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In humans, the neuropeptide oxytocin plays a critical role in social
and emotional behavior. The actions of this molecule are dependent on a protein that acts as its receptor, which is encoded by
the oxytocin receptor gene (OXTR). DNA methylation of OXTR, an
epigenetic modification, directly influences gene transcription and
is variable in humans. However, the impact of this variability on
specific social behaviors is unknown. We hypothesized that variability in OXTR methylation impacts social perceptual processes
often linked with oxytocin, such as perception of facial emotions.
Using an imaging epigenetic approach, we established a relationship between OXTR methylation and neural activity in response to
emotional face processing. Specifically, high levels of OXTR methylation were associated with greater amounts of activity in
regions associated with face and emotion processing including
amygdala, fusiform, and insula. Importantly, we found that these
higher levels of OXTR methylation were also associated with decreased functional coupling of amygdala with regions involved in
affect appraisal and emotion regulation. These data indicate that
the human endogenous oxytocin system is involved in attenuation
of the fear response, corroborating research implicating intranasal
oxytocin in the same processes. Our findings highlight the importance of including epigenetic mechanisms in the description of the
endogenous oxytocin system and further support a central role for
oxytocin in social cognition. This approach linking epigenetic variability with neural endophenotypes may broadly explain individual differences in phenotype including susceptibility or resilience
to disease.
oxytocin receptor

wide-ranging targets evolved to have a highly focused effect on
specialized processes, like trust or envy. Rather, oxytocin likely has
a more general effect on basic biological systems that ultimately
support these complex social–cognitive constructs. One way oxytocin may influence behavior is through anxiety reduction; intranasal
oxytocin has been shown to have anxiolytic effects on brain systems
supporting affective responses to negatively arousing stimuli (8–11).
These findings support oxytocin’s role in anxiety reduction and make
it an attractive candidate in neurobiological models of psychiatric
disorders.
Within the endogenous oxytocin system, plasma oxytocin levels
are highly variable across individuals and are often hypothesized
to be a biomarker of disease or disorder (12–17). However,
establishing direct links between oxytocin levels and specific social
abilities has proven difficult, and the majority of studies have
mixed results (18, 19). These inconsistences may occur because the
action of oxytocin is dependent upon the expression of its receptor,
which is encoded by the oxytocin receptor gene (OXTR, hg38_chr3,
8750409–8769614) (20). Therefore, variability in OXTR expression likely plays a major role in the function of the endogenous
oxytocin system. One active area of research attempts to associate OXTR genetic variation with social phenotypes including
social and affective disorders, such as autism spectrum disorders
(ASDs), anxiety, and depression (21–24), and individual differences in complex social behaviors, including dispositional differences in empathy, stress reactivity, and positive affect (25–28).
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Although understanding the precise nature of oxytocin’s influence on complex human social behavior has proven difficult,
increasing evidence points to an anxiolytic effect. We use an
imaging epigenetic approach to further parse oxytocin’s effects
by examining a biological marker within the oxytocin system,
DNA methylation of the oxytocin receptor gene (OXTR). Importantly, this epigenetic modification directly impacts the expression
of oxytocin’s receptor, which is critical for the actions of oxytocin
to have an effect. We find that higher levels of OXTR methylation
are associated with increased neural response and decreased
functional coupling within regions supporting social perception
and emotion processing. This pattern of activity may be indicative
of diminished emotion regulation to negative stimuli and increased risk of pathology.

U

nderstanding the biological influences that shape normal
and pathological social behavior is of significant interest to
the social and medical sciences. Although numerous biological
pathways have been implicated in animal systems, translating this
work to complex social behavior in humans has proven difficult.
Limitations exist both with phenotypic descriptions, where behavior is often broadly assessed through self-reports or disease
diagnosis, as well as at the biological level, where research is
restricted to biomarkers accessible with noninvasive methods. To
make further progress in these efforts, we must consider how
we measure individual variability and explore novel biological
mechanisms, including epigenetic modifications, that can be assessed
from peripheral tissue.
One particularly relevant biomarker for social behavior is
oxytocin. A peripheral hormone and central neuromodulator,
oxytocin influences a variety of social and affective processes
including affiliative behaviors (1), care-giving (2), and stress reactivity (3). Intranasally administered, oxytocin has also been
implicated in specialized components of social cognition, such as
trust (4), envy (5), and mentalizing (6).
However, in addition to its role as a neuromodulator influencing
social behavior, oxytocin acts on many peripheral organs with gastrointestinal, reproductive, and cardiovascular effects, among others
(7). Phylogenetically, it is improbable that a biochemical with such
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Results
Ninety-eight healthy Caucasian adults (42 males) aged 18–30 y were
recruited for blood collection and fMRI. OXTR methylation was
Puglia et al.

