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Significance (120 words) 

 
Social situations, such as negotiations require strategically balancing self-interest with the 
welfare of others. Sensitivity to rewards may influence whether people behave selfishly or not. 
We observed brain connectivity between the inferior frontal gyrus and temporoparietal junction 
was associated with strategic behavior in social situations, where there was versus was not a 
threat of rejection. We also showed that brain connectivity was modulated more among people 
who had very high or low reward sensitivity. Results suggested that reward sensitivity is an 
additional component of the social decision-making process beyond simple valuation. Taken 
together, our results demonstrate how trait reward sensitivity modulates neural responses to 
strategic decisions, potentially underscoring the importance of examining this factor within social 
and decision neuroscience. 

Abstract 

 
Many decisions happen in social contexts such as negotiations, yet little is understood about 
how people balance fairness versus selfishness. Past investigations found that activation in 
brain areas involved in executive function and reward processing was associated with people 
offering less with no threat of rejection from their partner, compared to offering more when there 
was a threat of rejection. However, it remains unclear how trait reward sensitivity may modulate 
activation and connectivity patterns in these situations. To address this gap, we used task-
based fMRI to examine the relation between reward sensitivity and the neural correlates of 
bargaining choices. Participants (N = 54) completed the Sensitivity to Punishment 
(SP)/Sensitivity to Reward (SR) Questionnaire and the Behavioral Inhibition System/Behavioral 
Activation System scales. Participants performed the Ultimatum and Dictator Games as 
proposers and exhibited strategic decisions by being fair when there was a threat of rejection, 
but being selfish when there was not a threat of rejection. We found that strategic decisions 
evoked activation in the Inferior Frontal Gyrus (IFG) and the Anterior Insula (AI). Next, we found 
elevated IFG connectivity with the Temporoparietal junction (TPJ) during strategic decisions. 
Finally, we explored whether trait reward sensitivity modulated brain responses while making 
strategic decisions. We found that people who scored lower in reward sensitivity made less 
strategic choices when they exhibited higher AI-Angular Gyrus connectivity. Taken together, our 
results demonstrate how trait reward sensitivity modulates neural responses to strategic 
decisions, potentially underscoring the importance of this factor within social and decision 
neuroscience. 
 
Key Words: Reward Sensitivity, Strategic Behavior, Ultimatum Game, Dictator Game, 
Connectivity 
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Introduction 

 
Social situations such as negotiations often require people to strategically consider social norms 
while minimizing their threat of being rejected. It is understood that people act fairly when there 
is a threat of in the Ultimatum Game (UG; Güth et al., 1982; Wells & Rand, 2013) and selfishly 
when there is not a threat of rejection in the Dictator Game (DG; Engel, 2011; Kahneman et al., 
1986). Thus, people exhibit strategic behavior by making smaller contributions in the DG than in 
the UG (Charness & Gneezy, 2008). Past investigations suggested there are relations with 
strategic behavior and measures of social functioning such as emotional intelligence (Kench et 
al., 2007) and Machiavellianism (Spitzer et al., 2007). Strategic decisions were also associated 
with brain activation in the ventral striatum (VS), dorsal lateral prefrontal cortex (dlPFC), and 
lateral orbitofrontal cortex) (Spitzer et al., 2007). Other work has implicated dorsal anterior 
cingulate cortex (dACC) and posterior cingulate cortex (PCC) (Weiland et al., 2012) in strategic 
behavior. Decisions made in social contexts reliably elicited activation in the right 
temporoparietal junction (rTPJ) (Behrens et al., 2008; Carter et al., 2012; Dennison et al., 2022), 
and greater contributions in the DG (Gianotti et al., 2018; Morishima et al., 2012). Finally, 
stimulating the right dlPFC resulted in fairer offers in the UG versus the DG (Knoch et al., 2006; 
Ruff et al., 2013; Strang et al., 2015) and disruption of the right dlPFC resulted in higher offers in 
the DG (Zinchenko et al., 2021). In sum, it is known that brain activation can distinguish some 
strategic decision making in social contexts. 

 
Relatively less is known about how task-based brain connectivity (Friston et al., 1997) 
modulates strategic decisions. Past research suggests that reward signals related to the receipt 
of rewards are encoded through corticostriatal connectivity (D. V. Smith, Rigney, et al., 2016) 
Next, DG decisions modulated VS-TPJ connectivity (Park et al., 2017) and dorsal striatum-
lateral PFC (Crockett et al., 2017). Since past findings suggested that the VS responses were 
related to strategic learning (Zhu et al., 2012) and were elevated with greater strategic decision 
making (Spitzer et al., 2007) corticostriatal connectivity may be modulated by social contexts. 

  
Individual differences in trait reward sensitivity (RS) may affect how people make social 
valuations, possibly moderating neural connectivity in social contexts. RS has been studied as a 
clinical measure (Alloy et al., 2006; Carver & White, 1994; Nusslock & Alloy, 2017), revealing 
that people who are hyper and hyposensitive to rewards are at risk for substance use and 
bipolar or depressive disorders (Bart et al., 2021). However, little is known about how 
corticostriatal connectivity is modulated by RS (Sazhin et al., 2020). For instance, people who 
are more sensitive to rewards may overvalue their initial endowment in UG and DG may be 
loath to share it with a stranger. Since the striatal response is sensitive to social valuation 
(Chein et al., 2011; Fareri & Delgado, 2014), examining how social context is moderated by trait 
reward sensitivity and striatal responses could help unravel how aberrant reward processing 
may result in maladaptive decisions that can contribute to substance use (Dalley & Robbins, 
2017), or possibly diminished strategic behavior in social situations. 
 
Our aims in this investigation were to assess how brain activity and connectivity are modulated 
by one's strategic decisions and trait reward sensitivity. Using functional magnetic resonance 
imaging (fMRI), we administered Ultimatum and Dictator Games to participants to investigate 
associations between strategic behavior, reward sensitivity, and brain connectivity while 
controlling for substance use. We examined activation patterns during both endowment and 
decision phases, corticostriatal connectivity during the decision phase, and how these patterns 
were modulated by strategic behavior and reward sensitivity. Our analyses focus on two key 
questions. First, how do strategic decisions in social situations modulate brain activation and 
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connectivity? Second, how does trait reward sensitivity modulate brain connectivity while 
making strategic decisions?  

Materials and Methods 

Participants 

 
Although we were initially aiming to collect imaging data from 100 participants (18-22) (Sazhin 
et al., 2020), we ultimately recruited 59 participants due to constraints imposed by the COVID-
19 pandemic. We excluded a total of 5 participants for our neuroimaging analyses based on our 
pre-registered criteria (https://aspredicted.org/55gd8.pdf) and missing data. Specifically, three 
participants were excluded due to failure to respond during behavioral tasks, where there were 
greater than 20% missing responses on a given run. One participant was excluded due to 
incomplete behavioral data. One participant was excluded due to issues with data collection. 
Three of the 54 participants had one of the two task runs excluded due to excessive head 
motion. Our final neuroimaging sample resulted in 54 participants (mean age: 20.95 years, SD: 
1.78 years; 24.1% male). Several behavioral analyses related to social functioning had a more 
limited sample due to missing data. Specifically, 9 participants were missing behavioral data 
related to social functioning, resulting in a sample of 45 participants (mean age: 20.74 years, 
SD: 1.54 years; 24.4% male) for several behavioral analyses. All participants were 
compensated at a rate of $25 per hour inside the scanner and $15 per hour outside the 
scanner, and received bonuses based on their decisions, resulting in a total payment ranging 
from $140 to $155.  Participants were recruited using Facebook advertisements and fliers 
posted around the Temple University campuses. We verified that participants were eligible to be 
scanned using fMRI by the following criteria: a) not being pregnant, b) free of major psychiatric 
or neurologic illness, and c) not under the influence of substances as evidenced by a 
breathalyzer test and urine drug screen. All the participants provided written informed consent 
as approved by the Institutional Review Board of Temple University.  

Procedure 

 
Potential participants were identified based on their responses to an online screener 
questionnaire using the SONA research platform that assessed reward sensitivity using the 
Behavioral Activation Subscale (BAS; Carver & White, 1994) and the Sensitivity to Reward 
subscale (SR; Torrubia et al., 2001). Using methods consistent with our prior work (e.g., Alloy, 
Bender, et al., 2009), we compared results between both SR and BAS to ensure that 
participants were responding consistently and truthfully by excluding participants with scores 
that were less than +/-1 quintile on both subscales.  Participants also were called on the phone 
and asked to abstain from alcohol or drug usage for 24 hours prior to the scan. Participants 
were excluded if they reported that they took any psychoactive medications. Participants 
attended two appointments, consisting of a battery of psychometric surveys, and a mock scan, 
followed by a second appointment consisting of the fMRI scan and behavioral tasks.  

Individual Difference Measures 
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Reward Sensitivity. To measure reward sensitivity, we used the Behavioral Activation Scale 
(BAS; Carver & White, 1994) and the Sensitivity to Punishment/Sensitivity to Reward 
Questionnaire Reward subscale (SPSRWD; Torrubia et al., 2001)). The BAS is a 20-item self-
report questionnaire that measures sensitivity to appetitive motives. The SPSRWD is a 24-item 
self-report measure that assesses how people feel in response to rewarding stimuli.  
 
