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A core feature of autism is difficulties with social interaction. Atypical social motivation is 

proposed to underlie these difficulties. However, prior work testing this hypothesis has shown 

mixed support and has been limited in its ability to understand real-world social-interactive 

processes in autism. We attempted to address these limitations by scanning neurotypical and 

autistic youth (n = 86) during a text-based reciprocal social interaction that mimics a “live” chat 

and elicits social reward processes. We focused on task-evoked functional connectivity (FC) of 

regions responsible for motivational-reward and mentalizing processes within the broader social 

reward circuitry. We found that task-evoked FC between these regions was significantly 

modulated by social interaction and receipt of social-interactive reward. Compared to 

neurotypical peers, autistic youth showed significantly greater task-evoked connectivity of core 

regions in the mentalizing network (e.g., posterior superior temporal sulcus) and the amygdala, a 

key node in the reward network. Furthermore, across groups, the connectivity strength between 

these mentalizing and reward regions was negatively correlated with self-reported social 

motivation and social reward during the scanner task. Our results highlight an important role of 

FC within the broader social reward circuitry for social-interactive reward. Specifically, greater 

context-dependent FC (i.e., differences between social engagement and non-social engagement) 

may indicate an increased “neural effort” during social reward and relate to differences in social 

motivation within autistic and neurotypical populations. 
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1. Introduction 

Humans are inherently social creatures, relying on social interactions to survive and thrive, 

interactions that can be highly rewarding (Krach et al., 2010). Difficulty with social interactions 

is a central challenge and core diagnostic criterion for multiple psychiatric conditions, including 

autism (AUT, American Psychiatric Association, 2022). One controversial hypothesis is that 

these social challenges are due to differences in social motivation and social reward processing 

(Chevallier, Kohls, Troiani, Brodkin, & Schultz, 2012, but see Jaswal & Akhtar, 2018) and that 

these difficulties with social interaction may also be associated with an atypical neural circuitry 

(Clements et al., 2018). Thus, determining whether and how the neural substrates of social 

reward differ in typical and atypical development is critical to understanding the mechanisms 

underlying challenges in social interaction.  

Numerous neuroimaging studies have examined the neural correlates of social reward 

processing, which involves the integration of regions within two networks (Ruff and Fehr, 2014). 

The first one is an overlapping cortical-basal-ganglia circuitry responsible for processing both 

monetary and social rewards (Huang et al., 2013). This shared motivational-reward network 

includes the striatum, orbitofrontal cortex, anterior cingulate cortex, and bilateral amygdala, 

supporting the idea of a “common neural currency” theory for reward processing (Montague and 

Berns, 2002; Wake and Izuma, 2017). Unlike monetary rewards, social reward processing in 

neurotypical (NT) participants also engages a broader social-cognitive network (Ruff and Fehr, 

2014), including the temporoparietal junction, medial prefrontal cortex, superior temporal sulcus, 

and temporal pole, which we refer to here as the “mentalizing network.” The mentalizing 

network is associated with representing others’ mental states and is considered critical for 
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efficient social interactions (Schurz et al., 2014). These two networks also tend to co-activate 

during social interaction (Alkire et al., 2018; Redcay and Schilbach, 2019; Xiao et al., 2022).  

Despite theoretical arguments that atypical social reward circuitry may contribute to atypical 

social interactions in autism, empirical support is mixed. A recent meta-analysis surveying 

activation studies found that only a little more than half of the studies investigating social reward 

processing in autism (15 out of 27) showed atypical behavioral and/or physiological responses 

(Bottini, 2018).  

Several factors may give rise to conflicting findings on the neural substrates of social reward 

processing in autism. One such factor is the heterogeneity among autistic (AUT) individualsa, 

including the level and display of social motivation (Wing, 1997). While autistic individuals 

often behave and express themselves in idiosyncratic ways, these behaviors do not necessarily 

indicate differences in motivation or desire for social connection (Jaswal and Akhtar, 2018). 

Some atypical behaviors interpreted as social disinterest could have alternative explanations 

unrelated to social motivation, such as anxiety and self-regulation difficulties (Kapp et al., 2011). 

Many autistic individuals also report high levels of loneliness and often long for friendship 

(Mazurek, 2014) – something that would be inconsistent with a “deficit” in social motivation. 

