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Abstract

Background—Peer influences figure prominently in young adult binge drinking. Women have 

trended to show a level of alcohol use on par with men during the last decades. It would be of 

interest to investigate the neural processes of social cognition that may underlie binge drinking and 

the potential sex differences.

Methods—Here, we examined the data of the Human Connectome Project where we identified 

a total of 175 binge drinkers (125 men) and 285 non-binge drinkers (97 men) performing a social 

cognition task during brain imaging. We analyzed the imaging data with published routines and 

evaluated the results at a corrected threshold.

Results—Both male and female binge relative to non-binge drinkers showed higher perceived 

friendship. Binge relative to non-binge drinkers demonstrated diminished activations in the 

anterior medial orbitofrontal cortex (amOFC) during perception of social vs. random interaction, 

with a more prominent effect size in women. Further, whole-brain regression identified activity of 

the right posterior insula (rPI) in negative correlation with perceived friendship score in non-binge 

drinking women. Post-hoc analyses showed significant correlation of rPI activity with perceived 

friendship, amOFC activity, and a summary measure of alcohol use severity identified by principal 

component analysis, across all subjects. Mediation and path analysis demonstrated a significant 

model: amOFC activity → rPI activity → perceived friendship → severity of alcohol use.
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Conclusions—These findings support peer influences on binge drinking and suggest neural 

correlates that may relate altered social cognitive processing to alcohol misuse in young adults.
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1. Introduction

1.1 Perceived friendship and binge drinking

Binge drinking is frequently observed in young people and often associated with severe 

negative, potentially life-long consequences (Garcia et al., 2020; Powers et al., 2016; Stolle 

et al., 2009; Woo et al., 2017; Zullig et al., 2001). Binge drinkers demonstrate higher 

drinking motives and report more comorbid drug use (Yoo et al., 2020). Associated with 

both externalizing and internalizing personality traits (Adan et al., 2017), binge drinking 

in young adults is also significantly influenced by social experience with peers (Clapp and 

Shillington, 2001; Luk et al., 2019b).

Extensive evidence suggests that alcohol use behavior, including binge drinking, of 

adolescents and young adults is heavily influenced by peer's alcohol consumption (Angosta 

et al., 2019; Carpenter et al., 2019; Edwards et al., 2019; Htet et al., 2020; Luk et al., 

2019a; Moran et al., 2019; Morris et al., 2020; White et al., 2019; Willis et al., 2019). Social 

identification and expectations, norm perceptions, as well as conformity drinking motives 

were significantly associated with higher levels of alcohol consumption in college students 

(Davis et al., 2019; Laghi et al., 2019; Tarrant et al., 2019). In a longitudinal study of 

over 1,800 adolescents, having more substance-using peers elevated the risk of early-onset 

heavy drinking and developing alcohol use disorders (AUD) in early adulthood (Yuen et al., 

2020). Another longitudinal study reported that perceived peer alcohol use and individuals' 

heavy drinking frequencies changed concurrently over time from ages 18 to 29 (Kennedy et 

al., 2020). This influence was particularly prominent for individuals higher in the need to 

belong (Hamilton and Dehart, 2019). Peers and genetic risk factors may have independent 

influences on individuals' alcohol use (Smith et al., 2019). The influences of peers may carry 

on through development, with escalating peer substance use during adolescence predicting 

high substance use at age 25 (Kennedy et al., 2019). In fact, peer influences extend to other 

health-risking behavior beyond drug and alcohol use (Graupensperger et al., 2019). Research 

of peer influences has suggested venues in bettering interventional strategies to reduce early 

alcohol misuse and other risky behaviors (Lau-Barraco et al., 2019; Neighbors et al., 2019; 

Reboussin et al., 2019; Tabernero et al., 2019).

1.2 Sex differences in the influences of perceived friendship on binge drinking

Men and women are known to demonstrate differences in the clinical characteristics (Beck 

et al., 1995; Greenfield et al., 2010; Hensing and Spak, 2009; Schulte et al., 2009) as well 

as the risk factors and consequences of alcohol misuse (Nolen-Hoeksema, 2004). Numerous 

studies have aimed to characterize the biological and neural bases of these sex differences. 

