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Neurophysiological effects of acute oxytocin
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Background: Oxytocin (OXT) plays a prominent role in social cognition and may have clinical applications for disorders such as autism,
schizophrenia and social anxiety. The neural basis of its mechanism of action remains unclear. Methods: We conducted a systematic literature review of placebo-controlled imaging studies using OXT as a pharmacological manipulator of brain activity. Results: We identified a total of 21 studies for inclusion in our review, and after applying additional selection criteria, 11 of them were included in our fMRI
voxel-based meta-analysis. The results demonstrate consistent alterations in activation of brain regions, including the temporal lobes
and insula, during the processing of social stimuli, with some variation dependent on sex and task. The meta-analysis revealed significant left insular hyperactivation after OXT administration, suggesting a potential modulation of neural circuits underlying emotional processing. Limitations: This quantitative review included only a limited number of studies, thus the conclusions of our analysis should be
interpreted cautiously. This limited sample size precluded a more detailed exploration of potential confounding factors, such as sex or
other demographic factors, that may have affected our meta-analysis. Conclusion: Oxytocin has a wide range of effects over neural activity in response to social and emotional processing, which is further modulated by sex and task specificity. The magnitude of this neural
activation is largest in the temporal lobes, and a meta-analysis across all tasks and both sexes showed that the left insula demonstrated
the most robust activation to OXT administration.

Introduction
The role of oxytocin (OXT) in influencing social behaviour
has been well established in animal research,1,2 but over the
past decade it has been increasingly shown to be relevant in
humans.3 Early research focused on its core role in parturition, milk ejection, sexual function and parenting, but recent
studies have focused on its effects on social behaviour.1 The
use of evolving technologies in animal models, such as OXT
receptor agonists and antagonists, receptor knockouts and
autoradiography, have all helped to identify analogous areas
of interest for examination in human research2,4 and have
contributed the basis for further investigation of the effects of
OXT on human behaviour and social cognition.5

In behavioural studies OXT has been linked to social behaviours, such as trust and parental bonding. It has also been
shown to increase the ability to identify emotions, increase
empathy toward others and attenuate aversion to angry
faces.2,6 Furthermore, its role in facilitating social interactions
by ameliorating social bias and response to emotional faces
has led it to be considered a possible drug to use in patients
who have disorders with severe social deficits, such as autism and schizophrenia.7,8
The neurophysiological effects of OXT were initially investigated in animal models before testing in humans. Although
OXT is produced and secreted in the same areas in both humans and animals, the receptor distribution can vary in a
species-specific manner.5,9 Much of this variation may be due
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to species-specific differences in the way social stimuli are
perceived and processed — with subsequent reorganization
of neural connections in favour of more developed areas in
each species. For example, in rats, the primary source of social input is through odour, whereas in humans it is based on
visual and auditory cues and relies heavily on facial cues.2
Oxytocin is synthesized in the hypothalamic paraventricular
parvocellular neurons (PVN) and the supraoptic nuclei
(SON) and is then secreted by the posterior pituitary. Neur
ons from the PVN project to various areas in the limbic system (hippocampus, amygdala, striatum, hypothalamus and
nucleus accumbens), which are involved in social cognition.5
With this in mind, recent neuroimaging techniques have allowed scientists to investigate in vivo the neurophysiological
correlates of the effect of OXT. By examining fluctuations in
the hemodynamic activity in the brain using fMRI after the
administration of OXT compared with the administration of
a placebo, the network and regions that contribute to OXT’s
influence over brain activity have become clearer.
The present systematic review and meta-analysis aims to
provide an integrative and comprehensive review of
placebo-controlled neuroimaging studies of OXT. We report
the magnitude of change in activation of various brain regions as a result of OXT administration versus a placebo
during tasks related to social behaviour by computing its effect sizes in the limbic system, including the amygdala; the
reward system; the frontal lobe; and the temporal lobe.
Finally, we performed a voxel-based meta-analysis of the effect of OXT administration on the human brain, as addressed by various fMRI studies. We also performed an
examination of animal studies, which is presented in the
Appendix, available at jpn.ca.

Methods
Search strategies
We used a systematic search strategy following the PRISMA
guidelines for systematic reviews10 to identify relevant studies
for inclusion in our review. Initially, we searched Embase, Medline and PsychInfo to identify relevant studies (published from
1806 up to Feb. 7, 2013). To be included, each study had to be an
original study using OXT as a pharmacological manipulator of
brain activity. Since our review was intended to cover all types
of brain imaging, search parameters were expanded to include
different brain imaging techniques. Search terms included “oxytocin,” “magnetic resonance imaging,” “MRI,” “fMRI,”
“magnetoencephalography,” “MEG,” “electroencephalog
raphy,” “EEG,” “positron emission tomography” and “PET.”
The bibliographies in the retrieved articles were also manually searched to uncover relevant papers that may have
been missed. Although no limits were placed on the language for an article, all articles found that fit our selection criteria were published in English. No articles were found for
magnetoencephalography (MEG) or positron emission tomography (PET) research using OXT as a pharmacological
probe. Studies were included only if they were an original
publication in a peer-reviewed journal.
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Selection criteria
We included only the studies that explored the effects of
intranasal administration of OXT in a placebo-controlled
double-blind design and used functional neuroimaging or
electrophysiological techniques. Studies that used a patient
population but also reported findings for healthy controls
were included if they satisfied all other criteria. Exclusion criteria were postmortem studies, structural imaging techniques, studies looking at only endogenous OXT and studies
on vasopressin or OXT antagonists, as these studies did not
examine how OXT administration affected brain activity.
Only intranasal administration in humans was explored, as
this is the most common method of administering OXT in
current imaging studies and there is a body of research supporting its influence over brain regions by potentially increasing its concentration in the cerebrospinal fluid (CSF).11,12
For the whole brain fMRI voxel-based meta-analysis, further
criteria were applied. Only studies using emotional stimuli in
healthy controls and reporting the peak coordinates of homo
geneously thresholded OXT effects at the whole-brain level
were included, as there were not enough studies using social
interactions alone to allow for an additional comparison.

Systematic review
For each retrieved study we recorded the following variables:
number of participants, study design, sex, dosage of OXT, the
tasks implemented, major findings, areas attenuated or activated by OXT administration and their corresponding co
ordinates, contrasts and statistical values.
Results are comprehensively reported in tables. In particular, we discuss the core findings with respect to different brain
areas of interest — the basal ganglia, insula, thalamus, tem
poral lobes, prefrontal cortex (PFC) and amygdala — as these
are the areas most commonly reported in studies using OXT.

Effect sizes
We analyzed the magnitude of the OXT effects (effect sizes)
on the regions of interest (ROIs). Where sufficient information was provided in a study to assess the significance of the
results (e.g., the presence of t values, p values, F values, or
means and standard deviations), we calculated the effect size.
Studies that fit the criteria for effect size analysis accounted
for 8 of the 15 studies reporting modulation from OXT aside
from connectivity measures and 12 of the 15 studies when
looking at the amygdala alone. The effect size is a dimensionless number that facilitates the integration of findings across
studies that used different types of measurements. The choice
of effect size estimator is a much debated and still unresolved
issue13 and is related to the choice of whether or not greater reliance should be laid on studies carried out on larger samples
when the effect size is to be computed. We chose to use an effect size estimator corrected for the number of participants included in each study using the Cohen d statistic14 generated by
the SPSS program. We calculated these values because most
studies had fairly small samples. When the power of a study is
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insufficient to show statistically significant differences between
or within groups, even when such is the case in the population, type II errors occur. By examining effect sizes rather than
statistical significance, we can better understand what differences exist in the general population and whether these differences might merit further study. Effect size (d) is taken to mean
“the degree to which a phenomenon is present in the population”; we indexed d according to Cohen’s scheme.14 Cohen
placed the value of d for small effects at 0.2, for medium effects
at 0.5 and for large effects at 0.8.

Voxel-based meta-analysis
Meta-analysis of the OXT effects at the whole brain level was
conducted using effect size signed differential mapping (ESSDM, www.sdmproject.com/),15,16 a technique that has already been applied to the study of both healthy controls17
and to many individuals with neuropsychiatric disorders,
such as attention-deficit/hyperactivity disorder (ADHD),18
anxiety,19 autism20 and schizophrenia.21,22 Briefly, we used the
information reported in the papers about the brain peaks of
maximum OXT effects to recreate a statistical parametric map
for each study. We then conducted a standard meta-analysis
to obtain a meta-analytic brain map of the effects of OXT.
First, peak coordinates were converted to Talairach space,
and their t values were converted into effect sizes and their
standard errors (i.e., accounting for study precision and sample size). It must be noted that SDM software was modified
to account for the fact that some of the studies had conducted
1-sample tests, whereas others had conducted 2-sample tests.
Second, each peak was used to recreate a cluster of voxels
with significant OXT effects by assigning an effect size to the
voxels close to the peak, taking the distance of each voxel to
the different close peaks into account. Finally, the different
recreated maps were voxel-wise combined by fitting
random-effects models, and p values were derived from a
permutation test. Results were thresholded with a voxel p ≤
0.005, peak z ≥ 2 and cluster extent ≥ 10 voxels. For further
details, see the study by Radua and Mataix-Cols.16
This analysis was complemented with 2 others to assess
the robustness of the meta-analytic findings. First, we conducted a jack-knife test, which consisted of repeating the
meta-analysis many times, each time including all studies but
1, to infer the replicability of the findings. Second, funnel
plots were drawn from the meta-analytic peaks to discard
publication bias and gross abnormalities. Potential publication biases were further assessed with Egger tests.