Substance Use. To measure substance use among healthy adult individuals, we used the 
Alcohol Use Disorders Identification Test (AUDIT; Babor et al., 1992) and the Drug Use 
Identification Test (DUDIT; A. Berman et al., 2003; A. H. Berman et al., 2005). The AUDIT is a 
10-item self-report measure that assesses frequency of usage over the past year and the self-
reported extent to which alcohol use affects the person’s life. The DUDIT scale is an 11-item 
self-report measure counterpart of the AUDIT that assesses frequency and disruptiveness of 
non-alcohol related substance use. DUDIT contains references to a wide array of substances, 
including marijuana, cocaine, and others.  
 
Social Functioning. To measure social functioning, we measured trait emotional intelligence 
and attitudes toward rejection. The trait Emotional Intelligence (EI) questionnaire (TEIQe) is a 
30-item self-report measure that assesses individual differences in trait empathy, emotion 
regulation and perspective taking in emotional contexts (Petrides, 2009). Attitudes toward 
reciprocity were investigated through the 9-item punishment sub-scale of the Personal Norms of 
Reciprocity (PNR) measure (Perugini et al., 2003).  

Experimental Design  

We examined bargaining behavior using the Ultimatum (Figure 1) (Güth et al., 1982) and 
Dictator Games (Figure 1) (Kahneman et al., 1986) (~15 min, counterbalanced across 
participants). In the Dictator Game (DG), the participant decided how much of an endowed sum 
($15-25) to share with their partner. To ensure that participants were deceived into believing 
that their decisions had a social impact, the participant was told their partner was represented 
by decisions made by past participants in the study, and that their decisions would be used with 
future participants. In addition, each decision was made by a different partner, resulting in each 
trial being a one-shot game. This design is used to minimize the concern for reciprocity, 
reputation or other motives beyond social preferences for fairness while making each choice 
(Yamagishi et al., 2012). In the Ultimatum Game (UG), participants acted as the proposer in 
some trials and the responder in other trials. As the proposer, participants chose a split of their 
endowment; however, they were aware that their counterpart could reject their offer. As a 
recipient in the UG, participants were presented offers from partners that they could choose to 
accept or reject. If they chose to reject the offer, neither they nor the proposer made any money 
for that trial. Although our hypotheses and analyses were not focused on the recipient decisions, 
we included this condition to make the task more believable by making participants think that 
their unfair proposals could be rejected. We characterize strategic behavior as behavior that 
offers lower amounts in DG and generally higher amounts in UG, as this strategy would 
maximize earnings and minimize the threat of rejection. 
 
The experiment consisted of three conditions (Dictator Game- Proposer (DG-P), Ultimatum 
Game- Proposer (UG-P), Ultimatum Game- Recipient (UG-R)) that were presented in a 
counterbalanced order. The tasks were administered using PsychoPy (Peirce et al., 2019) 
across two 7:30 minute runs. Each run consisted of 36 trials, with 12 trials in each condition. On 
each trial, the participant was endowed with a sum of money between $15–$25. The participant 
experienced an interstimulus interval (ISI) of 1.5-4.5 seconds, M = 2.42s. This was followed by 
an indication of the type of trial the participant is playing through a target stimulus. If they were 
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acting as the proposer in the DG, they were presented with a triangle. If they were acting as a 
proposer in the UG, they were presented with a square. Finally, if they were acting as a 
recipient in the UG they were presented with a circle. During the decision phase as proposer, 
participants are presented with the option to select a More or Less split. During the decision 
phase as a recipient, participants have the choice whether to accept or reject the offer. If a 
participant missed a trial, the screen indicated that they were too slow and recorded a missed 
trial in the log. Subsequent to each trial, there was a variable duration intertrial interval of 1-8 
seconds; M = 2.7s.  
 

 
 

 
 
Figure 1. FMRI-based Bargaining tasks to Measure Strategic Behavior Using the Dictator and Ultimatum 
Games. We operationalized strategic behavior as offering more in the Ultimatum Game and less in the Dictator 
Game, as this strategy would maximize earnings. During the Endowment phase, the participant learned how much 
money they were given and which task they would complete. A square indicated that the participant would be acting 
as the Proposer in the Ultimatum Game or deciding how much money to split with a counterpart. A triangle indicated 
that the participant would act as the Proposer in the Dictator Game. Finally, a circle indicates that the participant 
would be the Recipient in the Ultimatum Game, which allowed them to decide whether they would accept or reject an 
offer given to them. During the Decision Phase, the participant as a proposer decided to offer More or Less to their 
counterpart. As a recipient, whether to accept or reject the offer.  

Behavioral Analysis 

To examine whether participants acted strategically through offering more as a Proposer in the 
Ultimatum Game condition versus the Dictator Game condition, we used a mixed effect linear 
model. The regressors included the task (UGP or DGP), trial endowment, and the proportion of 
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the endowment the participant offered. To check whether participants rejected unfair offers (i.e., 
offers with a proportion substantially less than half of the endowment) in the Ultimatum Game as 
a recipient, we used a logistic linear regression model. Next, we assessed whether there were 
associations between decisions and measures of social functioning, reward sensitivity, and 
substance use. Given that both hyper- and hypo-sensitivity to rewards have been linked to 
substance use (Alloy et al., 2009; Bart et al., 2021; Franken & Muris, 2006), we control for levels 
of substance use in our data while assessing RS. We used correlations between trait measures 
with the proportions offered in the UG versus DG (i.e., Spitzer et al., 2007). This method of 
measuring strategic behavior was used rather than pooling hypothetical total earnings (see 
deviations from pre-registration) as this method avoided inferring earnings and simply used the 
participants’ decisions. We also conducted exploratory analyses to 1) assess whether there are 
associations between strategic behavior and reward sensitivity and substance use, and 2) 
whether there are associations between the individual difference measures and individual 
conditions (DG-P, UG-P, and UG-R).  
 
We conducted analyses on the included self-report measures to ensure that they were correctly 
operationalized for further analyses. Since the BAS and SR subscale of the SPSRWD were 
highly correlated r(52) = .71, p < .001, we combined them into a single composite measure of 
reward sensitivity using their combined z-scores. Reward sensitivity scores were binned into 
deciles to produce an even distribution for subsequent analysis. Finally, because both hyper- 
and hypo-sensitivity to rewards have been linked to substance use (e.g., Alloy et al., 2009; Bart 
et al., 2021; Franken & Muris, 2006), we squared the binned composite reward sensitivity 
scores to create an additional, quadratic measure of aberrant reward sensitivity. In other words, 
aberrant reward sensitivity explores whether there are consistent patterns across people who 
are either high or low in reward sensitivity. Next, we found that AUDIT and DUDIT also were 
correlated r(52) = .32, p = .02. As a result, we operationalized problematic substance use 
through z-scoring the responses between the measures and combining them into a single 
composite z-score of problematic substance use using the same method as described for 
reward sensitivity. 

Neuroimaging Data Acquisition 

Functional images were acquired using a 3T Siemens PRISMA MRI scanner. Bold Oxygenation 
Level-Dependent (BOLD) sensitive functional images were acquired using a gradient echo-
planar imaging (EPI) sequence (240 mm in FOV, TR = 1,750 ms, TE = 29 ms, voxel size of 3.0 
x 3.0 x 3.0 mm3, flip angle = 74°, interleaved slice acquisition). Each of the two runs included 
225 functional volumes.  We also collected single-band reference images with each functional 
run of multi-band data to improve motion correction and registration. To facilitate anatomical 
localization and co-registration of functional data, a high-resolution structural scan was acquired 
(sagittal plane) with a T1-weighted magnetization=prepared rapid acquisition gradient echo 
(MPRAGE) sequence (224 mm in FOV, TR = 2,400 ms, TE = 2.17 ms, voxel size of 1.0 x 1.0 x 
1.0 mm3, flip angle 8°). In addition, we also collected a B0 fieldmap to unwarp and undistort 
functional images (TR: 645 ms; TE1: 4.92 ms; TE2: 7.38 ms; matrix 74×74; voxel size: 
2.97×2.97×2.80 mm; 58 slices, with 15% gap; flip angle: 60°). 
 
 
Preprocessing of Neuroimaging Data. Neuroimaging data were converted to the Brain 
Imaging Data Structure (BIDS) using HeuDiConv version 0.9.0 (Halchenko et al., 2019). Results 
included in this manuscript come from preprocessing performed using fMRIPrep 20.2.3 
(Esteban et al., 2018, 2019), which is based on Nipype 1.4.2 (K. Gorgolewski et al., 2011; K. J. 
Gorgolewski et al., 2017). The details described below are adapted from the fMRIPrep 
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preprocessing details; extraneous details were omitted for clarity. Head motion was calculated 
to determine exclusions. Excess head motion was defined where at least one run was a motion 
outlier, characterized by either fd mean exceeding 1.5 times the interquartile range above the 
75th or tsnr values lower than 1.5 times the lower bound minus the 25th percentile per 
neuroimaging data quality measures from MRIQC). 
 