For instance, women relative to men are more vulnerable to the influences of negative 

affect and stress in the pathophysiology of alcohol misuse (Walitzer and Dearing, 2006). 
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As men and women engage distinct neural circuits in affective processing (Shirao et al., 

2005; Stevens and Hamann, 2012), they likely demonstrate differences in peer influences 

on binge drinking. A previous study reported that adolescent girls were susceptible to peer 

influences on alcohol use to a greater extent and at an earlier age than boys (Boyd et al., 

2018). Relative to boys, girls were more sensitive to peers’ pressure as a risk factor for 

adolescent binge drinking (Dir et al., 2017). In contrast, another work found that the social 

reinforcement from peers was greater for men than for women in contributing to alcohol 

misuse (Borsari and Carey, 2006). Other studies reported that sex did not modulate the 

influences of perceived peer norms on alcohol use (Graupensperger et al., 2020; Weybright 

et al., 2019). Demographic and clinical heterogeneity of the participants as well as how peer 

influences were assessed may have contributed to the discrepancy in findings, and more 

studies are clearly needed to address this issue.

1.3 Imaging the neural correlates of binge drinking

Investigators have combined brain imaging and behavioral tasks to understand the neural 

bases of binge drinking, with a focus on working memory and association learning 

(Campanella et al., 2013; Schweinsburg et al., 2010; Squeglia et al., 2012; Squeglia et 

al., 2011), impulse control and reward-related decision making (Ahmadi et al., 2013; Ames 

et al., 2014; Cservenka et al., 2015; Herman et al., 2019; Jones et al., 2016; Worbe et al., 

2014; Xiao et al., 2013), cue reactivity (Petit et al., 2014; Petit et al., 2012; Petit et al., 2013; 

Watson et al., 2016), as well as stress response (Blaine et al., 2019; Hagan et al., 2019). In 

contrast, few studies have investigated the neural correlates of social emotions or perceived 

social interaction in relation to binge drinking. A recent study of brain responses to the 

perspective of self vs. other experiencing pain showed that whereas non-binge drinkers 

engaged areas supporting self to other distinction, binge drinkers do not, suggesting a role of 

altered empathy in the development of AUD (Rae et al., 2020). Some meta-analyses focused 

on deficits in social cognition in individuals with AUD, who demonstrated impairment in 

facial emotion recognition and theory of mind that could leave one vulnerable to social 

cues (Bora and Zorlu, 2017; Onuoha et al., 2016). This suggests a need to examine the 

neural correlates of social perception and social emotional processing in binge drinkers. 

In particular, it remains to be investigated whether men and women engage distinct neural 

processes interrelating social cognition and binge drinking.

1.4 The present study

We aimed to address these issues using the data set of the Human Connectome Project 

(HCP). The HCP comprised imaging data collected of a social cognition task from young 

male and female adults. The social cognition task required individuals to identify “socially” 

vs. randomly interacting objects. In a recent study we showed responses to perception of 

social interaction in a wide swath of cortical and subcortical regions critical for social 

emotional processing and decision making in the social cognition task (Li et al., 2020a). 

Earlier studies suggested that friendship clique significantly predicted individual body image 

concern and eating behavior (Hutchinson and Rapee, 2007; Paxton et al., 1999) as well as 

smoking and alcohol use (Huang et al., 2014). Friendship networks and perceived popularity 

represented important correlates of adolescent alcohol use (Fujimoto and Valente, 2015). 

Thus, we posited that perceived friendship, as evaluated by the NIH Emotion Toolbox in the 
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HCP (see Methods), reflect an important aspect of peer influences that contribute to alcohol 

misuse. We hypothesized that binge as compared to non-binge drinkers demonstrated higher 

perceived friendship and differences in regional activation to social perception. To this end 

we performed group (bingers vs. non-bingers) by sex analyses of variance on clinical, 

behavioral and imaging data and linear regression on imaging data to identify the correlates 

of perceived friendship. We examined how these neural processes differed between men 

and women and performed mediation and path analyses to examine the inter-relationship 

between the neural correlates, perceived friendship, and the severity of alcohol use.