Results
Database
Our literature search uncovered 21 papers that met our inclusion criteria. Details of the retrieved studies are given in T
 able 1.
To make the anatomic labelling of the relevant areas reported more consistent, all coordinates from each study were
converted to Talairach coordinates using icbm2tal for the appropriate template (i.e., SPM, FSL).45 These coordinates were

then entered into Talairach client46 to create a standardized
list of areas reported by each study. When a study reported a
different area, this was noted as shown in Table 2 and is referenced throughout the systematic review.
Sixteen of the studies used fMRI and 5 used electroencephalography (EEG) to explore the effects of OXT. The voxelbased meta-analysis in fMRI studies included a total of
11 studies. Details of the literature search are described in the
PRISMA flowchart in F
 igure 1.

Systematic review
The present systematic review aims to elucidate the effect of
OXT in various regions of the brain and their corresponding
networks. The specific brain areas modulated by OXT in each
study are detailed in Table 2, and further details on the differences between OXT receptors and its administration between humans and animals can be found in the Appendix.
We also assessed the magnitude of OXT effects by providing
the Cohen d for specific brain areas (Table 3).

fMRI studies in humans
Reward system
Social learning is largely influenced by how reward is processed in the reward system and can be modulated by OXT
manipulation. The reward system influences social behaviour
by driving the evaluation and interpretation of choices and
their associated values.47 It also houses a large proportion of
the OXT receptors in the human brain, the highest concentration of which is located in the substantia nigra (SN),9,48 an
area heavily implicated in reward processing, prediction error and dopamine (DA) signalling.5,9,48 However, this area is
very small, and its between-subjects variability makes it difficult to show robust activation in human imaging studies.
Thus, its relative omission from the current human imaging
studies of OXT is not surprising. However, the SN still plays
a role in reward-mediated social behaviours owing to its influence over other areas of the basal ganglia, such as the caudate and putamen, the limbic system and other areas of the
brain that have shown consistent changes in brain activity after OXT administration. After correcting for location by standardizing to Talaraich coordinates, 1 study that had ori
ginally reported activation in the brainstem after OXT
administration showed that OXT elicited increased activation
in the right SN while explicitly processing fearful faces over
neutral faces.25
We examined 6 studies addressing the reward system after
OXT administration.23,25,30,32,35,39 We found that OXT administration has an effect over reward-related learning in that it
seems to increase activation associated with reward-related
learning in the caudate while decreasing learning effects. It
has a similar influence on activation in the putamen, but is
specific to learning during social interactions. How OXT affects neural activity during social tasks in the globus pallidum (GP) is less clear, but it appears to play a role in attachment. We review the available evidence in each of these areas
in the sections that follow.
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18

14

27 (12 PBO,
15 OXT)

9

42 (21 PBO,
21 OXT)

42 (20 PBO,
22 OXT)

60 (34 PBO,
26 OXT)

20

15

70 (35 PBO,
35 OXT)

Lischke et al.30

Petrovic et al.31

Pincus et al.32

Riem et al.33§

Riem et al.34

Rilling et al.35

Singer et al.36

Sripada et al.37

Striepens et al.38

15

Kirsch et al.27

Labuschagne et al.29†

46 (23 PBO,
23 OXT)

Gamer et al.26

18

16

Domes et al.25

Labuschagne
et al.28†‡

13

49 (23 PBO,
26 OXT)

Sample size*

Domes et al.24

Baumgartner et al.23

fMRI

Technique, study
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Table 1: Overview of included studies (part 1 of 2)

M

M

M

M

F

F

1M/8F

M

F

M

M

M

M

F

M

M

Sex

24

24

32

24

16¶

24

40

32

2

24

24

27

24

24

24

24

OXT
dose, IU

Implicit processing of social scenes using
a memory task with negative and neutral
pictures paired with nouns

Resting state connectivity

Empathy for pain and experience of pain

Altruistic interaction

Auditory exposure to infant laughter

Auditory exposure to babies crying

Explicit emotional processing using
Reading of the Mind in the Eyes test by
emotional classification

Aversely conditioned face processing by
rating likeability of faces that were
previously paired with a negative
experience

Explicit processing by rating emotional
arousal of negative, positive and neutral
scenes

Explicit facial processing using emotional
classification of sad, happy and neutral
faces

Implicit facial processing by matching
angry, fearful, happy and neutral faces

Implicit facial emotion processing by
matching fearful and angry faces

Explicit facial emotion processing by
classifying emotion of fearful and happy
faces

Explicit facial emotion processing by
rating arousal of fearful, angry and happy
faces

Implicit facial emotion processing by
identifying sex of fearful, angry and happy
faces

Trust game

Task used

Insula, amygdala

Amygdala to ACC/rmFC

PFC, OFC, amygdala

Amygdala, caudate, ventral
PFC, insula, putamen

Connectivity between the
amygdala and the OFC, ACC,
hippocampus, precuneus,
supramarginal gyri and MTG

Amygdala, insula

Caudate, amygdala, ACC,
STG, GP

Amygdala, ACC, vlPFC,
fusiform area

Amygdala, temporal pole,
fusiform gyrus

mPFC, ACC, thalamus, STG

Amygdala

Amygdala, brainstem

Amygdala, superior colliculus

Amygdala, brainstem,
temporal pole, STG, fusiform
gyrus, insula, PFC, thalamus

Amygdala, temporal pole, TPJ,
thalamus, PFC

Amygdala, brainstem,
caudate, putamen, insula,
thalamus

Brain areas analyzed

Increased memory for negative pictures at the expense
of neutral stimuli; accompanied by an increase in the
left insula and changes in connectivity between the
insula and amygdala

Increased connectivity during resting state

No significant observations in response to viewing their
partner in pain; reduced amygdala activation when
receiving painful stimulation

Differences in activity in reciprocated and
unreciprocated cooperativism; increase in amygdala
only in reciprocated interaction

Increased functional connectivity between the
amygdala and other areas involved in regulating
emotion and decrease in amygdala when listening to
laughter over control noise

Decrease in amygdala to sound clips of crying babies

OXT increased activity in areas associated with reward
and processing of social stimuli

Increased likeability of faces even after being linked to
aversive stimuli

Increased threat sensitivity in the amygdala to scenes
depicting social and nonsocial threat; no changes in
eye tracking

General attenuation in areas associated with
processing social stimuli, cognitive control and emotion
regulation

Insignificant decreases in amygdala activity

Increased ability to identify emotion

Increased ability to identify emotions; gaze starts at
mouth and is redirected to eyes for longer period

Greater arousal in rating facial emotions

Increased ability to identify emotions

Increased trust in partner after trust had been violated

Effects of OXT

Wigton et al.

ACC = anterior cingulate cortex; EEG = electroencephalography; F = female; fMRI = functional magnetic resonance imaging; GP = globus pallidum; LPP = late positive potential; M = male; mPFC = medial prefrontal cortex; MTG = middle temporal
gyrus; OXT = oxytocin; PBO = placebo; PFC = prefrontal cortex; rmFC = rostromedial frontal cortex; STG = superior temporal gyrus; TPJ = temporoparietal junction; vlPFC = ventrolateral prefrontal cortex; VPP = vertex positive potential; VTA =
ventral tegmental area.
*Sample size incudes only the participants in the OXT and PBO samples. Other participants may have been included in other arms of the study.
†Also included 18 patients with generalized anxiety disorder, but only results from healthy controls are reported.
‡Excluded from analysis other than that of the amygdala because no direction of effects were reported.
§Also included patients with depression, but only results from healthy controls are reported.
¶Originally reported as 20 IU, but a subsequent erratum confirmed it was 16 IU.

Better able to identify biological movement, which
corresponded to μ suppression across the whole scalp
μ rhythms
24
Perry et al.44

Within

M

24

Point light experiment to mimic biological
and nonbiological motion

More positive VPP and LPP after OXT, which was
heightened more for those experiencing less love
withdrawal
VPP and LPP
Combination of feedback processing and
facial processing
16
F
48
Huffmeijer et al.43

Within

Increased donations from OXT corresponded with
decrease in left/increase in right frontal activity
Frontal asymmetry
Altruistic interaction
15.6
F
Between
47
Huffmeijer et al.42

Effects of OXT

No effect of OXT on memory or auditory stimuli

No effect of OXT
N2 and P3

Auditory evoked potentials
Memory recall of 25 nouns, tone counting

Auditory mismatch paradigm
40

20
M

M

30
Fehm-Wolfsdorf
et al.41

Within
17
Born et al.40

EEG

Between

GP, MTG, caudate

Brain areas analyzed
Task used

Implicit facial processing of familiar and
unfamiliar faces
24
M
21
Wittfoth-Schardt
et al.39

Within

OXT
dose, IU
Sex
Within/
between
Sample size*
Technique, study

Table 1: Overview of included studies (part 2 of 2)