assessed at CpG site –934 (36), a functional CpG site previously
shown to impact gene expression (36, 38). In the present sample,
OXTR methylation level at this site ranged from 33% to 72%
methylated (M = 48.97, SD = 7.00). There was a significant effect of
sex such that females (M = 50.62, SD = 7.01) have a higher level of
methylation at site –934 than males (M = 46.77, SD = 6.43), t(96) =
2.79, P = 0.0063. Age was not a significant predictor of methylation
level (Beta = –0.008, P = 0.97, R2 = 0.000013).
Participants completed an emotional face-matching fMRI task
previously shown to elicit a neural response within areas critical
for social perception (41). Our primary analysis strategy focused
on both a priori regions of interest (ROIs) based on prior literature as well as exploratory analyses that considered differences in
both regional activation and functional connectivity. All analyses
used OXTR methylation as a regressor to predict individual variability in the processing of emotional face expressions and were
corrected for multiple comparisons using the false discovery rate
(FDR) q < 0.05 voxel significance level and spatial extent
threshold (k) ≥ 10 contiguous voxels.

of OXTR methylation on activity within amygdala—a region
activated by this task (41) and previously associated with genetic
variability in OXTR (30). This ROI analysis revealed a significant
main effect of OXTR methylation on task-specific activity such that
increased methylation levels predicted increased BOLD activity in
left amygdala (Fig. 1). Peak activity (Z = 3.64) for this cluster of
voxels (k = 103) occurred at x = –30, y = 2, z = –20. No voxels within
right amygdala showed a significant main effect of OXTR methylation. Analyses testing for a sex difference in amygdala activation
and a Methylation × Sex interaction were nonsignificant.

Exploratory ROI Analysis Indicates OXTR Methylation Influences Areas
Important for Face Perception and Emotion Processing. We then

performed an exploratory functional ROI analysis targeting regions involved in face perception and emotion processing as
defined by a meta-analytic approach using Neurosynth.org feature set keywords “face” and “emotion” (depicted in Fig. S1).

Fig. 1. Individuals with increased methylation of OXTR display elevated
amygdala response to angry and fearful faces. Mean Z statistic values are
plotted against percent OXTR methylation for each participant (n = 98). Gray
shading indicates 95% confidence interval around the best-fit line. (Inset) Z
statistic map of voxels shows significant main effect of OXTR methylation
depicted in MNI space (y = 0), FDR corrected at q < 0.05. ROI is depicted in blue.
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OXTR Methylation Impacts Amygdala Response to Angry and Fearful
Faces. We conducted a primary ROI analysis to assess the effect