Thus, it is important to consider variability in subjective experiences of differences in social 

motivation and reward.  

Another reason for prior mixed findings may be that the experimental paradigms used to study 

social reward often use non-interactive contexts. For example, a photo of a stranger’s smiling 

face is often used as a social reward. This lack of ecological validity is problematic (Redcay and 

 
a We acknowledge preferences for different languages used when referring to autism. Due to a reported preference for identity-

first language among a majority of autistic individuals and caregivers, we use that in this article. 
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Warnell, 2018) as recent studies have emphasized how participation in social interaction (as 

opposed to mere observation) alters the underlying cognitive and neural processing (Redcay and 

Schilbach, 2019; Schilbach et al., 2013). Therefore, researchers have increasingly advocated for 

assessing neural processes of social interaction by embedding the brain in a perceived live 

interactive setting (Redcay and Warnell, 2018), which may be critical to eliciting core social 

processing differences in autism (Rolison et al., 2015).  

Relatedly, a potential methodological limitation of past work comes from their analytic 

approach. While past neuroimaging studies predominately focused on regional activation 

patterns to study social interaction and social reward, more recent studies have begun to 

investigate the brain’s functional coupling pattern using functional connectivity (FC), which is 

thought to reflect the brain’s interregional communication (van den Heuvel and Hulshoff Pol, 

2010). Such studies have produced mixed findings on the neural signature of autism, with some 

reporting weaker connectivity in AUT compared to NT (“hypoconnectivity” in autism), others 

reporting greater connectivity in AUT (“hyperconnectivity”), and some claiming a combination 

of both (Hull et al., 2017). A few recent studies have begun to investigate how FC changes 

across cognitive states in AUT (e.g., Sridhar et al., 2021), termed as FC reconfiguration (for 

example, task-evoked conditions vs. null-task-demand conditions), as low FC reconfiguration 

may indicate that FC architecture easily adapts to task processing without significant ‘neural 

effort’ (Schultz & Cole, 2016). Moreover, while previous literature highlighted the critical role 

of the motivational-reward network and the mentalizing network for social reward processing, 

the interplay between the two has rarely been systematically investigated.  

To address these gaps, we examined how the brain’s FC supports reward processing and social 

interaction, focusing on key brain regions within the social reward circuitry. Our experimental 
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paradigm involved a “live” chat room, where neurotypical and autistic youth between middle 

childhood and early adolescence shared self-relevant information and received engaged 

responses from a peer or computer. This specific age range corresponds with considerable 

changes in youths’ social competencies and interpersonal relationships (Lam et al., 2014), 

offering a valuable window to understand underlying neural circuitry (Merchant et al., 2022). We 

hypothesized that connectivity patterns of the mentalizing and the motivational-reward network 

would be differentially modulated by social-interactive context and that the AUT group would 

show different connectivity patterns from the NT group. We further examined whether these 

differences can be accounted for by the heterogeneity of subjective experiences in social 

motivation and reward.  

2 Method 

2.1 Participants  

Neurotypical participants were recruited using a database of families in the nearby metropolitan 

area and word of mouth. Autistic participants were recruited through local organizations, 

professional settings, listservs, and social media groups related to autism as well as word of 

mouth. Sixty-two autistic youth and ninety-nine neurotypical youth aged 7-14 years were 

recruited. The final sample (n = 86, see Appendix S1 for detailed inclusion criteria) included 43 

autistic and 43 neurotypical youth, matched in age, gender, full-scale IQ, and in-scanner motion 

(Table 1). All procedures were approved by the Institutional Review Board of the University of 

Maryland, and parents and youth provided informed consent and assent. 

2.2 Experimental design 

Youth participated in a real-time social interactive experiment designed to probe social reward 

systems (McNaughton et al., 2023; Warnell et al., 2018). As shown in Fig. 1, the participant 
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engaged in a text-based ‘chat’ with an age- and gender-matched peer (who was actually 

simulated) by answering yes or no questions about themselves (e.g., “I play soccer”) followed by 

an engaged or disengaged response from the peer. They also completed computer trials, in which 

they shared information with the computer (for details, see Appendix S2).  

