PsycINFO, and Scopus databases was conducted for fMRI studies which
compared IN-OXT to placebo in humans. First, we systematically reviewed functional
magnetic resonance imaging (fMRI) studies of IN-OXT, including studies of healthy humans,
those with clinical disorders, and studies examining resting-state fMRI (rsfMRI). Second, we
employed a coordinate-based meta-analysis for task-based neuroimaging literature using
activation likelihood estimation (ALE), whereby, coordinates were extracted from clusters
with significant differences in IN-OXT versus placebo in healthy adults. Data were included
for 39 fMRI studies that reported a total of 374 distinct foci. The meta-analysis identified
task-related IN-OXT increases in activity within a cluster of the left superior temporal gyrus
during tasks of emotion processing. These findings are important as they implicate regions
beyond the amygdala in the neural effects of IN-OXT. The outcomes from this meta-analysis
can guide a priori predictions for future OXT research, and provide an avenue for targeted
treatment interventions.
Keywords: Systematic review; Meta-analysis; ALE; neuropeptides; neurochemistry;
amygdala
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1. Introduction
Oxytocin is a neuropeptide that has a critical role in human social behaviours; including
social perception, social cognition, and social memory (Macdonald and Macdonald, 2010).
For this reason, oxytocin research has garnered serious interest within the scientific
community, popular press and general public (Bartz et al, 2011). Since the first study was
published in 2005 (Kirsch et al, 2005), there has been a fourfold increase in neuroimaging
studies on the neurobiological effects of oxytocin when administered intranasally (Figure 1).
Yet, neuroimaging studies on intranasal oxytocin (IN-OXT) have thus far failed to produce
consistent findings and have resulted in small effect sizes, leading to a debate as to whether
there is a publication bias in IN-OXT research (Lane et al, 2016). Of greatest community
interest, IN-OXT provides a unique therapeutic tool for conditions characterised by anxiety
and social dysfunction such as social anxiety (Labuschagne et al, 2010) and autism (Domes
et al, 2013). Thus, it is imperative that there is clear evidence supporting the central role for
IN-OXT in social neuroscience.
Insert Figure 1 about here.
At the time of writing this review, over 122 published fMRI studies have measured INOXT’s involvement in human behaviour and cognition. However, determining the reliable
neural correlates of IN-OXT has proven difficult when making qualitative comparisons
across studies. It has been argued that individual research studies should be viewed as a
single data point in the cumulative investigation of the respective field, and thus should be
included in meta-analyses (Schmidt, 1992). To date, three meta-analyses have quantitatively
examined the neural correlates of IN-OXT (Rocchetti et al, 2014; Wang et al, 2017; Wigton
et al, 2015). Of these, two examined 11 fMRI studies (Rocchetti et al, 2014; Wigton et al,
2015), and found that the insula was the only reliably activated brain region after IN-OXT
(Wigton et al, 2015). A more recent meta-analysis of 60 studies found that IN-OXT augments
4
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the bilateral amygdala, caudate head, and superior temporal gyrus (Wang et al, 2017).
However, close examination of the coordinates included by Wang et al (2017) suggests that
the authors included coordinates of activation from region of interest (ROI) examinations.
For our meta-analysis, we decided upon an alternate approach and applied a stringent
inclusion criteria of studies that examined whole-brain activations of OXT in healthy adults
only.
There are key points of difference when comparing the current meta-analysis with
previous meta-analyses of IN-OXT (Rocchetti et al, 2014; Wang et al, 2017; Wigton et al,
2015). Specifically, the meta-analysis within the current review: (1) provides a coordinatebased meta-analysis to examine the neural correlates of task-based fMRI of IN-OXT research
using an activation likelihood estimation (ALE) approach; and (2) focusses solely on wholebrain coordinates from peaks of task-based activation during fMRI to avoid bias from regionof-interest approaches. ALE is a widely used meta-analytic tool that quantitatively assesses
voxel-wise neuroimaging foci (Eickhoff et al, 2009; Laird et al, 2005; Turkeltaub et al,
2002). ALE is one of many tools that can be used to achieve meta-analytic synthesis and has
the benefit of exhaustive and unbiased inclusion criteria. However, it is not as statistically
robust as other methods such as effect size SDM analyses (for a detailed review see, Radua
and Mataix-Cols, 2012). Nonetheless, as opposed to narrative reviews, meta-analyses with
stringent protocols such as ALE provide a less-biased review of the literature, and provide a
worthwhile measure of the neural correlates of IN-OXT.
1.1. Aims of the study
First, we aimed to provide a systematic qualitative outline of all studies that have
measured fMRI responses to IN-OXT in healthy humans or those with psychiatric disorders;
covering both task-based fMRI and resting-state fMRI studies. Second, we employed an
exploratory coordinate-based meta-analysis for task-based fMRI studies reporting whole5
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brain activations using ALE. For the meta-analysis, we ran separate analyses focusing on
tasks of emotion perception or processing, and those that probed other social cognitive
processes such as trust and empathy. Additionally, we performed separate analyses for male
and female samples, as well as subtraction analysis to determine if there was any specific
gender difference in brain regions activated by IN-OXT.

2. Materials and Methods
The present study was pre-registered with PROSPERO (CRD42017058656) and has been
conducted according to the Preferred Reporting Items for Systematic Reviews and MetaAnalyses guidelines (PRISMA; Moher et al., 2009) (refer to Supplementary Materials).
Following recommendations for neuroimaging reporting (Poldrack et al, 2017), uncorrected
statistical maps are available on NeuroVault (https://neurovault.org/collections/3713/) and the
brain activation coordinates used in the ALE meta-analyses as well as the dataset and scripts
to perform the effect size meta-analyses are available at https://osf.io/8ftzw/.
2.1. Search Strategy
The literature was searched using the PubMed, PsycINFO, and Scopus databases, and
by additional hand searches through reference lists of included studies. The search terms
comprised (“oxytocin” OR “syntocinon”) AND (“fMRI” OR “brain imaging” OR “functional
magnetic resonance imaging” OR “MRI” OR “magnetic resonance imaging”). The search
was limited to articles published from the first functional neuroimaging study of oxytocin
(Kirsch et al, 2005) until February 2017.
2.2. Study selection and eligibility criteria
Two authors (SG and CK) screened all titles and abstracts in the electronic databases.
Studies were included if they met the following eligibility criteria: (1) the full-text was
6
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published in the English language; (2) used only human participants; (3) measured brain
function using fMRI; (4) includes the use of exogenous OXT (e.g., nasal spray; IN-OXT);
and (5) were peer-reviewed original articles. Articles were excluded that: (1) examined
correlates of endogenous OXT (e.g., plasma levels, saliva levels, or measures OXTR receptor
expression with functional brain activity); (2) used a single case-report; and (3) were reviews
or meta-analyses of the literature.
2.1.

Review method
We had two main goals: (1) to provide a systematic review of all studies that have

examined task-based or resting-state fMRI responses to the administration of IN-OXT in both
healthy and psychiatric populations; and (2) meta-analyse whole-brain foci from task-based
studies of IN-OXT in healthy humans using ALE.
2.1.1. Data synthesis for systematic literature review
Firstly, studies that met eligibility criteria were subjected to a qualitative systematic
review. The following data were extracted from all selected papers: patient characteristics
(including sample size, handedness, and age and gender distribution); intervention dose or
specifications; the procedure and design of the relevant fMRI technique; and brain regions
implicated in the significant findings of the study. These data were broken down into: (1)
task-based fMRI studies in healthy humans and in non-healthy clinical populations (Table 1);
and (2) resting-state fMRI examinations in healthy humans and in non-healthy clinical
populations (Table 2).
2.1.2. Activation likelihood estimation (ALE) meta-analysis
Secondly, the studies included in the systematic qualitative review were also assessed
for relevant data for a meta-analysis. To ensure rigour, stringent inclusion criteria were
applied. To be included in the meta-analysis, studies were required to: (1) report specific peak
foci of activation in either Talairach or Montreal Neurological Institute (MNI) space; (2)
7
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include a reasonable sample size (i.e., case studies of single subjects were excluded); and (3)
reported peak activation coordinates from whole-brain analyses (i.e., could not employ
region-of-interest analyses alone).
Ultimately, 39 of 122 examined studies were included in our meta-analyses
(Supplementary Table S3). Of the included studies, 15 examined emotion perception or
processing and 24 examined other social processes. Details of excluded studies are outlined
in Supplementary Table S1.
2.2.1.1.

Statistical meta-analyses

We used a quantitative, random-effects meta-analytic method known as activation
likelihood estimation (ALE; Eickhoff et al, 2009; Laird et al, 2005; Turkeltaub et al, 2002;
Turkeltaub et al, 2012) implemented in the software program GingerALE 2.3.6
(http://brainmap.org) using the most recent algorithm designed to minimize the impact of
individual experiments (Turkeltaub et al, 2012). The ALE algorithm tests for clustering of
peak foci from different experiments included in the meta-analysis. As a part of the analysis,
a full-width half maximum (FWHM) Gaussian blur is modelled for each respective foci in
each experiment, adjusted for sample size, which together provides and ALE activation map
of all studies across the brain. These ALE maps are then assessed against a null-distribution
map, thus assessing above-chance clustering of activation foci between studies, enabling
random-effects inference (Eickhoff et al, 2009; Turkeltaub et al, 2012). Based on
recommendations (Eickhoff et al, 2012), we applied a stringent threshold of p < 0.05, 1000
thresholding permutations, and a cluster size > 15mm3; which is considered to offer
protection against false positives, while providing adequate power levels to reliably detect
differences in activation. Notably, there are still no methods to correct for ALE difference
maps for multiple comparisons (Eickhoff et al, 2011), and given the small number of papers
in the sub-sample analyses (8-24 experiments), an uncorrected threshold of p < 0.05 is
8
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considered conservative. Therefore, for the subtraction and conjunction analyses we applied
stringent threshold of FDR pN < 0.01, 1000 thresholding permutations, and a cluster size >
100mm3. All peak voxel coordinates are reported in Montreal Neurological Institute (MNI)
space. For consistency, for all studies where peak voxels were originally reported in
Talairach space, we transformed coordinates into MNI space using the icbm2tal
transformation function implemented within the GingerALE software package (Laird et al,
2010; Lancaster et al, 2007). To display the results, maps were computed separately for the
clusters of activations and deactivations. The creation of the final figures for presentation
here was performed in the MRIcron software package using standard MNI brain templates
(http://www.mccauslandcenter.sc.edu/crnl/mricron/).
2.2.1.2.

