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Chapter 4 

Neural underpinnings of dynamic social ties 
formation in a public good game1 
 

4.1 Introduction 

Unlike most animal species, humans cooperate with individuals beyond kins and 

reproductive partners. We also create and maintain relationships with genetically unrelated 

individuals and the strength of these relationships influences our level of cooperation with 

other individuals. Indeed, we are more likely to offer our help and support to our best 

friend than to a complete stranger. Surprisingly, in economics, the role of interpersonal ties 

has not been incorporated in formal models of social decision making until very recently 

(van Dijk and van Winden, 1997). Even less studied are the cognitive and neural 

mechanisms underlying the formation and development of such ties.  

Previous models of interdependent utilities formalize the care for other’s welfare in 

our choice by considering that one’s utility also depends on utility of interacting partners 

(Sobel, 2005). In most models, the way the well-being of interaction partners is 

incorporated is typically considered as stable, reflecting a personality trait inherent to the 

agent like in the well-known inequality aversion models (Fehr and Schmidt, 1999; Bolton 

and Ockenfels, 2000). Furthermore, they do not take into account the interaction history. 

These models thus fail to explain why our level of cooperation might change depending on 

the relationship we have formed with the person we are interacting with. This issue also 

received attention from social psychologists (see for example Reis et al., 2000).  

In this paper, we test a model of choice in which the weight attributed to the 

welfare of an interacting partner in the decision to be made represents the affective care for 

                                                           
1 The research in this chapter is based on joint work with Nadège Bault, Johannes Fahrenfort, Richard 
Ridderinkhof and Frans van Winden. 
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this person, what we call the social tie. As we saw in Chapter 2, van Winden et al. (2008) 

define a social tie as “a caring about the interests of a specific other person, based on 

feelings experienced while interacting with that other person. Sentiments are the affective 

component of interpersonal attachments and are considered to be a key element of a social 

tie” (p5). Social ties form over time, as the interaction unfolds and tend to blur the 

boundaries between the interacting partner and the self.  The tie developing between two 

interacting partner thus depends on the past interaction as well as the emotional responses 

attached to the present behavior of the partner. We consider individual differences in 

emotional responses to the kindness of others and in the impact of past interactions. These 

two traits constitute the parameters of our theoretical model. 

Behavioral empirical evidence supports the idea that social ties are an important 

factor in the decision to cooperate with others. van Dijk et al. (2002) had participants play 

a repeated two-person nonlinear public good game to show how social ties develop and 

found that their formation during the economic game were explained by the interaction 

success, as measured by cooperation level or earnings. Moreover, in a four-player game, 

the most cooperative groups were also those who created the most positive ties 

(Sonnemans et al., 2006). The strength and valence of the ties formed with each of the 

other group members was related to their contributions to the public good. As assumed by 

the social ties model (van Dijk and van Winden, 1997), the impact of interaction success 

on social ties was mediated by emotions (Brandts et al. 2009). These studies suggest that 

interpersonal ties have an important role in social decision making process. Consequently, 

models of social interactions should take them into account. Investigations on the 

neurobiological underpinning of human social behavior have just begun to explore the 

question of affective attachment such as friendship (Fareri, 2012; Krienen, 2010), romantic 

attachment (Aron, 2005; Fisher et al., 2005; Zeki, 2007) and sympathy (Decety and 

Chaminade, 2003). However, only already existing ties have been investigated and the 

brain processes underlying the development of (new) ties are still unknown. More 

importantly, the neural circuitries supporting the existence of social ties mechanism and by 

which social ties modulate economic decision making remain to be elucidated.  

Several brain areas are susceptible to encode social ties. The anterior cingulate 

cortex (ACC) has been previously implicated in romantic attachment (Bartels and Zeki. 

2000). Empathy, a concept crucial for the development of affective bonds recruits the ACC 

and anterior insula (AI; Singer, et al. 2004, Singer, et al. 2006, Singer, 2006, Fahrenfort et 
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al., 2012).  The posterior superior temporal sulcus (pSTS) is a good candidate for keeping 

track of social ties. The pSTS responds to biological motion and several types of social 

stimuli. Its activity changes when viewing the faces of cooperative partners (Singer, et al. 