[Figure 1 goes here] 

Here, we focused on four types of reply events: Peer Engagement (PE), Peer Non-engagement 

(PN), Computer Engagement (CE), and Computer Non-engagement (CN), each with six trials 

per condition per run. The experiment was repeated over four runs, and each run lasted for 

approximately 6.2 mins. We included participants with three or more usable runs (n = 15 with 3 

runs and n = 71 with 4 runs).  

2.3 Post-scan interview  

Immediately following the MRI scan, we conducted a verbal interview assessing how much the 

participants enjoyed interacting with the computer and peer on a 5-point Likert scale. Two post-

scan enjoyment scores were used in this study, including a social motivation score (the 

difference between how much they wanted to see the answer from the peer vs. from the 

computer) and a social reward score (how much they liked chatting with the peer vs. computer; 

see Appendix S3 for details). We also assessed the participants’ belief in the live illusion by 

asking them if there was anything else they wanted to tell us. Seventeen participants who 

expressed disbelief were excluded from further analysis.  

2.4 Image acquisition  

The fMRI data were collected using a single Siemens 3T scanner 32-channel head coil at the 

Maryland Neuroimaging Center (MAGNETOM Trio Tim System, Siemens Medical Solutions). 
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The scanning protocol consists of four functional runs (T2* weighted gradient echo-planar 

images; 40 interleaved axial slices; voxel size = 3.0 × 3.0 × 3.0 mm; repetition time = 2200 ms; 

echo time = 24 ms; flip angle = 78°; pixel matrix = 64 × 64), and one T1-weighted structural 

scan (176 sagittal slices, voxel size = 1.0 × 1.0 × 1.0 mm; repetition time = 1900 ms; echo time = 

2.52 ms; flip angle = 9°; pixel matrix = 256 × 256). 

2.5 fMRI data analysis  

2.5.1 Region of interests  

Since our study primarily focuses on reward, we chose three a priori seed regions in the 

motivational-reward network, i.e., the bilateral amygdala, nucleus accumbens (NAcc), and 

ventral caudate (Fig. 2A). The amygdala was anatomically defined in Harvard-Oxford 

subcortical structural probability atlas in FSL, while NAcc and ventral caudate were described in 

a previous FC-based study (Di Martino et al., 2011). These regions were chosen given their 

contribution to social reward processing in autistic (Kohls et al., 2013b) and neurotypical youth 

(Ernst et al., 2005). 

2.5.2 Whole-brain context-modulated FC analysis   

We evaluated the whole-brain context-modulated FC pattern using the subcortical ROIs as seeds 

with a beta-series connectivity approach. An overview of the analysis steps can be found in Fig. 

2. First, a separate regressor was created for each reply event, which was then convolved with a 

canonical HRF to model the BOLD response. Second, a trial-specific activation (beta coefficient) 

was estimated for each voxel using the Least Squares-All (LS-A) approach (Mumford et al., 

2012), generating trial-wise regressors to identify trial-specific activation. We also censored the 

frames with FD greater than 1mm. Third, the beta series were averaged within each ROI, and the 

averaged timeseries were correlated with beta timeseries of all voxels using Spearman 
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correlation to compute the whole-brain context-modulated FC. The correlation coefficients were 

subsequently Fisher-z transformed. 

[Figure 2 goes here] 

2.5.3 General linear model analysis   

To examine the effects of social context regardless of engagement, we examined the composite 

social context contrast by comparing the peer (PE+PN) to computer (CE+CN). To examine the 

effects of social reward specifically, we compared PE (i.e., peer engagement) — the social-

interactive reward when participants receive an engaged, positive response from a peer — versus 

CE (computer engagement), where participants receive a response from a computer. 

Additionally, we compared PE vs. PN (i.e., peer non-engagement), where the peer is away and 

does not give a response. For simplicity, we only refer to the PE vs. CE contrast for the 

remainder of the paper when discussing our social reward contrast because we did not observe 

significant effects in PE vs. PN.  

For each seed ROI, we conducted group-level analyses to identify voxels with significant main 

effects and group differences in the six whole-brain FC contrasts using AFNI function 3dMVM, 

while controlling for age, gender, and the number of runs. To account for the multiple testing of 

three seeds and three contrasts, significant clusters were determined with a conservative cluster-

wise false positive rate of 0.0056 (0.05/9 seeds, 124 voxels by 3dClustsim based on average 

noise smoothness from the residual data) and a voxel-wise p-value of 0.001.  

