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Social interaction is critical to emotional well-being. Previous studies have suggested sex differences in the perception of social interaction. However, the findings depend on the nature of interactions and whether it involves facial emotions. Here, we explored sex differences in neural responses to the perception of social interaction using the Human Connectome Project data. Participants (n = 969, 505 women) were engaged in a social cognition task with geometric objects moving and colliding to simulate social interaction. Behaviorally, men relative to women demonstrated higher accuracy in perceiving social vs. random interactions. Men vs. women showed higher activation in the right superior temporal gyrus, bilateral occipital and posterior cingulate cortex and precuneus, and women vs. men showed higher activation in the right inferior frontal cortex, during exposure to social vs. random interactions. In whole-brain regressions, the differences in accuracy rate in identifying social vs. random interactions (ARSOC – ARRAN) were associated with higher activation in the paracentral lobule (PCL) and lower activation in bilateral anterior insula (AI), pre-supplementary motor area (preSMA), and left middle frontal gyrus (MFG) in men and women combined, lower activation in bilateral AI, preSMA and left MFG in men alone, and higher activation in the PCL and the medial orbitofrontal cortex in women alone. The latter sex differences were confirmed by slope tests. Further, the PCL activity mediated the correlation between an internalizing syndromal score, as assessed by the Achenbach Self-Report, and (ARSOC – ARRAN) across all subjects. These findings highlighted sex differences in the behavioral and neural processes underlying the perception of social interaction, as well as the influence of internalizing traits on these processes.
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INTRODUCTION


Sex Differences in the Perception of Social Interaction

Perception of social interaction is central to “theory of mind” processing and inter-personal engagements. Sex differences in the perception of verbal (Lee et al., 2017) or non-verbal (Hall, 1978; Rasmussen and Jiang, 2019) social interaction may reflect a consequence of evolutionary pressures on reproduction and survival (Buss, 1995; Wood and Eagly, 2002). In most mammals, as the primary caretakers of the offspring, females relative to males exhibited superiority in perceiving social interactions, conferring an advantage in recognizing and responding to infants’ needs (Babchuk et al., 1985; Maestripieri and Pelka, 2002; Simpson et al., 2016). In humans, a magnetoencephalography study of healthy adults showed gamma neuromagnetic response peaking earlier in females than in males during animated social interaction, suggesting that women may anticipate social interaction by predicting others’ actions, whereas men require accumulation of more sensory evidence for social decisions (Pavlova et al., 2010). Furthermore, the sex differences appear to manifest early in life. For instance, in macaque monkeys, female relative to male infants looked more frequently at conspecifics’ faces at 2–3 weeks, and exhibited more affiliative behaviors, including gesturing and looking at human caretakers, at 4–5 weeks (Simpson et al., 2016).

However, females are not always more proficient in understanding social signals, and their social abilities may be particularly affected by illnesses (Pavlova, 2017). Additionally, earlier reports of sex differences in the sensitivity to social interaction could largely be accounted for by higher female sensitivity to human faces and facial emotions (Fischer et al., 2018). Although women were better at recognizing emotions and express themselves more easily, men showed greater responses to threatening social cues (Kret and De Gelder, 2012). Together, these findings suggest that sex differences in the perception of social interaction may vary according to the nature of social stimuli.



Imaging Perception of Social Interaction

The neural processes supporting the perception of social interaction, typically delivered via visual stimuli, are widely distributed in the frontal, parietal, and temporal areas (Kujala et al., 2012; Deuse et al., 2016; Powers et al., 2016; Sapey-Triomphe et al., 2017). Higher activation has been found in the medial prefrontal cortex (mPFC), inferior frontal gyrus (IFG), and superior temporal gyrus (STG) in the perception of social vs. non-social interaction (Centelles et al., 2011). The activation of the mPFC was associated with active engagement in social interaction while the precuneus responded to passive observation of social interaction (Schilbach et al., 2006). The posterior STG was not only sensitive to the presence of social interaction (vs. independent action) but also to the content of qualitatively different interactions (i.e., competition vs. cooperation), suggesting its role in evaluating social interactions (Walbrin et al., 2018). Cooperative (e.g., helping each other climb a tree) and affective (e.g., shaking hands) interactions both activated a bilateral network, extending from the fusiform gyrus to posterior middle/superior temporal and posterior parietal cortices (Arioli et al., 2018). In addition, perceiving another person’s pain led to regional activities involved in social interaction and emotion regulation, including those in the temporo-parietal junction, mPFC, and IFG (Akitsuki and Decety, 2009). The examination of the neural processes underlying the perception of social interaction has advanced the understanding of social cognition. On the other hand, no fMRI studies to our knowledge have investigated sex differences in these regional responses.