2. Materials and Methods

2.1 Dataset and demographics

For the current study, we have obtained permission from the HCP (Van Essen et al., 2012) to 

use both the Open and Restricted Access data. As in our previous work (Li et al., 2020a; Li 

et al., 2020b, c), we employed the 1200 Subjects Release (S1200) data, including behavioral 

and 3T MR imaging data of 1206 healthy young adult participants (1113 with structural MR 

scans) collected from 2012 to 2015. Binge drinking was defined as having ≥ 4/5 drinks for 

women/men on a single day (Wechsler et al., 1994). The binge drinking group comprised 

175 adults who reported binge drinking at least once a week for the last 12 months (125 

men, 71.4%) (Gowin et al., 2020). A total of 311 adults reported no binge drinking in the 

prior year. However, 26 of the 311 met criteria for life-time alcohol abuse or dependence 

and were excluded, leaving 285 adults (97 men, 34.0%) in the non-binge drinking group. 

Thus, the data of a total of 460 adults (222 men; 22-36 with mean ± SD = 27.7 ± 3.6 

years; 238 women, 22-36 or 29.8 ± 3.6 years) were included in this study, with more men 

than women in the binge drinking group (x2 = 60.72, p < 0.001, chi-square test). Analysis 

of variance (ANOVA) showed a significant group (F(1,459) = 10.15, p = 0.002) and sex 

(F(1,459) = 14.43, p < 0.001) main as well as group × sex interaction (F(1,459) = 9.25, p = 

0.002) effect in age. Thus, age was included as a covariate in all subsequent analyses. All 

subjects were physically healthy with no severe neurodevelopmental, neuropsychiatric or 

neurological disorders. All aspects of the study, including subject recruitment, experimental 

procedures, and informed consent, including consent to share de-identified data, were 

conducted according to a protocol in accordance with the Declaration of Helsinki and 

approved by the Washington University Institutional Review Board (IRB #201204036; title: 

“Mapping the Human Connectome: Structure, Function and Heritability”).

2.1 Behavioral and clinical measures

The HCP data comprised 13 inter-related drinking metrics to assess the severity of alcohol 

use. We performed a principal component analysis on the 13 measures and, as expected, 

identified one principal component (PC1) with an eigenvalue > 1 and accounting for 65.43% 

of the variance. Note that six of the 13 measures were reversed score so a higher PC1 weight 

indicated greater severity of drinking. Supplementary Table S1 shows the mean ± SD of 

the 13 drinking measures and PC1 as well as the statistics of group x sex ANOVA. All 

participants were evaluated with the NIH-Toolbox Emotion Measures – 18+ (i.e., > 18 years 

old) battery – which consists of 4 sub-domains: negative affect, psychological well-being, 

stress and self-efficacy, and social relationships. Perceived friendship, characterized by 
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self-reported perceptions of the availability of friends or companions with whom to interact 

or affiliate, is within the social relationships sub-domain. There are 8 items in Friendship 

subscale (Supplementary Methods) each scored from 1 (never feel the friendship) to 5 

(always feel the friendship), so the score sums from 8 to 40, with a higher score indicating 

higher perceived friendship. All analyses of NIH Toolbox Emotion measures are to be 

conducted with T-scores, which are standard scores in which a T-score of 50 represents 

the mean of the US general population (based on the 2010 Census) and 10 T-score units 

represents one standard deviation. The Friendship T score ranged from 16.5 to 67.1 for the 

current sample.

We performed a group by sex ANOVA of the friendship score with age as a covariate.

2.2 Imaging protocol and social cognition task for fMRI

Detailed in previous studies (Li et al., 2020a; Li et al., 2020b, c), imaging protocols are 

described in the Supplementary Methods.