Sub-analyses

Using the statistical methods described above, a series of ALE analyses were
conducted on a final set of 39 studies. We first performed an analysis comparing IN-OXT and
placebo (PBO) contrasts (i.e., OXT>PBO, OXT<PBO). For the sub-analyses, we conducted
separate emotion processing (n = 15 studies) and other social processing (n = 24 studies)
analyses. Also, gender analyses were performed on males (n = 29 studies) and females (n = 8
studies) separately. For each of the sub-analyses categories, we performed the ALE analyses
for the contrasts of OXT>PBO and PBO>OXT to separately identify whether activity was
increased or decreased by IN-OXT. Three studies (Chen et al, 2017; Feng et al, 2015; Gao et
al, 2016) that were included in the overall analysis were not included in the gender analysis
as they only provided foci or main effects of pooled samples of males and females or
contrasts comparing males and females. All of our sub-analyses had a sample size that is
required to obtain valid results from ALE analysis (n>8 studies, as reported in Wagner et al,
2014). However, we did not have enough statistical power to show a significant difference in
the subtraction and conjunction analyses (n>15 studies) for all sub-analyses.
9
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Estimating publication bias in meta-analytic results

Several methods were applied to reduce the risk of bias of within and across studies.
First, to overcome the problem of a bias toward specific brain areas, only studies using a
quantitative automated whole-brain analysis were included. Studies reporting results of
region-of-interest approaches were not considered. As proposed in Eickhoff et al
(2009) new algorithm, the number of patients included in each study was taken into
account in data synthesis. We also performed a separate analysis of positive and negative
findings separately.
Second, the Cochrane Collaboration’s tool for assessing risk of bias (Higgins et al,
2011) was used to assess the within-study risk of bias in included studies systematically
(Supplementary Table S4). Third, the bias toward publication of only positive results is a
serious concern (the ‘file drawer’ problem; Rosenthal, 1991), particularly within the OXT
literature (Lane et al, 2016; Leng and Ludwig, 2016). Publication bias was visually inspected
via a funnel plot (standard error plotted against effect size) and performing an Egger’s
regression test for funnel plot asymmetry (Egger et al, 1997). If the null hypothesis for this
test is rejected (p<0.05), it indicates that a publication bias exists in the model and can be
corrected by the Trim and Fill method that is used to adjust for publication bias (Duval and
Tweedie, 2000). Details on effect size calculations and methodology are described in the
Supplementary Methods.
3. Results I: neuroimaging systematic review
3.1. Study selection
A total of 922 articles were identified. Following removal of duplicates, 671 remained
and were screened by title and abstract. As a result, 591 were excluded based on identifying
at least one feature of the article that warranted exclusion. A total of 122 articles were
selected for full-text review, after which 82 studies were identified for inclusion in this
10
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systematic review. A flowchart of this selection process is displayed in the supplementary
material in Figure S1.
3.2. Study characteristics
Fifty-five studies investigated task-based functional brain activation in IN-OXT in
healthy populations (Table 1), 18 examined task-based functional brain activation in nonhealthy populations (Table 1), seven studies investigated functional differences using restingstate fMRI in healthy populations (Table 2), and two studies investigated functional
differences using resting-state fMRI in non-healthy clinical populations (Table 2). Overall,
these articles yielded a total of 3950 participants, age ranged from 8-85 years, the ratio of
males to females was 5:2, with 19 of these studies including both male and female
participants in their samples. The clinical groups examined included generalised social
anxiety disorder (GSAD; n = 3), autism spectrum disorder (ASD; n = 8), post-traumatic stress
disorder (PTSD; n = 4), depression (n = 1) and schizophrenia (n = 1). Of these studies, all
administered an acute dose of IN-OXT via nasal spray method with the exception of one
study that used a unique breath powered device (Quintana et al, 2016), and one study that
measured cumulative dosages of home IN-OXT users (Kovacs and Keri, 2015). Dosages
ranged from 16-76 international units (IU; M = 25.91 IU, SD = 8.09 IU), with the most
common dosage being 24 IU (n = 61).
3.3. Oxytocin and task-related brain activation
In this section, we systematically discuss the significant regions of interest activated in
our included studies that examined task-based activation using fMRI in healthy (Table 1) and
non-healthy populations (Table 1), covering a total of 72 articles that include significant
findings from both region-of-interest and whole-brain analyses. Please refer to
Supplementary Table S2 for a summary of the specific brain areas modulated by each
study.
11
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Insert Table 1 about here
3.4. Regional activation
3.4.1. Amygdala
Of the 73 articles using task-based fMRI, 39 reported significant augmentation of
amygdala region-of-interest activity by IN-OXT and three studies reported significant wholebrain differences, making it the most consistent region of IN-OXT action in the human brain.
Twenty-five studies showed a task-related decrease in amygdala activation following an
acute dose of IN-OXT. When broken down into task type: 14 studies showed a decrease in
amygdala responses to emotive faces or aversive stimuli (Domes et al, 2007; Domes et al,
2013; Eckstein et al, 2015; Gamer et al, 2010; Kanat et al, 2015a; Kanat et al, 2015b; Kirsch
et al, 2005; Koch et al, 2016a; Labuschagne et al, 2010; Quintana et al, 2016; Radke et al,
2017; Rupp et al, 2014; Shin et al, 2015; Striepens et al, 2012); one to aversively conditioned
stimuli (Petrovic et al, 2008); two in response to pain (Singer et al, 2008; Zunhammer et al,
2015); three studies showed a decrease in response to tasks that involved infant laughter and
distress (Riem et al, 2011; Riem et al, 2016; Riem et al, 2012); and five studies that probe
motivational processes such as monetary transactions and trust (Andari et al, 2016;
Baumgartner et al, 2008; Chen et al, 2016; De Dreu et al, 2015; Rilling et al, 2014).
Conversely, 19 studies showed an increase in amygdala activation following IN-OXT.
When broken down into task type: 14 studies used tasks that included facial emotion or
aversive stimuli (Domes et al, 2013; Domes et al, 2014; Domes et al, 2010; Frijling et al,
2016; Gamer et al, 2010; Gordon et al, 2016; Grimm et al, 2014; Koch et al, 2016a; Lischke
et al, 2012; Petrovic et al, 2008; Pincus et al, 2010; Shin et al, 2015), and 5 used tasks of
social processes like empathy, trust and reward (Chen et al, 2017; Hu et al, 2015; Rilling et
al, 2014; Rilling et al, 2012).
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Importantly, individual (e.g., sex, psychopathology) and contextual differences (e.g.,
stimulus type or valence) appear to have moderating effect of IN-OXT on amygdala
activation. First, gender may be an important moderator of IN-OXT’s effects. In healthy
females, four studies have shown IN-OXT induced increased activation of the amygdala for
threatening, fearful or negative stimuli (Domes et al, 2010; Frijling et al, 2016; Lischke et al,
2012; Rilling et al, 2014). Whereas, five studies have found that IN-OXT was associated with
a reduction of amygdala activity in females, in response to tasks that probe infant distress and
laughter (Riem et al, 2011; Riem et al, 2016; Riem et al, 2012), negative images (Rupp et al,
2014), and social economic games (Rilling et al, 2014).
In contrast, in healthy males, attenuated amygdala responses to IN-OXT have been
observed in 13 studies that include threatening or aversive stimuli (Eckstein et al, 2015;
Gamer et al, 2010; Radke et al, 2017; Striepens et al, 2012), the experience of pain (Singer et
al, 2008), facial emotion (Domes et al, 2007; Domes et al, 2013; Kanat et al, 2015a; Kirsch
et al, 2005; Quintana et al, 2016), and social economic games (Baumgartner et al, 2008;
Chen et al, 2017; De Dreu et al, 2015). Whereas, increases in amygdala activation following
IN-OXT have also been observed in four studies of healthy males, on tasks of facial emotion
perception (Gamer et al, 2010; Shin et al, 2015), conditioned fear (Petrovic et al, 2008), and
in response to negative social interactions (Chen et al, 2017; Hu et al, 2015).
Direct within-study comparisons of males and females on amygdala responses to INOXT have found distinct gender differences. For example, Frijling et al (2016) found a
significant sex interaction on amygdala reactivity, with women showing increased left
amygdala reactivity after IN-OXT during an emotional face matching task. In contrast, when
the same authors analysed the male and female samples together they found right amygdala
responses to fearful faces. Further, Rilling et al (2014) found the opposite effect of gender in
the left amygdala during the Prisoners Dilemma task. Whereby, IN-OXT treatment increased
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the left amygdala response to cooperation in men whereas it decreased in women. Other than
gender, it appears that valence has a large effect on amygdala reactivity as well. Gamer et al
(2010) found that happy faces elicited a strong increase in activity within the lateral and
dorsal regions of the anterior amygdala for happy faces but attenuated it for fearful faces.
It is important to consider these amygdala responses in the context of dynamic
functional brain network changes. For example, while IN-OXT inhibited amygdala responses
to aversive stimuli, a complementary connectivity analysis revealed that it increased
functional coupling between the left amygdala, left anterior insula, and left IFG (Striepens et
al, 2012). These findings suggest that the inhibition of the amygdala to aversive responses
might be superficial and the insula might take on more of a mediating role in output
behaviours such as empathy and memory for such stimuli (Striepens et al, 2012). This, in
turn, could lead to the modulation of approach behaviours, for example towards in-group
members or own-children. Furthermore, in a fear conditioning paradigm, Eckstein et al
(2015) found that while right amygdala responses were reduced, using psychophysiological
interactions analysis to assess the functional interplay of brain regions, IN-OXT increased
functional connectivity (FC) of the right amygdala with left precuneus, which might suggest
that IN-OXT upregulates PCC responses to fear-associated stimuli and in turn, downregulates
the amygdala. Together, extant data in IN-OXT suggest that the amygdala has a dynamic role
in increasing approach behaviours as well as modulating responses to aversive social stimuli
and social situations.
Amygdala responses to IN-OXT have also been measured in psychiatric cohorts. Such
studies have found that task-based activation in patient groups opposes that of matched
healthy control samples. For example, in males with ASD, administration of IN-OXT
increased right (Domes et al, 2013), left (Domes et al, 2014) and bilateral (Gordon et al,
2016) amygdala activation to emotive faces and voices, which consequently resembled the
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pattern of activation of healthy controls under placebo, and could be interpreted as a
“normalisation” effect within this cohort. Decreased amygdala responses to IN-OXT have
also been observed in a social ball tossing game in ASD (Andari et al, 2016). A discrepancy
here might reflect the nature of the task, as tasks that involve emotional stimuli in ASD are
associated with underactive amygdala at baseline, reflected in blunted socio-effective
processes in ASD cohorts. Additionally, differential modulation of IN-OXT on the right
amygdala has been shown in borderline personality disorder, where increased activation in
response to angry faces was reversed by IN-OXT, potentially reflecting reduced threat
hypersensitivity in the disorder (Bertsch et al, 2013). Likewise, hyperactive amygdala
responses and connectivity to emotional faces have been restored (i.e., resemble healthy
controls at baseline) by IN-OXT administration in those with GSAD (Gorka et al, 2015;
Labuschagne et al, 2010), PTSD (Koch et al, 2016a) and schizophrenia (Shin et al, 2015).
Altogether, these data suggest that IN-OXT might be a promising pharmacological agent
through targeting and altering abnormal amygdala function in these disorders.
3.4.2. Anterior cingulate cortex
Of the studies reported, 13 reported alterations of ACC activity following IN-OXT
administration: seven found an increase and two found a decrease in ACC activation
following IN-OXT. Preliminary data has shown attenuation of the ACC in males following
IN-OXT during fMRI tasks of conditioned fear (Eckstein et al, 2016), positive responses of
men to viewing images of their children (Li et al, 2017), and in response to female touch
(Scheele et al, 2014a). In contrast, increased ACC following IN-OXT has also been observed
in tasks of self-referential processing of disgust and stress (Eckstein et al, 2014; Scheele et al,
2014b), and increased dmPFC-ACC connectivity to self and other processing (Zhao et al,
2016).
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IN-OXT’s effect on the ACC might facilitate learning and the downregulation of fear
related processes. For example, during a Pavlovian fear conditioning task, IN-OXT
strengthened ACC responses to fear associated stimuli, and activation of the MCC in
response to social-related fear stimuli (Eckstein et al, 2016). The authors suggest that INOXT specifically facilitates social fear conditioning, and as such, acts as an enhancer of
adaptation to social contexts (Eckstein et al, 2016). This is important in the context of
psychiatric disorders that involve maladaptive fear extinction, and preliminary research
suggests that IN-OXT might be useful in the treatment of such disorders, for example, GSAD
(Labuschagne et al, 2012) and PTSD (Koch et al, 2016a; Nawijn et al, 2017). Evidence from
these studies suggests that IN-OXT restores mPFC and ACC hyperactivity in male GSAD
patients, such that group differences observed at baseline were no longer observed under INOXT (Labuschagne et al, 2012). Beyond fear-related processes, the ACC and mPFC have
also been implicated in improvements in verbal and facial emotion recognition in ASD
following IN-OXT (Aoki et al, 2015; Watanabe et al, 2014). Together, the results discussed
here provide support that the ACC may have a role in the prosocial and anxiolytic effects of
IN-OXT.
3.4.3. Prefrontal cortex
Nine studies within the present review found significant augmentation of the PFC
following IN-OXT. In males and females, significant decreases in mPFC activation have
been observed in tasks that probe interpersonal relations, such as social economic games
(Chen et al, 2017; Feng et al, 2015; Mickey et al, 2016) and judgements of self and others
(Zhao et al, 2016). Interestingly, opposing effects of IN-OXT have been found between
males and females, whereby IN-OXT activation of the mPFC was associated with increased
positive social interactions in men, while decreased mPFC responses were associated with
positive social interactions in females. Thus, these data might suggest that IN-OXT has
16
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sexually dimorphic brain responses and similar behavioural outcomes. This is also consistent