2004), friends and loved ones (Bartels and Zeki. 2000). It is keeping track of other agent’s 

strategies (Haruno & Kawato, 2009), as well as one’s influence on the other agent’s 

choices (Hampton et al., 2008). Finally the activity of the amygdala was found to correlate 

with the social value orientation of individuals (Haruno and Frith, 2010). Other regions 

directly implicated in cooperative decisions might have their activity also modulating 

social ties. Winning a monetary gain together with a friend rather than with a stranger 

activated reward-related structures such as the striatum and the mPFC (Fareri et al, 2012). 

The mPFC is also implicated in making trait judgment of close friends (Krienen, 2010; 

Heatherton, 2006) and in trust (Kruger, 2007). Cooperative decisions involved the medial 

prefrontal cortex (mPFC) in a trust game (McCabe et al., 2001), in the Ultimatum Game 

and Prisoner’s Dilemma Game (Rilling et al., 2004). Given these previous results, we 

hypothesized that the affective component of the interaction, i.e the tie formed between 

interactive partners might be encoded in the ACC, amygdala, insula and pSTS. Making a 

decision to cooperate and trust others seem to implicate more frontal regions such as the 

mPFC.  

In our study, we aimed at linking up the parameters of the social ties model with 

neural activity through model-based functional magnetic resonance imaging (fMRI). The 

social tie model was estimated in the context of a repeated pair-wise public good game. 

Our goal was to test whether the brain keeps track of the tie formed between a participant, 

whose brain activity was recorded, and a counterpart. We were interested in distinguishing 

regions encoding the emotional impact derived from the other player’s choices and regions 

encoding a more integrated, long-term signal corresponding to the tie. Furthermore, we 

investigated how the tie value is incorporated in the decision to contribute to the public 

good. 

4.2 Methods 

4.2.1 Participants 

Thirty two pairs of healthy volunteers participated in the experiment for financial 

compensation. The brain activity of one participant of each pair was measured using 

functional magnetic resonance imaging (fMRI); for the second participant, behavior only 

was monitored. Participants were Dutch or international exchange students at the 
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University of Amsterdam. Three pairs of participants were excluded because one of the 

interaction partners had not fully understood the Public Good game instructions, as 

indicated by one of our comprehension measures. For six pairs, it was not possible to 

estimate the behavioral model because of a lack of choice variability. Thus, 22 pairs of 

participants were included in the analyses. The 22 remaining participants in the scanner 

had an average age of 22.6 (s.d.±2.7) and 14 of them (63.6%) were males. Their 22 

interaction partners had an average age of 23.3 (s.d.±4.5). The study was approved by the 

local ethical committee. Written informed consent was obtained from all participants prior 

to experimentation.  

4.2.2 Experimental procedure 

Participants were tested in pairs. Of each pair, one subject was positioned in the scanner 

while the other was seated in a separate room. The procedure was fully anonymous, such 

that subjects would never see each other or get any information about the other subject 

other than through computer-interfaced interaction during the public good game. Each pair 

played 29 rounds of an anonymous public good game (PGG). Both before they got any 

information about the PGG and (unexpectedly) after the 25th round of the public good 

game, subjects were administered a distributional outcome test (DOT; Farhenfort et al., 

2012) which enables the empirical measure of an interpersonal tie. At the end of the second 

DOT, they played the remaining 4 rounds of the PGG. In standard public good games, 

contributions typically drop in the last rounds. The second DOT was thus administered 

before the end of the PGG in order to avoid any contamination of the end of game effect on 

the tie measurement.  Participants then completed a post-scan questionnaire related to the 

task and an emotional empathy scale questionnaire (BEES Mehrabian and Epstein, 1972; 

Mehrabian, 1997). After the experiment, participants were paid out according to their 

earning during the tasks. Earnings summed up to an average of 45 euros per participant. 

Results concerning the DOT and the last 4 PGG rounds have been published elsewhere 

(Farenfhort et al., 2012). 

4.2.3 Public good game 

Participants played 29 rounds of a non-linear public good game with the same interaction 

partner. In each round, participants could freely divide 12 monetary units (MU) between 

their private account and a public account. The private account generated earnings for the 

participant only, whereas the public account generated earning to both players. The payoff 

consequences of contributions to the public account were made explicit by use of an on-

screen payoff table (see Table 4.1). Payoffs in this table were given by 	14 ∗ (G + H) 	+
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	32 ∗ (12 − G) 	−	(12 − G)� 	− 160	, where x stands for a subject’s own contribution to 

the public account, while y denotes the other subject’s contribution to the public account. 