Participants completed two runs of a social cognition task each with 5 blocks (~3 m and 

27 s each run). The task engaged robust activation of brain regions associated with social 

cognition (Castelli et al., 2000; Wheatley et al., 2007). The first run contained 2 social and 

3 random blocks in a fixed order: social – random – random – social – random; the second 

run contained 3 social and 2 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 were taken 

into account each other’s feelings and thoughts), not sure, or no interaction (i.e. movement 

appearing random).

We performed a group by sex ANOVA of the difference in accuracy rate (ARSOC-RAN) and 

reaction time (RTSOC-RAN) between the social and random interaction blocks, with age as 

a covariate. We also performed a linear regression of ARSOC-RAN and RTSOC-RAN each 

against the friendship score for all subjects and for male binger, male non-binger, female 

binger and female non-binger group separately, all with age as a covariate.

2.3 Imaging data modeling and statistics

We followed published routines (Wang et al., 2020; Zhang et al., 2019; Zhornitsky, S. et al., 

2019) in data preprocessing, as also described in Supplementary Methods.

We modeled the BOLD signals to identify regional responses. Briefly, a statistical analytical 

block design was constructed for each individual subject, using a general linear model 

(GLM) by convolving the canonical hemodynamic response function (HRF) with a boxcar 

function in SPM. Realignment parameters in all six dimensions were entered in the model as 

covariates.
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We constructed for each individual subject the statistical contrast “social vs. random.” 

In group analyses, we conducted a full factorial two-way (men vs. women × binger vs. 

non-binger) ANOVA of the contrast with age as a covariate. We also performed a voxel-wise 

regression against the perceived friendship scores for all subjects and for each of the four 

groups of subjects separately with age as a covariate. We evaluated the results at voxel 

p < 0.001, uncorrected, in combination with 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. We identified brain regions using the Data Processing & Analysis of 

Brain Imaging toolbox (DPABI) (Yan et al., 2016) and an atlas (Duvernoy, 2009), if the peak 

was not identified by the DPABI.

Functional regions of interest (ROIs) were defined based on clusters obtained from whole

brain analysis. In ROI analysis, we used MarsBar (http://marsbar.sourceforge.net/) to derive 

for each individual subject the activity (β’s averaged across voxels) for the ROIs.

2.4 Mediation and path analyses

We performed mediation analyses following published routines (MacKinnon et al., 2007; 

Wager et al., 2008), as detailed in the Supplementary Methods and our previous work 

(Hu et al., 2018; Ide et al., 2017; Le et al., 2020; Le et al., 2019; Wang et al., 2020; 

Zhornitsky, Simon. et al., 2019), to evaluate the relationships between neural markers, 

perceived friendship and a summary measure of alcohol use severity across all subjects (see 

Results).

Following up on mediation analysis and the findings of a significant correlation between 

amOFC and rPI activity (see Results), we performed path analyses (Supplementary 

Methods) to examine the inter-relationship between amOFC and rPI activity, perceived 

friendship and alcohol use severity.

3. Results

3.1 Clinical and behavioral measures

Perceived friendship score showed a significant group main (F(1,459) = 32.66, p < 0.001) but 

not a sex main (F(1,459) = 0.91, p = 0.341) or group by sex interaction (F(1,459)= 0.421, p 
= 0.517) effect (Figure 1A). Perceived friendship score was higher in both male and female 

binge as compared to non-binge drinkers. Supplementary Table S2 shows the results of 

ANOVA on other measures from the NIH Emotional Toolbox.

We computed individual accuracy rate (AR) and reaction time (RT) during identification of 

social vs. random interaction in the social cognition task. The results of ANOVA showed 

no significant group main (F(1,459) = 0.33, p = 0.564) or sex main (F(1,459) = 0.33, p = 

0.566) or group by sex interaction (F(1,459) = 0.09, p = 0.760) effect in RTSOC-RTRAN. 