Reduced activity and functional connectivity to the GP
from reward-related regions to pictures of own child
and unknown child
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Basal ganglia
We identified 6 studies addressing OXT effects on the activation within the basal ganglia (5 using whole brain analysis;
Table 3).23,25,30,32,35,39 The basal ganglia are important areas for
reward processing in the brain and comprise the GP,32,39 SN,25
putamen,23,30,35 caudate23,32,35,39 and ventral striatum. Some of
these areas, such as the ventral striatum, show strong connections to the amygdala47 and play an important role in rewardbased learning by interpreting actions and their corresponding outcomes to make future decisions.47
Caudate
The caudate plays a role in processing feedback when there
exists a perception of contingency between the action and
outcome, especially when the task incorporates an element of
trust;49–55 therefore, the caudate is an important region to address when exploring the effects of OXT administration, as it
may help modulate how decisions are made based on preconceptions of trust. Four studies have addressed the role of
the caudate after OXT administration.23,32,35,39 The correlation
between action and outcome in terms of action contingency
appears to be activated exclusively within the left caudate,
and activation correlates with prediction error during instrumental conditioning.52,53 On the other hand, bilateral activation of the caudate is observed in games involving trust
where increased activity was related to an “intention to
trust.”49,50 Furthermore, increased activation within the caudate has been shown to correlate with more benevolent partners49,54 by reinforcing actions that could potentially lead to
further rewards.52 In a task using a simple trust interaction
involving money between 2 participants, Baumgartner and
colleagues23 found that activation in the bilateral caudate was
attenuated by OXT administration in participants after receiving feedback about the trustworthiness of the partners
with whom they had just interacted. In contrast, using a standard prisoner’s dilemma paradigm to explore trust, Rilling
and colleagues35 found that the left caudate was significantly
activated after OXT administration in response to trustworthiness in the form of reciprocated cooperation in human opponents, but there was no change in activation in the caudate
after unreciprocated cooperation, thus reinforcing the role of
the caudate in action contingency. It is important to note that
the differences between these findings may be attributed to
the fact that Baumgartner and colleagues23 did not distinguish between trust affirming and trust negating trials or reciprocated and unreciprocated trust; as such, the difference in
caudate activity may be attributable to differences in trial
types between the studies. Another explanation for the
diminished activity may be that caudate activation diminished as learning progressed or that participants believed
their partners to be morally “good.”49,54,55 Furthermore, the
increased activation in the caudate after OXT administration
may have predicted their belief in the likelihood of future
cooperation.49
The caudate is also of interest in other studies incorporating
the processing of social stimuli, such as novel and familiar faces.
A study by Wittfoth-Schardt and colleagues39 involved a father
viewing pictures of his own child, a familiar child and an unfamiliar child after being administered OXT. They reported that
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Table 2: Oxytocin-related results from fMRI studies in the systematic review (part 1 of 4)

Study
Baumgartner et al.

23

Sample
size

Sex

OXT
dose, IU

49

M

24

Task, contrast

Trust prefeedback
13

M

24

Implicit facial processing (angry > neutral)

Implicit facial processing (happy > neutral)

16

F

24

WB

↓ L brainstem

WB

↓ L/R caudate

WB

↓ L postcentral gyrus (superior
parietal lobe)

WB

↓ L putamen/insula

WB

↑ R thalamus/pulvinar

WB

↓ R ACC

WB

↓ L paracentral gyrus

WB

↓ L frontal medial lobe (MFG)

WB

↓ L medulla

WB

↓ anterior cerebellum/culmen

WB

↓ L inferior temporal lobe (MTG)

WB

↓ L MTG

WB

↓ L thalamus/pulvinar

WB

↓ L postcentral gyrus (paracentral
lobe)

WB

↓ R precentral gyrus (postcentral
gyrus)

WB

↓ L/R inferior temporal lobe (STG)

WB

↓ L paracentral gyrus

WB

↓ L MTG

WB

↑ L MTG (temporal pole)

WB

↑L
 amygdala (subcallosal gyrus)

WB

 L/R fusiform gyrus (L cerebullum/
↑
R parahippocampal gyrus)

WB

↑L
 STG

WB

↑L
 insula

WB

↑R
 cerebellum

WB

↑R
 brainstem (SN)

WB

↓ R dlPFC (SFG)

WB

↑ L rolandic operculum (insula)

WB

↑ R rolandic operculum
(thalamus)

WB

↑ R dlPFC (MFG)

WB

↑ L/R vlPFC (MFG)

WB

Explicit facial processing by rating emotional
arousal of fearful, angry, happy and neutral faces
Explicit facial processing (fearful > neutral)

Explicit facial processing (angry > neutral)

Explicit facial processing (happy > neutral)

E6

↓ L/R amygdala

Implicit facial processing by indicating sex of
happy, angry, fearful and neutral faces
Implicit facial processing (fearful > neutral)

Domes et al.25

WB/ROI

Trust interaction as trustee with human and risk
interaction with a computer
Trust feedback

Domes et al.24

Effect of OXT*
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↑ L MTG (temporal pole)

WB

↑ R hippocampus (amygdala)

WB

↑ L STG (transverse temporal
gyrus)

WB

↑ L fusiform gyrus (cerebellum)

WB

↑ L insula (postcentral gyrus)

WB

↑ R rolandic operculum
(precentral gyrus)

WB

↑ R cerebellum

WB

↓ R dlPFC (SFG)

WB
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Table 2: Oxytocin-related results from fMRI studies in the systematic review (part 2 of 4)
Study
Gamer et al.26

Kirsch et al.27

Labuschagne
et al.29†

Sample
size

Sex

OXT
dose, IU

46

M

24

14

18

M

M

27

24

Task, contrast

↓ L/R amygdala

ROI

Gazing toward eyes

↑ R posterior amygdala

ROI

Gazing toward mouth

↑ L/R superior colliculus
(cerebellum)

WB

Implicit emotional processing by matching
fearful/threatening scenes and angry/fearful
faces or shapes
All social stimuli, but greater for faces

↓ L amygdala

Connectivity measures

↓ L amygdala, L/R brainstem

F

24

Explicit social processing (positive > neutral
scenes)
27

M

32

↓ R ACC

WB

↓ R MFG

WB

↓ R supplementary motor cortex
(MFG)

WB

↓ L superior parietal cortex
(precuneus)

WB

↑ L thalamus

WB

↓ L cerebellum

WB

↓ L cerebellum/fusiform

WB

↓ L calcarine fissure/cerebellum

WB

↓ R mPFC (MFG)

WB

↓ L MFG

WB

↓ L precuneus (cuneus)

WB

↑R
 STG (IFG)

WB

↑ L/R amygdala (L/R putamen)

ROI

↑ L MTG

WB

↑ L ITG (fusiform gyrus)

WB

↑ L temporal pole, STG

WB

↑ L postcentral gyrus

WB

↓ R supplementary motor cortex
(SFG)

WB

↓ R anterior MTL (MFG)

ROI

↓ R vmPFC (ACC)

WB

↓ L lateral OFC (IFG)

WB

↓ R ACC

WB

↓ R rostral ACC (MFG)

WB

Explicit processing by rating emotional
arousal of negative, positive and neutral
social scenes
Explicit social processing (negative > neutral
scenes)

Petrovic et al.31

ROI
ROI/ROI

Explicit facial processing using emotional
classification of sad, happy and neutral faces

Explicit facial processing (happy > neutral)

14

WB/ROI

Explicit facial processing (fearful > neutral)

Explicit facial processing (sad > neutral)

Lischke et al.30

Effect of OXT*

Explicit facial processing by emotional
classification of fearful, happy and neutral
faces

Conditioned neutral faces with direct and
indirect gaze to aversive stimuli (implicit
processing)
Fear conditioning (main effect)

Fear conditioning for direct gaze
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↓ L vlPFC (IFG)

WB

↓ R amygdala (subcallosal gyrus)

ROI

↓ L/R caudal ACC

WB

↓ R subgenual ACC

WB

↑ L vlPFC (MFG)

WB

↓ R vlPFC (MFG)

WB

↓ R fusiform face area

WB
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Table 2: Oxytocin-related results from fMRI studies in the systematic review (part 3 of 4)
Study
Pincus et al.32‡

Sample
size

Sex

OXT dose,
IU

9

M/F

40

(1M/8F)

Riem et al.33

42

F

Task, contrast

WB

↑ R parahippocampal gyrus

WB

↑ R amygdala

WB

↑ R IFG (MFG)

WB

↑L
 lentiform nucleus (GP)

WB

↑L
 ACC

WB

↑ R parahippocampal gyrus

WB

↑L
 caudate (parahippocampal
gyrus)

WB

↑L
 STG (MTG)

WB

↑L
 STG (MTG)

WB

↑L
 ACC (subcallosal gyrus)

WB

↑L
 ACC (MFG)

WB

↓ R amygdala (GP)

ROI

↑ L planum polare (STG)

WB

↑ R IFG (Insula)

WB

Implicit emotional processing (infant’s laughter
> control noise)

↓ L/R amygdala

ROI

Connectivity (laughter > control noise)

↑R
 amygdala, L hippocampus

ROI/WB

↑ R amygdala, L precuneus

ROI/WB

↑R
 amygdala, R MTG

ROI/WB

↑R
 amygdala, R parahippocampal
gyrus

ROI/WB

↑R
 amygdala, L OFC

ROI/WB

↑R
 amygdala, L angular gyrus

ROI/WB

↑ R amygdala, L ACC

ROI/WB

↓ R amygdala, R lateral occipital
cortex

ROI/WB

↑L
 amygdala, ACC

ROI/WB

↑ L amygdala, R lateral occipital
cortex

ROI/WB

↑L
 caudate (parahippocampal
gyrus)

