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Abstract

Disorders related to social functioning including autism and schizophrenia differ drastically in
incidence and severity between males and females. Little is known about the neural systems
underlying these sex-linked differences in risk and resiliency. Using functional magnetic
resonance imaging and a task involving the visual perception of point-light displays of coherent
and scrambled biological motion, we discovered sex differences in the development of neural
systems for basic social perception. In adults, we identified enhanced activity during coherent
biological motion perception in females relative to males in a network of brain regions previously
implicated in social perception including amygdala, medial temporal gyrus, and temporal pole.
These sex differences were less pronounced in our sample of school-age youth. We hypothesize
that the robust neural circuitry supporting social perception in females, which diverges from males
beginning in childhood, may underlie sex differences in disorders related to social processing.
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Introduction

Disorders including autism and schizophrenia differ in incidence, symptomatology, and
genetic mechanisms between males and females (Hartung and Widiger, 1998; Shors, 2002;
Klein and Corwin, 2002; Hines, 2004; Levy et al., 2011; Sanders et al., 2011). In both of
these disorders, males appear to be more vulnerable than females. In a groundbreaking
review of sex differences in neuroscience, Cahill (2006) argued that we cannot begin to fully
understand the etiology and treatment of these and other disorders until we take sex
differences into account.

Behavioral sex differences in social perception and social cognition have been identified in
neurotypical populations beginning in early infancy (Connellan et al., 2000), continuing
throughout development (Lutchmaya and Baron-Cohen, 2002; Olafsen et al., 2006; Happé,
1995; Hall, 1978; Willingham and Cole, 1997; Mestre et al., 2009) and into adulthood
(Montagne et al., 2005; Bayliss et al., 2005). The results of these studies consistently
highlight behavioral advantages for females over males, with the magnitude of these
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advantages increasing in adolescence and young adulthood (Hall, 1978; McClure, 2000;
Nelson et al., 2002; McClure et al., 2004). For example, females are more accurate than
males at detecting biological motion as well as bodily emotions embedded in point-light
displays (PLDs; Alaerts et al., 2011; Sokolov et al., 2011).

Researchers have begun to employ neuroimaging to elucidate the neural underpinnings of
these behavioral sex differences, although the number of studies conducted in children is
limited. One functional magnetic resonance imaging (fMRI) study investigating sex
differences in brain mechanisms for processing emotional faces in adolescents and adults
found that sex differences do not emerge until adulthood, when females begin showing
greater activation relative to males in orbitofrontal cortex and amygdala while viewing
unambiguous threat cues (McClure et al., 2004). In a social attribution
magnetoencephalography (MEG) paradigm with adult participants, Pavlova and colleagues
(2010) found sex differences in the left prefrontal cortex of adult participants. Specifically,
females showed enhancement of gamma activity in this region earlier than males, which the
authors interpreted as indicating more efficient social decision-making. Similarly, two
event-related potential (ERP) studies found that relative to males, female adults exhibited
longer latencies and higher amplitudes in the P450 ERP component in response to emotional
faces (Orozco and Ehlers, 1998) and greater N200 activation in bilateral superior temporal
gyri and cingulate cortex in response to pictures of social scenes with humans, indicating
enhanced processing of social information (Proverbio et al., 2008). Sex differences have also
been discovered in the neural processing of neutral faces, with females showing an overall
more robust brain response to child versus adult faces (Platek et al., 2005) and females
showing greater modulation of the N170 ERP component by task demands (e.g. identifying
the gender of faces) relative to males (Sun et al., 2010). These findings indicate that females
are more responsive than males to social and affective stimuli. Several other studies have
shown sex differences in lateralization of amygdala activation during tasks that involve
social and emotional processing, suggesting that males and females may encode salient
stimuli in fundamentally different ways (Cahill et al., 2001; Killgore and Yurgelun-Todd,
2001; Williams et al., 2005).