A Potential Role of Internalizing Personality Trait

Sex differences in the perception of social interaction may be influenced by individual differences in internalizing personality trait. People with higher avoidant trait are particularly sensitive to social interactions (Eggum et al., 2009). Those with avoidant personality disorder consider themselves unappealing or socially inadequate, and fear coping with social interactions (APA, 2013). Children with higher internalizing traits were less competent socially and exhibited more significant anxiety during social interactions (Bornstein et al., 2010). In self-reported personality measures of young adults, men showed a slight trend to endorse more criteria than women for avoidant personality disorder (Klonsky et al., 2002). Thus, individual differences in internalizing traits may directly impact the perception of social interaction. It is important to investigate whether individuals varying in internalizing traits show differences in the sensitivity to perceiving social interactions, and whether/how the neural processes underlying the perception of social interaction vary with the individual differences.



The Present Study

We addressed these gaps in research by taking advantage of a large imaging data set collected of the Human Connectome Project (HCP). The imaging paradigm of the HCP social task comprised blocks of geometric stimuli simulating social interactions, and others simulating random interactions. Participants were required to indicate whether they perceived social or random interaction and the accuracy rates were quantified for each block. We examined whether the differences in accuracy rate were sex-dependent and related to individual differences in an internalizing trait. We contrasted the brain activation in social and random blocks (brain activation in social block minus brain activation in random block) to identify regional responses to the perception of social interaction, and compared men and women in these regional processes. Further, we used the differences in accuracy rate and in reaction time as a regressor for whole-brain regressions in men and women combined as well as separately to examine the neural correlates of individual ability in identifying social interactions. For the neural correlates identified specifically of men or of women, we extracted the β estimates and confirmed or refuted the sex difference with a slope test. Our goal was to reveal how men and women may identify visual stimuli simulating social interactions differently and the neural processes underlying the sex differences. These findings may contribute to the research of social emotional processing in neuropsychiatric conditions (e.g., autism spectrum disorder) known to show sex biases in incidence.



MATERIALS AND METHODS


Dataset and Assessment of Social Emotions

For the present study, we have obtained permission from the HCP to use both the Open and Restricted Access data. As in our previous work (Li et al., 2020), we employed the 1200 Subjects Release (S1200) data set, including behavioral and 3T MR imaging data of 1206 healthy young adult participants (1113 with structural MR scans) collected from 2012 to 2015, for this study. The data of a total of 969 adults (505 women; age = 29.5 ± 3.5 years) were obtained from the HCP (Table 1). All subjects were physically healthy with no severe neurodevelopmental, neuropsychiatric, or neurological disorders. Subject recruitment procedures and informed consents, including consent to share de-identified data, were approved by the Washington University Institutional Review Board.


TABLE 1. Demographic, clinical, and behavioral measures.

[image: Table 1]All participants were assessed with the Achenbach Adult Self-Report or ASR (Achenbach, 2009) Syndrome Scales. There were a total of 120 items in 12 subscales (item for example): anxious/depressed (‘I feel lonely’), withdrawn (‘I don’t get along with other people’), somatic complaints (‘I feel dizzy or lightheaded’), thought problems (‘I can’t get my mind off certain thoughts’), attention problems (‘I am too forgetful’), aggressive behavior (‘I argue a lot’), rule-breaking behavior (‘I break rules at work or elsewhere’), intrusive behavior (‘I try to get a lot of attention’), other problems (‘I have trouble sitting still’), as well as all critical items (items of general clinical concern), an internalizing subscale (consisting of anxious/depressed, withdrawn and somatic complaints), and an externalizing subscale (consisting of aggressive, rule-breaking, and Intrusive behavior). Participants were required to circle 0 (not true), 1 (somewhat or sometimes true), or 2 (very or often true) for each item to describe themselves over the past 6 months.



Behavioral Task for fMRI and Behavioral Data Analysis

Each participant completed two runs of a social cognition task each with five blocks. The task showed robust activation in brain regions associated with social cognition (Castelli et al., 2000; Wheatley et al., 2007). The first run contained two social and three random blocks in a fixed order: social – random – random – social – random; the second run contained three social and two random blocks in a fixed order: social – social – random – social – random. Developed by Castelli et al. (2000) and Wheatley et al. (2007), video clips [20 s, shortened from the original 40-s versions (Barch et al., 2013)] of geometric objects (triangles, squares, circles) “interacted” in some way to simulate causal actions in social blocks, and moved randomly in random blocks. At the end of each video clip, subjects were allowed 3 s to indicate whether the objects interacted socially (as if the objects took into account each other’s feelings and thoughts), not sure, or no interaction (i.e., movement appearing random). Of all HCP subjects, 158 did not participate or participate fully in the social cognition task. Further, 79 subjects who had head movements greater than 2 mm in translation or 2 degrees in rotation or for whom the images failed in registration to the template were excluded. As a result, a total of 969 (505 women) subjects were included in the current study. Ten subjects’ RT and/or accuracy rate were missing from the data, and thus 959 (501 women) were included in the analyses of RT and accuracy rate (AR) as well as in the imaging data analyses on the basis of RT and AR.