WB

 L amygdala (parahippocampal
↑
gyrus)

WB

↑R
 putamen/insula

WB

↑L
 vlPFC (MFG)

WB

Auditory exposure to babies crying
Implicit emotional processing (infant’s cry >
control noise)

Riem et al.34

Rilling et al.35

42

60

F

M

16

24

Auditory exposure to infant laughter

Altruistic interaction using the prisoner’s
dilemma
Reciprocated cooperation

Unreciprocated cooperation

↑L
 vmPFC (MFG)
Connectivity

E8

WB/ROI

↑ L caudate

All stimuli

24

Effect of OXT*

Explicit facial processing using Reading of the
Mind in the Eyes test and emotional
classification
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WB

↑R
 amygdala, R MTG/STG

ROI/WB

↑R
 amygdala, R IFG

ROI/WB

↑ R amygdala, L MFG/postcentral
gyrus

ROI/WB

 R amygdala, L anterior insula/
↑
IFG

ROI/WB

 R amygdala, L planum polare/
↑
STG

ROI/WB

Neurophysiological effects of acute oxytocin administration

Table 2: Oxytocin-related results from fMRI studies in the systematic review (part 4 of 4)
Study

Sample
size

Sex

OXT dose,
IU

Task, contrast

Effect of OXT*

WB/ROI

Rilling et al.35 (continued)

Singer et al.36

20

M

32

↑ R amygdala, L MTG

ROI/WB

↓ R amygdala, L/R cerebellum

ROI/WB

↓ R amygdala, R superior parietal
lobe

ROI/WB

↓ R amygdala, L STG/MTG

ROI/WB

↓ R amygdala, R Cuneus

ROI/WB

↓ R amygdala, L MFG

ROI/WB

Empathetic responses to pain inflicted in self
and others
Pain inflicted in self

Pain inflicted in self (prosocial > selfish)
Pain inflicted in self (selfish > prosocial)

↑ R mOFC (IFG)

WB

↑ R lOFC (MFG)

WB

↓ R amygdala/striatum (GP)

ROI

↓ L frontoinsular PFC (MFG)

WB

↓ L mPFC (MFG)

WB

↓ L amygdala

WB

↓ R amygdala (parahippocampal
gyrus)

ROI

Pain inflicted in other

↓ R OFC (IFG)

Sripada et al.37

15

M

24

Resting state connectivity

↑R
 amygdala, ACC/rmFC

Striepens et al.38

70

M

24

Implicit processing of social scenes using a
memory task with negative and neutral pictures
paired with nouns

Wittfoth-Schardt
et al.39

21

M

24

WB
ROI/WB

Later remembered negative > later forgotten
neutral

↑ L anterior insula (IFG)

WB

Negative and neutral > baseline

↑R
 amygdala

ROI

Negative > baseline

↑R
 amygdala

ROI

Neutral > baseline

↑R
 amygdala

Connectivity (all stimuli)

↓ L amygdala, L ACC

ROI/WB

Connectivity (negative > neutral stimuli)

↓ R amygdala, L insula

ROI/WB

↑L
 anterior insula, L IFG

ROI/WB

↑L
 anterior insula, L basolateral
amygdala

ROI/WB

ROI

Implicit facial processing where fathers viewed
pictures of their own children, a familiar and
unfamiliar child
Implicit facial processing (own child > familiar
child)

↓ L GP

ROI

Implicit facial processing (unfamiliar child >
familiar child)

↓ L GP (putamen)

ROI

↓ L precentral gyrus

WB

↓ L hippocampus (amygdala)

ROI

↓ L/R MTG (L STG/R ITG)

WB

↓ L STG

WB

↓ L supramarginal gyrus (inferior
parietal lobe)

WB

Implicit facial processing (own child > unfamiliar ↑ L
 caudate
child)
Connectivity (own child > familiar child)

WB

↓ L GP, R GP

ROI/WB

↓ L GP, L MFG

ROI/WB

↓ L GP, L hippocampus

ROI/WB

↓ L GP, R superior parietal lobe

ROI/WB

ACC = anterior cingulate cortex; dlPFC = dorsolateral prefrontal cortex; F = female; GP = globus pallidum; IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; lOFC = lateral
orbitofrontal cortex; M = male; MFG = medial frontal gyrus; mOFC = medial orbitofrontal cortex; mPFC = medial prefrontal cortex; MTG = middle temporal gyrus; OFC = orbitofrontal
cortex; OXT = oxytocin; PFC = prefrontal cortex; rmPFC = rostromedial prefrontal cortex; ROI = region of interest; SN = substantia nigra; STG = superior temporal gyrus; vlPFC =
ventrolateral prefrontal cortex; WB = whole brain analysis.
*Areas in italics represent areas that were different when the coordinates were entered into Talairach client; all other areas are those reported by the studies listed.
†Also included patients with social anxiety, but only results for healthy controls are reported.
‡Also included patients with depression, but only results for healthy controls are reported.
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OXT administration increased activation in the left caudate
when the men viewed their own children versus an unfamiliar
child. This may reflect the enhanced rewarding effects of parental attachment with one’s own child, which is augmented by
OXT administration. A study by P
 incus and colleagues32 also
showed an increase in neural activation in the left caudate after
OXT administration while assessing social stimuli during a
Reading the Mind in the Eyes test. Furthermore, Labuschagne
and colleagues28 showed a main effect of OXT in the activation
within the left caudate while explicitly processing emotional
faces by matching angry, happy and fearful faces. These interactions may potentially reflect the neural effects of learning, attachment and evaluating novelty in terms of learning reward
contingencies when combined with OXT administration, showing that OXT administration increases reward-related responses
while decreasing learning-related activation.

trust interactions between partners to demonstrate greater activation in the putamen extending into the insula after receiving
OXT and feedback about the partner.23,35 One study by Rilling
and colleagues35 used a prisoner’s dilemma game to demonstrate greater activation in the right putamen as a response to
reciprocated cooperation after OXT was administered. Another study used a trust game49 to demonstrate an attenuation
in the activation within the left putamen after OXT administration following feedback on a partner’s trustworthiness.23 A
study in women conducted by Lischke and colleagues30
showed that the right putamen was more active after receiving
OXT when rating negative scenes over neutral scenes. However, the activation observed in the putamen was part of an
ROI analysis centred around the amygdala, and activation in
these regions was not evident during whole brain analysis.
Overall, the putamen showed reliable changes in activation
only after OXT administration during games involving trust
manipulations and when there was concurrent activation
within the caudate. Therefore, the putamen, along with the
caudate, may play a role during the processing of rewards related to interactions with other people.

Identification

Putamen
The putamen is adjacent to the caudate and plays a role in associative learning.56 It has been demonstrated to show greater
activation than the caudate during performance of actions associated with reward, but shows similar levels of activation as
the caudate when still learning the optimal action associated
with a reward.57 Three studies have addressed the changes in
the activation of the putamen after being administered
OXT.23,30,35 Two studies included in the systematic review used

Records identified through
database searching, n = 138

Globus pallidus
Another area of the reward system that has been implicated
in OXT studies, albeit to a lesser extent, is the GP, which has
been associated with general reward signal processing58 as

Additional records identified
through other sources, n = 5

Eligibility

Screening

Records after duplicates
removed, n = 81

Records screened, n = 81

Full-text articles assessed
for eligibility, n = 45

Studies included in
systematic review, n = 21

Included

Records excluded
• Not original research, n = 32
• Repeat study, n = 1
• Not intranasal OXT, n = 1
• Animal studies, n = 2

Studies included in the
voxel-based meta-analysis
n = 11

Full-text articles excluded
• Only peripheral OXT
measured, n = 8
• Only OXT genes explored,
n=8
• No brain activity examined,
n=7
• No results for healthy
controls, n = 1

Fig. 1: Study selection process. OXT = oxytocin.
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Table 3: Effect of OXT on parts of the human brain* (part 1 of 3)
OXT
dose, IU

Sex

Baumgartner et al.23

24

Domes et al.25

24

Part of brain; study

Task

Contrast

Left

Cohen d

Right

Cohen d

M

Trust interaction

Trust game
postfeedback

↓

0.92

←→

—

F

Explicit facial processing

Angry > neutral†

↑

←→

—

Fearful > neutral

↑

←→

—

Happy > neutral‡

↑

←→

—

Area
(Talairach)
or ROI/WB

Insula

Riem et al.33

24

F

Listening to infant crying

Infant cry >
control noise†

←→

—

↑

Rilling et al.35

24

M

Trust interaction

Reciprocated
cooperation

←→

—

↑

0.91

Striepens et al.38

24

M

Implicit processing of social
scenes

Later
remembered
negative > later
forgotten neutral‡

↑

1.47

←→

—

Baumgartner et al.23

24

M

Trust interaction

Trust game
prefeedback

←→

—

↑

1.03

Domes et al.24

24

M

Implicit facial processing

Fearful > neutral

↓

1.69

←→

—

Domes et al.25

24

F

Explicit facial processing

Angry > neutral†

↑

←→

—

Labuschagne et al.29

24

M

Explicit facial processing

Sad > neutral

↑

1.27

←→

—

24

M

Trust interaction

Trust game
postfeedback

↓

0.81

↓

0.90

Caudate

←→

—

↓

0.84

Caudate

←→

—

↓

0.84

Caudate

↓

0.92

←→

—

Putamen

Thalamus

Basal ganglia
Baumgartner et al.23

Domes et al.25

24

F

Explicit facial processing

Fearful >
neutral†

←→

—

↑

Brainstem
(SN)