We sought to investigate sex differences in a relatively basic aspect of social perception as
well as age-related changes in males and females from childhood to young adulthood.
During an fMRI scan, participants passively viewed PLDs of coherent (hereafter referred to
as biological) and scrambled biological motion in a block design procedure identical to that
used in several of our previous studies (Kaiser et al., 2010; Kaiser and Pelphrey, 2011; Voos
et al., 2013). While previous neuroimaging studies investigating sex differences have used
complex tasks that assess the interaction of social, emotional, empathic, and attentional
processes, the current design focused specifically on a critical building block of social
cognition: the processing of human biological motion, with limited form information. On the
basis of the existing behavioral and neuroimaging data, we hypothesized that adult females
would show enhanced activity/functional connectivity in social perceptual brain circuitry
compared to males. We also predicted that children would show similar, but less pronounced
sex differences than adults.

Materials and Methods

Participants

The current study included male and female child, adolescent, and adult participants.
Individuals were not recruited for the current study if they had experienced brain injury,
brain disease, brain malformation, seizures, epilepsy, hearing or vision loss, motor
impairment, or severe allergies. Individuals were also excluded from the current study if
they had a diagnosis of an intellectual disability or a learning disability. Finally, if there
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were any concerns about possible signs of autism spectrum disorder (ASD) or
developmental problems, or if the individual had a sibling with an ASD diagnosis, he or she
was not recruited for the current study. Following these recruitment criteria, participants
included in the following data analyses were 48 healthy adults (24 females) and 38 healthy
children and adolescents (19 females). Some of these participants (17 children) were
included in a previously published study of biological motion perception (Kaiser et al.,
2010). However, this study did not examine sex-related differences in neural activation.
Ages ranged from 20-35 years in the adult sample (males: M= 24.75, SD = 3.18; females:
M =24.65, SD = 3.36) and from 4-16 years in the child/adolescent sample (males: M=
11.73, SD = 2.78; females: M= 11.56, SD = 2.96). Males and females in both groups were
matched on age, and independent sample #tests confirmed that ages did not differ
significantly between males and females in either group (s > 0.05). An additional 12 adults
and 15 children (all males) completed the experiment but were not included in analyses,
given that participants were matched pairwise according to age. Informed written consent
was obtained from each participant (or guardian) according to a protocol approved by the
Yale University Human Investigations Committee. Each participant received $50 dollars for
participating in the study.

Experimental Design

The experimental design was identical to that used in Kaiser et al. (2010). Participants
viewed 24-second silent video clips containing PLDs of biological or scrambled motion
presented at a video frame rate of 30 frames per second. The biological motion stimuli were
created using motion capture technology and included an adult male performing continuous,
social-interactive streams of body movement including waving, pat-a-cake, and peek-a-boo
(Klin et al., 2009). To control for the amount and type of motion in each condition, the
scrambled videos were created by combining 16 randomly selected points from the
biological motion videos (Klin et al., 2009). Thus, although both types of videos had the
same local motion information, biological motion videos resembled a moving person,
whereas scrambled motion videos did not.

Stimuli were presented using E-Prime 2.0 software (Psychological Software Tools,
Pittsburgh, PA). Twelve biological and scrambled mation clips (6 of each condition) were
displayed in an alternating block design, with 20-second fixation periods before and after
stimulus presentation. Participants were instructed to simply attend to the videos throughout
the experiment. The procedure lasted for 5.47 minutes (328 seconds).

Imaging Protocol

Images were collected on a Siemens 3T Tim Trio scanner located in the Yale University
Magnetic Resonance Research Center. High-resolution T1-weighted anatomical images
were acquired using an MPRAGE sequence (TR: 1900 ms, TE: 2.96 ms, FOV: 256 mm,
image matrix: 256 mm2, voxel size: 1 x 1 x 1 mm, 160 slices). Whole-brain functional
images were acquired using a single-shot, gradient-recalled echo planar pulse sequence (TR:
2000 ms, TE: 25 ms, flip angle: 60°, FOV: 220 mm, image matrix: 64 mm2, voxel size: 3.4
x 3.4 x 4.0 mm, 34 slices) sensitive to blood-oxygenation-level-dependent (BOLD) contrast.
Runs consisted of the acquisition of 164 successive brain volumes.