GENETICS

These studies have primarily focused on identifying common
genetic variants such as single nucleotide polymorphisms (SNPs)
associated with these phenotypic differences. However, the
functional impact of these SNPs on OXTR is unknown, making it
difficult to build a meaningful mechanistic model of how oxytocin impacts biological systems and how these systems lead to
various social behaviors.
Imaging genetics studies allow for more precise, albeit limited,
associations between genetic variants and neural endophenotypes.
OXTR SNPs have been associated with structural differences in
oxytocinergic brain regions including amygdala and hypothalamus
(29–31), as well as functional differences during social perceptual
tasks including emotional face processing (30, 32). Similar to the
results from intranasal oxytocin studies, OXTR genetic variants
have been found to influence the perception of negative emotion,
further suggesting an anxiolytic effect for oxytocin (30, 32, 33).
However, this approach associating allelic variation with individual
phenotypic variability has led to somewhat inconsistent findings
(23, 32, 34, 35). For example, whereas one imaging study found an
association between OXTR SNP rs53576 and amygdala activity
evoked during emotion perception (30), a second study failed to
replicate this finding in a much larger sample (32). It is possible
that phenotypic variability related to the endogenous oxytocin system is concealed by the variability that exists within groups when
dichotomizing by allele. This phenotypic variability may reflect the
influence of other genetic variants or perhaps be due to moderating
environmental variables. For example, Loth et al. (32) found that
carriers of the same allele show different behavioral outcomes
under different environmental contexts. A potential mechanism
driving this differential susceptibility may be epigenetic factors
that impact the expression of the gene without changing the
underlying genetic structure.
Methylation of 5′-Cytosine-phosphate-Guanine-3′ (CpG) dinucleotide pairs in DNA is a highly investigated epigenetic
modification that may influence behavioral phenotypes. DNA
methylation within the promoter region of OXTR is variable
within the population (36, 37), and methylation of specific OXTR
CpG sites reduces transcription of the gene (38). High levels of
OXTR methylation at these same sites have been associated with
autism (36), callous unemotional traits (39), and anorexia nervosa
(40), suggesting the utility of OXTR methylation as a biomarker of
phenotypic variability. Furthermore, the use of peripheral tissue
derived from blood in these studies lends validity to this noninvasive biological marker.
Here, we investigate the impact of OXTR methylation on individual variability in neural response during a core component
of social perception, emotional face processing. Specifically, we
hypothesized that OXTR methylation would be associated with
neural activity within systems responsible for responding to negatively arousing stimuli and previously linked to pathophysiology of
social dysfunction. To test this hypothesis, we recruited 98 participants to provide a blood sample for epigenotyping and complete an
emotional face-matching task while undergoing functional magnetic
resonance imaging (fMRI). Methylation level was assessed for our
candidate CpG site (–934) within the promoter of OXTR. First, we
assessed the relationship between OXTR methylation and blood
oxygenation level-dependent (BOLD) response to emotional faces
within amygdala. Second, we performed an exploratory analysis to
pinpoint an association between OXTR methylation and activity
within additional brain regions that support social perception and
emotion processing. Third, we performed task-specific amygdala
functional connectivity analyses to identify how OXTR methylation
mediates coordination within a network of brain regions in response
to emotional faces.

This functional ROI analysis revealed a significant positive main
effect of OXTR methylation on task-specific activity in multiple
brain regions (Fig. 2), including areas associated with emotion
regulation, such as amygdala, insular cortex, and dorsal anterior
cingulate cortex (dACC), as well as regions associated with social
perception, such as fusiform gyrus and posterior superior temporal sulcus. See Table 1 for local maxima statistics for this
analysis. The pattern of activation in all areas identified was such
that increased levels of methylation predicted increased BOLD
activity (Fig. S2). We also conducted an exploratory whole-brain
analysis to identify potential relationships between OXTR methylation and brain activity in regions not included in our a priori
hypotheses. Results for this analysis (Table S1 and Figs. S3 and
S4) revealed similar regions with the same relationship between
OXTR methylation and brain activity. Analyses testing for a sex
difference in activation and a Methylation × Sex interaction
were nonsignificant.
OXTR Methylation Moderates Connectivity in Regions Associated with
Affect Appraisal and Emotion Regulation. We conducted a psycho-

physiological interaction (PPI) analysis (42) to examine the effect of OXTR methylation on task-specific amygdala functional
connectivity. This analysis revealed a significant negative main
effect of OXTR methylation on right amygdala functional connectivity with multiple brain regions within the functional ROI
(Fig. 3), including areas associated with emotion regulation, such
as insular cortex, cingulate cortex, and orbitofrontal cortex, as
well as regions associated with face perception, such as fusiform
gyrus. The pattern of activation in all areas identified was such
that higher levels of methylation predicted decreased levels of
functional connectivity (Fig. S5). See Table 2 for local maxima
statistics for the PPI analysis. Results for an unmasked, wholebrain PPI analysis (Table S2 and Figs. S6 and S7) identified
similar regions with the same pattern of activation. Analyses
using a left amygdala seed region revealed no significant voxels.