with studies that have found IN-OXT increases mPFC activation and socioemotional
processing in ASD (Aoki et al, 2015; Watanabe et al, 2014).
Other tasks have elicited increases in mPFC activation following IN-OXT. First, INOXT increased mPFC activity and dampened amygdala activity in response to aversively
conditioned stimuli (Eckstein et al, 2015), suggesting a mPFC-amygdala link in the potential
cognitive downregulation of conditioned fear. Second, in a task of interpersonal space,
dmPFC activation in males following IN-OXT was associated with approach and closeness to
a friend, but also increased outgroup bias by increasing distance from an unfamiliar person
(Cohen et al, 2017). Together, it appears that IN-OXT increases activity in the mPFC during
interpersonal social tasks, which might reflect enhanced metallization processes (Rilling et al,
2004).
3.4.4. Inferior and orbitofrontal cortex
Eight studies within the present review found signifcant alterations of inferior frontal
and OFC regions following IN-OXT administration. Of these studies, seven found an
increase in healthy males and females. Specifically, in healthy females, increased OFC was
observed whilst viewing facial emotion (Domes et al, 2010; Voorthuis et al, 2014) and in
response to infant crying (Riem et al, 2011; Riem et al, 2014b). In healthy males, increased
OFC was observed during self-processing (Scheele et al, 2014a). Moreover, in ASD samples
relative to neurotypical healthy controls, IN-OXT was associated with increased inferior
frontal activation during facial emotion recognition (Domes et al, 2014; Gordon et al, 2016).
Moreover, Gordon et al (2016) found increased OFC-vmPFC-NAcc connectivity in
individuals with ASD following IN-OXT, which might suggest an increase in social
attentiveness through mPFC and OFC activation, which might translate into behavioural
action through NAcc outputs. Despite differing effects, it appears that IN-OXT has an
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influence on inferior frontal regions in mediating social processing, which may underlie some
of IN-OXT’s prosocial behavioural effects.
3.4.5. Insula
Eighteen studies within the present review reported significant insula mediation by INOXT, making it the second most consistent region of activation across the included studies.
We identified nine studies that demonstrated an increase in insula activation following INOXT, three using a sample of healthy females (Riem et al, 2011; Riem et al, 2014a; Riem et
al, 2014b), two using a sample of healthy males (Scheele et al, 2014a; Scheele et al, 2014b),
and four in samples of patients with PTSD (Nawijn et al, 2016, 2017), depression (Pincus et
al, 2010), and autism (Andari et al, 2016). Addditionally, increased functional connectivity of
the insula was also observed in four studies (Gorka et al, 2015; Hu et al, 2015; Rilling et al,
2014; Rilling et al, 2012). IN-OXT was also associated with decreases in insula activity in
six studies: two using samples of healthy females (Chen et al, 2017; Rilling et al, 2014); and
four using healthy males (Bos et al, 2015; Chen et al, 2016; Eckstein et al, 2015; Gozzi et al,
2017).
The insula might have a role in prosocial effects of IN-OXT through its hypothesised
role in self-awareness, emotional responses, and empathetic processes, and alongside the
ACC, as part of a “salience network” (Menon and Uddin, 2010). IN-OXT induced activation
of the insula might increase bottom-up detection of salient events and generate behavioural
responses to social stimuli. For example, IN-OXT administration increased insula activity in
response to negative social situations in males with ASD, potentially triggering arousal for
subjective feelings of social pain (Andari et al, 2016).
In addition, the insula has been shown to play a role in increased empathy following
IN-OXT. Riem et al (2011) also found an increase in insula and IFG activity, and a decrease
in right amygdala activity in response to infant crying following IN-OXT administration.
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Further, a meta-analysis found that of all the brain regions, the insula was the most robustly
activated by IN-OXT administration, and did not show a significant modulation by sex
(Wigton et al, 2015). However, in the present study, we identified evidence to suggest that
this relationship is not as clear as previously thought. Namely, there is evidence to suggest
that there is a female-specific reduction of insula activity following IN-OXT administration.
For example, Rilling et al (2014) demonstrated increased activity in the insula, hippocampus
and amygdala in men after IN-OXT administration, but decreased in women, suggesting that
IN-OXT may enhance social reward and facilitate social bonding to a greater degree in men
than women. In support, females have been shown to reliably deactivate the rACC, vlPFC
and posterior insula following IN-OXT in both within-subject and between-subject designs of
social interaction (Chen et al, 2017; Chen et al, 2016). This activation pattern was not evident
in males, with males showing attenuated amygdala and anterior insula responses to negative
social interaction in a within-subject study that did not survive a more robust within-subject
designs (Chen et al, 2017; Chen et al, 2016). Further, in males, the functional connectivity of
the amygdala and insula has been implicated in social learning tasks and might play a role
attributing salience and reward value to social stimuli (Hu et al, 2015; Striepens et al, 2012).
Also, there is evidence to suggest that IN-OXT administration reduces empathy-related
activation in the left-insula in males (Bos et al, 2015). Together, these studies suggest that
insula may mediate the social saliency of emotional information and empathetic concern
associated with IN-OXT, however, as with other regions, it appears that this role differs
across the sexes.
3.4.6. Midbrain and basal ganglia
We identified 11 studies that found task-related increases in midbrain and basal ganglia
activation following IN-OXT, of these studies, three included a sample of healthy females
(Gregory et al, 2015; Groppe et al, 2013; Scheele et al, 2016), six healthy males (Feng et al,
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2015; Hu et al, 2015; Li et al, 2017; Mickey et al, 2016; Rilling et al, 2012; Scheele et al,
2013), one autism (Gordon et al, 2013), and one PTSD (Nawijn et al, 2016). Decreases were
identified in three studies, two using a sample of healthy females (Chen et al, 2017; Feng et
al, 2015), and one males (Wittfoth-Schardt et al, 2012).
The basal ganglia are crucial for reward processing and comprise the globus pallidus
(GP), substantia nigra, putamen, caudate and ventral striatum (Hong and Hikosaka, 2008). It
has been suggested that the caudate is particularly relevant to OXT research as it may help
modulate how decisions are made based on preconceptions of trust (Wigton et al, 2015). In
support of this view, several studies have found an increase in caudate responses following
IN-OXT administration in males and females during tasks of face processing (Pincus et al,
2010), trust (Rilling et al, 2012), and parental attachment (Wittfoth-Schardt et al, 2012).
Other authors suggest that the caudate connects with the amygdala to facilitate reward
processing under social feedback, which has a role in the salience and reward of social
information and learning, and might contribute to the enhanced emotional memory and social
facilitatory processes of IN-OXT (Hu et al, 2015).
There is growing evidence to suggest that OXT enhances reward based activation of the
dorsal striatum (including the caudate) in men. For example, when compared to placebo, INOXT augmented caudate responses to fathers viewing images of their children (Li et al,
2017), enhances responses to reciprocated cooperation from the opposite sex within the
caudate and putamen (Feng et al, 2015), and increased NAcc and VTA activation whilst men
viewed images of their long term romantic partners (Scheele et al, 2013). Further, when
comparing IN-OXT to placebo, increased VTA responses have been observed in positive
social situations in females but not males (Chen et al, 2017), in anticipation of monetary
reward and loss (Groppe et al, 2013; Mickey et al, 2016), and whilst women viewed sexual
and infant images (Gregory et al, 2015). Taken together, this suggests that IN-OXT guides
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the detection of socially relevant cues. For example, in males, OXT increases romantic bonds
by making their partner more attractive and rewarding compared to other women.
The midbrain connects with the central nucleus of the amygdala to mediate fear-related
behaviour and arousal (LeDoux, 2000). Thus, IN-OXT might not only mediate amygdala
function, but also facilitates coupling with other regions to mediate fear responses. For
example, Baumgartner et al (2008) found that IN-OXT increased trust behaviours in a
monetary game, which was associated with a significant reduction in BOLD signal within the
amygdala and caudate, suggesting that neural systems responsible for mediating fear and
reward processing modulate IN-OXT's effect on trust. Therefore, IN-OXT might facilitate
social interaction by attenuating neural responses to socially salient cues. Furthermore, using
a well-validated paradigm to robustly activate the amygdala with two classes of fearful visual
stimuli, Kirsch et al (2005) found significant decoupling of the amygdala and midbrain under
IN-OXT, which was more pronounced for socially relevant stimuli (i.e., faces). Altogether,
these data suggest that, alongside the amygdala, IN-OXT may mediate fear-related responses
via its reciprocal connections with midbrain regions.
Together, these results suggest a consistent role of IN-OXT for the midbrain and basal
ganglia in reward processing, whereby IN-OXT enhances reward and salience from
interpersonal relationships (e.g., cooperation, romantic, parental), and thus facilitates social
bonding and attachment.
3.4.7. Temporal gyrus
We identified 10 studies that showed task-related increases in temporal activity
following IN-OXT, six in females, two in healthy males, and two in autism. Thus, IN-OXT
appears to have a relatively consistent effect on task-based activation within the temporal
lobes in healthy females, particularly using tasks that probe empathetic processing or involve
stimuli of a negative valence. For example, in female samples, increased superior temporal
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gyrus (STG) and middle temporal gyrus (MTG) responses have been observed in response to
happy and fearful faces (Domes et al, 2010), left anterior temporal responses to negative
scenes (Lischke et al, 2012), and increased activity within the IFG, MTG and STG in
response to infant distress (Voorthuis et al, 2014). The only study included in our systematic
review that shows reduced temporal activity following IN-OXT administration in females
was that of Hecht et al (2017), who implemented a dynamic social interaction game with
animations of shapes playing, chasing or fighting, using a non-double-blind procedure. The
reduced activation within the temporal lobes could be caused by the use of non-face and nonemotive stimuli, or limited by the non-blind experimental design. Together, these findings
suggest that IN-OXT effects the processing of threatening stimuli and negative social
situations within the temporal lobes in females.
In healthy males, there appears to be a task-based differential effect of IN-OXT on
temporal responses. Namely, IN-OXT was associated with an increase in fusiform gyrus
activity during a task of emotion recognition from eye and mouth stimuli (Domes et al,
2014), and fusiform and STG in the response phase of a learning task under social feedback
(Hu et al, 2015). Together, this might reflect the enhanced processing of socially salient
information. On the other hand, deactivations of the temporal lobe have been identified.
Petrovic et al (2008) found decreased fusiform and amygdala responses to fear conditioned
faces following IN-OXT, and Gozzi et al (2017) found decreased STG and temporoparietal
junction (TPJ) activation during negative social feedback. When contrasting placebo to INOXT conditions, a decrease in temporal lobe and amygdala activity might reflect the
downregulation of negative emotional experience by IN-OXT, and thus the potential
anxiolytic effect that has been hypothesised. In support of this theory, research into males
with ASD suggests that IN-OXT may enhance attentional processes for social information.
Specifically, several studies have found an increase in fusiform and temporal regions
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following IN-OXT in males and females with ASD (Andari et al, 2016; Gordon et al, 2013).
Given that pathological social attentive processing characterises ASD, these results suggest
that IN-OXT may promote neurotypical brain functioning in individuals with ASD in tasks of
social and emotional perception.
Together, IN-OXT’s augmentation of the temporal lobes might reflect the enhanced
processing of social cues and mentalisation, which might contribute to enhanced emotion
recognition following IN-OXT (Shahrestani et al, 2013).
3.4.8. Precuneus
We identified six studies that documented altered precuneus activity following INOXT: four studies that found increases in precuneus activation following IN-OXT; one study
of healthy females found decreased precuneus activity; and changes to the functional
connectivity of the precuneus have also been identified. Specifically, in an examination of
functional brain connectivity in response to infant laughter, Riem et al (2012), found that INOXT enhances the functional connectivity between the amygdala, OFC, ACC, hippocampus,
the precuneus and the middle temporal gyrus. Furthermore, Zhao et al (2016) found that INOXT was positively associated with vmPFC-PCC functional connectivity in males during
self-referential processing. Moreover, Gordon et al (2013) found that IN-OXT significantly
increased BOLD signal within the precuneus and PCC, and within other notable “social
cognitive” regions (vmPFC, IFG, STG, right amygdala) in children with ASD during the
processing of socially meaningful pictures. Suggesting that IN-OXT may impact on the
salience of socially meaningful stimuli, and therefore facilitate social awareness in ASD.
Chen et al (2016) found that IN-OXT attenuated BOLD responses within the PCC in women
during social tasks that involved trusting other players. Together, these studies suggest that
IN-OXT may exert its central effects through activating a “social cognitive” functional
network that includes the amygdala, PFC and the PCC/precuneus.
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3.4.9. Occipital cortex
Lastly, fMRI tasks have demonstrated the augmentation of the occipital cortex
following IN-OXT administration in eight studies. Specifically, five studies that included
samples of healthy males identified increased activation of the visual cortex whilst men
viewed pictures of children (Li et al, 2017; Wittfoth-Schardt et al, 2012), in social feedback
tasks (Hu et al, 2015), in response to social touch (Scheele et al, 2014a), and during prosocial
interactions (Rilling et al, 2012). Further, in autistic males, IN-OXT enhanced visual cortex
activity in response to faces more than geometric shapes (Andari et al, 2016). Together,
occipital activation by IN-OXT complements the temporal lobe findings, suggesting that INOXT facilitates activation of early sites within the visual processing stream.
3.5. Oxytocin and resting-state brain connectivity