3. Results 

3.1 Sample characteristics and behavioral findings 

[Table 1 goes here] 
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The characteristics of the matched samples are summarized in Table 1. A two-way analysis of 

variance test was used to examine the effects of interaction partner (peer vs. computer) and group 

(NT vs. AUT) on self-reported social reward and social motivation. We found a significant effect 

of social context such that both groups enjoyed interaction with peers more than the computer 

(ps < 0.001), but no effect of the group nor any interactions were found.  

3.2 Context-modulated FC of social reward and social interaction 

We used the trial-specific beta coefficients of three a priori seed regions. Below we report whole-

brain context-modulated FC analyses for the social reward (i.e., social engagement vs. non-social 

engagement: PE vs. CE) and the social context contrast (i.e., chatting with a peer vs. computer: 

[PE + PN] vs. [CE + CN]). For the main effect of social context, we observed stronger 

connectivity between the left NAcc and the left inferior frontal gyrus (IFG) during social 

interaction (Fig. 3A). We also found significantly stronger FC in the AUT group between the 

amygdala seed and three regions: bilateral posterior superior temporal sulcus (pSTS) and right 

temporoparietal junction (TPJ) in the social reward contrast. All analyses were performed with a 

primary voxel-wise threshold of 0.001, and a cluster-wise threshold of 124 voxels, correcting for 

nine comparisons (3 seeds × 3 contrasts). No other significant effects survived cluster-wise 

correction. A summary of all significant clusters can be found in Table S1 in Supporting 

Information. 

[Figure 3 goes here] 

3.3 Neural correlates of interaction enjoyment 

To explore the mechanism underlying the significant group differences in context-modulated FC, 

we conducted post-hoc brain-behavior analyses between the FC values of the three significant 

clusters in the social reward contrast, and post-scan social reward and social motivation scores. 
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As shown in Fig. 4A, after controlling for diagnosis, stronger FC between the amygdala and the 

left pSTS was related to lower social motivation scores (i.e., differences between how much 

participants wanted to see the answer from a peer vs. computer) within the combined sample (t = 

-2.24, p < 0.05). Similarly, as shown in Fig. 4B, FC between the amygdala and the right pSTS 

was negatively correlated with social reward scores (i.e., the differences between how much 

participants liked the answer from a peer or computer, t = -2.25, p < 0.05), after controlling for 

the diagnosis.  

[Figure 4 goes here] 

Discussion  

To understand whether social reward circuitry differs between autistic and neurotypical youth, 

we used a social-interactive paradigm to investigate task-induced FC changes during social 

reward processing in a sample of 86 youth between 7-14 years old. Middle childhood and early 

adolescence is a critical developmental period, as difficulties in social interaction during this 

period predict later mental health difficulties, poorer academic outcomes, and difficulties in later 

employment (Bornstein et al., 2010; Burt et al., 2008). Given earlier work highlighting the role 

of FC or co-activation between the mentalizing and reward networks during social interaction 

(Alkire et al., 2018; Assaf et al., 2013; Smith et al., 2014; Xiao et al., 2022), we hypothesized 

that connectivity profiles of regions associated with reward processing and mentalizing would be 

modulated by social context and that the AUT group would show different connectivity patterns 

in these regions. We found partial support for these hypotheses. Consistent with our hypotheses, 

we found greater connectivity within reward-relevant regions during social reward processing 

(i.e., receiving a positive response from a peer compared to a computer) in the full sample. We 

also found significant group differences in connectivity between key regions within the broader 
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social reward circuitry (i.e., encompassing social-cognitive and reward-relevant regions of the 

amygdala and bilateral pSTS and R TPJ), and the amygdala-pSTS connectivity strength was 

related to individual differences in self-reported social motivation and reward across groups.  