Fig. 2. Methylation of OXTR predicts activity in brain regions previously
associated with emotion and face perception. Z statistic map of voxels
shows a significant positive main effect of OXTR methylation on BOLD activity for faces > ovals contrast within ROI, FDR corrected at q < 0.05. Images
are depicted in MNI space (Top, x = 2, y = 3, z = –2; Bottom, x = 38, y = –59,
z = –18). ACC, anterior cingulate cortex; Amyg, amygdala; FG, fusiform
gyrus; Ins, insular cortex; LOC, lateral occipital cortex; NAcc, nucleus
accumbens; pSTS, posterior superior temporal sulcus.
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Table 1. ROI analysis local maxima statistics
Anatomical region
Amygdala
Anterior cingulate gyrus
Anterior cingulate gyrus
Fusiform gyrus
Insular cortex
Insular cortex
Insular cortex
Lateral occipital cortex
Lateral occipital cortex
Middle temporal gyrus
Superior parietal gyrus
Supramarginal gyrus

Hem

x

y

z

Z

k

L
L
R
R
L
R
R
L
R
R
R
L

−30
−4
4
38
−38
32
36
−28
34
46
26
−62

4
−10
2
−60
22
16
8
−84
−78
−58
−54
−34

−20
40
36
−16
−4
6
−4
24
26
4
54
36

4.03
4.34
4.75
3.63
4.09
4.15
3.99
4.09
4.86
3.6
3.7
4.2

12
32
78
16
48
38
15
10
196
12
18
24

Significant cluster threshold: FDR (q) < 0.05, k ≥ 10 voxels. Hem, hemisphere; L, left; R, right; x, y, z, coordinates of local maxima in MNI space; Z,
maximum Z statistic.

Discussion
Using an imaging epigenetic approach, we provide evidence that
a functional epigenetic modification within OXTR predicts individual variability in neural response to negative social stimuli.
Specifically, we found that higher levels of OXTR methylation
were associated with increased activity in amygdala and regions
of the extended face perception system when viewing negative
facial expressions. Furthermore, connectivity between neural systems supporting social perception was attenuated by OXTR
methylation. These results provide compelling evidence to suggest that social perceptual and emotional processes thought to
involve the endogenous oxytocin system may be governed by
epigenetic processes and that this relationship may be predicted
from tissue acquired through noninvasive means.
Prior research has proposed two roles for oxytocin in human
social perception: Oxytocin may promote social and affiliative
behaviors through (i) reduced threat reactivity and (ii) increased
sensitivity to social salience. Our current results are congruent
with previous intranasal studies that support anxiolytic properties of oxytocin. These studies indicate that increased availability
of oxytocin through intranasal administration is associated with a
decrease in amygdala activation to negatively valenced stimuli (6,
8, 9, 43–45; but see ref. 46 for conflicting results in women).
Methylation of OXTR directly impacts gene expression such that
increased levels of methylation are associated with decreased
gene transcription (36, 38). Therefore, lower levels of methylation may indicate increased ability to use available oxytocin due
to increased receptor expression. As expected by this model,
individuals in the current study with lower levels of methylation
showed decreased amygdala activation when viewing angry and
fearful face stimuli. Amygdala activity was specific to left hemisphere, as commonly found for emotional stimuli (see ref. 47
for review).
Results from intranasal literature also indicate a valencespecific tempering of amygdala activation. For example, Gamer
et al. (43) found that after oxytocin administration, amygdala response decreased in response to angry faces but increased when
viewing happy faces. We therefore hypothesize that attenuated
amygdala response may indicate enhanced ability to regulate
affective response to negative stimuli among individuals with
lower OXTR methylation. The results from our functional ROI
and PPI analyses support this prediction. Across multiple brain
regions crucial for processing social and emotional stimuli including fusiform, lateral occipital cortex, insular cortex, and
dACC, individuals with lower methylation levels show an attenuated BOLD response and simultaneously increased amygdala
coupling.
Puglia et al.