Insert Table 2 about here.

Nine fMRI studies have examined IN-OXT’s effect on the resting brain using restingstate fMRI (rsfMRI; see Table 2 for an overview). Of the 9 rsfMRI studies presented, 8 used
a seed-based approach to identify temporal correlations between the amygdala as an a priori
region-of-interest and other voxels of the brain. Two studies used a similar approach and
examined region-to-region connectivity. An early rsfMRI study examined a small sample of
healthy males and demonstrated increased amygdala-prefrontal coupling after IN-OXT
administration (Sripada et al, 2013), whereas another study suggested decreased coupling of
the amygdala with the precuneus (Kumar et al, 2015), and that early life stress modulates
amygdala-prefrontal connectivity (Fan et al, 2014). Similar patterns were observed in male
patients with GSAD whereby IN-OXT administration had a normalising effect, as it reversed
heightened amygdala-mPFC connectivity observed in the placebo session in GSAD patients
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(Dodhia et al, 2014), compared to healthy controls who demonstrated an opposite pattern of
connectivity. These early studies must be interpreted with caution, as they have included
small samples of young male participants, and research involved female samples has brought
to light gender and age specific effects of IN-OXT on brain activation at rest.
Namely, in a between-subject twin study of females, IN-OXT did not modulate
amygdala-prefrontal connectivity but altered PCC-brainstem connectivity. Further, Ebner et
al (2016) found significant treatment-by-age-by-sex variations on IN-OXT, asserting that INOXT not only has differing sex effects on rsFC but age variations as well. The effect was
most evident in young females showing enhanced resting-state functional connectivity of the
amygdala and mPFC, with no significant effects in young men and older females, and
approaching significance in older men (Ebner et al, 2016).
Together, it is apparent from the small subsection of rsfMRI studies that IN-OXT may
exert its behavioural and social cognitive effects by altering the connectivity between regions
known for social and emotive processing (i.e., the amygdala, mPFC, ACC and
precuneus/PCC).

4. Results II: Meta analytic results
We meta-analysed a total of 374 peak foci of activation or deactivation drawn from 39
studies (Supplementary Table S3). To retain a maximal amount of information, the metaanalysis collapsed data from 16 between-group and 22 within-group designs. Coordinate foci
(n=2) from the included studies fell outside of the brain mask templates used with the
GingerALE meta-analysis software. This is a normal occurrence when using exclusive metaanalytic template masks. The total number of foci included in the final meta-analyses was
therefore 372. Analysis of 31 OXT>PBO contrast experiments (243 foci, 1420 participants)
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revealed no significant clusters of convergence. Similarly, analysis of 19 PBO>OXT contrast
experiments (135 foci, 652 participants) revealed no significant clusters of convergence.
4.1. Meta-analysis by task type
We separated the data by task type (see Supplementary Table S3) and conducted
separate ALE meta-analyses on fMRI tasks that probed social and emotional processes. The
ALE meta-analysis on 24 experiments (221 foci; 1124 participants) that probed social
processes revealed no significant clusters of convergence. Likewise, no significant clusters
were identified when we broke the social category down into OXT>PBO (16 experiments,
153 foci, 873 participants) and PBO>OXT (13 experiments, 66 foci, 539 participants)
contrasts. The ALE meta-analysis on 15 experiments (151 foci, 491 participants) that probed
emotional processes revealed no significant clusters overall or under the PBO>OXT contrast
(7 experiments, 87 foci, 158 participants). However, for the OXT>PBO contrast (14
experiments, 72 foci, 506 participants), one significant cluster was identified within the left
STG (MNI[-52,-8,-2], k = 24mm3, extrema = 0.018, FWE p < 0.05; Figure 2). Suggesting
that IN-OXT increases brain activity within the left STG during tasks that probe basic
emotional processes.
Insert Figure 2 about here

4.2. Meta-analysis by gender
We then conducted separate ALE analyses on studies that reported foci for male and
female samples. The ALE meta-analysis on all studies that reported foci from male
participants alone (29 experiments, 279 foci, 1034 participants), and within the OXT>PBO
(22 experiments, 142 foci, 855 participants) and PBO>OXT (14 experiments, 129 foci, 465
participants) contrasts, reported no significant clusters of convergence. Similarly, the ALE
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meta-analysis on all studies that reported foci from female participants alone (8 experiments,
63 foci, 321 participants), and within the OXT>PBO (5 experiments, 53 foci, 143
participants) and PBO>OXT (5 experiments, 10 foci, 208 participants) contrasts, reported no
significant clusters of convergence.
4.3. Publication bias
To assess the possibility of publication bias, we conducted several analyses. First, we
used the Cochrane Collaboration’s tool for assessing bias and identified no significant areas
of risk (Supplementary Table S4). Second, we constructed a funnel plot derived from effect
sizes (Cohen’s d) from studies that reported t statistics. The methodology is detailed within
the Supplementary Methods and these results are reported in Supplementary Table S3. The
funnel plot indicated the presence of publication bias (Figure 3), and Egger’s regression test
for funnel plot asymmetry (Egger et al, 1997) confirmed that publication bias influenced the
validity of the summary effect size of this meta-analysis across the included studies (p =
0.002). Thirdly, we employed the “trim and fill” methodology described by Duval et al
(2000) to estimate the number of studies missing due to publication bias, which suggested
that eight imputed studies are missing.
Insert Figure 3 about here

3.