Social context relates to enhanced mentalizing and reward network connectivity 

For the main effect of social context (PE+PN vs. CE+CN, i.e., interacting with a peer vs. 

computer), consistent with our hypothesis, we found increased connectivity between a core 

component of the reward system (NAcc) and a part of the mentalizing network (left IFG). Left 

IFG is an important region associated with mentalizing and empathy (Arioli et al., 2021) and has 

also been found to encode youth’s interest levels in receiving feedback from peers (Guyer et al., 

2012). Moreover, Pfeiffer and colleagues studied gaze-based interactions and found the 

activation in IFG and NAcc to be differentially modulated during interactions with a perceived 

human partner compared with a perceived computer (Pfeiffer et al., 2014). Therefore, a potential 

interpretation of this finding is that strengthened left IFG - NAcc connectivity is related to 

detecting and updating relevant social signals (particularly from interaction partners), with the 

NAcc encoding the reward prediction error (Schultz et al., 1997) and the IFG updating 

expectancies following social feedback (Kohls et al., 2013a; Nelson and Guyer, 2011). However, 

it is important to note that the IFG is a multi-functional region and this interpretation relies on a 

reverse inference (Poldrack, 2006).  

Stronger amygdala-mentalizing connectivity during peer engagement in AUT 

We observed greater connectivity in the AUT group between the amygdala and bilateral pSTS 

and nearby right TPJ in the mentalizing network, when participants received a positive response 

from a peer compared to a computer (i.e., social reward contrast [PE vs. CE]). The amygdala is 

important for social cognition and social motivation (Chevallier et al., 2012; Kohls et al., 2013b), 
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and the TPJ and pSTS are among key regions for social cognition and social interaction (Redcay 

et al., 2010). Our findings are consistent with prior neuroimaging studies demonstrating greater 

connectivity in autism (Chien et al., 2015; Dajani and Uddin, 2016; Fishman et al., 2014; Jasmin 

et al., 2019; Redcay et al., 2013; Supekar et al., 2013; Uddin et al., 2013; You et al., 2013), 

especially between subcortical and cortical regions (Cerliani et al., 2015; Ilioska et al., 2022). 

More specifically, connectivity between pSTS/TPJ and the amygdala has often been highlighted 

in previous neuroimaging studies of reward-related processing in autism (Dichter, 2012). For 

example, Abrams and colleagues found weaker connectivity between human-voice-selective 

pSTS and the reward circuit, including the amygdala, in autistic children during rest (Abrams et 

al., 2013), indicating a potential role of amygdala-pSTS connectivity in reward and human voice 

processing. In contrast, stronger amygdala-STS connectivity was found in autism during 

spontaneous attention to eye gaze in emotional faces during a cognitive control task (Murphy et 

al., 2012), indicating the role of pSTS-amygdala connectivity in social information processing. 

Moreover, structural connectivity strength between the amygdala and pSTS was positively 

correlated with autistic traits (Iidaka et al., 2012).  

Linking neural data to behavioral data may help us gain a more mechanistic understanding of the 

functional significance of the connectivity differences between groups (Picci et al., 2016). 

Interestingly, these group-level connectivity differences were present despite no group 

differences in behavioral self-report of either social motivation or social reward. Neural 

measures might prove to be more sensitive to identifying group differences than behavioral 

measures of social motivation/reward, due to potential confounds of bias in self-report (Van de 

Mortel, 2008) or observer expectations of social behavior (Jaswal and Akhtar, 2018). 

Importantly, we did find that behavioral reports tracked individual differences in connectivity, 
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and this relation was similar in both groups. Specifically, connectivity between the amygdala and 

left and right pSTS was negatively correlated with self-reported social motivation and social 

reward scores. Thus, greater connectivity changes between conditions (i.e., greater FC 

reconfiguration) might reflect reduced social motivation or reduced sensitivity to social reward. 

We offer two possible interpretations for these observations: first, that greater FC reconfiguration 

indexes a domain-general difficulty switching between high-demanding and low-demanding 

conditions, and, second, that it may relate to social anxiety.  

Greater FC reconfiguration indexes greater neural effort?  