fMRI Analyses

Data were processed and analyzed using BrainVVoyager QX version 2.0.8 (Brain Innovation,
Maastricht, The Netherlands). The 10 volumes before onset of the first stimulus
(corresponding to the 20 second fixation) were discarded prior to preprocessing to allow for
T1 equilibrium. Preprocessing of the functional data included slice time correction (cubic
spline interpolation), spatial smoothing (FWHM 4-mm Gaussian kernel), three-dimensional
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rigid-body motion correction (trilinear sinc interpolation), linear trend removal, and
temporal high-pass filtering (General Linear Model (GLM) with Fourier basis set, using 2
cycles per time course). Functional data sets were coregistered to within-session T1-
weighted anatomical images, which were then normalized to Talairach space (Talairach &
Tournoux, 1988). Functional MRI slices were oriented to the anterior-posterior commissure.
Estimated motion plots of the functional data were examined for each participant. General
linear model (GLM)-based analyses were conducted for each participant to assess task-
related BOLD responses. Regressors were defined as boxcar functions with values of 1
during each condition and 0 otherwise, convolved with a double-gamma hemodynamic
response function (HRF). To help account for head motion, functions of motion in all six
parameters (3 translations, 3 rotations) were included as predictors of no interest in single-
participant GLM analyses, along with task predictors for each of the 2 experimental
conditions (biological, scrambled). To further account for head motion, we removed volume
acquisitions where movement between two consecutive volumes exceeded 1 mm, or
integrated movement across four volumes exceeded 2 mm. Children had an average
maximum movement from initial head position of 1.10 mm or degrees, and adults had an
average maximum motion from initial head position of 0.68 mm or degrees. An independent
samples ttest corrected for unequal variance indicated that children and adolescents
exhibited significantly more motion in the scanner than adults (£= 2.01, p = 0.049).
Importantly, an independent samples #test confirmed that both in the child/adolescent group
and the adult group, males and females had equivalent values of maximum motion (ps >
0.20).

Group-level analyses were performed by combining data from all participants in a random-
effects GLM. Group-level GLM analyses were conducted separately for adults (/7= 48) and
children/adolescents (7= 38). All group-level analyses were restricted to voxels within the
Montreal Neurological Institute (MNI) template brain normalized to Talairach space, and
assessed at p < 0.01 and corrected for multiple comparisons with a cluster threshold
estimated through the BrainVVoyager QX Cluster-level Statistical Threshold Estimator plug-
in (Forman et al., 1995; Xiong et al., 1995). Using 1000 iterations of a Monte Carlo
simulation, the relative frequency of each cluster size (k) was assessed. A cluster-corrected
threshold was set at a'< 0.01 for each contrast.

Main Effect of Biological > Scrambled Motion—To replicate past work investigating
the neural response to biological motion, we conducted a whole-brain-voxel-wise contrast of
biological > scrambled motion collapsed across sex in adults and children/adolescents
separately.

Sex x Condition Analysis: Adults—To identify regions where male and female adults

exhibited differential brain responses to biological motion relative to scrambled motion, we

conducted a whole-brain voxel-wise Sex (male, female) x Condition (biological, scrambled)
Analysis of Variance (ANOVA).

Psychophysiological Interactions (PPI)—To assess sex differences in network
connectivity that might accompany sex differences in the magnitude of task activation
(biological > scrambled motion), we conducted two post-hoc PPI analyses (Friston et al.,
1997). These analyses assessed task related differences in functional connectivity to the right
and left amygdala, two of the regions that showed a significant Sex x Condition interaction
in adults in the current study. We chose to focus on the amygdala for this analysis, because
past research has consistently identified this important social cognition region as sexually
dimorphic. Prior to the PPI analyses, in order to remove physiological artifacts, the global
mean (average signal across voxels) was removed from each volume (Fox et al., 2005).
Using seed regions of left and right amygdala functionally identified in the above ANOVA,
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PPI regressors were created by multiplying the difference of the two convolved task
regressors by the preprocessed, normalized amygdala (left or right) time course for each
participant. This PPI function, the task regressors (including head motion regressors), and
the amygdala (left or right) time course were used as regressors in a multi-participant
random-effects GLM analysis, conducted on a voxel-by-voxel level within a mask
consisting of the adult biological motion processing network (g < 0.05, k= 4). In both the
left and right amygdala analyses, the PPI function was the only predictor of interest and was
assessed at a statistical threshold of p < 0.05 and a cluster threshold of 10 voxels (a = 0.05).
These analyses were performed uniquely in the adult sample, since the amygdala did not
emerge as a Sex x Condition interaction region in the child/adolescent sample.