Discussion
The current review employed both a qualitative systematic and quantitative meta-

analytic approach to identify the neural correlates of IN-OXT in humans. There were two
main aims of the review: (1) provide a systematic summary of extant empirical research
studies examining the association between IN-OXT administration, and task-based or restingstate functional brain activity; and (2) quantitatively investigate the neural correlates of IN-
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OXT on task-based brain activation via meta-analysis, and explore gender and within-task
differences in brain activation.
Current hypotheses regarding IN-OXT’s mechanisms of action on human brain
function broadly encompass a two-part model action (Bethlehem et al, 2013; Quintana et al,
2015). That is, a bottom-up anxiolytic effect that facilitates approach behaviour (Kemp and
Guastella, 2011), and a top-down effect that increases the social salience of stimuli and
increases reward from prosocial interactions (Bartz et al, 2011; Ma et al, 2016). The findings
of our systematic review support this two-part model. First, alterations in brain function
within the amygdala might contribute to the anxiolytic effect of IN-OXT (Bethlehem et al,
2013). Our systematic review revealed that IN-OXT consistently augmented the amygdala in
both task-based and resting-state fMRI paradigms with region-of-interest approaches.
Specifically, it appears that IN-OXT influences activation and functional connectivity of the
amygdala in the regulation of negative affect. This pattern of brain activity might modulate
stress and anxiety responses, and thus, facilitate approach behaviours. Further, our review
found that IN-OXT increases functional decoupling of midbrain and basal ganglia with the
amygdala, which might also help to mediate fear and anxiety responses.
Second, evidence that IN-OXT increases salience and reward from social stimuli are
supported by increases in brain activity following IN-OXT within a “salience network”;
comprising the amygdala, ACC and insula (Menon et al, 2010). Whilst also increasing
salience to social information, these regions contribute to social decision making processes
and down-regulating negative affect (Menon, 2011); which might also contribute to
documented increases in approach behaviours in humans and animals following IN-OXT
(Heinrichs et al, 2009). Our systematic findings also suggest that IN-OXT increases rewardbased dopaminergic systems within the midbrain and basal ganglia that have a role in
detecting socially relevant cues and providing a subsequent reward. This is particularly
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relevant to human social interactions, as the increased salience and reward placed on social
interactions, consequently leads to social bonding and attachment. In addition, the social
salience hypothesis of IN-OXT is supported by behavioural evidence that IN-OXT promotes
social cognition and facial emotion recognition in humans (Shamay-Tsoory and Abu-Akel,
2016). Our systematic finding of a consistent increase in activity within the temporal and
occipital lobes supports this hypothesis, as increased activity within the temporal and
occipital lobes might indicate increased early attentional processes directed to social
information and encoding social relevant stimuli from faces. Third, our systematic review
also found that IN-OXT changes brain activity in the default mode network, comprising the
precuneus, PCC, mPFC, and IFG. Increased default-mode function has been associated with
metallization, empathy, and self-referential processing, and thus has an indispensable role in
social understanding of others (Li et al, 2014).
Alongside these studies examining the role of OXT in social behaviour in healthy
adults, research is investigating the efficacy of IN-OXT in the treatment of several psychiatric
disorders with prominent socio-behavioural dysfunction, such as GSAD (Labuschagne et al,
2010, 2012), ASD (Andari et al, 2016; Aoki et al, 2015; Gordon et al, 2013; Scheele et al,
2014a), and schizophrenia (Bartholomeusz et al, 2015; Macdonald and Feifel, 2012). Of note,
IN-OXT appears to alter brain function in the three large-scale networks of
psychopathological dysfunction proposed by Menon (2011). Specifically, Menon (2011)
proposed that dysfunction in the central executive network (CEN; comprised of the PFC and
posterior parietal cortex), the salience network (SN; comprised of the dorsal ACC and limbic
structures) and the DMN (comprised of the PCC and medial PFC), each have a prominent
role in several disorders including schizophrenia, depression, dementia and autism. Given
that our systematic review demonstrated that IN-OXT alters brain function within regions
comprising these networks, we speculate that the promising prosocial effects of IN-OXT
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within psychopathology might originate from the alteration of IN-OXT on these large-scale
brain networks. Together, these studies lend support for the role of OXT in “normalising” or
restoring neurobiological dysfunction in these groups; however, if future treatments are to be
established, a more defined role of IN-OXT on brain function needs to be established.
The findings of our meta-analysis revealed no significant clusters of activation or
deactivation when including all foci from all included studies. These data provide little
overlap with the findings of previous meta-analyses who found that the insula (Wigton et al,
2015) and amygdala (Wang et al, 2017) were the most reliably activated region after the
administration of IN-OXT, independent of task design and gender. This suggests that when
the results of region-of-interest investigations are excluded, these regions do not show
consistent activation, and despite a priori hypothesis regarding the function of these regions
in the behavioural effects of IN-OXT, this raises concern that region-of-interest approaches
may be biasing the results of neuroimaging investigations in IN-OXT. However, when we
performed a sub-analysis on studies that used tasks of basic emotional processes, we
identified a cluster of activation within the left STG, suggesting partial support for the results
of Wang et al (2017) who also found overall left STG activation using the same significance
thresholding methods. Our meta-analytic finding of left STG activation by IN-OXT is
unsurprising, as most emotion processing tasks in the OXT neuroimaging literature involve
emotion identification from faces. Haxby et al (2000) emphasised that the STG encodes
facial motion (e.g., eyebrows frowning or mouth smiling). Thus, increased activation of the
STG by IN-OXT might contribute to the improved ability to recognise emotions from faces
following IN-OXT administration (e.g., Guastella et al, 2010). Together, this suggests that
independent of region-of-interest analysis approaches; the left STG is the most reliably
activated brain region by IN-OXT.
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The results of the systematic review underscore that the effect of IN-OXT on neural
activity is different in women compared to men. This finding might be the result of gonadal
steroid hormones influence on OXT. For example, men and women have varying levels of
testosterone and estrogen, which modulate OXT receptor expression this has been shown to
lead to differing distributions of receptors in the brain (Insel, 2010). Others have
hypothesised that IN-OXT has an inverted “U-shaped” dose response relationship in men and
women (Rilling et al, 2014). In this instance, women have higher CSF OXT levels than
males, thus elevating brain OXT levels in women will result in levels reaching maximum
threshold, producing a decrease in brain activity; whereas, men have lower CSF OXT levels
at baseline, so administration of IN-OXT will increase, but not reach maximum levels,
thereby increasing brain activity (Rilling et al, 2014). Nonetheless, the underlying factors for
this gender disparity across both task-based and resting-state fMRI investigations remains
unknown. Unfortunately, there is a tendency within OXT research to focus predominantly on
males given complex sex-specific brain responses to IN-OXT (Wigton et al, 2015). Having a
better understanding of the effects of IN-OXT in both males and females is particularly
important due to the interest in IN-OXT as a potential therapeutic intervention for disorders
such as ASD that have complex modulatory effects of sex (Domes et al, 2013; MeyerLindenberg et al, 2011).
There are other factors to consider when interpreting the divergent results across the
studies presented within this review. Evidence from behavioural studies suggests that there is
a context- and person-dependent nature of OXT (see, Bakermans-Kranenburg and van, 2013;
Bartz et al, 2011, for detailed reviews). For example, several fMRI studies have demonstrated
that effects of IN-OXT are shown to be modulated by early life stress (Fan et al, 2015;
Grimm et al, 2014) and attachment style (Bartz et al, 2010; Riem et al, 2016). Further, those
who have greater behavioural and brain deficits seem to benefit the most from IN-OXT
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administration. For example, fathers who had less empathy for their child at baseline showed
the greatest brain responses to IN-OXT which corresponded to increased attention directed to
viewing pictures of their children (Li et al, 2017), and people who find it difficult to take
pleasure in social situations seems to show greater IN-OXT responses to social cues in brain
regions associated with reward (e.g., the VTA; Groppe et al, 2013). Together, suggesting that
individuals with greater pathological dysfunction might benefit the most by IN-OXT.