For both AR and RT, we performed an analysis of variance (ANOVA) with sex (men vs. women) as a between-subject variable and block type (social vs. random) as a within-subject variable, with age and years of education as covariates.

We evaluated whether the difference in AR and in RT between the social and random blocks – (ARSOC – ARRAN); (RTSOC – RTRAN) – was correlated with each of the 12 Achenbach Adult Self-Report Syndrome Scale subscores (Achenbach, 2009), as described above, with age, sex, years of education as covariates across all subjects and with age and years of education as covariates in men and women separately.



Imaging Protocol and Data Preprocessing

MRI was done using a customized 3 T Siemens Connectome Skyra with a standard 32-channel Siemens receiver head coil and a body transmission coil. T1-weighted high-resolution structural images were acquired using a 3D MPRAGE sequence with 0.7 mm isotropic resolution (FOV = 224 × 224 mm, matrix = 320 × 320, 256 sagittal slices, TR = 2400 ms, TE = 2.14 ms, TI = 1000 ms, FA = 8°) and used to register functional MRI data to a standard brain space. FMRI data were collected using gradient-echo echo-planar imaging (EPI) with 2.0 mm isotropic resolution (FOV = 208 × 180 mm, matrix = 104 × 90, 72 slices, TR = 720 ms, TE = 33.1 ms, FA = 52°, multi-band factor = 8, 274 frames, ∼ 3 m and 27 s/run).

Imaging data were analyzed with Statistical Parametric Mapping (SPM8, Welcome Department of Imaging Neuroscience, University College London, United Kingdom), following our published routines (Wang et al., 2019; Zhang et al., 2019; Zhornitsky et al., 2019b). Images of each individual subject were first realigned (motion corrected). A mean functional image volume was constructed for each subject per run from the realigned image volumes. These mean images were co-registered with the high-resolution structural MPRAGE image and then segmented for normalization with affine registration followed by non-linear transformation. The normalization parameters determined for the structural volume were then applied to the corresponding functional image volumes for each subject. Finally, the images were smoothed with a Gaussian kernel of 4 mm at Full Width at Half Maximum.



Imaging Data Modeling and Statistics

We modeled the BOLD signals to identify regional brain responses to social vs. random block through the contrast [social - random]. A statistical analytical block design was constructed for each individual subject, using a general linear model (GLM) with block onsets of social or random blocks convolved with a canonical hemodynamic response function. Realignment parameters in all six dimensions were entered in the model as covariates. Serial autocorrelation caused by aliased cardiovascular and respiratory effects was corrected by a first-degree autoregressive model. The GLM estimated the component of variance that could be explained by each of the regressors.

In the first-level analysis, we constructed for individual subjects a contrast of social vs. random block to evaluate brain regions that responded differently during viewing of social vs. random video clips. The contrast images (difference in β) of the first-level analysis were then used for the second-level group statistics.

In group analyses, we conducted a one-sample t-test to identify regional responses to social vs. random stimuli for men and women together and separately. We compared men and women in a two-sample t-test of the same contrast with age and years of education as covariates to evaluate sex differences in regional responses. To examine how regional brain responses to the contrast varied with individual differences in AR, we conducted a whole-brain multiple regression on social vs. random against “ARSOC – ARRAN” and “RTSOC – RTRAN” in men and women together, with age, sex and years of education as covariates, and in men and women separately, with age and years of education as covariates. Following current reporting standards, all imaging results were evaluated with voxel p < 0.001, uncorrected, in combination with a cluster p < 0.05, corrected for family-wise error (FWE) of multiple comparisons, on the basis of Gaussian random field theory, as implemented in SPM (Poldrack et al., 2008). All voxel activations were reported in Montreal Neurological Institute (MNI) coordinates.

In ROI analysis, we used MarsBar1 to derive for each individual subject the activity (β contrast, averaged across voxels) of the functional ROIs, defined of clusters obtained from whole-brain analyses. For ROIs identified from linear regressions in men or women alone, we tested sex differences in the correlation directly with a slope test, with age and years of education as covariates and showed two-tailed p-values (Zar, 1999). Note that the latter analysis did not represent “double-dipping,” as the slope tests may confirm or refute sex differences (Le et al., 2019; Dhingra et al., 2020; Ide et al., 2020). This is because the activation maps were identified with a threshold and a cluster showing correlation say in men could show a correlation that just missed the threshold in women; thus, slope tests were needed to examine whether the correlations were indeed different between the sexes.