Sex x Condition Analysis: Children/Adolescents—To identify regions where male
and female children/adolescents exhibited differential brain responses to biological motion
relative to scrambled motion, we conducted a whole-brain voxel-wise Sex (male, female) x
Condition (biological, scrambled) ANOVA. An additional region of interest (ROI) analysis
was conducted for the children and adolescents, contrasting activation to biological and
scrambled motion in males versus females within each of the interaction regions identified
in the adult ANOVA. The purpose of this analysis was to determine if any of the regions
that showed a Sex x Condition interaction in adults also showed a Sex x Condition
interaction in the children and adolescents.

Questionnaires

All participants were asked to have a friend or family member complete the Social
Responsiveness Scale (SRS; Constantino and Todd, 2003). The SRS is a measure that
assesses ASD-like behavior that lies on a continuum in the general population. Scores range
from 0-195, with higher scores indicating less social responsiveness. The purpose of this
questionnaire was to determine whether sex differences in neural activation to biological
motion were accompanied by sex differences in social responsiveness more broadly. A
secondary goal was to investigate the relationship between SRS score and neural response to
biological > scrambled motion in adults and children/adolescents, collapsing across males
and females. Of the adult sample, 37 out of 48 participants returned a completed SRS form
and were included in the covariate analysis. All children and adolescents (7= 38) had
completed SRS forms and were included in the covariate analysis.

Results

Main Effect of Biological > Scrambled Motion

Within each group of participants, collapsing across sex, we identified regions that exhibited
significant activation to the contrast of biological > scrambled motion (adults: p<0.01, k=
70; children/adolescents: p<0.01, k= 78). Consistent with past research (Allison et al.,
2000; Grossman and Blake, 2002; Jastorff and Orban, 2009; Puce et al., 1998), bilateral
posterior superior temporal sulcus (pSTS) and bilateral fusiform gyrus (FG), among other
regions, emerged as showing significantly greater activation to biological motion in both age
groups (Figure 1).

Sex x Condition Analysis: Adults

Within the adult sample, we conducted a whole-brain voxel-wise Sex (male, female) x
Condition (biological, scrambled) ANOVA to identify sex differences in the brain response
to biological and scrambled motion (p < 0.01, k=14). Given that we had no a priori
hypotheses about regions showing a sex difference driven by significant activation to
scrambled (but not biological) motion in one sex more than the other, we focused our
interpretations only on Sex x Condition interaction regions for which either males or
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females exhibited a neural response to biological motion (versus scrambled motion) that was
significantly greater than zero. These regions included bilateral amygdala, bilateral lateral
geniculate nucleus (LGN), bilateral hypothalamus, left medial temporal gyrus (MTG), left
anterior temporal pole (TP), midline cerebellum, and left medial cerebellum (Table 1, Figure
2). Post-hoc, independent samples ~tests revealed that females showed an enhanced
response to biological > scrambled motion compared to males in all of the above regions (all
5 <0.05).

PPl Analyses

We conducted two post-hoc PPI analyses using seed regions of the left and right amygdala
functionally identified as showing a significant Sex x Condition interaction. Given past
literature on sex differences in the amygdala, we were interested in the extent to which task-
related functional connectivity between amygdala and other nodes of the biological motion
processing network varied between males and females. This analysis was conducted within
the regions in which adults exhibited greater activation to biological versus scrambled
motion (g < 0.05, &= 4). Although there were no sex differences in regards to task-
modulated functional connectivity with the left amygdala seed region, compared to males,
females showed greater functional connectivity between the right amygdala and bilateral
pSTS, right anterior temporal pole, and left fusiform gyrus (FG) during biological motion
versus scrambled motion processing (Table 2, Figure 3).