5. Limitations
As with previous meta-analyses, ours was not without limitations. For example, while
our meta-analytic technique was weighted by sample size, it did not account for several other
moderating variables such as within versus between-subject designs, participants’ age, effect
size and the cluster sizes of the peak activation. In particular, previous research has
demonstrated differing responses in between- versus within-subject designs (Chen et al,
2017), and our meta-analysis included data from 21 within-subject and 17 between-subject
designs. While this is a balanced representation of each design type, we cannot contest that
collapsing data across designs is entirely valid. Moreover, previous studies have indicated
that the effect of oxytocin on brain activity might be dose-dependent (Quintana et al, 2016;
Spengler et al, 2017). Due to methodological constraints of ALE, we were unable to add
these variables as moderators in our analyses. Thus, we recommend that these moderating
variables should be taken into consideration when performing future meta-analyses on INOXT. Furthermore, our meta-analysis was limited to analysing peak reported foci from
whole-brain fMRI analyses that included different thresholding methods (see
Supplementary Table S1). Future inclusion of main effects, even if they are not the primary
outcome of the study, will greatly increase the statistical power of possible meta-analytic
approaches in OXT neuroimaging literature. Making data openly available to share un32
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thresholded whole-brain statistical maps will allow for more sophisticated and accurate metaanalyses. Likewise, pre-registering trials, declaring primary outcomes and statistical analysis
techniques, and making data openly available will address these problems (see; Walum et al,
2016, for a detailed discussion). Following such recommendations, we have made available
reported brain activation coordinates, analysis scripts and statistical maps (unthresholded) on
open science platforms for use in future meta-analyses that can consider the effect of the
above moderators in their analyses.
6. Conclusion
To conclude, we undertook a systematic review of all placebo-controlled studies
examining IN-OXT and functional brain activity through fMRI in human participants. The
results of our systematic review suggest that IN-OXT exerts its socio-behavioural and
cognitive effects through modulating amygdala, midbrain, prefrontal, and temporal brain
activity. Our meta-analytic finding suggests that the enhancement of emotion recognition by
IN-OXT is driven by increased activity within the superior temporal gyrus. Future studies
probing IN-OXT will benefit from task designs that probe gender and task-related effects
specifically, as well move beyond region-of-interest analyses and investigate activity and
connections between all voxels of the brain. Extending beyond current data, this undoubtedly
will have a significant effect on the generalizability of findings, and have important relevance
to using IN-OXT as a treatment in psychiatric and behavioural pathology.
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Figure 1. Number of PubMed articles with the keywords ‘oxytocin’ and ‘fMRI’. Data
collected using ‘RISmed’ R package. Information obtained 2 January 2018.
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Figure 2. Meta-analytic findings: Left superior temporal gyrus cluster showing likelihood of
increased brain activation after intranasal oxytocin (> placebo) in the overall analysis of
studies of emotional processes. L = left, R = right.
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Figure 3. Funnel plot of study effect size plotted against standard error (left figure). Funnel
plot after trim and fill method was applied (right figure). Filled circles indicate actual studies
and unfilled circled indicate imputed studies.
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Table 1. Characteristics of task-related fMRI studies in oxytocin in healthy populations that are included in the systematic review.
Reference

Sample size
N

OXT

Age
(M±SD)

M/F

Paradigm/
stimulus

PBO

fMRI design
Dose
(IU)

Onset
(mins
)

Desig
n

Tas
k

fMRI analysis

Main findings
(OXT > PBO)

Studies using non-clinical populations
Baumgartne
r et al
(2008)

49

26

26

21.7±2.5

M

Trust game

24

50

BS

BD

WB
ROI: amygdala,
midbrain,
caudate

 amygdala,
midbrain, dorsal
striatum (for
sustained trust)

Bos et al
(2015)

24

24

24

23.1

M

Empathy for
pain with in- and
out- groups

24

55

WS

ER

WB and ROI:
insula, ACC
MCC, the
primary and
secondary
somatosensory
cortices

 left insula
(empathy for pain
condition)
opposite effect in
non-pain condition

Chen et al
(2016)

M:
153
F:
151

100

105

M:
20.7±2.2
F:
20.5±1.3

Prisoner’s
Dilemma game
(trust game)
played with
same-sex
partners (50%
playing with
human vs. 50%
computer)

24

42

BS

ER

WB
ROI: amygdala,
anterior insula

Males: 
amygdala, anterior
insula (for
unreciprocated
cooperation in
human partners)

Prisoner’s
Dilemma game
(trust game)

24

Chen et al
(2017)

OXT
-PBO
29
PBOOXT

-

-

M:
20.9±1.6
F:
20.5±1.4

M/F

M/F

Female: 
amygdala, anterior
insula (for
unreciprocated
cooperation in
non-human
partners)
40

WS

ER

WB & ROI:
Male: NA, CN;
Female:
hippocampus,
vlPFC, PCC,

ROI: Females: 
vlPFC, rACC,
PCC, post central
gyrus, posterior
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30
PBOPBO
31

rostral ACC,
postcentral
cortex, SMA,
thalamus, insula,
STG, MTG

insula (for
reciprocated
cooperation)
Males: 
amygdala (for
unreciprocated
cooperation)
WB: Females: 
VTA

Cohen et al
(2017)

19

19

19

26.05±3.5
1

M

Comfortable
interpersonal
distance task

24

45

WS

BD

WB & ROI:
right ACC, right
posterior ACC,
left mPFC, right
parahippocampa
l gyrus

 dmPFC and a
preference for
greater distance
for strangers
 dmPFC for
friends

De Dreu et
al (2015)

25

25

25

25.31

M

Predator-prey
game

24

35

WS

BD

ROI: amygdala,
SFG

 bilateral
amygdala and
SFG to predators
but not prey

Domes et al
(2007)

13

-

-

25.7±2.9

M

Emotional faces:
happy, fear &
angry

24

61

WS

BD

WB
ROI: amygdala

 right amygdala
(all faces)

Domes et al
(2010)

16

-

-

24.2±2.5

F

Emotional faces:
fearful, angry,
happy, neutral

24

52.5

WS

BD

WB
ROI: amygdala

 left amygdala,
FG, STG (for
fearful faces)
 IFG, vlPFC (for
angry faces)
 IFG, FG (for
happy faces)

Eckstein et
al (2014)

60

30

30

24.67±3.8
9

M

Psychosocial
stress task

24

30

BS

BD

WB
ROI: ACC,
amygdala

 ACC ROI
 precuneus, PCC
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62

31

31

24.61±4.2
8

M

Fear
conditioning

24

30

BS

ER

WB and ROI:
mPFC, midPFC, amygdala

 right amygdala
 right MFG ROI
(during early
extinction)
 FC right
amygdala-left
precuneus (during
late extinction)
 FC right PFCright precuneusleft PCC (during
early extinction)

Eckstein et
al (2016)

97

31

31

24.45±4.0
2

M

Fear
conditioning

24

30

BS

ER

WB
ROI: amygdala,
ACC, MCC

 ACC (for fear
related stim) and
MCC (social fearrelated stim)

Fan et al
(2015)

32

32

32

28.3±4.7

M

Psychosocial
stress task

24

45

WS

BD

PPI: amygdala
ROIs

OXT moderated
amygdalahippocampal FC
in ps (asc. with
emotional abuse in
early life)

Feng et al
(2015)

139

45

45

20.7

M

Prisoners
dilemma

24

ns.

BS

ER

WB

No OXT main
effects reported

Feng et al
(2015)

186

89

97

20.7

M/F

Prisoners
dilemma

24

ns.

BS

ER

WB

 left and right
caudate/putamen,
right frontal pole,
left superior
medial frontal
cortex ( male, 
female)

46

23

23

25.0±3.7

Emotional faces
(explicit):
fearful, happy,
neutral

24

45

BS

BD

ROI:
subregional
amygdala and
superior colliculi

 lateral & dorsal
amygdala (for
angry faces)

Gamer et al
(2010)

M
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 amygdala (for
happy faces)

Gao et al
(2016)

74

39

35

M/F

The FirstImpression Task

24

40

BS

ER

WB
gPPI ROI:
amygdala,
insula, ACC IFG

 left amygdala
(females)
 left amygdala
(males)

Gozzi et al
(2017)

21

-

-

26.57

M

Negative social
feedback task

24

45

WS

ER

WB

 right anterior
insula, right FG,
bilateral TPJ,
posterior STS,
supplementary
motor area
(negative>positive
feedback)

Gregory et
al (2015)

59

27

28

27.05±4.0
9

F

1-back matching
task: Pictures of
different
categories
(smiling infant,
crying infant,
sexual, positive,
negative,
neutral, and
scrambled)

24

30

BS

ER

ROI: NAc and
VTA

 VTA (all
women: for
images of crying
infants and sexual
images)

Grimm et al
(2014)

32

-

-

28.4±4.5

M

Psychosocial
stress task

24

25

WS

ER

WB
ROI: pgACC,
hippo,
amygdala,
insula, caudate,
putamen, MCG,
STG, Thalamus

 Hippocampus,
ACC, amygdala,
PHG, insula (asc.
with early life
stress - opposite
in HC)
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Groppe et al
(2013)

28

14

14

26.64±5.5
5

F

Social incentive
delay task
(reward vs.
punishment)

26

30

BS

BD

WB
ROI: ventral
tegmentum

 ventral
tegmentum (in
response to social
reward or
punishment)

Hecht et al
(2017)

28

14

14

23.08±0.7
3

F

Animations
of geometric
shapes depicting
either random
movement or
social
interactions

24

40

WS

BD

WB

 DVS and
occipital
(associated with
social attention)

Hu et al
(2015)

54

-

-

19.80±1.4
9

M

Learning task
with social
feedback
(emotional
faces)

24

45

BS

BD

WB and ROI:
amygdala,
hippocampus

 OG, STG,
Hippocampus
(learning)
 right
hippocampus,
parrahippocampal
gyrus, amygdala
and left putamen
and thalamus
(social feedback)
 FC right
amygdala- left
insula-left caudate
(social feedback)

Hu et al
(2016)

41

-

-

25.10±3.8
8

M

Money transfer
game (altruism):
either punish a
violator or help a
victim

24

51

WS

ER

WB
ROI: TPJ,
MPFC, NAcc

 left TPJ (in
response to others
being helped i.e.
ToM/mentalizatio
n process)

Kanat et al
(2015b)

43

22

21

23.64±2.8
1

M

Eye-gaze fixed
to mouth or eyes
for emotional
faces (angry,
happy, neutral)

24

45

BS

BD

WB, PPI
connectivity
(left amygdala
and left FG) and
ROI: amygdala

 amygdala ROI
(for angry eyes
and happy
mouths)
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 VC and brain
stem

vs. masking
stimulus
(scrambled face)

 FC left
amygdala-left FG
(reversed under
PBO)

Kanat et al
(2015a)

43

22

21

24.11±3.0
1

M

Eye-gaze fixed
to eyes for
emotional faces
(fearful or
happy) vs.
masking
stimulus
(scrambled face)

24

55

BS

BD

WB and ROI:
amygdala

 right amygdala
ROI (Eyes:
fear>happy)

Kirsch et al
(2005)

15

-

-

26.7±3.0

M

Fearful and
threatening
scenes and faces
(implicit)

27

50

WS

BD

WB
ROI: amygdala

 amygdala (for
threatening
stimuli)
 amygdalamidbrain FC

Li et al
(2017)

31

15

16

32.8±4.7

M

Fathers view
pictures of own
& unknown
children &
unknown adults
as they listen to
infant cry
stimuli

24

50

WS

BD

WB
ROI: caudate,
ACC, visual
cortex

 caudate,
midbrain, dACC,
visual cortex

Lischke et al
(2012)

14

-

-

23.79±2.3
2

F

Threatening and
non-threatening
scenes

24

45

WS

BD

WB
ROI: amygdala

 right amygdala
ROI (for negative
relative to neutral
scenes)
 left anterior
temporal lobe
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Mickey et al
(2016)

20

Petrovic et
al (2008)