Anatomical data preprocessing. The T1-weighted (T1w) image was corrected for intensity 
non-uniformity (INU) with ‘N4BiasFieldCorrection’, distributed with ANTs 2.3.3, and used as 
T1w-reference throughout the workflow. The T1w-reference was then skull-stripped with a 
Nipype implementation of the `antsBrainExtraction.sh` workflow (from ANTs), using 
OASIS30ANTs as target template. Brain tissue segmentation of cerebrospinal fluid (CSF), 
white-matter (WM), and gray-matter (GM) was performed on the brain-extracted T1w using 
`fast` (FSL 5.0.9). Volume-based spatial normalization to one standard space 
(MNI152NLin2009cAsym) was performed through nonlinear registration with `antsRegistration` 
(ANTs 2.3.3), using brain-extracted versions of both T1w reference and the T1w template. The 
following template was selected for spatial normalization: ICBM 152 Nonlinear Asymmetrical 
template version 2009c (TemplateFlow ID: MNI152NLin2009cAsym). 
 
Functional data preprocessing. For each BOLD run, the following preprocessing steps were 
performed.. First, a reference volume and its skull-stripped version were generated by aligning 
and averaging 1 single-band references (SBRefs). A B0-nonuniformity map (or fieldmap) was 
estimated based on a phase-difference map calculated with a dual-echo GRE (gradient-recall 
echo) sequence, processed with a custom workflow of SDCFlows inspired by the 
`epidewarp.fsl` script (http://www.nmr.mgh.harvard.edu/~greve/fbirn/b0/epidewarp.fsl) and 
further improvements in HCP Pipelines. The fieldmap was then co-registered to the target EPI 
(echo-planar imaging) reference run and converted to a displacements field map (amenable to 
registration tools such as ANTs) with FSL's `fugue` and other SDCflows tools. Based on the 
estimated susceptibility distortion, a corrected EPI (echo-planar imaging) reference was 
calculated for a more accurate co-registration with the anatomical reference. The BOLD 
reference was then co-registered to the T1w reference using `flirt` (FSL 5.0.9) with the 
boundary-based registration cost-function. Co-registration was configured with nine degrees of 
freedom to account for distortions remaining in the BOLD reference. Head-motion parameters 
with respect to the BOLD reference (transformation matrices, and six corresponding rotation 
and translation parameters) are estimated before any spatiotemporal filtering using `mcflirt`.  
 
BOLD runs were slice-time corrected using `3dTshift` from AFNI 20160207. First, a reference 
volume and its skull-stripped version were generated using a custom methodology of fMRIPrep. 
The BOLD time-series (including slice-timing correction when applied) were resampled onto 
their original, native space by applying a single, composite transform to correct for head-motion 
and susceptibility distortions. These resampled BOLD time-series will be referred to as 
preprocessed BOLD in original space, or just preprocessed BOLD. 
 
The BOLD time-series were resampled into standard space, generating a preprocessed BOLD 
run in MNI152NLin2009cAsym space. First, a reference volume and its skull-stripped version 
were generated using a custom methodology of fMRIPrep. Several confounding time-series 
were calculated based on the preprocessed BOLD: framewise displacement (FD), and three 
region-wise global signals. FD was computed using two formulations following Power (absolute 
sum of relative motions) and Jenkinson (relative root mean square displacement between 
affines). FD is calculated for each functional run using its implementations in Nipype. The three 
global signals are extracted within the CSF, the WM, and the whole-brain masks.  
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Additionally, a set of physiological regressors were extracted to allow for component-based 
noise correction (CompCor). Principal components are estimated after high-pass filtering the 
preprocessed BOLD time-series (using a discrete cosine filter with 128s cut-off) for anatomical 
component correction (aCompCor). For aCompCor, three probabilistic masks (CSF, WM and 
combined CSF+WM) are generated in anatomical space. The implementation differs from that 
of Behzadi et al. in that instead of eroding the masks by 2 pixels on BOLD space, the 
aCompCor masks are subtracted from a mask of pixels that likely contain a volume fraction of 
GM. This mask is obtained by thresholding the corresponding partial volume map at 0.05, and it 
ensures components are not extracted from voxels containing a minimal fraction of GM. Finally, 
these masks are resampled into BOLD space and binarized by thresholding at 0.99 (as in the 
original implementation). Components are also calculated separately within the WM and CSF 
masks. For each CompCor decomposition, the k components with the largest singular values 
are retained, such that the retained components' time series are sufficient to explain 50 percent 
of variance across the nuisance mask (CSF, WM, combined, or temporal). The remaining 
components are dropped from consideration. The head-motion estimates calculated in the 
correction step were also placed within the corresponding confounds file. All resamplings can be 
performed with a single interpolation step by composing all the pertinent transformations (i.e., 
head-motion transform matrices, susceptibility distortion correction when available, and co-
registrations to anatomical and output spaces). Gridded (volumetric) resamplings were 
performed using `antsApplyTransforms` (ANTs), configured with Lanczos interpolation to 
minimize the smoothing effects of other kernels. Many internal operations of fMRIPrep use 
Nilearn 0.6.2, mostly within the functional processing workflow. For more details of the pipeline, 
see the section corresponding to workflows in fMRIPrep's documentation 
(https://fmriprep.readthedocs.io/en/latest/workflows.html). 
 
Next, we applied spatial smoothing with a 5mm full-width at half-maximum (FWHM) Gaussian 
kernel using FEAT (FMRI Expert Analysis Tool) Version 6.00, part of FSL (FMRIB’s Software 
Library, www.fmrib.ox.ac.uk/fsl). Non-brain removal using BET (Smith et al., 2002) and grand 
mean intensity normalization of the entire 4D dataset by a single multiplicative factor were also 
applied. 

Neuroimaging Analyses 

Neuroimaging analyses used FSL version 6.0.4 (Jenkinson et al., 2012; S. M. Smith et al., 
2004). We used two general linear models. Both types of models were based on a general 
linear model with local autocorrelation (Woolrich et al., 2001). Our first model focused on the 
brain activation evoked during the decision phase of the DG-P, UG-P, and UG-R conditions and 
used a total of thirteen regressors. Six regressors reflected the endowment phase (duration = 
1,000 ms) across all three conditions (DG-P, UG-P, and UG-R) for both unmodulated and 
parametrically modulated analyses. For the parametrically modulated regressors, we calculated 
the proportion of the endowment proposed as the independent variable. Proportions closer to 
0.5 reflected a more even split and were indicative of fairer options, whereas proportions closer 
to 0 reflected more unfair offers. Six regressors reflected the three task conditions during the 
decision phase (duration = 3,000 ms). We modelled both unmodulated and parametrically 
modulated effects for each task. Finally, the thirteenth regressor modelled missed trials.  
 
Our second type of model focused on the task-dependent connectivity using the ventral striatum 
as a seed and areas related to social processing as target regions. To estimate the changes in 
connectivity resulting from strategic behavior, we used psychophysiological interaction (PPI) 
analysis (Friston et al., 1997; O’Reilly et al., 2012). This form of analyzing effective connectivity 
has been shown through meta-analyses to reveal reliable and specific patterns of task-
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dependent connectivity (D. V. Smith, Gseir, et al., 2016; D. V. Smith, Rigney, et al., 2016; D. V. 
Smith & Delgado, 2017). Our PPI analysis focused on effective connectivity using the ventral 
striatum (VS; Oxford-GSK-Imanova atlas) as a seed. The average time course of activation from 
this seed region was extracted and used as an additional fourteenth regressor. To construct the 
PPI model, we used the same model described above and added 14 additional regressors (1 
regressor for the VS region and 13 regressors for the interaction between the VS region and the 
task-based regressors), yielding a total of 25 regressors in each seed-based PPI model. Both 
activation and connectivity models were then run through a second level analysis that combined 
the first and second runs. For participants with missing data, or for runs that were excluded due 
to head motion, we used a participant’s one good L1 run in the group level analyses. Both 
models also included a common set of confound regressors.  We also included additional 
regressors for the six motion parameters (rotations and translations), the first six aCompCor 
components explaining the most variance, non-steady state volumes, and the framewise 
displacement (FD) across time. Finally, we used high-pass filtering (128s cut-off) through a set 
of discrete cosine basis functions. 
 
For all participants and their combined runs, we used a fixed-effects model. These models 
focused on activation and connectivity patterns and their associations between bargaining 
behavior, substance use and BOLD responses, independent of RS. Group-level analysis was 
carried out using FLAME (FMRIB's Local Analysis of Mixed Effects) Stage 1 (Beckmann et al., 
2003; Woolrich et al., 2004). Our group-level model focused on comparisons between the 
Dictator and Ultimatum Games as a Proposer; these comparisons included covariates to 
account for reward sensitivity, the second-order polynomial expansion of reward sensitivity 
(which captures effects tied to aberrant reward sensitivity), substance use, strategic behavior, 
temporal signal to noise ratio (tSNR) and mean framewise displacement (fd mean). We also 
used two additional models that explore interaction effects. The first interaction model included 
additional regressors of substance use and reward sensitivity and substance use and aberrant 
reward sensitivity. The second interaction model included additional regressors of the 
interaction of strategic behavior and reward sensitivity, and strategic behavior and aberrant 
reward sensitivity.  
 