The game has an interior standard Nash equilibrium, equal to 3 MU. The social optimum is 

also interior in the action space and corresponds to a contribution of 10 MU.  Prior to the 

public good game, extensive instructions were given, followed by nine multiple-choice 

questions to check for understanding.  

 

Table 4.1: Payoff matrix of the Public Good Game 

               

 

OTHER 

0 1 2 3 4 5 6 7 8 9 10 11 12 

Y
O

U
 

0 80 94 108 122 136 150 164 178 192 206 220 234 248 

1 85 99 113 127 141 155 169 183 197 211 225 239 253 

2 88 102 116 130 144 158 172 186 200 214 228 242 256 

3 89 103 117 131 145 159 173 187 201 215 229 243 257 

4 88 102 116 130 144 158 172 186 200 214 228 242 256 

5 85 99 113 127 141 155 169 183 197 211 225 239 253 

6 80 94 108 122 136 150 164 178 192 206 220 234 248 

7 73 87 101 115 129 143 157 171 185 199 213 227 241 

8 64 78 92 106 120 134 148 162 176 190 204 218 232 

9 53 67 81 95 109 123 137 151 165 179 193 207 221 

10 40 54 68 82 96 110 124 138 152 166 180 194 208 

11 25 39 53 67 81 95 109 123 137 151 165 179 193 

12 8 22 36 50 64 78 92 106 120 134 148 162 176 

Note: The standard Nash equilibrium of the game is (3,3) whereas the Pareto optimum is (10,10). 
The corresponding payoffs appears in bold in the table but were not highlighted in the table shown 
to the subjects during the experiment. 

 

4.2.4 Time course of a trial 

Each trial consisted of three phases: 1) decision about contribution, 2) decision about 

expectation of the other’s contribution and 3) feedback. Participants were first presented 

with an instruction screen with the sentence “How do you want to allocate your MU this 

round?” during 2 s. Then the payoff matrix appeared with the choice options of the 
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participant depicted as rows and the choice options of the partner depicted in columns. 

They could navigate between rows to make their choice using 2 buttons of an MR-

compatible response box placed in the subject’s right hand and validated their choice at 

any time using a third button. Their choice was shown during 2s. Then, a second 

instruction screen displaying “How do you think the other will allocate his or her MU in 

this round?” was presented during 2s. The payoff matrix appeared and they could choose 

the expected contribution of the other by navigating between columns of the matrix. This 

choice remained during 2s. A screen displayed “Please wait for the other to respond” 

during 500 ms followed by a black screen during 6s. The feedback screen, displayed 

during 16s, then showed both participants’ contributions to the public account as well as 

the participant’s payoff. 

4.2.5 Social ties model  

The behavioral model tested in the present study is based on the social ties model already 

developed by van Dijk and van Winden, (1997). This model theorizes social ties as the 

attachment that builds up during economic interactions between individuals. Following the 

general idea of interdependent utilities, individuals in our model put a weight on the 

welfare of their interaction partners in their utility function. However, in contrast with 

other theories, this weight is dynamic, evolves over time depending on the interaction 

history and, more importantly, on the feelings the individual derived from the interaction. 

Such a formalization of social ties is very appealing for it allows for various kinds of 

behavior such as standard selfish behavior, fixed other-regarding preferences like altruism 

and inequity aversion, mimicking behavior and reciprocity (for more details on the model 

and its implications, see Chapter 2 and van Winden, 2012). 

The utility function is defined as follows2: 

��� = ��� + ����. ��� 																																																															(4.1) 

where Pit is the payoff of player i at period t (calculated from the non-linear formula given 

above) and ���� represents i’s tie with j at time t.  