First, greater FC reconfiguration between regions within the social reward circuitry may signal 

greater neural effort associated with social interaction (Schultz & Cole, 2016). Speaking to this 

possibility, a previous study found that high-demand social-interaction elicited greater 

connectivity between social brain regions in autistic compared to neurotypical youth in a live 

social interaction paradigm (Jasmin et al., 2019). When contrasting the condition with high social 

demand (conversation) with that of low social demand (repetition), they similarly found stronger 

task-evoked connectivity in social processing regions (e.g., STS) in autistic participants, and the 

increases in connectivity were positively related to the level of social impairment. Although 

these findings speak to differences in FC modulation in autism for social tasks, greater FC 

reconfiguration (i.e., task vs. control FC updates) has also been observed in autism during non-

social cognitive tasks. For example, when contrasting a sustained attention task with rest, You et 

al. (2013) found that autistic children had increased distal connectivity between frontal, 

temporal, and parietal regions compared to neurotypical children, and this increased connectivity 

was associated with inattention problems in everyday life. In addition, Barttfeld et al. (2012) 

reported more pronounced connectivity changes in autistic adults than the neurotypical adults 
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across three cognitive states with varying attention demands (i.e., rest, interoceptive, and 

exteroceptive attentional states). Lexical processing induces similarly greater FC configuration in 

autistic adolescents as compared with neurotypical peers (Sridhar et al., 2021). Beyond autism, 

Schultz & Cole (2016) found that neurotypical individuals with better task performance had 

smaller task-evoked FC reconfiguration when switching from task to rest, suggesting that better-

performing individuals ‘pre-configure’ their FC at baseline (i.e., rest) to be more efficiently 

updated for various processing demands. Taken together, greater FC reconfiguration may 

indicate that social interaction requires greater neural effort and thus is mentally taxing for 

individuals who find social interaction difficult, regardless of diagnostic status.  

Strengthened amygdala connectivity reflects social anxiety? 

A second potential explanation for stronger connectivity between the amygdala and mentalizing 

regions relates to social anxiety. The amygdala is a multi-functional brain region. While here we 

chose the amygdala as a seed given its central role in reward processing and social motivation, 

the amygdala is also known for its involvement in regulating emotions such as anxiety 

(Davidson, 2002). Moreover, anxiety disorders often co-occur with autism, as evidenced by a 

recent meta-analysis showing about 40% of autistic youths have received a diagnosis of at least 

one anxiety disorder (van Steensel et al., 2011), while atypical amygdala connectivity is also 

common in these anxiety disorders (Sylvester et al., 2012). For example, in adults with social 

anxiety disorder, Pannekoek and colleagues found heightened resting-state connectivity between 

the right amygdala and the left middle temporal gyrus overlapping with our left pSTS cluster 

(Pannekoek et al., 2013). Thus, it is possible that for autistic youth, especially those with social 

anxiety or a history of peer rejection, the social stimulus could be more anxiety-inducing, 

causing heightened amygdala connectivity. To test this possibility, we reran the analysis after 
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excluding the eight autistic youth with anxiety disorders. We found similar significant group 

differences in right pSTS and TPJ as well as significant brain-behavior relationships with 

interaction enjoyment, which does not offer direct support for this possibility. Furthermore, our 

post-hoc exploratory analysis using the parent-reported social phobia scale of the Screen for 

Child Anxiety Related Emotional Disorders (Birmaher et al., 1997) failed to find any significant 

relationship with connectivity between the amygdala and mentalizing regions within a subset of 

participants (n = 56). However, given the limited sample size, the case-control study design, and 

the prevalence of subclinical anxiety in youth (Vasa et al., 2013), we encourage further studies 

with larger samples of participants with anxiety (with and without autism) and investigation of 

whether social anxiety traits are driving the relation we found between mentalizing-reward 

network connectivity and social reward and motivation. 

Limitations and future directions 

The current study focused on individual differences in processing interactive social reward, 

including self-report measures of social motivation and reward. However, the differences in 

social abilities for autistic youth may also stem from other factors, such as theory of mind, 

executive function, or sensory processing differences. Moreover, the interactive chat task used in 

the current study is text-based, and text-based communication may alleviate some of the 

difficulties autistic people experience in face-to-face contexts (Benford and Standen, 2009). The 

task also is highly structured, which significantly reduces uncertainty (Boulter et al., 2014). 

Thus, our highly structured, text-based interaction may have diminished some potential group 

differences. Additionally, given the exploratory nature of our post-hoc brain-behavioral analysis, 

we did not perform any multiple comparisons correction, and future work is needed to validate 

our findings. Lastly, although we controlled for age in our analysis, age may add more variance, 
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as previous studies have suggested that autistic youth from different age cohorts may show 

different connectivity patterns (Uddin et al., 2013).  

Conclusion 

In sum, our study demonstrated increased integration between regions associated with reward 

and mentalizing networks during social reward processing in a live reciprocal social interaction. 