27

-

15

-

12

22±2

24.85

M

M

Money
incentive/reward
task

24

Fear
conditioning,
emotive faces

32

49

45

WS

BS

BD

ER

WB
ROI: NAc,
VTA, midbrain

 midbrain ROI

WB
ROI: amygdala,
FFA, insula,
ACC, OFC

OXT admin
abolished fear
conditioning
associated with
MTG and ACC

 mPFC
(anticipation of
loss)

 amygdala and
FG (for aversively
conditioned faces)
Preckel et al
(2015) Experiment
1

48

24

24

24.6±4.56

M

Moral
judgement task
(stories)

24

45

BS

BD

WB

 ACC, PCC,
precuneus, MCC
(moral>nonmoral)

Preckel et al
(2015) Experiment
2

22

22

22

26.73±3.6
0

M

Short sentences
of moral
infidelity

24

45

WS

BD

WB
ROI: OFC, ACC

 ACC
(neutral>sexual)

Quintana et
al (2016)

16

-

-

23.81±3.3
3

M

Participants
viewed angry,
happy and
neutral faces
whilst asked
questions
relating to
emotional
valence and trust
of the face
displayed

8 IU
BPD
24 IU
BPD
1 IU
IV

40

WS

BD

ROI: amygdala

8 IU BPD:  right
amygdala (in
response to happy,
neutral and angry
faces)
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Radke et al
(2017)

52

24

28

22.4±3.0

M

Approachavoidance task

24

45

BS

BD

WB
ROI: amygdala
PPI: aPFCamygdala

 amygdala during
threat approach

Riem et al
(2011)

42

21

21

29.07±7.5
6

F

Response to
infant crying

24

36

BS

BD

WB
ROI: amygdala

 right amygdala
(infant crying >
control)
 INS, IFG (infant
crying > control)

Riem et al
(2012)

44

22

22

28.71±6.9
3

F

Response to
infant laughter

24

40

BS

BD

WB
PPI
ROI: amygdala,
ventral striatum/
nucleus
accumbens, IFG,
insula

 bilateral
amygdala (infant
laughter > control)
 FC of amygdalaOFC-ACC-HippPrec-SMG-MTG
(laughter >
control)

Riem et al
(2016)

42

21

21

29.00±7.4

F

Responses to
infant crying

16

35

BS

ER

ROI: amygdala

 right amygdala
ROI (cry>control)

Riem et al
(2014a)

50

25

25

N.A.

F

RMET

16

60

BS

ER

WB
ROI: insula,
IFG, STG

 left STG, left
insula

Riem et al
(2014b)

50

26

24

19.66±1.4
7

F

Responses to
infant crying

16

35

BS

BD

WB
ROI: left insula,
left IFG, right
amygdala

 left insula and
IFG ROI (bored
cry<sick cry)
 right amygdala
(high pitched cry)
 right amygdala
(lower pitched
cry)

Rilling et al
(2012)

91

27

36

20.2

M

Iterated
Prisoner’s
Dilemma task
(trust game)

24

42

BS

ER

WB
ROI: amygdala,
CN

 left amygdala,
CN (for
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reciprocated
cooperation)
Rilling et al
(2014)

58

29

29

N.A.

F

Iterated
Prisoner’s
Dilemma task
(trust game)

24

42

BS

ER

WB
ROI: amygdala,
CN

 left amygdala,
hippocampus,
insula (opposite to
previous study in
men; Rilling et al.,
2012)

Rupp et al
(2013)

53

14/14

13/12

26.95±5.1
9

F

1-back matching
task: sexual &
infant vs control
pictures

24

30

BS

BD

WB
ROI: amygdala

No main effect of
OXT

Rupp et al
(2014)

53

14/14

13/12

26.95±5.1
9

F

1-back matching
task: Negative
vs control
pictures

24

30

BS

BD

WB
ROI: amygdala

 right amygdala
(nulliparous
women)

Scheele et al
(2013)

20

-

-

25.50±2.9
9

M

Passive viewing
of photographs
of the partner, a
matched,
unfamiliar
woman, and
houses

24

30

WS

ER

WB
ROI: VTA,
NAcc, caudate,
lentiform
nucleus

 left NAcc
(partner >
unfamiliar face)

Scheele et al
(2014a)

40

40

40

25.75±3.8
2

M

Photograph of
female/male
experimenter
coupled with
closeness to
experimenter
condition
(home/baseline,
close, touch)

24

30

WS

ER

WB
ROI: pregenual
ACC, OFC,
ventral striatum,
midbrain

 insula,
precuneus, pACC,
OFC (associated
with enhanced
experience of
female touch)
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40

23

40

23

40

23

24.38±3.2
6

25.57±3.2
9

F

M

Pair bonding:
Passive viewing
of partner,
matched
unknown men,
familiar woman,
matched
unknown
woman

24

Self-referential
emotional face
matching

24

30

30

WS

WS

BD

BD

WB
ROI: NAcc and
VTA

 left and right
precuneus

WB
ROI: insula

 ACC, MCC,
precuneus
(disgust>neutral)

 bilateral NAcc
and VTA ROI
(women not on
HC)

 insula ROI
(disgust>neutral)
Singer et al
(2008)

20

-

-

24.6±3.2

M

Pain exposure
(self or
observed)

32

45

WS

ER

WB
ROI: amygdala

 amygdala (for
experienced pain
in selfish
individuals)

Striepens et
al (2012)

70

35

35

24.5±3.0

M

Viewing
aversive vs
neutral pictures
and verbal
description
(noun describing
picture)

24

45

BS

ER

WB
PPI
ROI: amygdala

 bilateral
amygdala
(negative stimuli)

The regulation
of food craving
using cognitive
control

24

WB
ROI: MFG

 precuneus,
cingulate,
precentral gyrus,
STG (in cognitive
control condition)

Striepens et
al (2016)

31

31

31

25.35±4.3
7

F

45

WS

ER

 FC between left
amygdala-insulaIFG

 MFG ROI
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Voorthuis et
al (2014)

50

25

25

19.66±1.4
5

F

Face emotion
recognition on
infant faces

16

55

BS

ER

WB
ROI: anterior
insula, IFG,
STG, OFG,
MTG

 IFG, STG, MTG
(when watching
infants emotion)

WittfothSchardt et al
(2012)

19

-

-

39.3±6.2

M

Viewing pictures
from own,
familiar and
unfamiliar
children vs.
fixation cross

24

30

WS

ER

WB
PPI
ROI: amygdala

 left GP (own
children)
 FC left GP (own
children &
unfamiliar
children)
 right caudate
(own
children>other
children)

Zhao et al
(2016)

Zunhammer
et al (2016)

38

36

18

36

20

36

22.83±0.3
4

24.9

M

M

Self-referential
judgement task:
adjective traits
placed on
mother, self,
classmate, or
stranger

40

Thermo-visual
training task:
hot-non-painful
and hot-painful
heat applied
whilst viewing
emotive faces
(positive,
neutral,
negative) vs.
scrambled
images
(baseline)

32

45

40

BS

WS

BD

BD

WB
ROI: dmPFC,
vmPFC
PPI: dmPFC,
vmPFC

 dmPFC, vmPFC
(during self and
other trait
judgements)

WB

No main effect of
OXT on brain
function

 FC ACCvmPFC, PCC
(associated with
self-esteem)
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30

-

-

24.9

M

Thermal
threshold test:
Hot-non-painful
and hot-painful
heat applied

76

Gende
r

Paradigm/
stimulus

M/F

Social balltossing game
and facematching task
(neutral vs.
shapes)

24

Sally-Anne task
– infer others
beliefs

24

40

WS

BD

WB
ROI: amygdala

Onset
(mins
)

Desig
n

Tas
k

fMRI analysis

30

WS

BD

 bilateral
amygdala (all
temperatures)

Studies using clinical populations
Reference

Andari et al
(2016)

N

20

Clinical
Sample
20 ASD

20 ASD

Health
y
Sample
-

-

Age
(M±SD)
26.37±8.4
5

30.8±6.0

M

Dose
(IU)

40

WS

ER

Main findings
(OXT > PBO)

WB
ROI: VC, FG,
OFC, caudate,
amygdala,
hippocampus

Face-matching
task:  OG, FG
(for faces)

WB
ROI: insula,
STG, dmPFC

 right insula ROI

Ball game: 
amygdala,
hippocampus

Aoki et al
(2014)

20

Aoki et al
(2015)

48

31 ASD

17 HC

30.8±6.0

M

Movies shown
with males and
females showing
different facial
expressions and
prosody
(positive vs.
negative)

24

40

WS

ER

ROI
(vmPFC/ACC,
dmPFC)
correlated with
magnetic
resonance
spectroscopy of
Nacetlyaspartate
(NAA) in
vmPFC

 vmPFC/ACC
related to Nacetlaspartate
levels

Bertsch et al
(2013)

81

40 BPD

41 HC

24.4±4.7

F

Emotional face
recognition task

26

45

BS

BD

ROI: amygdala

 amygdala angry
faces /

 cuneus, right
ATG, right IFG,
ring insula
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 amygdala happy
faces (BPD>HC:
“normalize”)
Domes et al
(2013)

18

14 ASD

14 HC

24.0±6.9

M

Facial
discrimination
task (neutral vs.
houses)

24

45

WS

ER

WB
ROI: amygdala
localizer seed

PBO>OXT: 
right amygdala,
FG, inferior OG
(ASD > HC)
OXT>PBO: 
right amygdala
(ASD > HC)
“normalization”

Domes et al
(2014)

18

14 ASD

14 HC

24.0±6.9,
18-31
years

M

Frijling et al
(2016)

41

41 trauma
exposed
individuals

-

35.6±11.5

M/F

21 ASD

-

Gordon et al
(2013)

21

Facial emotion
recognition task
six (anger, fear,
disgust,
happiness,
sadness, and
surprise)
presented with
verbal label
(50%
correct/incorrect
)

24

45

WS

ER

WB and ROI:
AAL amygdala

 left amygdala
(ASD > HC)

Emotional face
matching task

40

45

BS

BD

WB
ROI: amygdala

 right amygdala
(fearful faces)
 left amygdala
(neutral faces:
female>male)

13.2±2.7

M/F
18/3

RMET Judgments of
socially (eyes)
and nonsocially
(vehicles)
meaningful
pictures

24
(for
16-19
yr/old
)
18
(12-15

30

WS

BD

WB

 the dorsal and
ventral striatum,
precuneus, PCC,
left inferior
parietal lobule, left
posterior superior
temporal sulcus,
left
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yr/old
)
12 (711
yr/old
Gordon et al
(2016)

Gorka et al
(2015)

21

36

21 ASD

18 GSAD

-

18 HC

13.16±2.7
9

18-55

M/F

M

Biological
motion and
vocal affect
perception task

Emotional face
matching task:
fearful, angry,
happy vs. shapes
(implicit)

parahippocampal
gyrus, and right
premotor cortex
(eyes > vehicles)

24
(for
16-19
yr/old
)
18
(12-15
yr/old
)
12 (711
yr/old
)

ns.