Mediation Analyses

We followed published routines in conducting the mediation analysis (Ide et al., 2017; Hu et al., 2018; Zhang et al., 2019; Zhornitsky et al., 2019a; Le et al., 2020; Wang et al., 2020). In a mediation analysis, the relation between the independent variable X and dependent variable Y, i.e., X→Y, is tested to see if the relation is significantly mediated by a variable M. The mediation test is performed by employing three regression equations (MacKinnon et al., 2007):
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where a represents X→M, b represents M→Y (controlling for X), c′ represents X→Y (controlling for M), and c represents X→Y. The constants i1, i2, i3 are the intercepts, and e1, e2, e3 are the residual errors. In the literature, a, b, c and c′ were referred as path coefficients or simply paths (MacKinnon et al., 2007; Wager et al., 2008), and we followed this notation. Variable M is a mediator of the correlation X→Y if (c –c′), which is mathematically equivalent to the product of the paths a∗b, is significantly different from zero (MacKinnon et al., 2007). If the product a∗b and the paths a and b are significant, one concludes that X→Y is mediated by M. In addition, if path c′ is not significant, there is no direct connection from X to Y and that X→Y is completely mediated by M. Note that path b is the relation between Y and M, controlling for X, and should not be confused with the correlation coefficient between Y and M.

As ASR subscores, regional activity, and behavioral measures (ARSOC – ARRAN or RTSOC – RTRAN) may be correlated pair-wise, we performed a mediation analysis to explore their inter-relationships. Behavioral measures would be conceptually unlikely to serve as a mediating (M) or independent (X) variable, and thus we would only consider mediation models where they served as a dependent variable Y.



RESULTS


Behavioral Performance in the Social Cognition Task

For AR, the results of ANOVA showed a significant block type main effect (F(1,958) = 155.475, p < 0.001), but not sex main effect (F(1,958) = 0.891, p = 0.345). The AR of social block was higher than that of random block in men and women combined. In addition, the interaction of sex × block type was significant (F(1,958) = 4.755, p = 0.029). Simple main effect analysis showed a significant difference both in men (t457 = 10.591, p < 0.001) and in women (t500 = 7.172, p < 0.001) (Figure 1A). Further, the difference in AR between blocks or ARSOC – ARRAN was significantly higher in men than in women (t955 = 2.188, p = 0.020).
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FIGURE 1. Behavioral results (mean ± SE) showed the (A) accuracy rate (AR) and (B) reaction time (RT) for social and random block each in men and women. Accuracy rate was significantly higher for social than random block in both men and women but the difference was larger for men. The social blocks showed slower RT than the random block in women but not in men. *p ≤ 0.01, **p ≤ 0.001.


For RT, the results of ANOVA showed a significant block type main effect (F(1,958) = 9.394, p = 0.002), but not sex main effect (F(1,958) = 2.461, p = 0.117). The RT of social block was longer than RT of random block in men and women combined. In addition, the interaction of sex × block type was significant (F(1,958) = 4.134, p = 0.042). Simple main effect analysis showed that the RT of social block was longer than RT of random block in women (t500 = 3.736, p < 0.001) but not in men (t457 = 0.704, p = 0.482) (Figure 1B). The difference in RT between blocks or RTSOC – RTRAN was significantly stronger in women than in men (t955 = −2.231, p = 0.019).

The results of linear regression of each of the 12 ASR subscores against ARSOC – ARRAN and RTSOC – RTRAN are shown for men and women separately in Supplementary Tables S1, S2, respectively. At a p-value corrected for the total number of tests – 0.05/(12 subscales x 2 sexes x 2 behavioral indexes) = 0.001042, none of the regressions were significant and only 12 of 48 regressions showed an uncorrected p < 0.05. Further, there were no significant sex differences in the correlation for any of the syndromal subscales, either. Across all subjects, only the internalizing subscore showed a significant correlation with ARSOC – ARRAN (r = 0.115, p = 0.0004). The internalizing subscore did not show a significant correlation with RTSOC – RTRAN (r = 0.007, p = 0.839).



Brain Activations to Social vs. Random Stimuli

In examining regional responses to social vs. random block, we first conducted a one-sample t test on the entire cohort and on men and women separately. Supplementary Figure S1 shows the results. Exposure to social vs. random interactions engaged a wide swath of cortical and subcortical regions, including bilateral temporal and fronto-parietal cortex, cerebellum, frontopolar cortex, hippocampus/parahippocampal gyrus, occipito-parietal sulcus, precuneus, thalamus, and caudate nucleus. In contrast, exposure to random vs. social interactions engaged higher activations in bilateral ventral medial occipital cortex, superior frontal gyri, medial and superior parietal cortex, ventromedial prefrontal cortex including the anterior cingulate gyrus, posterior cingulate cortex, right lateral orbitofrontal cortex, and anterior insula.