ARSOC-ARRAN also showed no significant group main (F(1,459) = 0.10, p = 0.753) or sex 

main (F(1,459)= 0.82, p = 0.366) or group by sex interaction (F(1,459) = 0.02, p = 0.890) effect 

(Figure 1B, 1C).
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The severity of alcohol use, as indexed by the PC1, showed a significant group main 

(F(1,459) = 1584.49, p < 0.001), sex main (F(1,459) = 17.42, p < 0.001) and group by 

sex interaction (F(1,459) = 17.85, p < 0.001) effect (Figure 1D). Bingers showed higher 

PC1 than non-bingers and men showed higher PC1 then women, with a more significant 

binger vs. non-binger group difference in men than in women. Further, PC1 was correlated 

with perceived friendship across all subjects (r=0.251, p=0.000) as well as men (r=0.312, 

p=0.000) and women (r=0.192, p=0.003) separately. A slope test did not show a significant 

difference in slope of the regressions between men and women (Z=1.33 p=0.184).

In linear correlations with age as a covariate, friendship score was not correlated with 

RTSOC-RTRAN (r = −0.045, p = 0.332) or ARSOC-ARRAN (r = −0.005, p = 0.918) across all 

subjects or for any of the four individual groups (all p’s > 0.221). Likewise, PC1 was not 

correlated with RTSOC-RTRAN (r = −0.038, p = 0.413) or ARSOC-ARRAN (r = −0.009, p = 

0.847) across all subjects or for any of the four individual groups (all p’s > 0.098).

3.2 Brain activations in the social cognition task

In the social cognition task, the anterior medial orbitofrontal cortex (amOFC; x = 2, y = 

50, z = −10; peak voxel Z value = 4.84, volume = 768 mm3) showed higher response to 

“social – random” in non-binger vs. binger in whole-brain analysis. No clusters showed a 

significant group by sex interaction effect. Simple effects analyses showed that this group 

difference was carried mostly by women, who showed higher response to amOFC (0, 50, 

−8; Z = 4.11, 888 mm3) as well as the left ventral precuneus (vPCu; −8, −58, 24; Z = 

4.03, 576 mm3) in non-bingers vs. bingers. No clusters showed significant differences in 

male binger vs. non-binger in whole-brain analyses. The contrast maps are shown in Figure 

2A and 2B. Figure 2C shows the mean ± SE of the β contrasts for the amOFC and vPCu 

clusters identified from women for each of the four individual groups. We followed up with 

an ANOVA of the β contrasts with age as a covariate. The results showed that, for both 

clusters, non-binger relative to binger and men relative to women showed higher activation 

during perception of social vs. random interaction and, compared to men, women showed 

significantly lower activity in the binger than non-binger group (Supplementary Table S3).

For each individual cluster we also performed a linear regression of the β contrast against 

the friendship score for the group from which the ROIs were identified. None of the 

correlations were significant (all p’s > 0.089).

3.3 Neural correlates of perceived friendship in the social cognition task

We performed whole-brain linear regression of the contrast “social – random” against 

perceived friendship score for the entire sample and for each of the four individual groups 

separately. At voxel p < 0.001, uncorrected in combination with a cluster p < 0.05 FWE 

corrected, only non-binger women yielded a significant cluster in the right posterior insula 

(rPI; 36, −12, 8, Z = 4.85, 472 mm3, Figure 3A). We extracted the β estimate of the 

rPI for all individual subjects and confirmed with slope tests that the correlation of the 

β contrast with perceived friendship score was significantly different between binger and 

non-binger women (z = 2.00, p = 0.0455; Figure 3B) and between non-binger women and 

non-binger men (z = −3.33, p = 0.0009; Figure 3C). We summarize the statistics of the 
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correlation between the β estimate of the rPI and perceived friendship score for each group 

in Supplementary Table S4. Across all subjects, the β estimate of the rPI and perceived 

friendship score was significantly correlated (r= −0.192, p < 0.001).

Preclinical studies have suggested the amOFC and posterior insula as the hedonic “hotspots” 

of the brain (Castro and Berridge, 2017). Thus, we performed a linear regression of amOFC 

and rPI activities during perception of social interaction across all subjects, with age as a 

covariate. The results showed that across all subjects, amOFC and rPI activities (β estimates) 

were significantly correlated (r = 0.236, p < 0.001).