 

 

                                                           
2 Notice that we did not include foresight in this specification of the model. The first reason is simply that 
these analyses were run before the investigation of mixture models in Chapter 2. It also lets all subjects with 
the same number of parameters for our second level analysis (see Section 4.3.4.).  
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The social tie is formalized as:  

���� 	= 	��
. �����
 +	���. ����
																																																				(4.2) 

with ��
 the tie persistence and ��� the tie proneness of individual i. The parameter  ��� 
represents the strength with which an emotional impulse feeds the social tie. This impulse 

is itself a function of a stimulus, which can be described as a difference between the actual 

behavior of the other and some reference point. The impulse is attached here to the period 

t-1 since the tie is actualized according to what happened in the last period. In our case, the 

impulse corresponds to the contribution of the other minus a reference contribution which 

is the standard Nash equilibrium of the PGG (i.e. 3). 

��� 	= 	 �� −	 "#$																																																															(4.3) 

We assumed that individuals are imperfect utility maximizers when choosing their 

contribution level to the public good. This is captured by the following equation: 

��'� =
eIJKLM 	

∑ eIJKLM 	
N'�=
																																																													(4.4) 

In this framework, Pikt is the probability for player i to choose contribution k at period t, 

and θ is a parameter that calibrates how sensitive the player’s choice are to differences in 

utility. 

Parameter estimation was done using maximum likelihood estimation (MLE) with 

the matlab function fmincon. The estimation was run on individual data using participants’ 

contributions in the 25 rounds of the PGG before the DOT interruption. For the remaining 

participants, the +, �
  and ��  parameters were individually estimated.  The value of α was 

computed according to equation (4.2). We thus obtained a series of 25 values of α for each 

participant. These values were then used as a parametric regressor in the fMRI models (see 

below). 

 

4.2.6 fMRI: Data Acquisition and Analyses 

4.2.6.1 Images acquisition and preprocessing  
Images were acquired on a Philips 3T Intera scanner. The functional recordings were 

acquired using a T2*-weighted sequence [40 coronal slices; flip angle (FA), 80°; echo time 

(TE), 30 ms; repetition time (TR), 2.3 s; slice thickness, 3 mm; field of view (FOV), 220 × 
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220 mm; in-plane voxel resolution, 2.3 × 2.3 mm]. Sessions ended with the acquisition of a 

high-resolution anatomical image using a T1 turbo field echo sequence [182 coronal slices; 

FA, 8°; TE, 4.6 ms; TR, 9.6 s; slice thickness, 1.2 mm, FOV, 256 × 256 mm; in-plane 

voxel resolution, 1 × 1 mm]. Pre-processing and data analysis was performed using the 

fMRI Expert Analysis Tool (FEAT), v5.98 from the FMRIB’s Software Library package 

(FSL, http://www.fmrib.ox.ac.uk/fsl). fMRI images were motion corrected, slice-time 

aligned, aligned to the structural image of the subject, and spatially smoothed using a 

Gaussian kernel of 5 mm and high-pass temporally filtered using a Gaussian envelope of 

50 s. Anatomical brains were extracted from the structural images, and transformed to the 

standard space of the Montreal Neurological Institute (MNI) using FMRIB’s Non-linear 

Image Registration Tool (FNIRT). Finally, the functional data were co-registered to the 

MNI brain using non-linear parameters obtained from FNIRT. 

4.2.6.2 fMRI Models 
Voxel-wide differences in BOLD contrast within the smoothed normalized images 

resulting from  the  different  task  conditions  and  trial  types  were  examined  using  FSL 

FEAT.  Standard neuroimaging methods using the general linear model (GLM) were used 

with the first level (individual subject analyses) providing contrasts for group effects 

analyzed at the second level (group analyses). 

We introduced all events of the trial (Instruction 1, decision, button press, decision 

validation, instruction 2, decision expected contribution other, button press 2, decision 

validation 2 and feedback) in the same GLM in order to attribute signal variance to all 

known sources of variance.   

Both instruction periods were modeled as epochs of 3s duration, time-locked to the 

display of the instruction screens. The decision period was modeled as a variable epoch, 

time-locked to the display of the PGG matrix and ending with the button press indicating 

choice validation (self-paced). Similarly the decision of the expected contribution of the 

partner had its onset locked to the PGG matrix display and lasted until response validation. 

Two delta function regressors modeled button presses to navigate between rows and 

columns of the PGG matrix to choose the contribution level and expected contribution of 

the partner respectively. Two delta function regressors modeled button presses to validate 

decisions regarding the contribution level and expected contribution of the partner 

respectively. The feedback period started when the feedback screen was displayed with 16s 

duration.  
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Additional regressors were introduced to model parametric modulations. In model 

1, the social tie parameter estimated with our behavioral model was introduced at the time 

of choice and the parametric effect of the impulse was modeled during the feedback phase. 