Sex x Condition Analysis: Children/Adolescents

Within the child/adolescent sample, we conducted a voxel-wise Sex (male, female) x
Condition (biological, scrambled) ANOVA to identify sex differences in the brain response
to biological versus scrambled motion (p < 0.01, A=21). As with the adult sample, we
focused our interpretations only on Sex x Condition interaction regions for which either
males or females exhibited a neural response to biological motion (versus scrambled
motion) that was significantly greater than zero. The ANOVA revealed a Sex x Condition
interaction in bilateral hypothalamus and ventromedial prefrontal cortex (vmPFC).
Independent samples #tests revealed that females showed an enhanced response to
biological > scrambled motion in bilateral hypothalamus and males showed an enhanced
response to biological > scrambled motion in vmPFC. The results from this analysis are
shown in Figure 4 (and reported in Table 3). For the ROI-based analyses conducted within
the adult Sex x Condition interaction regions, independent sample #tests revealed that the
child/adolescent group also showed a significant difference in activation between sexes in
the adult-defined hypothalamus (429.57) = 2.85, p=0.008) and a marginal difference in the
adult-defined left amygdala (436) = 1.92, p= 0.063). Post-hoc analyses revealed that
females exhibited greater activation than males in both of these regions; however, the sex
difference in the hypothalamus was primarily driven by a robust response to scrambled
motion in the males.

Questionnaires

An independent samples £test investigating total scores on the SRS indicated that males and
females in the adult group and the child/adolescent group did not differ on this peer- or
parent-reported measure of social responsiveness (ps > 0.20). In a secondary investigation,
we collapsed across males and females and conducted a covariate analysis for adults and
children/adolescents separately between SRS score and neural response to biological >
scrambled motion. Several regions emerged as showing a significant correlation; in the adult
sample, SRS score was negatively correlated with neural activation to biological >
scrambled motion in the following regions: bilateral dorsolateral prefrontal cortex (dIPFC),
left inferior parietal lobule (IPL), and left Crus | of cerebellum (p < 0.05, A=59). In
children/adolescents, SRS score was negatively correlated with neural activation to
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biological > scrambled motion in bilateral IPL, right middle frontal gyrus, posterior
cingulate cortex, and precuneus, and positively correlated with neural activation to
biological > scrambled motion in left temporal pole and left FG (p< 0.05, k= 70; Table 4).

Discussion

We investigated sex differences in brain mechanisms for processing biological motion in a
large sample of children, adolescents, and adults. We hypothesized that females relative to
males would exhibit enhanced activity/functional connectivity in social perceptual circuitry
while viewing biological relative to scrambled motion. Consistent with these predictions,
our results demonstrate the existence of sex differences in brain responses to biological
motion at all ages assessed; however, differences among children, adolescents, and adults
highlight sexually dimorphic age-related changes of these responses in brain regions known
to play a role in social information processing.

Main Effect of Biological > Scrambled Motion

Within each group of participants, collapsing across sex, we identified regions that exhibited
significant activation to the contrast of biological > scrambled motion, including bilateral
pSTS and bilateral FG. These findings are consistent with past research implicating social
cognition regions in the neural processing of biological motion (Allison et al., 2000;
Grossman and Blake, 2002; Jastorff and Orban, 2009; Puce et al., 1998) and suggest that
both age groups in the current study exhibited the expected neural response to the visual
stimuli.

Sex x Condition Analysis: Adults

In adults, we identified Sex x Condition interactions in regions previously found to be
sexually dimorphic during social processing such as the amygdala and hypothalamus
(Goldstein et al. 2001; Cosgrove et al., 2007) as well as additional visual and social
processing regions (i.e. LGN, TP, cerebellum, MTG). In all of these regions, females
showed a more robust response to biological motion compared to males. Additionally, in
females versus males, the right amygdala was found to be more functionally correlated to
important ‘social brain” (Brothers, 1990) regions such as bilateral pSTS, right anterior
temporal pole, and left FG while viewing biological compared to scrambled motion. Given
that male and female adults (as well as male and female children) in the current study did
not differ on peer-reported (or parent-reported) levels of social responsiveness as measured
by the SRS, it is unlikely that the sex differences identified in the current study can be
explained by broad behavioral differences in responsiveness to social cues as assessed by the
SRS. Rather, it seems that in females, the amygdala is more active and more functionally
correlated to characteristic biological processing regions (e.g. pSTS and FG), perhaps
lending greater salience to biological motion stimuli and underlying some more subtle
behavioral sex differences akin to those previously reported in social and emotional
functioning (i.e. reaction time and detection tasks).