All pre-registered hypotheses were first tested with a priori regions of interest. We used the 
Harvard-Oxford Atlas to make masks for the dlPFC, mPFC (ie: paracingulate gyrus), SPL, ACC, 
and Insula. We used the Oxford-GSK-Imanova and Striatal Connectivity Atlases to define the 
nucleus accumbens mask. Next, we used the Mars TPJ Atlas for our pTPJ mask. Finally, for the 
vmPFC mask, we used the Clithero and Rangel, 2013 meta-analysis coordinates (-2, 28, -18) 
and a 5mm sphere. We followed up our ROI-based analyses with exploratory whole brain 
analyses to assess activation and seed-based connectivity in brain regions we did not have pre-
registered. All z-statistic images were thresholded and corrected for multiple comparisons using 
an initial cluster-forming threshold of z > 3.1 followed by a whole-brain corrected cluster-extent 
threshold of p < 0.05, as determined by Gaussian Random Field Theory (Cao & Worsley, 2001). 
Exploratory whole brain analyses reported coordinates using the center of gravity (CoG). 

Deviations from Pre-Registration  

Once we began data collection and analyses, we made several adjustments based on four 
issues that were unspecified in our pre-registration. First, we initially specified that we would use 
the parametric effect of endowment, but not for decisions. For decisions, we expected to use the 
actual offers selected (High, Low) in our analyses. However, since many participants selected 
High more often in the UG condition and Low in the DG condition, these regressors had fewer 
events for comparison. To address this issue, we modeled strategic decisions as parametric 
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effects of offer amount through the difference in the proportions of the endowments offered 
between DGP and UGP. Second, we adjusted the covariates in our group level models due to 
missing data. Although we originally planned to study Machiavellianism, due to an error in data 
collection, this survey was not completed by our participants. Next, whereas substance use 
analyses were not mentioned in the pre-registration, we intended to complete them in 
accordance with the broader aims and hypotheses of the grant, which are also described in the 
grant report (Sazhin et al., 2020). Third, we used the (Clithero & Rangel, 2014) (-2, 28, -18) 
meta-analysis vmPFC coordinates for our mask rather than the mask specified in the pre-
registration (Delgado et al., 2016) for greater spatial specificity in our analyses. Fourth, we 
explored group level models that included the interaction of reward sensitivity, substance use 
and strategic behavior despite not being initially pre-registered. Taken together, these 
adjustments from the pre-registration have allowed us to analyze the data more robustly, though 
our results and discussion take greater care to differentiate between confirmatory and 
exploratory results, especially emphasizing differences in our group level models. 

Results 

 
Below, we report results from behavioral analyses, task-based neural activation and connectivity 
analyses, and exploratory whole brain analyses. We begin by presenting results of the 
behavioral tasks, assessing whether participants made choices as expected, and their self-
reported levels of emotional intelligence, attitudes toward rejection, reward sensitivity, and 
substance use. Next, we present both pre-registered region of interest and exploratory whole 
brain analyses activation results during the endowment and decision phases. We then present 
results of pre-registered and exploratory psychophysiological interaction (PPI) analyses 
examining strategic choices between the dictator and ultimatum games within reward-related 
and social neural systems. Finally, we present associations between attitudes toward fairness, 
reward sensitivity, and brain connectivity. 

Strategic Behavior 

If participants made higher offers in the Ultimatum Game compared to the Dictator Game, this 

would indicate that participants were acting most consistently toward maximizing their earnings, 

thereby exhibiting strategic behavior. Consistent with our expectations, using a mixed effects 

model for a random intercept, we found that participants (N=54) made more selfish offers in the 

DG vs. the UG conditions, (B = -0.43, SE = 0.015, t(2550) = -28.09, p <.001), (see Figure 2).  As 

a manipulation check, we investigated whether participants rejected unfair offers in the recipient 

condition. A binary logistic regression indicated that participants reject more often with lower 

offers, (B = 1.72, SE = 0.095, t(1252)= 18.06, p <.001). Next, we explored whether there was a 

relation between strategic behavior and rejection rate as a function of offer amount as a 

recipient, finding no significant association, r(52) = -.19, p =.16. Given that there was no 

relationship of recipient choices to strategic decisions as proposers, we excluded these 

measures from subsequent analyses. 

 

Next, we assessed whether measures of social functioning (N=45) were related to strategic 

decisions. Consistent with our hypotheses, individuals scoring higher on the Emotional 

Intelligence (EI) scale made higher offers as a proposer in the Ultimatum Game, r(43) = .35, p = 

.02. Contrary to our hypotheses, we did not find associations between strategic behavior, 

emotional intelligence, or attitudes toward rejection that met a p value of less than p=.05. 
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Inasmuch as there was no effect of strategic behavior and our measures of social functioning as 

we hypothesized, we excluded these measures from further analyses.  

 
 

 
 

Figure 2. Participants make strategic decisions by offering lower in the Dictator Game versus the Ultimatum 
Game. In Panel A, we find that participants made higher offers in the Ultimatum Game as a proposer compared to 
the Dictator Game. In Panel B, we show that participants rejected unfair offers more frequently when they acted as a 
recipient in the Ultimatum Game. Overall, these behavior results are consistent with our hypotheses and past 
literature. 

 
Although we did not expect relations between strategic behavior and measures of reward 
sensitivity and substance use, we explored whether there were such associations to 
contextualize any brain relations we may have found with these respective individual difference 
measures. We did not find any significant associations between reward sensitivity and 
substance use, and strategic behavior or individual task conditions (DG-P, UG-P, UG-R) that 
met a threshold of p < .05.  

Neural Responses during Endowment 

 
Our first goal for our neuroimaging analyses was to examine the response to endowment. We 
hypothesized that responses in the ventral striatum would increase as a function of the 
endowment size. We conducted an ROI based analysis, expecting activation in the VS and the 
vmPFC. We expected that VS and vmPFC responses would vary based on the expectation of 
how much of the endowment would subsequently be kept in the decision phase, with the 
greatest amounts in DGP, moderate in UGP, and lowest in UGR. Contrary with our hypotheses, 
we did not find a significant difference in vmPFC activation during the endowment phase 
between the DG-P, UG-P, and UG-R conditions, using a one-way ANOVA (2,159) F = 2.40 p = 
0.09. Next, we did not find significant activation in the VS during the endowment phase when we 
used a one-way ANOVA to compare activation between the DG-P, UG-P, and UG-R task 
conditions F(2,159) = 1.10 p = 0.34 as participants received greater proportions of the 
endowment. 
 
Next, we investigated whether there were associations between reward sensitivity, neural 
activation, and the levels of endowment presented. We expected that the response in the VS 
and vmPFC would positively vary based on the endowment. Such an association would reveal if 
there were moderating variables in VS or vmPFC activation as participants are endowed with 
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higher levels of money when there is a threat of rejection (UG) versus when there is not (DG). 
We did not find an association between the level of activation in the vmPFC or VS, amount of 
endowment, and substance use or reward sensitivity as none survived the multiple comparisons 
correction.  

Neural Responses while Making Strategic Decisions 

 

To examine the effect of bargaining decisions, we investigated how the brain responds as 

people exhibit strategic behavior through offering fairer offers in the Ultimatum Game (UG) 

versus the Dictator Game (DG). We hypothesized that we would find activation in areas 

previously examined (Spitzer et al., 2007), and brain areas associated with social processing, 

specifically the Anterior Cingulate Cortex (ACC), Superior Parietal Lobule (SPL), and posterior 

temporoparietal junction (pTPJ). We conducted a ROI analysis in each of these regions and we 

did not find any significant activation that met p = .05 or lower. Nonetheless, we followed up with 

exploratory whole brain analyses with appropriate adjustments for multiple comparisons to 

investigate whether there are other regions that may reflect strategic decision making. When 

assessing how people chose to be selfish versus fair in the contrast between the DG and UG as 

a proposer, we found significant clusters in the Inferior Frontal Gyrus (IFG) (MNIxyz = 51, 24, 

24; cluster = 20 voxels, p=.035) and a cluster spanning the Anterior Insula (AI), extending into 

the Orbitofrontal Cortex (OFC) (MNIxyz = 33, 27, -4; cluster = 54 voxels, p<.001). We did not 

find significant activation in the vlPFC or the VS. In the contrast between UG and DG (i.e., 

choosing to be fair versus unfair), we found a significant cluster in cerebellum (MNIxyz = 30,-82, 

-36; cluster = 37, p<.001). In sum, some of our results successfully replicated past 

investigations of strategic behavior.  
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Figure 3. Activation associated with strategic thinking.  We conducted a whole-brain analysis to investigate 
whether there were regions in the brain that differentially responded when acting as a proposer in the DG versus UG 
conditions. When assessing the parametric effect associated with acting more strategically, Panels A and C reflect 
regions (Inferior Frontal Gyrus (IFG) (MNIxyz = 52, 16, 22; cluster = 20 voxels, p=0.035, and Anterior Insula (AI) 
extending into the Orbitofrontal Cortex (OFC) (MNIxyz = 37, 23, 2; cluster = 54 voxels, p<.001 respectively) with 
significant activation. That is to say, as participants made fairer offers in the DG condition, they experienced stronger 
activation compared to when they made fairer offers in the UG condition. (Thresholded: 
https://neurovault.org/images/803473/; Unthresholded: https://neurovault.org/images/803474/). For illustrative 
purposes, Panels B and D shows the extracted parameter estimates within each region. We note that Z statistic 
images were thresholded parametrically (Gaussian Random Field Theory) using clusters determined by Z>3.1 and a 
(corrected) cluster significance threshold of p=.05. 
  