3.4 The inter-relationship of rPI activity, perceived friendship, and severity of alcohol use

As described in the Methods, a principal component analysis of the 13 drinking measures of 

the HCP identified a single factor (PC1) indexing alcohol use severity. Across all subjects, 

individual weight of the PC1 was positively correlated with the friendship score (r = 0.251, 

p < 0.001) and negatively with the effect size of the rPI (r = −0.095, p = 0.041) with age 

as covariate. Thus, we performed a mediation analysis to examine the inter-relationship 

between PC1, friendship score, and the effect size of the rPI during identification of 

social interaction, with age as a covariate. We considered all six possible models and only 

one model (rPI β estimate → perceived friendship → severity of alcohol use) showed 

a significant (and complete) mediation. The six models and the statistics are shown in 

Supplementary Table S5.

Further, because amOFC and rPI activities were correlated and previous studies have 

suggested amOFC regulation of rPI activity (see Discussion), we performed a path analysis 

to examine whether the model amOFC β → rPI β → perceived friendship → severity of 

alcohol use demonstrated a significant statistical fit. The results showed that, whether age 

alone or both age and sex were included as covariates, the model demonstrated a significant 

fit as well as better fit as compared to other models. Figure 4 shows the best model (fit 

indices: RMSEA = 0.031 [90% CI: 0.000 0.077], χ2/df = 1.43, SRMR = 0.031, and CFI 

= 0.976). The other models and fit statistics are shown in Supplementary Figure S1 and 

Supplementary Table S6.

4. Discussion

Young adult binge as compared to non-binge drinkers demonstrated significantly higher 

perceived friendship as evaluated by the NIH Emotion Toolbox. This difference was 

observed for both men and women. Binge relative non-binge drinkers showed diminished 

responses in the amOFC and vPCu during perception of social vs. random interactions, with 

a more significant effect in women. The mOFC and vPCu are both involved in processing 

social interactions and rewards; diminished regional activities may suggest dysfunctional 

social emotional processing in binge drinkers. Further, the rPI showed a significant negative 

correlation in regional responses to social perception with perceived friendship and severity 

of alcohol use. The PI supports processing of somatosensory and interoceptive information. 

Mediation and path analyses characterized the inter-relationship between amOFC and rPI 

activity, perceived friendship and the severity of alcohol use. We discuss the main findings in 

the below.
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4.1 Binge drinking and regional responses to social vs. random interactions

Despite no differences in behavioral performance, bingers as compared with non-bingers 

showed lower activation to the perception of social vs. random interactions in the amOFC 

and vPCu, in the social cognition task. A number of studies have implicated the mOFC in 

social emotional processing. Lesions of the OFC compromised the ability to empathize and 

interact socially (Rudebeck and Rich, 2018). Young healthy adults showed activations in the 

mOFC watching video clips of social vs. non-social interactions (Mainieri et al., 2013). The 

amOFC is involved in mediating social touch (hand-holding)-induced analgesia in women 

(López-Solà et al., 2019). The mOFC mediated the effects of social support on the reduction 

of thalamus and amygdala responses to negative emotions (Mulej Bratec et al., 2020). 

The mOFC responded to motivated behavior directed to benefit not only oneself but also in

group and out-group others (Bortolini et al., 2017). Notably, in a previous meta-analysis of 

imaging studies of emotional processing, we demonstrated that the amOFC was particularly 

involved in processing positive emotions (Yang et al., 2020). Thus, whereas binge drinking 

individuals reported higher perceived friendship, they paradoxically demonstrated less 

activation of the amOFC and perhaps positive emotions during identification of socially vs. 

randomly interacting stimuli, as compared to non-binge drinking individuals. The mOFC 

was also implicated in reward-based decision-making (Chau et al., 2018). Diminished 

activation of the mOFC may broadly suggest dysfunctional social reward processing in 

binge drinkers.