The greater task-based modulation of connectivity (i.e., greater reconfiguration) within the 

broader social reward circuitry may contribute to group and individual differences in how social-

interactive reward is processed. 
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Figure 

 

 

Figure. 1. The interactive social interactive task with conditions of interest highlighted by the 

rectangle. Participants engaged in a text-based ‘chat’ with a peer or a computer by answering yes 

or no questions about themselves. The task consisted of two stages, initiation and reply. Here, we 

focused on the reply stage, and investigated three contrasts, i.e., social reward contrasts: PE vs. 

CE, PE vs. PN, and social context contrast: PE+PN vs. CE+CN (figure adapted from Warnell et 

al., (2018)). 
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Figure 2. A graphical summary of the context-modulated FC analysis. (A) Three a priori seed 

regions are seed regions, i.e., nucleus accumbens (NAcc), ventral caudate, and amygdala. (B) 

Whole-brain context-modulated FC analysis. A new set of regressors were created to estimate 

trial-specific activation (beta coefficients). The context-modulated FC was estimated by 

correlating beta coefficients between the seed and voxels across the whole brain.  

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2023. ; https://doi.org/10.1101/2023.06.05.543807doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.05.543807
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

 

Figure 3. (A) For the main effects, significantly stronger FC was found between bilateral nucleus 

accumbens (NAcc) and left inferior frontal gyrus for the social context contrast. For the group 

differences, significantly stronger FC was found in the AUT group in the social reward contrast 

between the bilateral amygdala and bilateral pSTS and right TPJ, respectively (voxel-wise 

threshold = 0.001, cluster-wise threshold = 124 voxels).  
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Figure 4. X-axis: Differences in post-scan enjoyment scores (peer – computer). Y-axis: FC of 

social reward contrasts (PE – CE). (A) A significant negative relationship was found between the 

differences in social motivation score and the FC between the amygdala and left pSTS (t = -2.24, 

p = 0.03). (B) A significant negative relationship was found between the differences in social 

reward score and the FC between the amygdala and right pSTS (t = -2.25, p = 0.03).    
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Table 

Table 1. Matched sample characteristics (n = 86).  

 NT (n=43) AUT (n=43) Statistics 

Gender (#female/#male) 8/35 7/36 X2 (1, N = 86) = 0.09, p = 0.776 

Age (yo, mean ± std) 11.60 ± 1.90 11.86 ± 2.01 t(84) = -0.613, p = 0.542 

Mean FD (mm) 0.167 ± 0.068 0.179 ± 0.090 t(84) = -0.706, p = 0.482 

Full scale IQ (FSIQ) 116.6±14.4 113.4±14.9 t(84) = 1.010, p = 0.316 

Race NT (n=43) AUT (n=43) Total 

Asian  0 2 2 

Black or African American 8 3 11 

White  25 34 59 

More than One Race 9 4 13 

Missing 1 0 1 

Ethnicity    

Hispanic/Latino 5 1 6 

Not Hispanic/Latino 36 42 78 

Missing/Does not wish to disclose 2 0 2 

Household Income    

$75,000 or more 37 38 75 

$65,000-$75,000 1 2 3 

$45,000-$65,000 1 2 3 

$35,000-$45,000 1 1 2 

Missing/Does not wish to disclose 3 0 3 
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Supplemental Materials 

S1. Inclusion criteria 

Youth were excluded if they were born premature (<34 weeks), non-native English speakers, had 

a history of concussion or head trauma, or had a full-scale IQ < 80 as assessed by the Kaufman 

Brief Intelligence Test, Second Edition (Kaufman, 2004). Parents of neurotypical youth reported 

no history of neurological or psychiatric disorders or first-degree relatives with autism or 

schizophrenia. Autistic youth were not excluded if parents reported a common co-occurring 

mental health condition, including attention-deficit/hyperactivity disorder (n = 19), obsessive-

compulsive disorder (n = 1), or anxiety (n = 8). Autistic youth were eligible to participate only if 

they had a prior clinical diagnosis of autism which was then confirmed by our research team 

using the Autism Diagnostic Observation Schedule, 2nd edition (ADOS-2, Lord et al., 2012) via 

a licensed clinical psychologist or clinical psychology graduate student who was research-

reliable in ADOS administration and coding. Of youth who completed the MRI scan, the 

following inclusion criteria were used: believed they were chatting with a real peer partner (see 

section 2.3 Post-scan interview), and adequate task performance (i.e., responding to at least 2/3 

of trials) and with three or more usable runs (i.e., mean framewise displacement (FD) < 0.5mm 

and maximum FD < 5.2mm, corresponding to the diagonal length of a 3mm isomorphic cube). 