 

Model Type Confirmatory/Exploratory Covariates 

 
No Interactions 

Confirmatory Strategic Behavior, Substance Use, Reward Sensitivity, 
Aberrant Reward Sensitivity 

Reward Sensitivity x 
Substance use  

Confirmatory No Interaction model plus substance use x reward 
sensitivity, substance use x aberrant reward sensitivity 

Reward Sensitivity x 
Strategic Behavior 

Exploratory No Interaction model plus strategic behavior x reward 
sensitivity, strategic behavior x aberrant reward sensitivity 

 
Table 1: We incorporated several group level models assessing strategic behavior and reward sensitivity while 

controlling for substance use. We assessed the interactions of reward sensitivity and strategic behavior and 

substance use respectively. If there were no interaction effects, we interpreted main effects using the no interaction 

model. We completed these group level analyses across both activation and PPI models. The PPI model used a pre-

registered VS seed, and exploratory IFG and AI seeds as derived from our results. The initial group level models 

were derived from initial hypotheses, though the interaction of reward sensitivity and strategic behavior was an 
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exploratory model driven by our results. Thresholded and unthresholded images are available on Neurovault: 

https://neurovault.org/collections/15045/ 

Strategic Behavior and Neural Connectivity  

Beyond activation patterns, we examined whether task-dependent connectivity patterns related 
to reward sensitivity and strategic decisions made in the Dictator and Ultimatum games. First, 
we examined our pre-registered ROI-based hypotheses using the ventral striatum as a seed. 
During the decision phase for the proposer conditions, we expected to find that ventral striatal 
responses to situations requiring strategic thinking (UG-P > DG-P) would be associated with 
enhanced connectivity with regions modulated by social information. To test this hypothesis, we 
conducted a PPI analysis using the VS as a seed region, and we focused on connectivity with a 
priori target regions (vmPFC, mPFC as defined by paracingulate gyrus, pTPJ, and the SPL). 
Contrary to our hypotheses, we did not find any regions of interest that survived multiple 
comparisons.  
 
Next, we conducted a whole-brain exploratory analysis to assess relations of other possible 
target regions to reward sensitivity and strategic behavior. We included the IFG and AI as seeds 
because they were derived from the activation of DG versus UG contrast in our data. Our group 
level analyses employed several covariates, including motion-based nuisance regressors, 
reward sensitivity, substance use, and strategic behavior. We also used two additional models 
that investigated the interactions of reward sensitivity, strategic behavior, and substance use 
respectively. 
 
First, we wanted to explore if strategic behavior as measured by the choices our participants 
made was associated with brain connectivity. Using the IFG as a seed (MNIxyz = 52, 16, 22), 
we found that enhanced connectivity with a left pTPJ target region (Schurz et al., 2017) 
extending into the SMG (MNIxyz = 50, -68, 35; cluster = 22 voxels, p = .008) was modulated by 
strategic behavior in the Dictator versus Ultimatum Game (see Figure 4). That is to say, selfish 
participants (i.e.: by making lower proposals in the DG versus UG conditions) experienced 
enhanced IFG-pTPJ connectivity contingent on whether or not there was a threat of rejection. 
Our results suggest that enhanced IFG-pTPJ connectivity may facilitate the social processing 
associated with strategic decisions in social contexts. We also examined if connectivity from an 
AI seed related to strategic situations was modulated by strategic behavior. Using the AI seed 
(MNIxyz = 33, 27, -4), we found that attenuated connectivity with the neighboring insular cortex 
(MNIxyz = 50, 6, -1; cluster = 26 voxels, p = .003) was modulated by strategic behavior in UG 
versus DG condition. That is to say, participants who were more selfish when there was no 
threat of rejection exhibited lower AI-Insula connectivity. Our results suggest that attenuated co-
activation of the insular cortex may contribute to making more selfish choices in social contexts. 
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Figure 4. IFG-pTPJ Connectivity moderates Strategic Behavior. We found that connectivity between an Inferior 
Frontal Gyrus (IFG) seed (Panel A), and a right pTPJ target (Panel B) was related to elevated strategic behavior 
(Panel C) (DG > UG) (MNIxyz = 50, -68, 35; cluster = 22 voxels, p = .008).(Thresholded: 
https://neurovault.org/images/803475/ Unthresholded https://neurovault.org/images/803476/). These results suggest 
that IFG- right pTPJ connectivity may modulate strategic behavior contingent on whether there is a threat of rejection 
or not. Participants who experienced elevated IFG-right pTPJ connectivity were also those who were more selfish in 
DG and offered closer to even splits in UG. For illustrative purposes, we extracted the parameter estimates within 
each region (Panel C). We note that Z statistic images were thresholded parametrically (Gaussian Random Field 
Theory) using clusters determined by Z > 3.1 and a (corrected) cluster significance threshold of p=.05 and the images 
are plotted using radiological view.  

The Association Between Connectivity with the Anterior Insula and Trait Reward 

Sensitivity is Moderated by Strategic Behavior  

 
Next, we examined how the interaction of reward sensitivity and substance use may moderate 
brain connectivity patterns associated with strategic thinking in bargaining situations. 
Investigating how a trait like reward sensitivity may moderate brain responses can reveal an 
important factor for understanding both behavior and brain relationships. Specifically, we used a 
model that included interaction covariates of strategic thinking with reward sensitivity and 
aberrant reward sensitivity. The model also controlled the main effects of strategic behavior, 
reward sensitivity, aberrant reward sensitivity, and substance use. We included substance use 
as a controlling variable due to its known relationships with reward sensitivity in 
psychopathology (Joyner et al., 2019).  
 
We found that the interaction of reward sensitivity and strategic behavior moderated AI-Angular 
Gyrus connectivity in the UG versus DG condition (Figure 5). That is to say, participants with 
higher reward sensitivity and attenuated AI-Angular Gyrus connectivity tended to make more 
strategic choices when there was a threat of rejection relative to when there was not. Moreover, 
participants with lower reward sensitivity and enhanced AI-Angular Gyrus connectivity tended to 
make more strategic choices when there was a threat of rejection compared to when there was 
not. These results suggest that the combination of strategic decisions and a person’s trait 
reward sensitivity together may modulate connectivity patterns in social situations requiring 
strategic thinking.  
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Figure 5. The interaction of reward sensitivity and strategic behavior modulated AI – Angular Gyrus 
connectivity in social situations requiring strategic thinking.  We conducted a whole-brain analysis exploring the 
interaction of trait reward sensitivity and strategic behavior. We found that higher reward sensitivity is associated with 
1) more strategic behavior and 2) elevated effective connectivity between AI (Panel A) and the Angular Gyrus (MNI; 
xyz = -47,-56, 54; cluster = 23 voxels, p = .005,). Conversely, for participants with low reward sensitivity, we found 
that their AI-Angular connectivity is lower as they exhibit strategic behavior. For illustrative purposes (Panel C), we 
used a median split to indicate the relation of RS and strategic behavior. Next, we extracted the parameter estimates 
within each region (Panel C). We note that Z statistic images were thresholded parametrically (Gaussian Random 
Field Theory) using clusters determined by Z > 3.1 and a (corrected) cluster significance threshold of p=.05 and the 
images are plotted using radiological view. See images here:(Thresholded: https://neurovault.org/images/803477/; 
Unthresholded: https://neurovault.org/images/803482/). 

Discussion 

 
This study investigated how relations between strategic behavior in bargaining situations and 
reward responses correspond to patterns of brain activation and connectivity. First, our 
behavioral results are consistent with past work suggesting that participants act strategically in 
bargaining situations through acting fairly when there is a threat of rejection (e.g., Ultimatum 
Game; UG) while keeping more for themselves when there is not a threat of rejection (Dictator 
Game; DG) (Charness & Gneezy, 2008). Second, we found that strategic behavior between the 
Dictator and Ultimatum Games evoked activation in the inferior frontal gyrus (IFG) and Anterior 
Insula (AI), results that were consistent with past investigations (i.e., Spitzer et al., 2007). Our 
analyses also indicated that elevated IFG-rTPJ connectivity was related to enhanced strategic 
behavior and attenuated AI-Angular Gyrus connectivity was modulated by the interaction of 
reward sensitivity and strategic behavior.  
 