Lischke et al.30

24

M

Emotion arousal rating task

Negative >
neutral scenes‡

←→

—

↑

Putamen
(ROI)

Pincus et al.32

40

M/F

Explicit facial processing

Across all facial
valances

↑

1.97

←→

—

Caudate

Across all facial
valances‡

↑

2.12

←→

—

Caudate

↑

1.86

←→

—

GP

↑

1.03

←→

—

Caudate

←→

—

Rilling et al.35

24

M

Trust interaction

Reciprocated
cooperation

↑

0.91

Putamen

Wittfoth-Schardt et al.39

24

M

Viewing familiar or
unfamiliar child

Own child >
unfamiliar child

↑

←→

—

Caudate

Own child >
familiar child

↓

←→

—

GP

Unfamiliar child >
familiar child‡

↓

←→

—

GP
(Putamen)

Fearful > neutral

↓

1.44

←→

—

Inferior
temporal
lobe

↓

1.38

←→

—

MTG

↓

1.45

↓

1.44

STG

↓

1.38

←→

—

MTG

↑

←→

—

MTG
(temporal
pole)



←→

—





Temporal lobes
Domes et al.24

24

M

Implicit facial processing

Happy > neutral
Domes et al.25

24

F

Explicit facial processing

Fearful > neutral
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Table 3: Effect of OXT on parts of the human brain* (part 2 of 3)

Part of brain; study

OXT
dose, IU

Sex

Task

Contrast

Left

Cohen d

Area
(Talairach)
or ROI/WB

Right

Cohen d

↑

←→

—

↑

←→

—

STG

↑

←→

—

Fusiform
gyrus

Domes et al. (continued)
25

Happy > neutral

MTG
(temporal
pole)

Labuschagne et al.29

24

M

Explicit facial processing

Happy > neutral

←→

↑

1.67

STG

Lischke et al.30

24

F

Emotional arousal rating
task

Negative >
neutral scenes

↑

←→

—

STG
(temporal
pole)

↑

←→

—

MTG

↑

←→

—

ITG
(fusiform
gyrus)

Petrovic et al.31

32

M

Fear conditioning to faces

Main effect
Fear conditioning
with direct gaze

Pincus et al.32

40

M/F

Explicit facial processing

—

↓

1.49

←→

—

MTG

←→

—

↓

1.49

Fusiform
gyrus

↑

1.97

←→

—

STG (MTG)

↑

1.85

←→

—

STG (MTG)

—

Planum
polare
(STG)

Riem et al.33

24

F

Listening to infant crying

Infant cry >
control noise

↑

←→

Wittfoth-Schardt et al.39

24

M

Viewing familiar or
unfamiliar child (implicit
facial processing)

Unfamiliar child >
familiar child

↓

↓

↓

←→

—

STG

—

MFG
(dlPFC)

MTG

PFC
Domes et al.24

24

M

Implicit facial processing

Fearful > neutral

↓

1.38

←→

Domes et al.25

24

F

Explicit facial processing

Fearful > neutral

←→

—

↓

Angry > neutral

↑

Labuschagne et al.29

24

M

Explicit facial processing

32

M

Fear conditioning

vlPFC
dlPFC

←→

—

↑

Happy > neutral

←→

—

↓

Sad > neutral

←→

—

↓

1.55

↓

1.39

←→

—

MFG

←→

—

↓

1.29

mPFC

Happy > neutral

Petrovic et al.31

dlPFC

↑

dlPFC
MFG

←→

—

↓

1.21

mPFC

Main effect

←→

—

↓

1.66

vlPFC

Direct gaze

↓

1.90

↓

2.02

vlPFC

←→

—

↑

1.87

IFG

↑

0.92

←→

—

vlPFC

—

vmPFC

Pincus et al.32

40

M/F

Explicit facial processing

Rilling et al.35

24

M

Trust interaction

Unreciprocated
cooperation

Singer et al.36

32

M

Observing pain inflicted in
self and others

Pain in self

↑

0.92

←→

←→

—

↑

←→

—

↑

lOFC

←→

—

Frontoinsular
PFC

←→

—

mPFC

Pain inflicted in
self (prosocial >
selfish)

↓

Pain inflicted in
other

←→

—

↓

↓

mOFC

OFC

Amygdala
Baumgartner et al.23

24

M

Trust interaction

Trust game
postfeedback

↓

—

↓

—

WB

Domes et al.24

24

M

Implicit facial processing

Fearful > neutral

↓

—

↓

0.91

ROI

Angry > neutral

↓

—

↓

1.05

ROI

Happy > neutral

↓

—

↓

0.91

ROI
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Table 3: Effect of OXT on parts of the human brain* (part 3 of 3)
OXT
dose, IU

Sex

Task

Contrast

Left

Cohen d

Right

Cohen d

Area
(Talairach)
or ROI/WB

Domes et al.25

24

F

Explicit facial processing

Fearful > neutral

↑

0.79

←→

—

WB

Happy > neutral†

↑

—

↑

0.39

WB

Gamer et al.26

24

M

Explicit facial processing

PBO × OXT ×
facial valence
interaction

↓

0.92

↓

—

ROI

↓

—

←→

—

ROI

Gaze at faces

Gaze preference
to eyes

↑

0.99

←→

—

ROI

Implicit facial and scene
processing

Main effect for
faces and scenes

↓

1.02

←→

—

ROI

Main effect for
faces

↓

0.83

←→

—

ROI

Main effect for
scenes

↓

0.74

←→

—

ROI

Angry > neutral

↓

—

↓

—

ROI

Fearful > neutral

↓

—

↓

—

ROI

Happy > neutral

↓

—

↓

—

ROI

Gaze to negative
stimulus > neutral

←→

—

↓

0.96

ROI

Main effect

←→

—

↓

—

ROI

Part of brain; study

Kirsch et al.27

27

Labuschagne et al.28

Petrovic et al.

31

24

32

M

M

M

Implicit facial processing

Fear conditioning (direct
gaze)

Pincus et al.

40

M/F

Explicit facial processing

Reading of the
Mind in the Eyes
test

←→

—

↑

1.33

WB

Riem et al.33

24

F

Listening to crying babies

Cry > control
noise

←→

—

↓

0.43

ROI

Riem et al.34

16

F

Listening to laughing babies

Laughter >
control noise

↓

Rilling et al.35

24

M

Trust interaction

Reciprocated
cooperation

↑

0.47

←→

—

WB

[(reciprocated
cooperation
human >
computer) OXT >
(reciprocated
cooperation
human >
computer) PBO]

↑

1.03

←→

—

WB

←→

—

↓

0.64

ROI

↓

0.64

←→

32

Singer et al.36

32

M

Empathy for pain

Pain in self
Self PBO > OXT,
selfish > prosocial

↓

←→
Striepens et al.