To examine sex differences, we conducted a two-sample t-test to compare men and women with age and years of education as covariates. At voxel p < 0.001, uncorrected, in combination with cluster-level p < 0.05, family-wise error corrected, men relative to women showed higher activation in the right superior temporal gyrus, bilateral occipital and posterior cingulate cortex, and precuneus (Figure 2). Women showed higher activation in the right inferior frontal cortex, as compared to men, during exposure to social vs. random interactions. These clusters are summarized in Table 2.
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FIGURE 2. Sex differences in regional brain activations: two-sample t-test of the contrast (social – random) between men and women with age, years of education as covariates. Voxel p < 0.001, uncorrected. All clusters with cluster p < 0.05, corrected for family-wise error, are shown in Table 2. Color bars show voxel t values; warm: men > women, cool: women > men. Clusters are overlaid on a T1 structural image in neurological orientation: right = right. The inset shows a mid-sagittal section to highlight the clusters in the precuneus, posterior cingulate cortex and dorsomedial prefrontal cortex.



TABLE 2. Sex differences in regional activations to social vs. random stimuli.

[image: Table 2]


Brain Activations to Social vs. Random Stimuli in Correlation With Accuracy Rate

Individuals varied in how accurately they identified social vs. random interactions. We conducted a whole brain linear regression of the contrast (social vs. random) against “ARSOC – ARRAN” across all subjects, with sex, age, and years of education as covariates. Clusters that met the threshold of voxel p < 0.001, uncorrected, in combination with cluster p < 0.05 FWE-corrected are shown in Figure 3A. A cluster in the paracentral lobule (PCL) showed activation in positive correlation with ARSOC – ARRAN. Bilateral anterior insula (AI), dorsomedial prefrontal cortex in the anterior pre-supplementary motor area (preSMA), and the left middle frontal gyrus (MFG) showed higher activation to social vs. random interaction in negative correlation with ARSOC – ARRAN.
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FIGURE 3. Regional responses to social interaction vs. random movement in correlation with “ARSOC – ARRAN” in (A) all subjects: whole-brain regression with sex, age, and years of education as covariates; and in (B) men and (C) women separately, with age and years of education as covariates. Warm/cool color bars show clusters with positive/negative correlation with “ARSOC – ARRAN”; p < 0.001, uncorrected, in combination with cluster p < 0.05 FWE-corrected. The insets highlight the clusters in a mid-sagittal section.


We next conducted a whole brain linear regression of contrast (social – random) against “ARSOC – ARRAN” for men and women separately, with age and years of education as covariates. For men alone, no clusters showed activation in positive correlation with “ARSOC – ARRAN.” Bilateral AI, anterior preSMA, left MFG and inferior superior frontal gyrus showed activation in negative correlation with “ARSOC – ARRAN” (Figure 3B). For women alone, a cluster each in the precuneus and in the medial orbitofrontal cortex showed activation in positive correlation with “ARSOC – ARRAN” (Figure 3C). No clusters showed activations in negative correlation. These clusters are summarized in Table 3.


TABLE 3. Regional activations in correlation with ARSOC – ARRAN.

[image: Table 3]For the brain regions showing activations in correlation with ARSOC – ARRAN in men or women alone, we computed the β estimate (social - random) for all of the clusters combined, as identified in men or women, respectively, for all subjects. We then tested sex differences in the correlations with slope tests (Zar, 1999), as shown in Figure 4. We also performed the same analyses for each individual cluster, and the results are shown in Supplementary Tables S3, S4, respectively.
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FIGURE 4. Slope tests of sex differences in the correlation between regional activities and ARSOC – ARRAN. Each data point represents one subject. All clusters identified of (A) men (M, orange, clusters shown in Figure 3B) and (B) women (W, green, clusters shown in Figure 3C), respectively, were combined as the ROIs. Both tests showed significant sex differences: (A) Z = –3.59, p = 0.0003; (B) Z = –3.83, p = 0.0001.


We further examined whether the regional activities were related to ASR Internalizing scores, which, as shown earlier, were significantly correlated with ARSOC – ARRAN in men and women combined. Thus, for the entire sample, we performed a linear regression of the β contrast (social vs. random) against two regions of interest, each of the five “negative” clusters combined and of the single “positive” cluster in the PCL, respectively. The results showed a significant correlation of ASR Internalizing score with PCL activity (r = 0.090, p = 0.005) but not with the negative clusters (r = 0.029, p = 0.364), with age, sex, and years of education as covariates.