Further supporting the hypothesized relationship between
OXTR methylation and emotion regulation ability is our reported
increased coupling between amygdala and left insula for those low
in OXTR methylation. Previous research indicates amygdala–
insula connectivity increases with repeated viewing of negative
stimuli, leading to successful desensitization and habituation
(48). Additionally, our reported increased connectivity between
amygdala and dACC could reflect more efficient affective appraisal for those low in OXTR methylation. Several other studies
have also proposed a strong link between the endogenous oxytocin system and dACC structure and function (44, 45, 49). In
fact, dysfunction in this area is often implicated in developmental
and psychiatric disorders (50–52). Finally, additional regions not
functionally activated by this task arise in the connectivity analysis
including thalamus, caudate, putamen, and precentral gyrus. Lesion and imaging studies suggest that right amygdala specifically
may be involved in early processing of and potential to react to
threatening stimuli (53–55). Although functional lateralization
effects in amygdala are well documented (47), potential hemispheric specificity in amygdala connectivity is less understood and
should be further explored in the future.
Taken together, our results indicate that the actions of OXTR
methylation may be twofold. First, individuals lower in methylation and who theoretically have greater access to endogenous
Puglia et al.

Table 2. PPI analysis local maxima statistics
Anatomical region
Anterior cingulate gyrus
Anterior cingulate gyrus
Caudate
Frontal pole
Fusiform gyrus
Inferior frontal gyrus
Inferior frontal gyrus
Inferior frontal gyrus
Insular cortex
Lateral occipital cortex
Orbitofrontal cortex
Paracingulate gyrus
Precentral gyrus
Putamen
Thalamus
Thalamus

Hem

x

y

z

Z

k

L
R
L
L
L
L
L
L
L
R
L
R
L
L
L
R

−6
6
−8
−34
−18
−50
−44
−46
−36
38
−36
6
−48
−18
−12
16

42
30
14
48
−90
10
16
32
−2
−76
30
12
0
14
−16
−22

6
20
2
4
−14
4
22
0
6
−18
−18
46
28
−8
4
−6

3.75
3.41
3.97
4.35
4.05
4.49
4.42
3.98
3.61
4.02
4.13
3.68
3.83
5.25
3.56
3.94

26
18
16
13
23
142
22
19
12
27
19
17
13
93
10
13

Significant cluster threshold: FDR (q) < 0.05, k ≥ 10 voxels. Hem, hemisphere; L, left; R, right; x, y, z, coordinates of local maxima in MNI space; Z,
maximum Z statistic.
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Fig. 3. OXTR methylation predicts amygdala connectivity within brain
regions important for emotion regulation and face perception. Z statistic map
of voxels shows a significant negative main effect of OXTR methylation on
right amygdala functional connectivity for faces > ovals contrast within ROI,
FDR corrected at q < 0.05. Images are depicted in MNI space (Top, x = –3, y =
14, z = –7; Middle, x = –20, y = 22, z = 2; Bottom, x = –36, y = –74, z = –16).
(Inset) Right amygdala seed region (y = –4). ACC, anterior cingulate cortex;
C/Pu, caudate/putamen; FG, fusiform gyrus; IFG, inferior frontal gyrus; Ins, insular cortex; LOC, lateral occipital cortex; OFC, orbitofrontal cortex; pAC, paracingulate gyrus; Thal, thalamus.

oxytocin show attenuated response to negative stimuli. Second,
these individuals also display greater connectivity between amygdala and structures supporting affective appraisal of and ability to
respond to the stimulus, potentially leading to better habituation
processes and less likelihood of disordered social perception.
There are two important limitations to the current study.
Methylation is highly tissue specific for some CpG sites (56–59),
and when studying healthy humans, we are limited to assessments from peripheral tissue rather than the causal tissue for the
social phenotype, the brain. However, recent studies have demonstrated that, for some CpG sites, methylation may be correlated between tissues and stable across the lifespan (60–63). For
the CpG site tested here, there is evidence for the maintenance
of methylation levels between brain and blood (36), suggesting
our peripheral marker is likely to correlate with methylation
levels in the brain. Furthermore, other studies have also found
this CpG site to have high intersubject variability indicative of
differential social outcomes, suggesting the functional significance of this site for social behavior (36–39, 64). A second limitation to the current study is a lack of behavioral evidence to
reveal how these epigenetic and neural markers impact the overt
social phenotype. Future work aimed at establishing relationships between genetic, epigenetic, and phenotypic variability
should consider the full spectrum of behavior, from disordered
to healthy. Despite these limitations, the current study reveals
how epigenetic variability in the endogenous oxytocin system
impacts brain systems supporting social cognition and is an important step to better characterize relationships between genes,
brain, and behavior.
A major advantage of our approach is that the reported epigenetic marker is a continuous variable directly relevant to gene
function and capable of predicting individual variability without
having to dichotomize by allele groups. However, an important
future direction for the field will be to explore allele- and sexlinked methylation differences. In particular, consideration of
potential genetic–epigenetic relationships may reveal the mechanism by which previously reported OXTR polymorphisms impact social and emotional processing. Molecular and animal
studies will help to establish these links, and once established,
a large human sample may clarify how this interaction explains
neural and behavioral variability. These studies will require
greater sample sizes with adequate power to detect potentially
small effect sizes between groups (65) and careful control of