38

Wittfoth-Schardt et al.39

24

24

M

M

Implicit scene processing
and subsequent memory
test

Viewing familiar or unfamiliar
child

↓

ROI

WB
0.75

ROI

Negative and
neutral > baseline

←→

—

↑

ROI

Negative >
baseline

←→

—

↑

ROI

Neutral >
baseline

←→

—

↑

ROI

Viewing own
child, familiar
child, unknown
child

←→

—

←→

—

ROI

dlPFC = dorsolateral prefrontal cortex; F = female; GP = globus pallidum; IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; lOFC = lateral orbitofrontal cortex; M = male; MFG =
medial frontal gyrus; mOFC = medial orbitofrontal cortex; mPFC = medial prefrontal cortex; MTG = middle temporal gyrus; OFC = orbitofrontal cortex; OXT = oxytocin; PBO = placebo;
PFC = prefrontal cortex; ROI = region of interest; SN = substantia nigra; STG = superior temporal gyrus; WB = whole brain; vlPFC = ventrolateral prefrontal cortex.
*The arrows indicate the direction of differences in blood oxygen level–dependent response during the selected contrast; studies that did not provide enough information to calculate
effect size were left blank.
†Region reported as different area in study, but was found to be in the area indicated when converting to Talairach coordinates; see Table 1.
‡Region reported in the study, but was found to be in a different area when converting to Talairach coordinates; see Table 1.
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well as maternal attachment.59,60 Although we recognize that
the external (GPe) and internal (GPi) GP have different functions, restrictions in the number of studies involving the GP
made it difficult to draw further conclusions on subsections.
Two studies have addressed the effect of OXT administration
on activation within the GP.32,39 A study by Wittfoth-Schardt
and colleagues39 showed that OXT administration attenuated
activity in the GP when participants viewed pictures of their
own children versus viewing a familiar child and when
viewing pictures of an unfamiliar child versus a familiar
child. This suggests a role for OXT administration in attenuating activation in the GP related to reward and novelty and
also coincides with areas associated with maternal attachment.59,60 An earlier study by Pincus and colleagues32 also
showed an effect of OXT administration in the activation
within the left GP during a Reading the Mind in the Eyes test.
However, these findings in the GP after OXT administration
have not been robustly replicated.
Temporal lobes
Although primarily known for their role in auditory processing61 and vision, the temporal lobes also play an important
role in memory and the interpretation of social cues through
visual processing and spatial recognition to help determine
socially relevant information.62,63 The temporal lobes are also
known to be a target of output from the basal ganglia, 64
which may show how OXT administration influences neural
processes in this area through learning and reward processing of social stimuli. Of the areas in the temporal lobe, the
middle (MTG) and superior temporal gyrus (STG) have been
shown to be consistently activated in studies involving human emotional face processing65 and during mentalizing/
theory of mind.66–68 Eight of the 12 studies reporting whole
brain findings found differential activation in the temporal
lobe after OXT administration, most of which used faces as
social stimuli24,25,29–33,39 (Table 3). In addition, another study
found that connectivity to the temporal lobe from the amygdala was increased after OXT administration.35 This consistency of activation made this the most robust region showing
activation after OXT administration.
Domes and colleagues24 used implicit facial processing in
men to demonstrate decreases in the activation within the left
MTG and bilateral STG after OXT administration in response
to happy facial stimuli as well as increased activation within
the left inferior temporal lobe and MTG in response to fearful
facial stimuli. On the other hand, in a different study Domes
and colleagues25 used an explicit facial processing task in
women to show increased activation in the left MTG and STG
after OXT administration in response to happy and fearful
facial stimuli. Labuschagne and colleagues28 used explicit and
implicit processing tasks in men to show a main effect of OXT
administration on the activation within the left MTG and bilateral STG when implicitly processing a range of emotional
faces, although the direction of this effect was not reported. In
a follow-up report,29 they showed increased activation within
the right STG after OXT administration while explicitly processing happy faces. Wittfoth-Schardt and colleagues39 also
showed that in men activation is attenuated in the bilateral
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MTG and left STG after OXT administration when implicitly
processing the faces of an unfamiliar child versus a familiar
child. This effect of OXT administration on neural attenuation
associated with facial valence is not only limited to the processing of faces, but also extends to influencing activity where
negative stimuli have been paired with faces. In a task pairing
a shock with different faces to condition for fear, Petrovic and
colleagues31 showed attenuation in the activation within the
right anterior MTG after OXT administration across all fear
conditioning trials. However, increased activity when viewing faces appears to be mainly evident in women; Lischke and
colleagues30 asked women to rate emotional arousal from a
series of faces and demonstrated greater activation in the STG
and inferior temporal gyrus (ITG) after OXT administration.
Furthermore, a study by Pincus and colleagues32 involving
mainly women (8 of 9 participants) showed greater activation
in the STG during the Reading of the Mind in the Eyes test
after OXT administration. A similar increase in activation
within the STG was reported in women administered OXT
before auditory stimuli of crying infants in a study by Riem
and colleagues.33 It is important to note that all of these
studies in women (except the study by Riem and colleagues33)
used explicit emotional processing, whereas the studies in
men used tasks with implicit facial processing (except the
study by Labuschagne and colleagues,29 who also showed increased activation in the temporal lobes after OXT administration, contrary to other studies in men). Thus, task type and sex
may play a large role in how OXT administration affects
neural activity in the temporal lobes.
Of the areas in the temporal lobes associated with social processing, the fusiform gyrus has been the area most consistently
activated in response to tasks incorporating facial stimuli69 and
is known to be modulated by facial valence.70 Neural activity
in this area has also been shown to be modulated by OXT administration. In women, Domes and colleagues25 showed an
increase in activation across various regions of the temporal
lobes when viewing fearful and happy faces but not angry
faces after OXT administration. However, in men, Petrovic and
colleagues31 showed a decrease in activation in the left MTG
and right fusiform gyrus following OXT administration after
fear conditioning using faces with direct gaze. Overall, OXT
administration appears to play a role in the increase and decrease of activity in the temporal lobes with sex-specific effects;
OXT administration increases activation in the temporal lobes
in women and generally attenuates activation in the temporal
lobes in men. However, this difference in activation within the
temporal lobes between women and men may also be attributable to the variability in task types; OXT administration may
attenuate activation in the temporal lobes during implicit facial
processing but may increase activation in the temporal lobes
during explicit facial processing.
Insula
The activation of the insula after OXT administration may reflect neural processing to minimize risk prediction errors71 and
reward anticipation in a social context.72,73 Activity in the insula
may also be associated with emotion regulation74 and facilitating
a sense of emotional involvement when interacting with others
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in a trust game.75 Its activation during trust games implicates it
in making decisions about the risk of trusting another person
during social interactions. Five s tudies in our review have investigated neural activity in this area.23,25,33,35,38 Overall, activity in
the insula is generally augmented after OXT administration,
suggesting a heightened role in modulating risk prediction and
reward anticipation in a social context. There does not appear to
be a significant effect of sex in this area. Furthermore, our metaanalysis of all whole brain imaging data found the left insula to
be the most robustly activated area among all the studies included in the meta-analysis (Fig. 2).
In a trust game, Baumgartner and colleagues23 showed attenuation of activation within the left putamen and insula after OXT administration in response to all feedback about
their partner’s trustworthiness, whereas Rilling and colleagues35 demonstrated an increased activation in the right
putamen and insula after OXT administration following reciprocated cooperation but not unreciprocated cooperation.
This may show a lateralization of the effect of OXT on the
processing of trust-related stimuli in the putamen and insula
or may reflect a difference caused by cooperation bias that
was not explicitly established by Baumgartner and colleagues,23 as they did not differentiate between cooperative
and uncooperative trials.
The insula is also important in evaluating tasks with an element of emotional processing. Domes and colleagues25 found
that, in women only, OXT administration intensified activation
in the insula in response to fearful and happy emotional faces
compared with neutral faces when asked to identify sex. Another study in women conducted by Riem and colleagues33
also demonstrated a greater activation within the insula after
being administered OXT and listening to a crying infant. This
effect may reflect an implicit empathizing that is intensified by

A

OXT administration in women but not men. However,
Striepens and colleagues38 also showed an increase in activation within the left anterior insula in men after OXT administration when viewing negative social scenes that were later remembered over neutral social scenes that were later forgotten.
This may reflect the role of the insula in the recall of emotional
information. They went on to show that the connections between the insula and other regions were also important in determining which negative social scenes were remembered over
neutral social scenes after OXT administration. Furthermore,
functional connectivity increased between the left anterior insula and the left inferior frontal gyrus (IFG) as well as the left
basolateral amygdala after OXT administration. However,
connectivity between the right amygdala and left insula was
attenuated after OXT administration. Of these areas, the basolateral amygdala was shown to be the major projection area of
OXT-related sharing of information between the left insula
and the left amygdala, suggesting that the insula may have
been using some of the modulatory functions of the amygdala
to bias emotional processing.38
Limbic and paralimbic system
The limbic system is important in the regulation of autonomic and endocrine functioning as well as the processing of
and response to emotional stimuli (for a review see the study
by Phan and colleagues74).
All of the fMRI studies presented in this review have investigated some aspect of the limbic system.23–33,35–39 Its role has
been one of the focuses of neuroendocrine research, most notably research on OXT, and has mainly revolved around the role
of the amygdala, which is explored in greater detail below.
This systematic review explores the role of other areas in the
limbic system in addition to the amygdala relative to OXT.
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Fig. 2: Voxel-based signed differential mapping meta-analysis of placebo-controlled fMRI studies using
acute oxytocin (OXT) challenge in humans. (A) This cluster reflects increased regional activation after OXT
administration in humans consistent with the left insula. Results were thresholded with voxel p ≤ 0.005, uncorrected, peak z ≥ 2, and cluster extent ≥ 10 voxels. (B) The Egger test for funnel plot asymmetry was not
significant (t = 1.1, p = 0.30), and no gross abnormalities could be observed. SE = standard error.
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Amygdala
In all but one39 of the fMRI studies involving OXT administration retrieved in the present systematic review, the amygdala was one of the main ROI (Table 3). Its involvement in
numerous animal studies has implicated it as an important
area for OXT binding and release.5,76 In humans, the role of
the amygdala in social cognition77 and, notably, facial processing65 has established it as a very important region in OXT
research. Although no OXT receptors have been detected in
the amygdala in any human studies5,9,48 its size in humans
has been shown to vary in relation to the OXT gene78,79 and it
is consistently implicated in studies involving OXT administration (Table 3).
Studies using implicit processing of social stimuli consist
ently found attenuated activation within the amygdala after
OXT administration.24,27,31,33 However, pairing implicit facial
processing with a negative stimulus to condition for fear
showed nonsignificant attenuation in the amygdala.31 In
tasks using explicit processing of social stimuli, there were
more mixed results for the direction of activation in the
amygdala resulting from OXT administration. However,
when separating samples by sex, studies involving all or
mainly women reported that OXT administration increased
activation in the amygdala,25,32 but in studies involving men
OXT administration attenuated activation in the amygdala.26
In a study involving a trust interaction, OXT administration
increased activation in the amygdala when cooperation was
reciprocated, and this increase in activation was shown to be
specific to a participant being told they were playing another
human versus a computer. These studies show that the type
of study and participant sex play a large role in how OXT influences activity in the amygdala. It is also important to note
that only 3 of these studies reported that activation in the
amygdala was significant at the whole brain level;25,35,36 the
majority of these studies used ROI analysis or small volume
correction (SVC) to extract significant activation within the
amygdala. Two other studies used ROI analysis and reported
insignificant findings bilaterally.23,28 Furthermore, our metaanalysis of all studies reporting whole brain fMRI findings