As ASR Internalizing score, PCL activity, and ARSOC – ARRAN were correlated pair-wise, we performed a mediation analysis to explore their inter-relationships. ARSOC – ARRAN represents a behavioral outcome measure and would be conceptually unlikely to serve as a mediating (M) or independent (X) variable. Thus, we only considered two models: (model 1; Figure 5) ASR Internalizing score → PCL activity → ARSOC – ARRAN; and (model 2) PCL activity → ASR Internalizing score → ARSOC – ARRAN. The results showed a significant mediation in model 1 (path c-c′ p = 0.027). However, the mediation was incomplete (path c′ p = 0.007). Model 2 did not show a significant mediation (path c-c′ p = 0.106).
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FIGURE 5. Mediation analysis. PCL activity incompletely mediated the correlation between ASR Internalizing score and ARSOC – ARRAN. The p-value associated with mediation are for the path “c-c′” or “a*b.”




Brain Activations to Social vs. Random Stimuli in Correlation With Reaction Time

Individuals also varied in how quickly they identified social vs. random interactions. We conducted a whole brain linear regression of the contrast (social - random) against “RTSOC – RTRAN” across all subjects, with sex, age, and years of education as covariates. Clusters that met the threshold of voxel p < 0.001, uncorrected, in combination with cluster p < 0.05 FWE-corrected are shown in Figure 6A. Bilateral inferior parietal cortex, left inferior frontal cortex showed activation in positive correlation with RTSOC – RTRAN. No cluster showed activation to social vs. random in negative correlation with RTSOC – RTRAN.
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FIGURE 6. Regional responses to social interaction vs. random movement in correlation with “RTSOC – RTRAN” in (A) all subjects: whole-brain regression with sex, age and years of education as covariates; and in (B) women, with age and years of education as covariates. Warm/cool color bars show clusters with positive/negative correlation with “RTSOC – RTRAN”; voxel p < 0.001, uncorrected, in combination with cluster p < 0.05 FWE-corrected. The insets highlight the clusters in a mid-sagittal section.


We next conducted a whole brain linear regression of contrast (social – random) against “RTSOC – RTRAN” for men and women separately, with age and years of education as covariates. For men alone, no clusters showed activation in positive or negative correlation with “RTSOC – RTRAN.” For women alone, left supplementary motor area, left inferior parietal cortex, left middle and inferior frontal cortex showed activation in positive correlation with “RTSOC – RTRAN” (Figure 6B).

These clusters are summarized in Table 4.


TABLE 4. Regional activations in correlation with RTSOC – RTRAN.

[image: Table 4]Likewise, we extracted the β estimate (social vs. random) for all of the clusters combined and individually, as identified in men and women together and for women alone, for all subjects. None of β estimates showed a significant correlation with ASR internalizing score (men+women: r = 0.043, p = 0.183 with age, sex and years of education as covariates; women: r = 0.025, p = 0.431, with age and years of education as covariates).



DISCUSSION

We showed that exposure to interacting vs. random stimuli engaged a wide array of cortical and subcortical structures, with activity of the PCL in positive correlation, and activity of bilateral AI and anterior preSMA, and left MFG in negative correlation, with the accuracy in identifying interacting vs. random stimuli. We showed that men relative to women more accurately perceived socially vs. randomly interacting stimuli. Men and women also demonstrated significant differences in regional brain activations during exposure to social vs. random stimuli and in link with individual differences in the accuracy in identifying these stimuli. Largely reflecting the findings in men and women combined, men alone showed activation in negative correlation with “ARSOC – ARRAN” in bilateral AI, anterior preSMA, and left MFG. In contrast, women alone showed activation in the PCL, precuneus and medial orbitofrontal cortex in positive correlation with “ARSOC – ARRAN.” The sex differences in these correlations were confirmed by slope tests. Further, we showed that, in men and women combined, PCL activity mediated the relationship between internalizing traits and ARSOC – ARRAN, suggesting that individuals who were socially avoidant and anxiety-prone were more accurate in identifying social vs. random stimuli and this correlation was supported by the somatosensory cortex. We highlight the main findings in the discussions below.


Sex Differences in Regional Responses to Social vs. Random Interactions

It is not entirely clear why men demonstrated higher accuracy in recognizing social interaction than women. It is important to point out that men and women did not differ in the accuracy in recognizing randomly interacting stimuli and the sex difference results from men’s higher accuracy in recognizing simulated social interactions. One possibility may have to do with men’s superior ability in perceiving motion stimuli (Murray et al., 2018). The latter study showed that, in comparison to men, women regularly took longer in reporting the direction of movement of black and white bars on a screen. This difference could not be attributed to differences in the speed of visual processing, overall visual discrimination abilities, or potential motor-related factors. In fact, the differences were not reflected in regional brain responses to visual motion stimuli, suggesting that non-visual areas may be involved in manifesting the sex differences. On the other hand, in the current study, men relative to women demonstrated a significantly smaller RT difference in recognizing social than random interaction, largely because of prolonged RT during the random interaction blocks. Together, these findings suggest that men were perhaps trying to “make sense of” the randomly interacting stimuli, thus taking longer to respond, but were better able to distinguish social from random interactions.