Densely inter-connected with the mOFC (Cavada et al., 2000), the precuneus (PCu) has 

also been implicated in social judgment and valuation. The PCu and mOFC were activated 

concurrently when people made judgments that required understanding whether to act out 

of empathy and forgiveness (Farrow et al., 2001). In a behavioral task to quantify the 

motivation for seeking social rewards, the mOFC and PCu were engaged when participants 

chose social vs. object reward (Dubey et al., 2020). Further, the vPCu appeared to support 

the extent of behavioral engagement in a cognitive task (Zhang and Li, 2010; Zhang and Li, 

2012). Binge as compared to non-binge drinkers, particularly in women, would seem to be 

less engaged and rewarded in the process of identifying social interaction.

4.2 Perceived friendship and the posterior insula

Both male and female bingers perceived more friendship than non-bingers, in accordance 

with earlier findings (Boman et al., 2013; Tinajero et al., 2019). In examining the neural 

correlates of individual variation, we observed activities of the rPI in negative correlation 

with perceived friendship in non-binging women. The insula is heavily involved in socio

emotional processing, as demonstrated in behavioral paradigms that engage emotional 

experience, empathy, and social cognition (Boucher et al., 2015; Burleson and Quigley, 

2019; Cheng et al., 2020; Dal Monte et al., 2013; Fan et al., 2011; Pugnaghi et al., 

2011; Uddin et al., 2017; Wang et al., 2019). The PI has also been implicated in the 

pathophysiology of mental disorders involving social emotional dysfunction (Francis et al., 

2019; Turel et al., 2018).

Importantly, although rPI activity in relation to perceived friendship did not reveal in 

whole-brain regression analysis, the rPI activity was significantly correlated with a summary 
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measure of the severity of alcohol use, as shown by the PCA of drinking metrics, across 

all subjects. This allowed us to perform a mediation analysis and establish a directional 

relationship between rPI activity, perceived friendship and drinking severity. That is, 

diminished rPI activity contributed to higher perceived friendship which, in turn, led to 

greater severity of alcohol use.

4.3 Potential roles of amOFC and rPi in perceived friendship and alcohol use

Both preclinical and human studies support the interaction of mOFC and PI in social 

emotional and reward processing. In rats, neurons both in the OFC and the insula tracked 

sucrose intensity and those in the OFC responded to movement decision for consummation 

in the discrimination task (Fonseca et al., 2018). In rodents, opioid/orexin stimulations of 

the mOFC and PI enhanced the hedonic impact of sucrose taste and elevated Fos expression 

throughout the reward circuits (Castro and Berridge, 2017). In humans, when affective 

vocalizations were heard, the amOFC supported emotional control through functional 

connectivity with the PI (Koch et al., 2020), consistent with concerted roles of the OFC 

and PI in social emotional processing (Britton et al., 2006).

More broadly, interactions of the OFC and PI have been implicated in physiological 

responses central to social emotions and a number of psychopathologies involving altered 

social and emotional processing. For instance, higher functional connectivity between the 

insula and OFC were associated with interoceptive accuracy in a heartbeat counting task 

(Chong et al., 2017). Reduced OFC response and higher OFC-PI connectivity during loss 

in a gambling task was associated with depression in adolescents (Jin et al., 2017). In 

morphometric studies thicker PI and OFC were each associated with disease duration and 

pain severity in women with irritable bowel syndrome (Piché et al., 2013).

Thus, the findings of a significant correlation between amOFC and rPI activities during 

identification of social interaction was consistent with this literature. Further, we showed 

in path analysis the directional relationship between amOFC and rPI activity during social 

cognition, perceived friendship, and the severity of alcohol use. As described earlier, the 

amOFC and rPI appeared to play a distinct role in processing positive emotions (Harrison 

et al., 2017; Myers-Schulz and Koenigs, 2012; Yang et al., 2020) and social emotions 

(Burleson and Quigley, 2019; Cheng et al., 2020; Wang et al., 2019). These findings suggest 

that a less than positive emotional state during identification of social interaction may 

represent a marker of inter-subject variation in perceived friendship and heavier alcohol use.