In model 2, the parametric effect of contribution level was introduced during the period 

between the last option selection and the validation of the choice. 

All regressors were convolved with the canonical hemodynamic response function.   

4.2.6.3 Connectivity analyses: beta seed correlations 
Beta seed correlations analyses were performed using the methodology described by 

Rissman et al. (2004). Separate covariates were used to model activity evoked during two 

trial phases, the beginning of the decision and the period between the last option selection 

and the validation of each individual trial. This first step was implemented in FSL in the 

context of a general linear model. The resulting parameter estimates (beta values) were 

sorted according to the stage from which they derived to form a set of decision-specific and 

a set of validation-specific beta series. Correlation of the seed’s beta series (averaged 

across the seed voxels) with the beta series of all other voxels in the brain was computed 

using Matlab (http://www.mathworks.com), and seed correlation maps were generated.  

The correlation coefficients were then converted to z scores. Group-level random effects t 

tests were then conducted to identify voxels for which the mean of the individual subjects’ 

transformed correlation coefficients was reliably greater than zero. 

4.2.6.4 Statistical threshold, activations localization and reported statistics 
Reported coordinates conform to the Montreal Neurological Institute space. Activations 

are reported as significant when p < 0.05, corrected for multiple comparisons using cluster-

wise control of the false discovery rate with an initial cluster threshold of z = 2.5. 

Anatomic labeling of activated regions was performed using atlases in FSLview.  

4.3 Results  

4.3.1 Behavior 

Scanned participants contributed an average of 6.258 MU in the public good and their non-

scanned counterpart 6.235 MU. The scanned group earned 154.775 MU and the non-

scanned group 155.275 MU. They expected their partner to contribute 6.215 MU and 6.687 

MU respectively. There was no difference in contribution level and earnings (t-test p>0.9) 

between the two groups. The average time for choosing how many MU to contribute was 

13.91s. 
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4.3.2 Model estimation 

The average log-likelihood for the estimation was -1616.6945 across the 22 scanned 

participants. We found the following estimated parameters at the group level: + = 0.0422; 

�
  = 0.4320; �� = 0.0911. 

Table 4.2: Activation results - Model 1 – Social Tie Parameter 

Location Side Voxels Z p MNI Coordinates 

+ Social tie - Choice Phase 

Occipital Pole Bilateral 1538 4.97 <0.001 -6 -84 -16 

Lat. Occipital Cortex Left 460 4.37 <0.001 -32 -86 16 

Lat. Occipital Cortex Right 334 3.99 <0.001 24 -74 42 

Precentral Gyrus Left 303 3.72 0.0019 -44 -8 56 

Lat. Occipital Cortex Right 257 4.12 0.0062 32 -82 4 

Superior Parietal Cortex Right 184 3.54 0.0447 28 -46 40 

-  Social tie - Choice Phase 

Occipital cortex Bilateral 3279 4.69 <0.001 10 -76 10 

TPJ Right 678 4.4 <0.001 52 -62 24 

pSTS Right 3.78 48 -42 2 

TPJ Right 3.7 42 -56 16 

TPJ Right 3.67 44 -66 26 

pSTS Right 3.2 60 -44 4 

pSTS Right 3.12 58 -52 16 

pSTS Left 504 3.85 <0.001 -52 -58 14 

TPJ Left 502 3.72 <0.001 -52 -70 42 

  DLPFC Left 215 3.55 0.0189 -52 26 18 

 

4.3.3 Parametric effect of the social tie (alpha) parameter during the choice phase 

During the choice period, pSTS [peak  voxels  Montreal  Neurological  Institute  

coordinates (x, y, z); left: (-52, -58, -14) and right: (48, -42, 2)], TPJ [left: ( -52, -70, 42) 

and right: (52, -62, 24)] and the left DLPFC (-52, 26, 18) showed a negative parametric 

modulation by the social tie parameter estimated using our behavioral model (see Table 4.2 

and Figure 4.1).  