We showed sex differences in regional activations in recognizing social vs. random interactions. The right superior temporal gyrus (STG) responded more strongly in men than in women during social vs. random blocks, suggesting its roles in passive observation of social interactions and socially salient stimuli in men. These roles of the STG have been shown in prior studies although sex differences have not been examined (Singer et al., 2004; Schilbach et al., 2006). In contrast, a previous study showed stronger activation in women in the STG during processing of self-related social interactions (Schulte-Ruther et al., 2008). Thus, the STG may play dissociable roles in the perception of other- and self- related social interactions between the sexes. Men in comparison to women also showed higher activation in the posterior cingulate cortex, a key region of the default mode network involved in social cognition and associated with a more outward/other- vs. inward/self- directed focus during interpersonal processing (Johnson et al., 2006; Jung et al., 2015).

On the other hand, women compared to men showed higher activation in the right inferior frontal cortex and insula, which partake in evaluation of intentions in interpersonal interactions (Liu et al., 2016) and other complex social functions such as empathy (Singer et al., 2009; Gu et al., 2012), respectively. These findings indicate that women, as compared to men, may be more engaged in interpreting social interactions (Proverbio et al., 2010), an attribute related to their superiority in empathy (Baron-Cohen and Wheelwright, 2004). It has been posited that the mirror-neuron system, involving the premotor and inferior parietal cortex, provides the basic mechanism for social cognition (Rizzolatti and Craighero, 2004; Cross et al., 2009). A previous study showed that women but not men displayed stronger activity in the mirror-neuron system when watching hand actions vs. observing moving dots (Cheng et al., 2008). Therefore, we speculate that women showed lower accuracy in identifying social vs. random interactions in the current behavioral task only because the simulated interactions failed to fully and reliably engage the mirror-neuron system.



Performance-Specific Regional Activations and Sex Differences

Higher ARSOC – ARRAN indicates greater sensitivity to simulated social interactions. We showed regional activations in either positive or negative correlation with ARSOC – ARRAN as well as sex differences in these regional responses. These data shed light on the neural mechanisms underlying the perception of social interactions. In men and women together, the activation in the PCL was positively correlated with ARSOC – ARRAN, and the PCL has been shown to be engaged in predicting and monitoring the outcomes of decisions during social interactions (Apps et al., 2013). Our findings thus add to this earlier study and suggest a direct relationship between PCL activity and individual capacity in perceiving social interactions. Interestingly, previous work of diffusion tensor imaging showed that, whereas the white matter integrity of the PCL increased with age in neurotypical children, those with autism spectrum disorders (ASD) showed the opposite, during adolescence (Cheng et al., 2010). Compared to healthy controls, individuals with high-functioning autism showed diminished thickness of the PCL (Scheel et al., 2011). A more recent study has implicated dynamic connectivity dysfunction of the PCL in the ASD (Fu et al., 2019). Along with these earlier findings, the current results suggest an important role of the PCL in individual capacity in perceiving social interactions and PCL dysfunction as a potential mechanism of social interaction deficits in ASD.

In contrast, regional activities negatively correlated with ARSOC – ARRAN involved bilateral AI, preSMA and left MFG. These regions have been associated with emotional awareness and interpersonal emotion regulation (Grecucci et al., 2013). Unlike the PCL where performance-related activities did not appear to differ between men and women (Supplementary Table S4, cluster x = 2, y = −28, z = 64), AI, preSMA and MFG showed activities in negative correlation with ARSOC – ARRAN, primarily in men. Along with earlier discussion that men relative to women perhaps were more engaged in outward/other- directed processes when exposed to these stimuli, we speculate that disengagement from these emotion-regulatory processes may conduce to the accuracy in identifying socially vs. randomly interacting stimuli.



The Influences of Internalizing Traits on Behavioral Performance and Regional Responses

Participants in the HCP were evaluated with many clinical instruments and we focused on the Achenbach Self Report Scale, which covered a wide array of syndromal traits. Both men and women who showed higher internalizing traits were more accurate in identifying socially vs. randomly interacting stimuli, suggesting heightened sensitivity to social interactions. The internalizing subscore, which captured a realm of psychopathology, including anxiety and social withdrawal, was also significantly correlated with regional responses to ARSOC – ARRAN. These pair-wise correlations allowed us to perform a mediation analysis, which showed that activity of the PCL, in the somatomotor cortex, mediated the correlation between internalizing trait and ARSOC – ARRAN. Thus, individuals who were more socially withdrawn and anxious engaged to a greater extent the PCL in monitoring social interaction and more accurately identified social vs. random interacting stimuli. Note that, as PCL activity did not demonstrate sex differences in the correlation with performance, we did not test whether its mediating role may differ between men and women. More studies are clearly needed to investigate how internalizing traits may partake in social perception and cognition differently between the sexes.