Past neuroimaging research on sex differences has consistently identified the amygdala as a
region that functionally differs between males and females. During a visual facial perception
task, males exhibit a more lateralized amygdala response than females (Killgore and
Yurgelum-Todd, 2001). Additionally, in males, right amygdala activation has been
associated with retrieval of arousing material, while in females, left amygdala activation has
been associated with retrieval of the same material (Cahill et al., 2001, 2004; Canli et al.,
2002). The finding in the current study, that female adults show greater activation to
biological motion compared to males in bilateral amygdala (and that female children/
adolescents show marginally greater activation than males in left amygdala), is of particular
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interest given this structure’s integral role in social cognition. Amygdala lesions lead to
impaired fixation to the eyes, emphasizing the role of the amygdala in attention modulation
and the evaluation of salience (Adolphs and Spezio, 2006; Whalen, 2007; Gamer and
Buchel, 2009; Kennedy and Adolphs, 2010). Although the amygdala has often been thought
of in the context of fear processing, evidence suggests that the amygdala plays a broader role
in the detection of a variety of salient stimuli (Morris et al., 1998; Davis and Whalen, 2001).
Once salient stimuli are detected by the amygdala, projections to the cortex shape attention
and perception (Armony et al., 1997; Whalen et al., 1998; Armony and LeDoux, 1999).
Patients with amygdala lesions do not identify social intent in a social attribution paradigm,
emphasizing the role of the amygdala in social processing (Heberlein and Adolphs, 2004).
Thus, it appears that more amygdala activation in females of all ages in the current study
reflects increased salience of biological motion.

The LGN, another brain region identified to activate more strongly to biological motion in
female adults compared to males in the current study, is also involved in directing attention
to salient visual stimuli. In macaques, before visual signals reach the cortex, neurons in the
LGN begin to fire, modulating attention (McAlonan et al., 2008). The LGN modulates
visual attention by enhancing the neural response to attended stimuli and by decreasing the
neural response to ignored stimuli (O’Connor et al., 2002). Thus, greater LGN activation in
females compared to males may reflect greater visual attention to social stimuli and may
also underlie some of the behavioral differences in social cognition between sexes.

Bilateral hypothalamus showed greater activation to biological > scrambled mation in
females compared to males across all ages examined. The hypothalamus has been previously
identified as sexually dimorphic, both in structure and function (Lewis et al., 2006; Swaab et
al., 2001), and animal studies demonstrate that this region has strong connectivity with the
amygdala, both via relays through the hippocampus and direct efferents from the amygdala
(Petrovich et al., 2001). The existence of amygdala-hypothalamus efferents suggests that
when the amygdala responds to social stimuli, a visceral and autonomic response is
triggered by hypothalamic mechanisms (Brothers, 1992). The anterior temporal pole, which
also showed an enhanced response to biological motion in female adults, appears to be
involved in a similar network of brain regions, as it is interconnected with the amygdala and
has projections to the hypothalamus (Olson et al., 2007). The temporal pole supports social-
emotional processing as well as face recognition, suggesting that this region, along with the
amygdala and hypothalamus, is involved in a network of brain regions imperative for social
functioning. Thus, perhaps greater activation in both hypothalamus and temporal pole in
females during biological motion perception contributes to mechanisms that underlie
behavioral sex differences in social perception.

In adults, we identified sex differences in cerebellar processing of biological motion, with
females showing greater activation compared to males. Neuroimaging research suggests that
the cerebellum is involved in biological motion processing (Grossman et al., 2000; Jokisch
et al., 2005; Sokolov et al., 2012). Patients with cerebellar lesions are more variable than
controls on a motion perception task (Ivry and Diener, 1991), and they are less accurate at
discriminating the direction of PLDs of coherent motion (Nawrot and Rizzo, 1995). Finally,
the presence of cerebellar activation during biological motion perception is not surprising,
given evidence of overlap between brain regions involved in motor planning and those
involved in the perception of motor acts (e.g. Decety and Grezes, 1999). The specific
cerebellar regions identified in the current study as more active to biological motion stimuli
in female adults are involved in a broad range of sensory and motor tasks (Stoodley and
Schmahmann, 2009, 2010). Although speculative, it is possible that cerebellar activation in
the current study reflects greater simulation of other peoples’ bodily motion for females
relative to males.
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Sex x Condition Analysis: Children/Adolescents

Next, we explored sex differences in our child/adolescent sample to determine whether
children and adolescents exhibited comparable sex differences to those identified in the
adults. We identified a Sex x Condition interaction in bilateral hypothalamus and in vmPFC,
with females showing a greater response to biological relative to scrambled motion in
bilateral hypothalamus and males showing a greater response to biological relative to
scrambled motion in vmPFC. In an ROI analysis assessing sex differences in activation in
the child/adolescent sample within each of the adult-defined Sex x Condition interaction
regions, two regions emerged as also showing a sex differences in children and adolescents
that mirrored the sex difference seen in adults: bilateral hypothalamus and left amygdala.