The positive contrast only revealed activation in the occipital cortex and precentral 

gyrus which are more likely to be related to higher visual and motor activity associated 

with higher tie than to encoding the tie per se.  
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4.3.4 Activity related to the model parameters δ1 and δ2  

In our model,	δ
  represents tie persistence and thus reveals the speed at which the tie 

decreases over time (decays) if the interaction is not maintained. δ�  represents the tie 

proneness, the emotional impact of the other’s behavior on the new tie. These two 

parameters are thought to reflect stable personality traits. We thus tested the hypothesis 

that inter-individual differences in these two parameters will result in different activity in 

brain areas encoding the tie when a decision is made. We used the δ
  and δ�  parameters 

as parametric regressors at the second level of brain data analysis. Both parameters 

correlated with activity in TPJ (MNI coordinate at p<0.001 unc., δ
 : left -58 -56 38; right 

44 -66 28; δ� : left -52 -60 14; right 52 -62 24), pSTS (δ
 : left -66 -62 10; right 46 -42 2; 

δ� : left -52 -32 -4; right 48 -2 2). 

 

Figure 4.1 - Parametric effect of social ties: At the time of choice, activity in the 
pSTS and TPJ was parametrically modulated by the value of the tie estimated by the 
behavioral model. Z map projected on the subjects’ averaged brain. 

 

4.3.5 Parametric effect of the impulse during the payoff phase 

During the phase in which the other player’s contribution and the payoff were revealed, a 

large set of brain regions were parametrically modulated by the impulse (i.e. contribution 

of the other – Nash equilibrium contribution). Among those, the anterior cingulate cortex 

(ACC; 10, 30 24), bilateral insula [left: ( -32, 22, -6) and right: (40, 18, -14)],  pSTS (50, -

26, -8), TPJ [left: (46, -50, 12) and right: (-54, -56, 14)], orbitofrontal cortex (18, 60, -16) 

and ventral striatum (8, 16, -8) showed a positive relationship with the impulse (see Table 



CHAPTER 4 

80 

 

4.3 and Figure 4.2). The negative contrast revealed activity in the posterior superior 

temporal gyrus. 

Table 4.3: Activation results - Model 1 – Emotional Impulse Parameter 

Location Side Voxels Z p 
MNI 

Coordinates 

+ Emotional Impulse - Outcome Phase 

Lat. Occipital Cortex Right 40601 7.42 <0.001 28 -74 -22 

PCC 2 -36 22 

Brainstem -4 -28 -10 

Ant. Insula Right 40 18 -14 

Middle Frontal Gyrus Right 2806 5.54 <0.001 40 18 26 

ACC Bilateral 2705 4.56 <0.001 10 30 24 

Ant. Insula Left 678 4.68 <0.001 -32 22 -6 

pSTS Right 484 4.23 <0.001 50 -26 -8 

OFC Right 271 3.62 0.0145 18 60 -16 

+ Emotional Impulse - Outcome Phase 

   (secondary peaks) 

Nucleus Accumbens Right 4.98 8 16 -8 

Inferior Frontal Gyrus Left 4.88 -40 10 24 

Precentral Gyrus Left 5.05 -34 -4 54 

pSTS/TPJ Right 4.64 46 -50 12 

Middle Frontal Gyrus Right 4.32 30 6 48 

pSTS/TPJ Left 4.65 -54 -56 14 

- Emotional Impulse - Outcome Phase 

Posterior Superior Temporal Gyrus Right 580 4.72 <0.001 58 -30 12 

Posterior Superior Temporal Gyrus Left 454 4.32 <0.001 -52 -36 14 

Lat. Occipital Cortex Left 372 4.25 0.0018 -50 -74 26 

  Ventricle   254 4.06 0.0210 22 -46 14 

 

4.3.6 Specificity of activations relate to the tie and impulse 

Because the impulse function is included in the tie parameter, these two variables were not 

statistically independent preventing us to include them in the same model during the same 

phase. Thus, to test for the specificity of brain activity to a more integrated signal social 

tie, we also tested a model in which the tie was included during the payoff phase and the 

impulse during the choice phase. During the payoff phase, parametric effects of the tie and 

impulse yield to very similar activations, suggesting that at this stage brain activity in the 
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ACC, insula and pSTS, OFC and striatum is related to a response to the decision of the 

other. In contrast, during the choice phase the pSTS activation related to the tie 

disappeared when the parametric modulator was the impulse. This suggests that the pSTS 

encode a more abstract signal related to the tie with the other player rather than his 

immediate past behavior. The pSTS might update the tie between the payoff and 

subsequent choice phases, encoding an integrated signal.  