CONCLUSION

A number of limitations need to be considered for the study. First, the use of geometric objects simulating social interaction had the advantage of controlling for the sex differences in processing facial emotions. On the other hand, despite the “causal nature” of the interactions, the simulated movements of geometric objects may not capture the very essence of social interactions without actually involving humans. A potentially useful alternative is to employ video clips of lights placed on actors’ limbs and joints so human motion and interaction can be clearly discerned yet without involving facial emotions. Secondly, the current findings pertain largely to passive observation of social interactions (i.e., other-related processing). It remains to be seen how men and women may differ in perceiving and evaluating social interactions that involve self-related processing and in the neural processes that underlie these more ubiquitous and important social interaction processes. Finally, multiple tests were conducted, and we corrected for the number of tests in evaluating the statistical significance of the findings within each set but not across sets of analyses.

To conclude, we demonstrated how men and women may differ in the perception of simulated social interactions and the cerebral responses that underlie these differences. Men were superior in accurately identifying social vs. random interactions, likely as a result of their predominantly other-directed psychological processes and “passivity” in observing the interactions. Nonetheless, for both men and women, those who engaged higher activity of the PCL were more accurate in identifying social interactions. The latter finding add to the literature implicating the PCL as a neural marker of dysfunctional social interaction in autism.
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coordinates (*) that were not clearly identified by the AAL. R: right; L: left; preSMA: presupplementary motor area. The sign of Z value shows the direction of correlation.
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Cerebellum_6_R 67 5.01 0.039 34 —54 —22
Insula_R 67 4.54 0.039 38 22 2

Brain regions were identified by reference to the Automated Anatomic Labeling Atlas (Tzourio-Mazoyer et al., 2002). p values are presented as mean + SD. We referred
to Duvernoy’s atlas (Duvernoy, 2009) for coordinates (*) that were not identified by the AAL. R: right; L: left; C: cortex; G: gyrus.
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Men (n = 464) Women (n = 505) p-Value* taor

Age, years 27.9+3.6 2954358 0.000 tos7 = —7.083
Education, years 148 +£1.9 15.0+1.9 0.084 toge7 = —1.731
ASR Intn Score 106 £9.2 10.6 £ 9.1 0.502 toss = —0.057
ARsoc, % 95.6 +£11.5 93.3 £ 13.0 0.001 toss = 2.832
ARgan, % 85.4 £19.0 86.2 + 19.1 0.567 toss = —0.640
ARsoc — ARgan, % 10.2 £20.6 7242238 0.020 toss = 2.181
RTsoc, ms 1073 + 306 1069 + 309 0.833 toss = 0.223
RTran, Mms 1062 + 331 1013 & 300 0.007 toss = 2.379
RTsoc — RTran, ms 11 +£ 342 56 + 333 0.019 tgss = —2.033

All values are mean + SD. *Two-sample t-test (for age and years of education) or covariance analysis with age and years of education as covariates (other variables). dof:
degree of freedom; ASR Intn Score: ASR Internalizing score; ARsoc/ARRran: the accuracy rate of social/random blocks; RTsoc/RTran: the reaction time of social/random
blocks. A total of 10 subjects (4 women) were short of RT and/or AR in the raw data of HCP; as a result, 959 subjects (501 women) were included in the RT and AR
statistics. ASR: Achenbach Adult Self Report.
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Region Cluster size (k) Peak voxel (Z) Cluster FWE p- value MNI coordinate (mm)

X Y z
All (N =959)
Parietal_Inf_L 157 4.59 0.000 —42 —42 42
Frontal_Inf_Tri_L 289 4.44 0.000 —50 26 20
Parietal_Inf_R 77 3.76 0.021 32 —48 54
Women (N = 501)
Frontal_Mid_L 87 4.46 0.009 —34 50 2
Parietal_Inf_L 177 4.45 0.000 —-32 —62 40
Supp_Motor_Area_L 136 418 0.001 —4 22 48
Frontal_Inf_Tri_L 167 412 0.000 —50 26 20

Brain regions were identified by reference to the Automated Anatomic Labeling Atlas (Tzourio-Mazoyer et al., 2002). R: right; L: left; preSMA: presupplementary motor
area. The sign of Z value shows the direction of correlation.
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