additional biological factors. Finally, because methylation levels
have been shown to differ as a function of race (66), we restricted
our sample to Caucasians of European descent. Future work
should therefore explore the impact of epigenetic differences
within and between racial groups.
Our findings are of broad significance for several reasons.
First, at a basic level, we provide evidence that the epigenetically
governed oxytocin system influences neural systems involved in
the perception of emotion and that the actions of this system
support an anxiolytic role for oxytocin. These findings are in line
with previous intranasal oxytocin studies and hold significance
for neurobiological models of affect appraisal and regulation.
Second, our findings have potential relevance for clinical studies.
Recently, several groups have considered the use of intranasal
oxytocin to treat social deficits associated with ASD. Given that
the actions of oxytocin are dependent upon its receptor and
expression of the receptor is under epigenetic control, any gains
one sees in social cognitive abilities with oxytocin administration
will likely be mediated by OXTR methylation. Moreover, our
results linking variability in social perceptual processes to OXTR
methylation indicate that the effectiveness of behavioral interventions targeting such social perceptual processes may also be
modulated by OXTR methylation. Finally, our results add to an
important and growing literature implicating epigenetic variability
as a driver of individual variability in complex behavior. Epigenetics
will likely play an increasing role in our understanding of gene–
behavior relationships and has the potential to expand models of
differential susceptibility for psychiatric and developmental disorders.
Materials and Methods
Participants. Ninety-nine healthy adults with normal or corrected-to-normal
vision were recruited for the current study. Only self-identified Caucasians of
European descent were included to avoid population stratification artifacts.
All individuals gave written informed consent for a protocol approved by
the University of Virginia (UVA) Institutional Review Board (Protocol 15051;
principal investigator, Jessica J. Connelly) and were paid $50 for participation. One individual was excluded due to an fMRI data collection error. Data
from 98 participants (42 males) aged 18–30 y (M = 22.82 y, SD = 3.37) were
included in the final analysis.
Blood Collection and DNA Extraction. Venipuncture was performed at the UVA
Fontaine Research Park. Eight milliliters of blood were collected from each
subject in mononuclear cell separation tubes (BD Vacutainer CPT with sodium
citrate, BD Biosciences). Upon collection, blood samples were immediately
spun at 1,800 relative centrifugal force for 30 min at 23 °C to separate the
mononuclear cell fraction per product protocol. The mononuclear cells were
then lysed, and DNA was extracted using the reagents supplied in the Gentra
Puregene Blood Kit (Qiagen). DNA was stored at −20 °C before further analysis.
Epigenotyping Procedures. Analysis of the level of DNA methylation at CpG
site –934 in OXTR was performed as previously reported in Jack et al. (37).
Briefly, DNA derived from peripheral blood mononuclear cells was bisulfite
converted, and pyrosequencing was performed using Qiagen PyroMark Q24
Classic and Pyromark reagents. Samples were analyzed in singlicate as previous
data (37) indicated low replicate variability (on average, samples deviated
from the mean ±1.7%).
Imaging Procedures. Scanning was performed at the UVA Fontaine Research
Park on a Siemens 3 Tesla MAGNETOM Trio high-speed imaging device
equipped with 12-channel head-coil, integrated mirror, and head stabilizers. As
part of a series of functional tasks, participants completed an emotional facematching block-design task (41) in which they identify via left/right button
press which of two probes at the bottom of the screen matches a target