4.4 Limitations of the study and conclusions

A few limitations need to be considered for the study. Although we identified regional 

activations that may reflect differences in social emotional processing between binge and 

non-binge drinkers, these activities did not appear to relate to perceived friendship in linear 

regressions. Thus, we were not able to investigate whether these processes mediate the 

influences of perceived friendship on alcohol misuse. It is probable that, with geometric 

objects simulating social interaction, the social cognition task of the HCP does not capture 

social emotions as experienced during human interactions. More studies clearly are needed 

to investigate this issue further. Secondly, we discussed the psychological relevance of 
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amOFC and rPI co-activation. However, these propositions need to be tested directly, 

perhaps with behavioral paradigms involving not only genuine human interaction but also 

allowing a contrast between positive and negative interaction. Finally, the sample comprised 

more bingers in men and more non-bingers in women and, although we have examined sex 

differences specifically for the findings revealed in men or women alone, it remains unclear 

how this asymmetry in group representation may have influenced the results.

In conclusion, we replicated previous findings that perceived friendship is strongly 

associated with binge drinking and the severity of alcohol use in young adults. We showed 

that this is true for both men and women. For bingeing relative to non-bingeing individuals 

(women in particular), perception of social interaction in a simulated social task engaged 

less activity of the amOFC, a region central to processing social and positive emotions. 

The amOFC may influence rPI activity and, in turn, perceived friendship and alcohol use 

severity. Future studies with a more realistic paradigm of human interaction are needed 

to confirm this finding and to explore how perceive friendship and other peer influences 

contribute to alcohol misuse in young adults.
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Highlights

• Binge relative to non-binge drinkers showed higher perceived friendship.

• Binge drinkers showed diminished mOFC activations during social 

perception.

• MOFC and rPI responses influence drinking severity via perceived friendship.

• More research can examine other dimensions of peer influences on drinking.
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Figure 1. 
Clinical and behavioral measures of men binger (MB), men non-binger (MnB), women 

binger (WB), and women non-binger (WnB): (A) Friendship score; (B) Difference in 

accuracy rate between social and random blocks or ARSOC-ARRAN; (C) Difference in 

reaction time between social and random blocks or RTSOC-RTRAN; and (D) Severity of 

alcohol use as quantified by the weight of the first principal component (PC1) of PCA of 

all 13 drinking measures. Correlation of drinking PC1 with perceived friendship scores (E) 

across all subjects and (F) for men and women separately. Note that residuals are plotted 

here with age accounted for in the regressions. Histograms show mean ± SE. **p ≤ 0.001.
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Figure 2. 
Regional brain activations to the contrast “social – random” in the social perception task. (A) 

binger vs. non-binger; (B) women binger vs. non-binger. Voxel p < 0.001 in combination 

with a cluster p < 0.05 FWE corrected. Color bars show voxel t values; cool: non-binger 

> binger. Clusters are overlaid on a T1 structural image in neurological orientation: right = 

right. The inset shows a mid-sagittal section to highlight the clusters. (C) The β contrast of 

“social – random” (mean ± SE) of the amOFC and vPCu cluster identified in women shown 

separately for the four groups. ** p < 0.001.
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Figure 3. 
(A) Linear regression of the contrast “social – random” against perceived friendship score 

identified a cluster in the right posterior insula (rPI) in negative correlation for women 

non-binger (WnB). Voxel p < 0.001, uncorrected in combination with a cluster p < 0.05 

FWE corrected. Color bars show voxel t values; cool: negative correlation. Clusters are 

overlaid on a T1 structural image in neurological orientation: right=right. We performed 

slope tests to examine the difference in the regression between (B) women binger (WB, dark 

green) and WnB (light green) and between (C) WnB and men non-binger (MnB, light blue). 

Both showed a significant difference in slope. Note that residuals are plotted here with age 

accounted for in the regressions.
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Figure 4. 
Path model to show the inter-relationship of amOFC and rPI activity, perceived friendship 

and severity of drinking. The other models and fit statistics are shown in Supplementary 

Figure S1 and Supplementary Table S6.
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