did not show any hypo- or hyperactivation of the amygdala
in response to OXT administration during tasks using emotional stimuli (Fig. 2, Table 4).
Thalamus
The thalamus has been implicated in various studies involving
OXT administration. Its involvement may be due to its connections with other regions of the brain that help mediate and
control social interactions and behaviour. In addition to serving as the brain’s relay board, the thalamus has been associated with selective attention and levels of arousal23,80 as well as
consciousness81 and may be used to relay and modulate important emotional and cognitive information.82 During a trust
game, OXT administration increased the amount of activity in
the right thalamus before participants received feedback on
the outcome of the game.23 However, in an implicit emotion
processing task where participants viewed faces of varying valence at varying intensities, OXT administration attenuated activation in the left thalamus in response to angry faces.24 In
other studies using explicit emotional processing where par
ticipants had to match faces with the same facial valence, there
was a main effect of OXT administration in the left thalamus
for sad28 and angry25 facial valence. Together, these findings
may reflect differential mediation and relaying of signals from
emotional stimuli to corresponding areas connected to the
thalamus, which varies with task d
 esign.
Prefrontal and anterior cingulate cortex
The prefrontal cortex (PFC) and anterior cingulate cortex
(ACC) are associated with the limbic system. Most of the imaging studies involving men have shown that OXT administration attenuates activation in both of these regions during
the processing of social stimuli.23,29,31,36 Overall, the studies
show that, at least in men, the involvement of the orbitofrontal cortex (OFC) and ACC are minimized after OXT administration. Furthermore, attenuated activity in the dorsolateral
(dlPFC) and ventrolateral PFC (vlPFC) after OXT administration may indicate an attenuated need for emotion regulation
and cognitive c ontrol.

Table 4: Results for voxel-based SDM meta-analysis of placebo controlled fMRI studies employing acute OXT challenge in humans*
Group

Peak Talairach
x, y, z

Z score

p value

Cluster voxels

Breakdown

–46,–6,–6

2.451

< 0.001

1182

Left BA 13 (222)
Left BA 22 (219)
Left BA 38 (174)
Left BA 6 (165)
Left BA 21 (120)
Left BA 43 (70)
Left BA 44 (39)
Left BA 4 (37)
Left BA 47 (31)
Left BA 42 (26)
Left BA 9 (19)
Left BA 20 (12)

—

—

—

—

—

OXT > PBO
Left insula (extending to superior temporal
gyrus and precentral frontal gyrus)

OXT < PBO

BA = Brodmann area; OXT = oxytocin; PBO = placebo; SDM = signed differential mapping.
*Results were thresholded with voxel p£≤ 0.005, uncorrected; peak z³≥ 2; and cluster extent ≥ 10 voxels. Breakdown regions with an extent < 10 voxels extent are
not reported.
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The PFC is important for social interactions owing to its
role in action selection and evaluation83 as well as facial processing65 and mentalizing or interpreting the actions of others.66 Specifically, the roles of the ACC and OFC are important in helping to compute the value of various choices.83
More specifically, the OFC is important for evaluating current choices, whereas the ACC encodes choice predictions.83
Most of the imaging studies involving men have shown that
OXT administration attenuates both of these regions during
the processing of social stimuli.23,29,31,36 However, 1 study involving mainly women showed an increase in activation
within the ACC after receiving OXT and performing a Reading the Mind in the Eyes test.32 This may reflect a sex difference in how social stimuli are evaluated after OXT administration, but there are not enough studies to reach a strong
conclusion. Overall, the studies show that, at least in men, the
involvement of the OFC and ACC are minimized after OXT
administration and may indicate a greater efficiency in evaluating social stimuli.
Other areas of the PFC, such as the dlPFC, which is involved
in cognitive control,84,85 and the vlPFC which is implicated in
emotion regulation,86 play a role in encoding and processing
value and activation in response to explicit and implicit facial
processing and have also been shown to be attenuated by OXT
administration.24,25,31,35 This effect was stable across both sexes
and across different task types except in part of 1 study25 in
which women explicitly processing an angry face over the
neutral face showed increased activation in the bilateral vlPFC
and right dlPFC after OXT administration. However, in this
same study, the authors also found that activation in the dlPFC
was attenuated for fearful and happy faces after OXT administration. There is evidence that women process angry faces differently than men in the PFC.65,87 Women show greater activation in the PFC while explicitly processing angry faces as
opposed to neutral faces with no difference in happy or sad
faces,87 which may explain why women exhibit this difference
in activation with regard to facial valance after OXT administration. Thus, attenuated activation in these areas after OXT
administration may indicate an attenuated need for emotion
regulation and cognitive control.

EEG studies in humans
Studies using EEG have demonstrated how OXT administration can attenuate cortical activity and its association with social tasks.41,42,44 To date, only 5 studies have used EEG and
OXT in humans and only 2 have explored the social implications of altered cortical activity due to OXT administration
while performing a task with social stimuli40–44 (Table 4).
A few studies have been done using EEG and OXT administration without incorporating any social elements. Unsurprisingly, these studies did not find any effect of OXT administration. A study by Fehm-Wolfsdorf and colleagues41
explored the potential for OXT administration to facilitate
nonsocial learning and long-term recall of 25 unrelated nouns
and its effect on auditory evoked potentials using a series of
tone pips. Another study by Born and colleagues40 examined
OXT administration in participants during an auditory mis-

match task; no difference was found in cortical activity after
OXT administration. Both of these experiments highlight that
OXT administration did not appear to have any systematic
effect on brain activity in tasks lacking social elements.
To demonstrate that OXT administration can have an effect
over cortical activity during social tasks, Perry and colleagues44 used EEG and OXT administration along with
stimuli that demonstrated biological motion. Participants
were presented with a series of point lights that reflected
either biological or nonbiological movements. After receiving
OXT, participants demonstrated improved performance between trials associated with biological movement and those
with random movement, and participants who received OXT
elicited widespread μ and a suppression compared with
those who received a placebo. This change in μ/a activity
may indicate potential processing of higher social information as well as activation of the mirror neuron system.88 Another study with social stimuli explored the cognitive effects
of charitable donations and their modulations by OXT administration. Huffmeijer and colleagues42 measured frontal a
asymmetry and parental love withdrawal (i.e., how often
parents would withhold love and affection to discipline their
children for misbehaving or failing to attend to an instruction) after OXT and placebo administration and then gave
participants a chance to donate to a charitable organization.
They found that in participants with lower degree of love
withdrawal and relative lower right to left frontal a activity
OXT administration increased charitable donations. In addition, participants who showed higher relative left frontal activity gave larger donations than those with higher relative
right frontal activity. No differences in frontal a asymmetry
were found after OXT administration; however, EEGs were
recorded only at rest and with no social or cognitive probes,
which may be why no changes were observed. Huffmeijer
and colleagues43 went on to use faces as a social probe in
women. They used the Eriksen flanker task89 in which each
trial was followed by either a happy or disgusted face and an
indicator as to whether or not they were correct. The authors
found that OXT administration increased the amplitudes of
the vertex positive potential (VPP) and late positive potential
(LPP), which indicated greater attention to the feedback
stimuli (from the LPP) and an increased ability to process
faces (from the VPP) regardless of the facial valence or feedback. This finding supports fMRI data showing that OXT administration has an effect over facial valence perception and
that perception of facial valence is altered across both early
(VPP) and later (LPP) stages of processing. Overall, these
studies show how using EEG can increase our understanding
of how OXT administration exerts its influence over cortical
activity in addition to hemodynamic findings and how these
changes in neural activity may influence social cognition.
These studies show altered EEG activity after OXT administration corresponding with changes in performance on social tasks. No effects were found in experiments without a social aspect, highlighting that OXT does not appear to have
any systematic effect on brain activity during tasks lacking
social elements. The study by Perry and colleagues44 is par
ticularly important, as it highlights the specificity of cortical

J Psychiatry Neurosci 2015;40(1)

E17

Wigton et al.

activity elicited by OXT administration in a social context.
Their study also highlights the importance of OXT administration in manipulating widespread cortical activity and provides a possible translation to the importance of mirror neurons and their association with OXT administration.
Collectively, these studies show how using EEG can increase
our understanding of how OXT administration exerts its influence over cortical activity in addition to hemodynamic
findings and give a more complete picture of how OXT administration may influence social cognition.

Effect sizes
The magnitude of the effect of OXT administration is provided in Table 3 for each ROI. For the human fMRI studies,
we observed a Cohen d ranging from 0.39 to 2.12 for the emotional tasks and 0.47 to 1.03 for the social cognition tasks involving trust.
The largest effect size was observed in the temporal lobes
(1.56 ± 0.21). This reflects the large number of studies that
showed activity in the temporal lobes, mainly during tasks
incorporating facial processing.
The smallest effect size was observed in the amygdala
(0.82 ± 0.24). This smaller effect may be due to the large number of studies that used an ROI approach to show that the
amygdala was significant in their study.