The final sample (n = 86) overlaps with the sample used in McNaughton et al. (2023). 

S2. Experiment 

Participants were first informed whether the recipient was a peer (peer trial) or a computer 

(computer trial), both of which had an equal possibility. Then, the participants initiated an 

interaction by answering a Yes/No question about their likes and hobbies (e.g., “I like soccer”). 

After a jittering 2-6 sec (mean 3.5 sec) fixation period, participants received a response in the 
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two-second reply phase. The responses consisted of engagement (e.g., “Me too!”, indicating the 

peer agreed with the participant, or “Matched!”, indicating that the computer randomly generated 

the same answer as the child), non-engagement (e.g., “I’m away” or “Disconnected”), and 

disagreement (e.g., “That’s not what I picked”).  

For peer trials, the participants were told that the peer would sometimes be unable to respond 

because the peer was playing another game. For these disengaged trials, an away message was 

displayed as the peer response. Moreover, participants believed that the peer always saw their 

answer, and the peer would either respond if they were able to or not respond if they had been 

assigned to play another game. For computer trials, participants believed that the computer 

would randomly pick an answer following participants’ answering the Yes/No question. 

Moreover, participants were informed that the computer would sometimes lose the connection 

and be unable to generate an answer, resulting in disengage trials. The order and timing of trials 

were predetermined, and we used four sets of stimuli to avoid pairing the questions with reply 

types (e.g., the “I play soccer” trials did not always receive a “Me too” response). 

S3. Post-scan enjoyment questionnaire 

A post-scan questionnaire was filled by participants using a 1-5 Likert scale (1 = not at all, to 5 = 

a lot). The items used in the analysis are listed below. 

How much did you want to see his/her answer to your question? 

How much did you want to see if the computer matched your answer? 

How much did you like chatting with ______?  

How much did you like it when you were just answering the computer? 

S4. Preprocessing 
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A standardized preprocessing pipeline fMRIprep v1.4.1 was used to preprocess the imaging data 

(Esteban et al., 2019). The skull-stripped BOLD images underwent motion correction, slice 

timing correction, and susceptibility distortion correction, and were lastly resampled to MNI 

space. Automatic removal of motion artifacts using independent component analysis was 

performed on the preprocessed BOLD images after removal of non-steady-state volumes and 

spatial smoothing with an isotropic, Gaussian kernel of 6mm FWHM (full-width half-

maximum). Lastly, the BOLD images were then intensity normalized to have a mean intensity of 

1,000, and a binary group mask at the threshold of 0.9 probability was applied.   

 

Table S1. Clusters with significant main effect and group differences with MNI coordinates of 

their center of mass (voxel-wise p-value = 0.001, cluster-wise threshold = 124 voxels).  

Contrast  Seed Region x y z 

Main effects       
Social context NAcc L IFG  -45 27 -8 
Group differences 
(AUT > TD) 

     

Social reward Amygdala  R pSTS 56 -61 13 
Social reward Amygdala  L pSTS -59 -41 3 
Social reward Amygdala  R TPJ -54 -58 20 

 

 

Reference: 

Esteban, O. et al. (2019) ‘fMRIPrep: a robust preprocessing pipeline for functional MRI.’, Nature 

methods, 16(1), pp. 111–116. doi: 10.1038/s41592-018-0235-4. 

Kaufman, A. S. (2004) ‘Kaufman brief intelligence test–second edition (KBIT-2)’, Circle Pines, MN: 

American Guidance Service. 

Lord, C. et al. (2012) Autism diagnostic observation schedule (ADOS-2). 2nd editio. Los Angeles: 

Western Psychological Services. 

McNaughton, K. A. et al. (2023) ‘Social-interactive reward elicits similar neural response in autism and 

typical development and predicts future social experiences’, Developmental Cognitive Neuroscience, 
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