Our work fits in with past literature suggesting that norm compliance is regulated by cortical 
activation. Although we did not find activation during UG versus DG in our pre-registered 
regions of interest, our whole brain analyses revealed activation in the right IFG and AI as 
participants made strategic decisions, replicating previous work (Spitzer et al., 2007; Zheng & 
Zhu, 2013). Next, both IFG and AI activation has been observed in other decision-making 
contexts. For example, FeldmanHall and colleagues reported AI activation during moral decision 
making (FeldmanHall et al., 2014). In addition, other work has shown that increased activation 
in the anterior insula in a trust task is associated with inequity aversion (van Baar et al., 2019; 
FeldmanHall et al., 2014). Further, our results are consistent with stimulation-based research 
that found elevated right dlPFC area activation corresponded to more strategic behavior (Knoch 
et al., 2006; Ruff et al., 2013; Strang et al., 2015) and inhibition of dlPFC activity diminished 
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strategic choices (Müller-Leinß et al., 2018; Zinchenko et al., 2021). In sum, our findings are 
consistent with the IFG and AI being involved in norm compliance decisions. 
 
Our work extends past literature through investigating how reward processes and cortical 
connectivity interact with strategic behavior. Our results indicate that elevated IFG-pTPJ 
connectivity is associated with increased strategic behavior, whereas attenuated AI-Angular 
Gyrus connectivity is modulated by the interaction of RS and strategic behavior. Although recent 
work has shown that the dlPFC and pTPJ regulate norm compliance in the UG and DG games 
(Gianotti et al., 2018 and that the rTPJ does not necessarily yield greater generosity (Brethel-
Haurwitz et al., 2022), our results indicate that the connectivity between these brain regions 
modulates strategic decisions in social situations. Understanding how connectivity modulates 
strategic decisions is a critical component of characterizing how the TPJ and dlPFC may be 
regulated during decision making. Nonetheless, when including RS as a covariate, we find that 
this relationship changes as people with low RS are more strategic with decreasing AI-Angular 
Gyrus connectivity. As such, our results suggest a nuanced view of AI-Angular Gyrus and IFG-
TPJ coupling (Lockwood et al., 2020), indicating that these brain regions do not necessarily 
reflect altruistic choice on their own (Hutcherson et al., 2015), but may modulate cognitive 
reward processes while making social decisions. We speculate that our results suggest the 
downregulation of bilateral TPJ activation and AI deactivation (FeldmanHall et al., 2014) 
interacts with trait reward sensitivity.  
 
Although our work has found that strategic behavior is modulated by both AI-Angular Gyrus and 
IFG connectivity with the TPJ, and reward sensitivity, we acknowledge that our study has 
several limitations that merit discussion. First, although we found relations with bilateral TPJ 
connectivity and strategic behavior, we do not infer specificity in lateralization. Past 
investigations suggest mixed findings (Carter et al., 2012; Coricelli & Nagel, 2009; Saxe & 
Kanwisher, 2003) as to the roles of the right and left TPJ, and we judged that exploring these 
results further was beyond the scope of our paper. Second, we note that relations with social 
context, reward sensitivity, and brain connectivity could be studied more extensively in a clinical 
population to assess how these relations are modulated by substance use and manic-
depressive symptoms. Whereas we were able to control for levels of substance use to account 
for RS effects (Joyner et al., 2019), we had too limited variability in substance use to make 
inferences about how substance use may contribute to maladaptive strategic decisions. Third, 
we acknowledge that connectivity analyses are not causal or directional with respect to 
inference despite identifying the IFG and AI as seeds and the temporoparietal junction as target. 
Another possible future direction includes evaluating AI-Angular Gyrus and IFG-TPJ 
connectivity patterns, associations with reward sensitivity, and their relations with recipient 
decisions in the Ultimatum Game. Fourth, since strategic behavior as a proposer was not 
related to recipient choices, we judged that these results are beyond the scope of this 
investigation. Finally, while we assessed strategic behavior, we did not assess it in a 
dynamic context. As social contexts increase exploration and obtained rewards (Plate et al., 
2023), a fruitful future direction could investigate how brain responses to changes over time 
reflect social decisions.  
 
Despite the limitations, our findings indicate that strategic decisions in social contexts are 
associated with AI-Angular Gyrus and IFG-TPJ connectivity and are modulated by trait reward 
sensitivity. These results provide greater insights into how reward processes interact with social 
decisions, involving brain processes that appraise the roles of other people while making 
choices. Since aberrant reward sensitivity is a major mechanism in substance use and 
depressive and bipolar disorders, investigating how reward sensitivity modulates brain 
processes during social contexts could provide considerably more understanding into how 
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people make maladaptive decisions resulting in substance use (Bart et al., 2021; Heilig et al., 
2016; Wyngaarden et al., 2023). Such work could help identify people at risk for substance use 
disorders and help develop interventions for people with aberrant reward patterns.  

References 

 
Alloy, L. B., Abramson, L. Y., Walshaw, P. D., Cogswell, A., Smith, J. M., Neeren, A. M., 

Hughes, M. E., Iacoviello, B. M., Gerstein, R. K., Keyser, J., Urosevic, S., & Nusslock, R. 

(2006). Behavioral Approach System (BAS) Sensitivity and Bipolar Spectrum Disorders: 

A Retrospective and Concurrent Behavioral High-Risk Design. Motivation and Emotion, 

30(2), 143–155. https://doi.org/10.1007/s11031-006-9003-3 

Alloy, L. B., Bender, R. E., Wagner, C. A., Whitehouse, W. G., Abramson, L. Y., Hogan, M. E., 

Sylvia, L. G., & Harmon-Jones, E. (2009). Bipolar Spectrum – Substance Use Co-

occurrence: Behavioral Approach System (BAS) Sensitivity and Impulsiveness as 

Shared Personality Vulnerabilities. Journal of Personality and Social Psychology, 97(3), 

549–565. https://doi.org/10.1037/a0016061 

Babor, T., DeLaFuentes, J., Saunders, J., & Grant, M. (1992). Babor TF, DeLaFuentes JR, 

Saunders J, Grant M. (1992) AUDIT: The Alcohol Use Disorders Identification Test: 

Guidelines for use in primary health care. World Health Organisation, PSA/92.4: 1–30. 

World Health Organisation, PSA/92.4: 1–30. 

Bart, C., Nusslock, R., Ng, T., Titone, M., Carroll, A., Damme, K., Young, C., Armstrong, C., 

Chein, J., & Alloy, L. (2021). Decreased Reward-Related Brain Function Prospectively 

Predicts Increased Substance Use. Journal of Abnormal Psychology. (in Press). 

Beckmann, C. F., Jenkinson, M., & Smith, S. M. (2003). General multilevel linear modeling for 

group analysis in FMRI. NeuroImage, 20(2), 1052–1063. https://doi.org/10.1016/S1053-

8119(03)00435-X 

Behrens, T., Hunt, L., Woolrich, M., & Rushworth, M. (2008). Associative learning of social 

value. Nature, 456, 245–249. https://doi.org/10.1038/nature07538 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


Berman, A., Bergman, H., Palmstierna, T., & Addona, F. (2003). Drug use disorders 

identification test. European Addiction Research. 

Berman, A. H., Bergman, H., Palmstierna, T., & Schlyter, F. (2005). Evaluation of the Drug Use 

Disorders Identification Test (DUDIT) in criminal justice and detoxification settings and in 

a Swedish population sample. European Addiction Research, 11(1), 22–31. 

https://doi.org/10.1159/000081413 

Brethel-Haurwitz, K. M., Oathes, D. J., & Kable, J. W. (2022). Causal role of the right 

temporoparietal junction in selfishness depends on the social partner. Social Cognitive 

and Affective Neuroscience, 17(6), 541–548. https://doi.org/10.1093/scan/nsab136 

Cao, J., & Worsley, K. J. (2001). Applications of Random Fields in Human Brain Mapping. In M. 

Moore (Ed.), Spatial Statistics: Methodological Aspects and Applications (pp. 169–182). 