Voxel based meta-analysis
We performed a meta-analysis using all studies that reported
whole brain findings using emotional stimuli. Eleven studies
fit all the criteria and were included in the meta-analysis
(Fig. 1).5,24,25,29–33,36,38,39 Taking into account 1- and 2-sample
studies, we found that the left insula was the only area that
reliably showed greater activation after OXT administration
across all studies (Fig. 2, Table 4). These findings were found
across all task types and across both sexes, and thus may
have important implications for the role of OXT research by
showing that OXT administration augments neural responses
to social tasks in the left insula regardless of task type and sex
(Table 1, Fig. 2).

Discussion
In the present study, we examined the acute effect of OXT
administration on neural activity within the brain. First, we
conducted a systematic review of the neurophysiological and
electrophysiological placebo-controlled studies administering
OXT. Second, we measured the magnitude of change in activation of various brain regions as a result of OXT administration versus placebo in specific key areas relevant to the behavioural effects of OXT. Finally, to our knowledge, we
performed the first fMRI voxel-based meta-analysis of the effects of OXT administration. We found that sex and task type
seem to significantly impact the neurophysiological effects of
OXT administration. The biggest effect sizes from OXT administration were observed in the temporal lobes, and the
smallest were observed in the amygdala. The fMRI voxel-
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based meta-analysis revealed significant insular hyperactivation during the OXT administration versus placebo contrasts.
Our systematic review indicates that OXT administration
appears to influence different brain regions in varying ways.
In the reward system, OXT administration increases activity
related to social reward, but decreases learning social contingencies; this is the most evident during the evaluation of tasks
involving trust and reciprocity.23,35 In the temporal lobes, the
modulation of neural activity after OXT administration varies
according to task type and sex. Functional MRI studies in
women have shown that OXT exerts an almost opposite effect
to that seen in men. However, most of the tasks in women
used explicit emotional processing, whereas most of those in
men used implicit emotional processing (for a meta-analysis of
brain activation during explicit v. implicit emotional processing see the study by Fusar-Poli and colleagues65). Explicit emotional processing tasks in women tended to augment activity
in the temporal lobes after OXT administration,25,30,32 whereas
implicit emotional processing in men tended to attenuate activity after OXT administration.24,31,39
This may show that the manner in which each sex attends
to social information varies, but it may also reflect the differences in how OXT administration modulates activity based
on task type. This shows the importance of the temporal
lobes in processing social stimuli and shows how OXT administration influences how social stimuli are perceived and
how we attend to socially salient information.
There is a consistent association between OXT administration and amygdala function in human OXT studies with
widespread ROIs and small volume correction around the
amygdala. Our systematic review supports this view by
showing consistent attenuation of amygdala activity in implicit emotion judgement in men. However, the negative results in our voxel-wise meta-analysis uncovers relevant heterogeneity among the surveyed studies, most notably
between men and women and between implicit and explicit
tasks. It is still unclear whether or not the amygdala has any
OXT receptors. So far, only 1 group has unsuccessfully attempted to localize OXT receptors in the amygdala, using a
relatively nonspecific approach (autoradiography).9,48 More
studies are necessary to clearly show or exclude OXT receptor presence and abundance in the human brain. However,
magnocellular OXT neurons project to areas such as the central amygdala,90 which may indicate 1 way in which OXT influences the amygdala. Recent PET imaging in rats has identified a potential ligand to look at OXT receptor density,91
which may give better insight into the receptor densities in
humans, although recent research by the same group has also
shown that this particular radiotracer may have limited brain
penetration in primates.92
There is evidence linking midbrain and mesolimbic DA
with the effects of OXT on the processing of social stimuli.
Some evidence suggests that DA is involved in mediating
some of the same maternal behaviours that are exhibited
under the influence of OXT93,94 as well as pair bonding.95–98
Furthermore, OXT has been implicated in helping to mediate addiction and withdrawal in the mesolimbic dopamin
ergic pathways,99 and differences in peripheral and central

J Psychiatry Neurosci 2015;40(1)

Neurophysiological effects of acute oxytocin administration

levels of OXT have been found in patients with disorders
with potential DA abnormalities, such as autism, 100–103
schizophrenia104–108 and social anxiety disorder.109–112 In addition, preclinical studies have shown that dopaminergic
fibres may regulate OXT release113,114 and that the receptor
binding sites and neuronal fibres of both of these neurochemicals reside in the same regions of the central nervous
system and are often next to each other.92,99,115 Further evidence suggests that, at least in the ventral and dorsal striatum, DA D2 receptors and OXT are heteromers with facilitatory receptor-to-receptor interactions.116 Although most
studies reporting links between DA and OXT have been
performed in a preclinical population and most evidence for
an association between DA and OXT in humans is speculative, a few recent studies in humans have also shown these
2 systems to be more directly associated. Sauer and colleagues117 found an association between OXT genes, DA
and OXT administration during responses to social stimuli.
They postulated that the availability of DA may regulate
OXT secretion within the amygdala. Furthermore, Love and
colleagues118 found that dopaminergic responses to stress
could be explained by variability within the OXT gene. Evidence from these studies lead to the proposal that DA and
OXT may work together to regulate behavioural responses
to social stimuli, such that DA affects the assignment of
emotional salience,108,119 whereas OXT modulates amygdala
tone.120 However, further review of the association between
DA and OXT is outside the scope of this paper, and we
would encourage those interested to look at reviews already
available on this subject.99,120–123

Limitations
Our fMRI voxel-based meta-analysis clearly showed that the
insula is consistently modulated by OXT administration
across all task types and both sexes. The insula is known for
its role in emotion regulation by aiding in the recall and selfinduction of emotion74 as well as facilitating a sense of empathy under uncertainty.124 In the context of processing emotional stimuli after OXT administration, the role of the insula
may be one of increased recall of emotional information by
self-induction of these emotions. Connectivity analyses have
shown that, after OXT administration, connectivity between
the insula and other areas important to social cognition, such
as the amygdala, increases.35,38 Despite this intriguing result,
there are many potential confounding factors that were hard
to account for and may have biased the voxel-based analysis.
It is important to note that this meta-analysis included relatively few studies (n = 11); therefore, it was difficult to conduct moderator analysis to take into account different study
design characteristics that may have affected effect sizes.
Thus our work represents a more preliminary analysis of the
general effects of OXT administration without taking into account factors such as sex, past experiences and in-group versus out-group comparisons. For example, in some areas of
the brain, such as the temporal lobes, there is a strong indication that women and men have opposite patterns of activity
as a result of OXT administration. This may have caused

some areas to appear as null, which in a sex-specific analysis
may have been significant. However, we did not have
enough studies of each sex to test this hypothesis. In addition, the type of task varied among studies, but no specific
type of task had enough power to create its own meta-
analysis, so results may have been biased in this regard too.
As discussed previously, it appears that implicit processing
of social stimuli decreases activity, whereas processing explicit stimuli increases activity, for example, in the amygdala.
The significant activation of the insula in our meta-analysis
highlights it as an important area to include in future studies
for further exploration.

Conclusion
Oxytocin is a complex molecule with many facets that have yet
to be understood. Although it is clear that OXT administration
has an effect on neural activity of cortical and subcortical areas
over a range of social tasks, it is not clear yet precisely how
OXT administration influences neural activity across these domains. We have shown evidence that OXT may play differential roles across the sexes. The neurophysiological effects of
OXT on subcortical areas, such as the amygdala, could also be
influenced by task type. Our systematic review indicates small
effect sizes in the amygdala, whereas our voxel-based metaanalysis indicates no effect in this region. Conversely, we
found a significant effect of OXT administration in the left insula, which survived across all task types and both sexes. The
temporal lobes were also shown to be influenced by OXT administration by our systematic review as these demonstrate
the largest effect sizes across sexes and task type.
Further research into OXT and the areas it modulates are
necessary to elucidate more on this neuropeptide. More
studies examining social tasks using OXT administration that
incorporate differing neural domains will help clarify why
OXT administration appears to attenuate activity in some
tasks or in 1 sex and augment it in another task or the other
sex. Studying tasks that implicate the reward system may
also help elucidate the role of DA and its ties to OXT. The
current links between OXT and DA and the pronounced effects over tasks in the social domain mean that OXT is of particular interest to clinical groups.125 Preliminary studies have
shown its potential efficacy in patients with schizophrenia126–128 and autism129 and have shown behavioural effects in
patients with schizophrenia,130,131 depression,32 generalized
anxiety disorder28,29 and autism.132 Importantly, the prosocial
effects of OXT may offer potential for synergistic pharmacotherapeutic and psychotherapeutic treatments of these severe
disorders.133 One study demonstrating such potential benefits
is a recent meta-analysis done in behavioural studies of clin
ical populations.134 One advantage of OXT is that it is an endogenous hormone that has been used therapeutically in
other areas of medicine, so its properties as a drug are fairly
well known. In patients with disorders such as psychosis,
there is an increasing recognition that nondopaminergic
drugs are needed to advance care, and there exists great interest in alternative therapeutic targets to DA. There are currently no drug treatments available for social dysfunction, so
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the concept of a treatment for social ailments is novel. Further
studies are warranted to examine how OXT administration
instantiates these behavioural changes in these groups and
whether or not OXT administration produces the same pronounced effects over time.
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