These findings suggest that only a small fraction of the sex differences identified in adults
are evident in childhood and early adolescence. Specifically, two subcortical regions,
bilateral hypothalamus and left amygdala, show differential activation to biological motion
in males and females between 4 and 16 years of age. As mentioned earlier, these regions
have been implicated in coding the salience of environmental stimuli and thus may underlie
behavioral findings indicating that females perform better than males at a variety of social
tasks (e.g. Hall, 1987; Happé, 1995; Willingham and Cole, 1997; Mestre et al., 2009). The
vmPFC was the only region that showed greater activation to biological motion in male
children and adolescents compared to females, a sex difference that was not replicated in our
adult sample. Future longitudinal studies will be needed to elucidate the significance of the
vmPFC finding.

Given that sex differences in social perception appear to emerge primarily between
childhood/early adolescence and adulthood, both in the current study and in past literature,
we hypothesize that puberty is an important period during which the social brain function of
males and females diverges. Although the current study is not well-poised to address the
issue of puberty (given that we used age and not pubertal status as an index of
developmental phase, and we lacked participants between the ages of 16 and 20), we believe
that this developmental phase is ripe for future research on sex differences in social
perception.

Questionnaires

Limitations

Consistent with past research (Kaiser et al., 2010), we found that a measure of social
responsiveness (SRS) correlated with the neural response to biological > scrambled motion
in both adults and children/adolescents. In both age groups, the majority of significant
correlations between SRS score and biological > scrambled activation were negative,
suggesting that those with lower SRS scores (i.e. more social responsiveness) have a more
robust neural response to biological motion stimuli compared to their peers with higher SRS
scores in social brain regions such as dIPFC and supramarginal gyrus. This finding provides
evidence that our stimuli, despite being somewhat impoverished images of human form, do
indeed tap into behaviorally meaningful aspects of the social perceptual system. Importantly,
in the current study, neither age group differed by sex on SRS scores suggesting that none of
the neural sex differences identified in the current study can be better explained by sex
differences in social responsiveness. Thus, the sex differences identified in the present study
may represent subtleties in social processing that are not evident in broader behavioral
measures such as the SRS.

This study had several limitations. First, given that our youth sample consisted of children
and adolescents between 4-16 years of age, and our adult sample included participants
between 20-35 years of age, we were unable to assess age as a continuous variable over
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both participant groups because our distribution was bimodal. Future studies should include
a more evenly distributed age range to better assess developmental changes in the neural
response to biological motion that extend into adulthood. In addition, the child and
adolescent data was more variable than the adult data, which may have been due to veritable
changes in the brain throughout childhood and adolescence, or due to greater amounts of
head motion in the scanner for the youth sample compared to the adults. We believe that
differences in head motion do not explain developmental differences in the current study,
given that we corrected volume-to-volume movement comparably in both groups in order to
minimize the effects of head motion. Further supporting this assertion, past behavioral and
neuroimaging studies have also found less robust sex differences in children and adolescents
(Hall, 1978; McClure, 2000; Nelson et al., 2002; McClure et al., 2004).

Another limitation is that we did not test for non-linear age effects in our data. Given the
robust sex differences in adults and the less robust sex differences in children and
adolescents, we hypothesized that the younger age group (females in particular) would show
significant correlations between age and neural response to biological > scrambled motion in
the ROIs obtained from the adult Sex x Condition ANOVA. Contrary to our hypothesis, this
was not the case. One possibility that may explain the lack of significant age correlations in
the child/adolescent group is that sex differences do not follow age in a linear pattern
throughout development. Unfortunately, our sample did not include children younger than
the age of four, and we did not have any measure of pubertal status, so we may have missed
the opportunity to explore critical periods involved in the development of sex differences.
We believe that early childhood (i.e. before the age of four years) and puberty are important
areas for future research to explore, given the dramatic, sexually dimorphic changes in brain
structure and function that occur during these two stages of development (Blakemore et al.,
2010; Cahill, 2006; Muzik et al., 2000; Prastawa et al., 2005; Wilke et al., 2002).