Springer. https://doi.org/10.1007/978-1-4613-0147-9_8 

Carter, R. M., Bowling, D. L., Reeck, C., & Huettel, S. A. (2012). A Distinct Role of the 

Temporal-parietal Junction in Predicting Socially Guided Decisions. Science (New York, 

N.Y.), 337(6090), 109–111. https://doi.org/10.1126/science.1219681 

Carver, C. S., & White, T. L. (1994). Behavioral inhibition, behavioral activation, and affective 

responses to impending reward and punishment: The BIS/BAS Scales. Journal of 

Personality and Social Psychology, 67(2), 319–333. https://doi.org/10.1037/0022-

3514.67.2.319 

Charness, G., & Gneezy, U. (2008). What’s in a name? Anonymity and social distance in 

dictator and ultimatum games. Journal of Economic Behavior & Organization, 68(1), 29–

35. https://doi.org/10.1016/j.jebo.2008.03.001 

Chein, J., Albert, D., O’Brien, L., Uckert, K., & Steinberg, L. (2011). Peers increase adolescent 

risk taking by enhancing activity in the brain’s reward circuitry. Developmental Science, 

14(2), F1–F10. https://doi.org/10.1111/j.1467-7687.2010.01035.x 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


Cho, C., Smith, D. V., & Delgado, M. R. (2016). Reward Sensitivity Enhances Ventrolateral 

Prefrontal Cortex Activation during Free Choice. Frontiers in Neuroscience, 10. 

https://www.frontiersin.org/articles/10.3389/fnins.2016.00529 

Clithero, J. A., & Rangel, A. (2014). Informatic parcellation of the network involved in the 

computation of subjective value. Social Cognitive and Affective Neuroscience, 9(9), 

1289–1302. https://doi.org/10.1093/scan/nst106 

Coricelli, G., & Nagel, R. (2009). Neural correlates of depth of strategic reasoning in medial 

prefrontal cortex. Proceedings of the National Academy of Sciences, 106(23), 9163–

9168. https://doi.org/10.1073/pnas.0807721106 

Crockett, M. J., Siegel, J. Z., Kurth-Nelson, Z., Dayan, P., & Dolan, R. J. (2017). Moral 

transgressions corrupt neural representations of value. Nature Neuroscience, 20(6), 

879–885. https://doi.org/10.1038/nn.4557 

Dalley, J. W., & Robbins, T. W. (2017). Fractionating impulsivity: Neuropsychiatric implications. 

Nature Reviews. Neuroscience, 18(3), 158–171. https://doi.org/10.1038/nrn.2017.8 

Delgado, M. R., Beer, J. S., Fellows, L. K., Huettel, S. A., Platt, M. L., Quirk, G. J., & Schiller, D. 

(2016). Viewpoints: Dialogues on the functional role of the ventromedial prefrontal 

cortex. Nature Neuroscience, 19(12), Article 12. https://doi.org/10.1038/nn.4438 

Dennison, J. B., Sazhin, D., & Smith, D. V. (2022). Decision neuroscience and neuroeconomics: 

Recent progress and ongoing challenges. Wiley Interdisciplinary Reviews. Cognitive 

Science, 13(3), e1589. https://doi.org/10.1002/wcs.1589 

Engel, C. (2011). Dictator games: A meta study. Experimental Economics, 14(4), 583–610. 

https://doi.org/10.1007/s10683-011-9283-7 

Esteban, O., Markiewicz, C. J., Blair, R. W., Moodie, C. A., Isik, A. I., Erramuzpe, A., Kent, J. D., 

Goncalves, M., DuPre, E., Snyder, M., Oya, H., Ghosh, S. S., Wright, J., Durnez, J., 

Poldrack, R. A., & Gorgolewski, K. J. (2019). fMRIPrep: A robust preprocessing pipeline 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


for functional MRI. Nature Methods, 16(1), Article 1. https://doi.org/10.1038/s41592-018-

0235-4 

Fareri, D. S., & Delgado, M. R. (2014). Social Rewards and Social Networks in the Human 

Brain. The Neuroscientist: A Review Journal Bringing Neurobiology, Neurology and 

Psychiatry, 20(4), 387–402. https://doi.org/10.1177/1073858414521869 

FeldmanHall, O., Mobbs, D., & Dalgleish, T. (2014). Deconstructing the brain’s moral network: 

Dissociable functionality between the temporoparietal junction and ventro-medial 

prefrontal cortex. Social Cognitive and Affective Neuroscience, 9(3), 297–306. 

https://doi.org/10.1093/scan/nss139 

Franken, I. H. A., & Muris, P. (2006). BIS/BAS personality characteristics and college students’ 

substance use. Personality and Individual Differences, 40(7), 1497–1503. 

https://doi.org/10.1016/j.paid.2005.12.005 

Friston, K. J., Buechel, C., Fink, G. R., Morris, J., Rolls, E., & Dolan, R. J. (1997). 

Psychophysiological and modulatory interactions in neuroimaging. NeuroImage, 6(3), 

218–229. https://doi.org/10.1006/nimg.1997.0291 

Gianotti, L. R. R., Nash, K., Baumgartner, T., Dahinden, F. M., & Knoch, D. (2018). Neural 

signatures of different behavioral types in fairness norm compliance. Scientific Reports, 

8, 10513. https://doi.org/10.1038/s41598-018-28853-5 

Gorgolewski, K., Burns, C. D., Madison, C., Clark, D., Halchenko, Y. O., Waskom, M. L., & 

Ghosh, S. S. (2011). Nipype: A flexible, lightweight and extensible neuroimaging data 

processing framework in python. Frontiers in Neuroinformatics, 5, 13. 

https://doi.org/10.3389/fninf.2011.00013 

Gorgolewski, K. J., Esteban, O., Ellis, D. G., Notter, M. P., Ziegler, E., Johnson, H., Hamalainen, 

C., Yvernault, B., Burns, C., Manhães-Savio, A., Jarecka, D., Markiewicz, C. J., Salo, T., 

Clark, D., Waskom, M., Wong, J., Modat, M., Dewey, B. E., Clark, M. G., … Ghosh, S. 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


(2017). Nipype: A flexible, lightweight and extensible neuroimaging data processing 

framework in Python. 0.13.1. https://doi.org/10.5281/zenodo.581704 

Güth, W., Schmittberger, R., & Schwarze, B. (1982). An experimental analysis of ultimatum 

bargaining. Journal of Economic Behavior & Organization, 3(4), 367–388. 

https://doi.org/10.1016/0167-2681(82)90011-7 

Halchenko, Y., Goncalves, M., Castello, M., V. di, O., Ghosh, S., Hanke, M., Dae, Amlien, I., 

Brett, M., Salo, T., Gorgolewski, C., & Feingold, F. (2019). Nipy/heudiconv: V0.5.4: 

[0.5.4]—2019- 04-29. Zenodo. https://doi.org/10.5281/zenodo.2653788 

Heilig, M., Epstein, D. H., Nader, M. A., & Shaham, Y. (2016). Time to connect: Bringing social 

context into addiction neuroscience. Nature Reviews. Neuroscience, 17(9), 592–599. 

https://doi.org/10.1038/nrn.2016.67 

Hill, C. A., Suzuki, S., Polania, R., Moisa, M., O’Doherty, J. P., & Ruff, C. C. (2017). A causal 

account of the brain network computations underlying strategic social behavior. Nature 

Neuroscience, 20(8), Article 8. https://doi.org/10.1038/nn.4602 

Hutcherson, C. A., Bushong, B., & Rangel, A. (2015). A neurocomputational model of altruistic 

choice and its implications. Neuron, 87(2), 451–462. 

https://doi.org/10.1016/j.neuron.2015.06.031 

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., & Smith, S. M. (2012). 

FSL. NeuroImage, 62(2), 782–790. https://doi.org/10.1016/j.neuroimage.2011.09.015 

Joyner, K. J., Bowyer, C. B., Yancey, J. R., Venables, N. C., Foell, J., Worthy, D. A., Hajcak, G., 

Bartholow, B. D., & Patrick, C. J. (2019). Blunted Reward Sensitivity and Trait 

Disinhibition Interact to Predict Substance Use Problems. Clinical Psychological 

Science: A Journal of the Association for Psychological Science, 7(5), 1109–1124. 

https://doi.org/10.1177/2167702619838480 

Kahneman, D., Knetsch, J. L., & Thaler, R. H. (1986). Fairness and the Assumptions of 

Economics. The Journal of Business, 59(S4), S285. https://doi.org/10.1086/296367 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


Kench, B. T., Beekman, R. L., Chaves, W. V., & Niman, N. B. (2007). Moral Attributes In A 

Dictator Game. Journal of Diversity Management (JDM), 2(4), Article 4. 

https://doi.org/10.19030/jdm.v2i4.5019 

Knoch, D., Pascual-Leone, A., Meyer, K., Treyer, V., & Fehr, E. (2006). Diminishing reciprocal 

fairness by disrupting the right prefrontal cortex. Science (New York, N.Y.), 314(5800), 

829–832. https://doi.org/10.1126/science.1129156 

Lockwood, P. L., Apps, M. A. J., & Chang, S. W. C. (2020). Is There a ‘Social’ Brain? 

Implementations and Algorithms. Trends in Cognitive Sciences, 24(10), 802–813. 

https://doi.org/10.1016/j.tics.2020.06.011 

Morishima, Y., Schunk, D., Bruhin, A., Ruff, C. C., & Fehr, E. (2012). Linking Brain Structure 

and Activation in Temporoparietal Junction to Explain the Neurobiology of Human 

Altruism. Neuron, 75(1), 73–79. https://doi.org/10.1016/j.neuron.2012.05.021 

Müller-Leinß, J.-M., Enzi, B., Flasbeck, V., & Brüne, M. (2018). Retaliation or selfishness? An 

rTMS investigation of the role of the dorsolateral prefrontal cortex in prosocial motives. 

Social Neuroscience, 13(6), 701–709. https://doi.org/10.1080/17470919.2017.1411828 

Nusslock, R., & Alloy, L. B. (2017). Reward processing and mood-related symptoms: An RDoC 

and translational neuroscience perspective. Journal of Affective Disorders, 216, 3–16. 

https://doi.org/10.1016/j.jad.2017.02.001 

O’Reilly, J. X., Woolrich, M. W., Behrens, T. E. J., Smith, S. M., & Johansen-Berg, H. (2012). 