24

45

WS

BD

WB
PPI

 NAcc-prefrontal
(vmPFC/OFC)
during biological
motion perception
 FC NAccprimary auditory
cortex
(happy>angry)
 FC NAccprecuneus

WS

BD

WB
ROI: middle
cingulate and
insula
PPI: amygdala

GSAD>HC:  FC
left amygdalabilateral insula
(“normalising”
effect)
GSAD>HC:  FC
left amygdalamid/dACC

Labuschagn
e et al
(2010)

36

18 GSAD

18 HC

29.4±9.0

M

Emotional faces
(implicit):
fearful, angry,
happy vs. shapes

24

45

WS

BD

WB
ROI: amygdala

 amygdala (for
fearful stimuli;
GSAD > HC)

Labuschagn
e et al
(2012)

36

18 GSAD

18 HC

29.4±9.0

M

Emotional face
matching task:
fearful, angry,
happy vs. shapes
(implicit)

24

45

WS

BD

WB

 mPFC, ACC
(for sad faces;
GSAD > HC),
‘reversing’ pattern
observed at PBO
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Nawijn et al
(2016)

72

35 PTSD

37
trauma
exposed
HC

39.92±9.9
1

M/F

Money incentive
delay task:
manipulates
anticipation of
monetary reward
and loss

40

50

WS

BD

WB
ROI: bilateral
striatum, insula
and ACC

 striatum, dACC,
insula
(reward>loss)

Nawijn et al
(2017)

72

35 PTSD

37
trauma
exposed
HC

39.92±9.9
1

M/F

Social incentive
delay task:
participants are
rewarded or
punished with
presentation of a
happy face or an
angry face

40

Ns.

WS

ER

WB
ROI: amygdala
and anterior
insula

 anterior insula
(in response to
social reward
feedback) –
reversed from
PBO –
“normalizing”

RMET

40

Pincus et al
(2010)

17

8 depressed

9 HC

35.5±10.6
2

M/F

 right putamen
(for social reward)
10

WS

ER

WB

 STG, MFG,
ACC, insula
(depression > HC)
 STG, ACC,
amygdala (HC >
depression)

Koch et al
(2016a)

80

40 PTSD

40 HC

39.96±9.9
3

M/F

Emotional facematching task

40

45

WS

BD

ROI: left and
right amygdala

group*drug effect
in left amygdala
ROI ( PTSD,
HC;
“normalisation”)

Shin et al
(2015)

36

16 SZ

16 HC

32.0±7.8

M

Emotional faces
(fearful, happy,
neutral) vs.
fixation cross
(control
condition)

40

45

WS

BD

ROI: amygdala

SZ , HC 
amygdala (for
emotional faces)

Watanabe et
al (2014)

33

33 ASD

-

28.5±5.9

M

Film of actors
speaking
emotional words
with emotional

24

40

WS

ER

WB
ROI: ACC,
dmPFC, IFG,

 dmPFC and
ACC
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face expression
and affective
prosody –
decision made
about
congruent/noncongruent
emotions

AI, Amygdala,
STP
PPI: ACC,
dmPFC

 FC dmPFCACC

Note. OXT = oxytocin, PBO = placebo, AVP = arginine vasopressin, HC = healthy control group, N = sample size and within group characteristics, M/F =
gender distribution of sample (males/females), HC = healthy control group, ASD = autism spectrum disorder, GSAD = generalized social anxiety disorder,
PTSD = post-traumatic stress disorder, SZ = schizophrenia, BPD = borderline personality disorder, IN = intranasal, BPD = breath powered device, IV =
intravenous injection, SNP = single-nucleotide polymorphism, BS = between subjects, WS = within subjects, FC = functional connectivity, WB = wholebrain analysis, ROI = region-of-interest analysis, PPI = psychophysiological interaction analysis (brain connectivity), AAL = Automated Anatomical
Labelling system used for amygdala seed GSAD = generalized social anxiety disorder, ASD = autism spectrum disorder, SZ = schizophrenia, BD = bipolar
disorder, RMET = reading the mind in the eyes task, BST = brain stem, FG = fusiform gyrus, STG = superior temporal gyrus, IFG = inferior frontal gyrus,
DS = dorsal striatum, GSAD = generalized social anxiety disorder, mPFC = medial prefrontal cortex, ACC = anterior cingulate cortex, MCC = mid cingulate
cortex, smFG = superior middle frontal gyrus, CN = caudate nucleus, OFC = orbitofrontal cortex, Hipp = hippocampus, Pre-c = precuneus, SMG =
supramarginal gyrus, MTG = middle temporal gyrus, GP = globus pallidus, FPC = frontopolar cortex, OG = occipital gyrus, TPJ = temperoparietal junction,
STS = superior parietal sulcus. N.A. = data not available.
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Table 2. Characteristics of resting-state fMRI studies in oxytocin in healthy and clinical populations that are included in the systematic review.
Reference

Sample Size
N

OXT

Age
(M±SD)

M/F

PBO

Methods
Dose

Design

rsFC Paradigm

Analysis

Main findings
(OXT > PBO)

Studies using non-clinical populations
Ebner et al
(2016)

79 (40
young
vs. 39
older)

79

79

Young
sample: 1831 years,
Older
sample: 6381 years

M/F

24 IU

BS

Duration: ~8min,
70-90min post
spray
Instructions:
Relax and to look
at a white fixation
cross on a black
screen

Region-to-region
connectivity
between mPFC
and amygdala
ROIs

Young female:  rsFC
amygdala–mPFC (not
observed in young men or
older adults, however, a trend
was observed in older men)

Eckstein et
al (2017)

79

27

52

24.27±4.16

M

24 IU

BS

Duration: ~6 min,
30 min post spray
Intructions: Lie
still with eyes
closed but without
falling asleep

Subregional
amygdala (CeM,
BLA, SF) to
whole-brain

 rsFC left total amygdaladmPFC-right IPL
 rsFC left BLA-dlPFC-right
IPL
 rsFC right BLA-cerebellum
 rsFC CeM-cerebellum
 rsFC right SF-PFC
 rsFC CeM-lingual gyri-left
PG-right OG

Fan et al
(2014)

18

18

18

27.8±4.4

M

24 IU

WS

Duration: ~8 min,
45 min post spray
Instructions: Rest
silently, watch a
white fixation
cross against a
black background,
remain relaxed
and awake

ROI: amygdala
AAL seed to
whole-brain

OXT administration did not
modulate the association
between increment in severity
of emotional abuse and rsFC
of right amygdala with
pregenual/subgenual ACC and
dorsal mPFC

71

Grace et al.

Oxytocin and human brain function review

Kovacs et
al (2015)

82

Kumar et
al (2015)

15

Riem et al
(2013)

Sripada et
al (2013)

44

15

41
OXT
‘misuse
rs’

41 HC
(matched
for age,
educatio
n,
gender)

OXT:
25.0±10.3,
HC:
26.1±8.1

M/F

15

15

23.20±4.17

M

44

15

44

28.98±7.48

F

Frequency and
dose recorded
of oxytocin
users
(cumulative
dose)

BS

24 IU

WS

16 IU

ROI: amygdala
AAL seed to
whole-brain

OXT>HC:  rsFC right
amygdala-dorsal ACC
(associated with higher
estimated cumulative oxytocin
dose)

Duration: ∼5 min,
45 min post spray
Instructions: Keep
eyes open, focus
on fixation cross
on screen

ROI: amygdala
AAL to wholebrain

 bilateral amygdalaeprecuneus rsFC

Duration: ~6min,
35 mins post
spray
Instructions: Eyes
closed

ROI: Amygdala,
insula and PCC
seeds to wholebrain

OXT>PBO:  rsFC PCCbrainstem

Duration: ∼5 min
Instructions:
Fixate on point on
screen, let mind
wander without
falling asleep

BS

 degree centrality of the
precuneus
 localized connectivity of
right amygdala

PBO>OXT:  rsFC
cerebellum-postcentral gyrus
(only in participants who were
classified as having low
maternal love withdrawal)

15

30.70±10.60

M

24 IU

WS

Duration: ∼3 min,
45 min post spray
Instructions:
Relax and keep
eyes closed,
without falling
asleep

Analysis: ROI,
amygdala AAL
seed to wholebrain

OXT>PBO:  rsFC bilateral
amygdala-ACC/mPFC

18 HC

GSAD:
29.89±10.2
HC:
19.39±9.0

M

24 IU

WS

Duration: ∼3 min,
45 min post spray
Instructions: Eyes
closed, relax and
let mind wander,
without falling
asleep

ROI, amygdala
AAL seed to
whole-brain

GSAD>HC:  rsFC of
bilateral amygdala-rostral
ACC/mPFC

Studies using clinical populations
Dodhia et
al (2014)

36

18
GSAD
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76

36
PTSD

HC 40

39.96

F

40 IU

WS

Duration: ~5 min,
72.51 (4.03) min
post spray
Instructions:
Relax and let
mind wander,
with open eyes

Subregional
amygdala (BLA
& CeM)
connectivity to
insula vmPFC,
dmPFC, MFG,
OFC and ACC
masks

Male PTSD>HC:  rsFC
CeM-left vmPFC
Female PTSD>HC:  rsFC
BLA-dACC (opposite to
PBO, “normalizing” effect)

Note. Data represented as mean(SD). OXT = oxytocin, HC = healthy control group, N = sample size and within group characteristics, M/F = gender
distribution of sample (males/females), PTSD = post-traumatic stress disorder, GSAD = generalized social anxiety disorder, AVP = arginine vasopressin, ROI
= region-of-interest, AAL = Automated Anatomical Labelling system used for amygdala seed, rsFC = resting-state functional connectivity, BLA = basolateral
amygdala, CeM = centromedial amygdala, SF = superficial amygdala, vmPFC = ventromedial prefrontal cortex, dmPFC = dorsalmedial prefrontal cortex,
MFG = middle frontal gyrus, OFC = orbitofrontal cortex, IFG = inferior frontal gyrus, ACC = anterior cingulate cortex, STG = superior temporal gyrus, IPL
= inferior parietal lobule.
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