1. Ross HE, Young LJ (2009) Oxytocin and the neural mechanisms regulating social
cognition and affiliative behavior. Front Neuroendocrinol 30(4):534–547.
2. Feldman R, Weller A, Zagoory-Sharon O, Levine A (2007) Evidence for a neuroendocrinological foundation of human affiliation: Plasma oxytocin levels across pregnancy and the postpartum period predict mother-infant bonding. Psychol Sci 18(11):
965–970.
3. Neumann ID, Landgraf R (2012) Balance of brain oxytocin and vasopressin: Implications
for anxiety, depression, and social behaviors. Trends Neurosci 35(11):649–659.
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stimulus at the top of the screen. Each 20-s block consists of four stimuli
presented sequentially for 5 s. During the emotion identification condition
(six blocks), participants match facial expressions (all face stimuli depict angry or fearful expressions acquired from the NimStim Stimulus Set) (67);
during the sensorimotor control condition (6 blocks), participants match
oval orientation.
fMRI Analysis. Image acquisition and preprocessing details are provided in
SI Materials and Methods. Data analysis was conducted using FEAT (FMRI
Expert Analysis Tool) Version 6.00, part of FSL (FMRIB Software Library) (68).
Subject-level time-series statistical analysis was carried out using FSL’s improved linear model with local autocorrelation correction (69). Regressors for
each condition (faces and ovals) were modeled by convolving the time course
with a gamma hemodynamic response function (HRF), adding a temporal
derivative, and applying temporal filtering. A faces > ovals contrast was conducted, and the contrast of parameter estimates from this analysis was carried
forward to higher level analysis.
Group-level analyses were conducted using FSL’s local analysis of mixed
effects stage 1 (70–72). To determine the effect of OXTR methylation on
task-specific activity, mean faces > ovals activation and de-meaned percent
methylation were entered into the model, and contrasts testing for positive
and negative main effects of methylation were computed. To test for sex
differences in faces > ovals activation, a two-sample unpaired t test was
computed. Finally, to assess if the linear relationship between methylation
and BOLD response differs across sexes, a Methylation × Sex interaction
analysis was conducted by entering mean faces > ovals activation and grandmean–centered percent methylation for each sex separately into the model.
A primary ROI analysis was first conducted within amygdala, a region
activated by this task (30, 41). Left and right amygdala ROIs were created
using FSL’s Harvard–Oxford Subcortical Atlas (73–76) with a probabilistic
threshold = 60%. We then conducted an exploratory functional ROI analysis
targeting regions involved in face perception and emotion processing as
defined by a meta-analytic approach using Neurosynth.org feature set
keywords “face” and “emotion.” See Fig. S1 for ROI images. Finally, we
conducted an exploratory unmasked analysis to probe the effect of OXTR
methylation on the whole brain. All analyses were FDR corrected for multiple comparisons at q < 0.05 and k ≥ 10. Clusters of voxels that survived
correction were registered to subject space, and mean Z statistic values were
extracted for each participant from these clusters. Anatomical labels were
identified using FSL’s Harvard–Oxford Structural Atlases.
Functional Connectivity Analysis. We then conducted a PPI analysis (42) to
examine the effect of OXTR methylation on task-specific amygdala functional connectivity. Separate analyses were conducted using left and right
amygdala seed regions created with FSL’s Harvard–Oxford Subcortical Atlas
with a probabilistic threshold = 60%.
First-level analysis was carried out in FEAT, with time-series statistical
analysis carried out using FSL’s improved linear model with local autocorrelation
correction. Regressors of interest included the psychological variable, faces >
ovals (convolved with a double-gamma HRF, temporal derivative added, temporal filtering applied); the physiological variable, mean seed-region time series; and the PPI variable, interaction term between the psychological regressor
(zero-centered about min and max values) and the physiological regressor (demeaned). The faces + ovals time course (convolved with a double-gamma HRF,
temporal derivative added, temporal filtering applied) was also included as
a nuisance regressor to account for shared variance between conditions. Higher
level statistical inference testing for a main effect of methylation within the ROI
and whole brain proceeded exactly as described for the fMRI analysis except
each participant’s PPI contrast of parameter estimate replaced the faces >
ovals COPE.
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