Tools of the trade: Psychophysiological interactions and functional connectivity. Social 

Cognitive and Affective Neuroscience, 7(5), 604–609. 

https://doi.org/10.1093/scan/nss055 

Park, S. Q., Kahnt, T., Dogan, A., Strang, S., Fehr, E., & Tobler, P. N. (2017). A neural link 

between generosity and happiness. Nature Communications, 8, 15964. 

https://doi.org/10.1038/ncomms15964 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


Peirce, J., Gray, J. R., Simpson, S., MacAskill, M., Höchenberger, R., Sogo, H., Kastman, E., & 

Lindeløv, J. K. (2019). PsychoPy2: Experiments in behavior made easy. Behavior 

Research Methods, 51(1), 195–203. https://doi.org/10.3758/s13428-018-01193-y 

Perugini, M., Gallucci, M., Presaghi, F., & Ercolani, A. P. (2003). The personal norm of 

reciprocity. European Journal of Personality, 17(4), 251–283. 

https://doi.org/10.1002/per.474 

Petrides, K. V. (2009). Psychometric properties of the Trait Emotional Intelligence Questionnaire 

(TEIQue). In Assessing emotional intelligence: Theory, research, and applications (pp. 

85–101). Springer Science + Business Media. https://doi.org/10.1007/978-0-387-88370-

0_5 

Plate, R. C., Ham, H., & Jenkins, A. C. (2023). When uncertainty in social contexts increases 

exploration and decreases obtained rewards. Journal of Experimental Psychology: 

General, No Pagination Specified-No Pagination Specified. 

https://doi.org/10.1037/xge0001410 

Quevedo, K., Ng, R., Scott, H., Kodavaganti, S., Smyda, G., Diwadkar, V., & Phillips, M. (2017). 

Ventral Striatum Functional Connectivity during Rewards and Losses and 

Symptomatology in Depressed Patients. Biological Psychology, 123, 62–73. 

https://doi.org/10.1016/j.biopsycho.2016.11.004 

Ruff, C. C., Ugazio, G., & Fehr, E. (2013). Changing Social Norm Compliance with Noninvasive 

Brain Stimulation. Science, 342(6157), 482–484. 

https://doi.org/10.1126/science.1241399 

Saxe, R., & Kanwisher, N. (2003). People thinking about thinking people: The role of the 

temporo-parietal junction in “theory of mind.” NeuroImage, 19(4), 1835–1842. 

https://doi.org/10.1016/S1053-8119(03)00230-1 

Sazhin, D., Frazier, A. M., Haynes, C. R., Johnston, C. R., Chat, I. K.-Y., Dennison, J. B., Bart, 

C. P., McCloskey, M. E., Chein, J. M., Fareri, D. S., Alloy, L. B., Jarcho, J. M., & Smith, 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


D. V. (2020). The Role of Social Reward and Corticostriatal Connectivity in Substance 

Use. Journal of Psychiatry and Brain Science, 5, e200024. 

https://doi.org/10.20900/jpbs.20200024 

Schurz, M., Tholen, M. G., Perner, J., Mars, R. B., & Sallet, J. (2017). Specifying the brain 

anatomy underlying temporo‐parietal junction activations for theory of mind: A review 

using probabilistic atlases from different imaging modalities. Human Brain Mapping, 

38(9), 4788–4805. https://doi.org/10.1002/hbm.23675 

Smith, D. V., & Delgado, M. R. (2017). Meta-analysis of psychophysiological interactions: 

Revisiting cluster-level thresholding and sample sizes. Human Brain Mapping, 38(1), 

588–591. https://doi.org/10.1002/hbm.23354 

Smith, D. V., Gseir, M., Speer, M. E., & Delgado, M. R. (2016). Toward a cumulative science of 

functional integration: A meta-analysis of psychophysiological interactions. Human Brain 

Mapping, 37(8), 2904–2917. https://doi.org/10.1002/hbm.23216 

Smith, D. V., Rigney, A. E., & Delgado, M. R. (2016). Distinct Reward Properties are Encoded 

via Corticostriatal Interactions. Scientific Reports, 6, 20093. 

https://doi.org/10.1038/srep20093 

Smith, E. L. P., Batuman, O. A., Trost, R. C., Coplan, J. D., & Rosenblum, L. A. (2002). 

Transforming growth factor-beta 1 and cortisol in differentially reared primates. Brain, 

Behavior, and Immunity, 16(2), 140–149. https://doi.org/10.1006/brbi.2001.0629 

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E. J., Johansen-

Berg, H., Bannister, P. R., De Luca, M., Drobnjak, I., Flitney, D. E., Niazy, R. K., 

Saunders, J., Vickers, J., Zhang, Y., De Stefano, N., Brady, J. M., & Matthews, P. M. 

(2004). Advances in functional and structural MR image analysis and implementation as 

FSL. NeuroImage, 23, S208–S219. https://doi.org/10.1016/j.neuroimage.2004.07.051 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


Spitzer, M., Fischbacher, U., Herrnberger, B., Grön, G., & Fehr, E. (2007). The neural signature 

of social norm compliance. Neuron, 56(1), 185–196. 

https://doi.org/10.1016/j.neuron.2007.09.011 

Strang, S., Gross, J., Schuhmann, T., Riedl, A., Weber, B., & Sack, A. T. (2015). Be nice if you 

have to—The neurobiological roots of strategic fairness. Social Cognitive and Affective 

Neuroscience, 10(6), 790–796. https://doi.org/10.1093/scan/nsu114 

Torrubia, R., Avila, C., Moltó, J., & Caseras, X. (2001). The Sensitivity to Punishment and 

Sensitivity to Reward Questionnaire (SPSRQ) as a measure of Gray’s Anxiety and 

Impulsivity dimensions. Personality and Individual Differences, 31, 837–862. 

https://doi.org/10.1016/S0191-8869(00)00183-5 

van Baar, J. M., Chang, L. J., & Sanfey, A. G. (2019). The computational and neural substrates 

of moral strategies in social decision-making. Nature Communications, 10(1), Article 1. 

https://doi.org/10.1038/s41467-019-09161-6 

Weiland, S., Hewig, J., Hecht, H., Mussel, P., & Miltner, W. H. R. (2012). Neural correlates of 

fair behavior in interpersonal bargaining. Social Neuroscience, 7(5), 537–551. 

https://doi.org/10.1080/17470919.2012.674056 

Wells, J., & Rand, D. G. (2013). Strategic Self-Interest Can Explain Seemingly “Fair” Offers in 

the Ultimatum Game (SSRN Scholarly Paper 2136707). 

https://doi.org/10.2139/ssrn.2136707 

Woolrich, M. W., Behrens, T. E. J., Beckmann, C. F., Jenkinson, M., & Smith, S. M. (2004). 

Multilevel linear modelling for FMRI group analysis using Bayesian inference. 

NeuroImage, 21(4), 1732–1747. https://doi.org/10.1016/j.neuroimage.2003.12.023 

Woolrich, M. W., Ripley, B. D., Brady, M., & Smith, S. M. (2001). Temporal autocorrelation in 

univariate linear modeling of FMRI data. NeuroImage, 14(6), 1370–1386. 

https://doi.org/10.1006/nimg.2001.0931 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


Wyngaarden, J. B., Johnston, C. R., Sazhin, D., Dennison, J. B., Zaff, O., Fareri, D., McCloskey, 

M., Alloy, L. B., Smith, D. V., & Jarcho, J. M. (2023). Reward sensitivity and 

corticostriatal function during social rewards. bioRxiv, 2023.01.17.524305. 

https://doi.org/10.1101/2023.01.17.524305 

Yamagishi, T., Horita, Y., Mifune, N., Hashimoto, H., Li, Y., Shinada, M., Miura, A., Inukai, K., 

Takagishi, H., & Simunovic, D. (2012). Rejection of unfair offers in the ultimatum game is 

no evidence of strong reciprocity. Proceedings of the National Academy of Sciences, 

109(50), 20364–20368. https://doi.org/10.1073/pnas.1212126109 

Zheng, H., & Zhu, L. (2013). Neural mechanism of proposer’s decision-making in the ultimatum 

and dictator games. Neural Regeneration Research, 8(4), 357–362. 

https://doi.org/10.3969/j.issn.1673-5374.2013.04.008 

Zhu, L., Mathewson, K. E., & Hsu, M. (2012). Dissociable neural representations of 

reinforcement and belief prediction errors underlie strategic learning. Proceedings of the 

National Academy of Sciences, 109(5), 1419–1424. 

https://doi.org/10.1073/pnas.1116783109 

Zinchenko, O., Savelo, O., & Klucharev, V. (2021). Role of the prefrontal cortex in prosocial and 

self-maximization motivations: An rTMS study. Scientific Reports, 11(1), 22334. 

https://doi.org/10.1038/s41598-021-01588-6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/


 
 
 
 
 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.563125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.563125
http://creativecommons.org/licenses/by/4.0/