Another potential limitation is that we used the same normalization procedures to transform
child, adolescent, and adult brains to a common space derived from adults (MNI template).
While there are some benefits of using pediatric brain templates (e.g. Wilke et al., 2002), the
practice of normalizing child and adult data to a common template has been validated in
previous work (Kang et al., 2003). A final limitation is that our stimuli, while differing in
coherent versus scrambled biological motion, also differ in coherent versus incoherent
motion more generally. Although the current study cannot address this limitation, past
research has suggested that several of the regions we identified, including bilateral
amygdala, medial cerebellum, and temporal pole, play a unique role in biological motion
perception (as opposed to motion perception more broadly; Bonda et al., 1996; Grossman et
al., 2000) and social processes such as face recognition and mentalizing (Olson et al., 2007).
It is possible that some of the other regions identified as differentially active to biological
motion in females versus males play a role in non-social processes such as visual attention.
Future studies that employ behavioral measures such as eye-tracking will be needed to
assess this possibility.

In sum, our findings revealed that male and female adults robustly differ in neural responses
during passive viewing of biological motion, with females showing greater activation in
several brain regions involved in salience detection and social perception. Additionally,
relative to males, females show greater task-related functional connectivity between the
right amygdala and several regions of the social brain network. The findings in children and
adolescents were less clear; however, they suggest a trend towards greater neural activation
in females in two of the regions identified in the adult sample: bilateral hypothalamus and
left amygdala. Future studies will need to better assess developmental trends using a
longitudinal sample; however, the current study supports past literature showing that sex
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differences are more pronounced in late adolescence and adulthood (Hall, 1978; McClure,
2000; McClure et al., 2004; Nelson et al., 2002). We believe that future studies investigating
sex differences in social perception should focus on the periods of development including
early childhood and puberty.

We have identified several functional brain differences between males and females that may
have important implications for disorders related to social cognition that differ by sex in
incidence and severity. We believe the amygdala is of particular importance when
considering the male:female ratio in disorders that implicate the social brain, such as
schizophrenia. This region has consistently shown dysfunction in a variety of developmental
and neuropsychiatric disorders, and given the findings of the current study—that females at
all ages show an enhanced response in this region—the quality of being female may serve as
a protective factor against the development of certain disorders, particularly those that
emerge during or after adolescence.

Supplementary Material
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Children/Adolescents Adults

Figure 1. Main Effect of Biological > Scrambled Motion: Adults and Children/Adolescents
Red activations indicate regions where adults or children/adolescents exhibited a more
robust neural response to biological versus scrambled motion, and blue activations indicate
regions where participants showed a more robust neural response to scrambled versus
biological motion (adults: p< 0.01, k= 70; children/adolescents: p< 0.01, k= 78).
Consistent with past literature, regions showing a significant effect of biological >
scrambled motion include bilateral posterior superior temporal sulcus (pSTS) and bilateral
fusiform gyrus (FG).
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Figure 2. Adult Sex x Condition Interaction Regions

Activations indicate regions where males and females differed in neural response to
biological > scrambled motion (p < 0.01, k= 14). The y-axis represents average contrast
beta values for each region, and error bars depict standard error. For all the Sex x Condition
interaction regions, females showed an enhanced neural response to biological > scrambled
motion compared to males. Abbreviations: Amygdala (AMY), thalamus (THAL), temporal
pole (TP), medial temporal gyrus (MTG), cerebellum (CB).
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Figure 3. Adult PPI Analysis

The left panel shows the functionally-defined bilateral amygdala regions used as seeds in the
PPI analysis. The right panel shows the four regions that exhibited greater task-related
functional connectivity with the right amygdala in females compared to males (p< 0.05, A=
10). Abbreviations: Posterior superior temporal sulcus (pSTS), temporal pole (TP).
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Figure 4. Sex x Condition Interaction Regions: Children/Adolescents

Activations indicate regions where males and females differed in neural response to
biological > scrambled motion (p< 0.01, A= 21). The y-axis represents average contrast
beta values for each region, and error bars depict standard error. Abbreviations:
Ventromedial prefrontal cortex (vmPFC).
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