4.3.7 Parametric effect of the contribution level 

We next looked at brain areas which activity was directly involved in the decision process 

of a contribution level (see methods, FMRI Analyses, model 2). The mPFC (0, 50, 8), 

posterior cingulate (0, -44, 40) and middle frontal gyrus (34, 52, 30) were modulated by 

the contribution level (see Table 4.4 and Figure 4.3). 

 

Figure 4.2 - Parametric effect of the impulse: Brain areas which activity 
showed a parametric modulation by the impulse at the time of outcome. Z map 
projected on the subjects’ averaged brain. 
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4.3.8 Connectivity 

Beta seed correlation analyses revealed a link between the activity related to the 

contribution level in the mPFC and the tie encoded in the pSTS. The seed region was 

determined from the analysis of the parametric effect of the contribution level. The seed 

region was a 4 mm sphere around the peak voxel of the mPFC cluster. We found that the 

activity of this region just before validating the selected option correlated with the activity 

of the right and left pSTS at the beginning of the choice phase (see Figure 4.4). The 

correlated clusters in the pSTS overlapped with those from the parametric analysis of the 

tie.  

 

Figure 4.3 - Parametric effect of the contribution to the public good: At the time 
of choice, activity in the mPFC and PCC was parametrically modulated by the 
contribution to the public good by the subject in the current trial. Z map projected on 
the subjects’ averaged brain. 

 

 Table 4.4: Activation results - Model 2 – Contribution Parameter 

Location Side Voxels Z p MNI Coordinates 

+ Contribution - Choice Phase 

Occipital Cortex Bilateral 1705 4.92 <0.001 12 -80 -4 

Posterior Cingulate Gyrus Bilateral 706 3.84 <0.001 0 -44 40 

Medial Prefrontal Cortex Bilateral 345 3.72 0.0046 0 50 8 

Occipital Cortex Right 328 3.87 0.0064 8 -78 32 

  Middle Frontal Gyrus Right 266 3.35 0.0222 34 52 30 
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4.4 Discussion 

The goal of the study was to test a model of choice which conceives the weight attributed 

to another individual’s utility as a dynamic process which depends on the affective 

reactions to the other’s behavior. We aimed at characterizing the brain mechanisms 

implicated in choosing how much to contribute in a repeated public good game. The model 

presented here has several components including an impulse function capturing the 

emotional reaction elicited by the other’s choice in the previous trial. We found that during 

the feedback phase, this impulse function was encoded in brain regions previously 

implicated in reward-based emotions and especially in social affective reaction such as the 

insula, striatum, ACC, pSTS and TPJ.  

 

 

Figure 4.4 - Connectivity analysis: At the time of choice, activity related to the 
contribution in the mPFC correlated with activity related to tie encoding in the pSTS. 
The brain on the right shows the location of the seed region, the brain on the left 
shows the voxels which activity significantly correlated with the seed region. T map 
projected on the subjects’ averaged brain. 

 

In the model, the impulse function is used to update a tie value. This tie represented 

how much we care about the other. The tie builds over time and therefore constitutes an 

integrated signal. It represents the history of the interaction with the other, more 

particularly the history of the emotional reactions to this behavior, and could thus be 
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imagined as a stock variable of these emotional impulses. We found that the tie value was 

specifically encoded in the pSTS and TPJ. Interindividual differences in the way the 

impulse impacts the new tie and the decay of the tie were also found in the pSTS and TPJ. 

Finally, the activity of the pSTS at the beginning of the choice phase correlated with the 

activity of the mPFC at the end of the choice phase. Thus we identified brain 

underpinnings of all components of our behavioral model.  

The results suggest that the emotional reactions to the previous choice of the other 

is encoded in a large network, with a more integrated signal in the pSTS and TPJ keeping 

track of the history of this interaction and representing the tie formed with the other. This 

tie is then used to make future decisions, implicating the mPFC and PCC. Several brain 

regions have been identified as underlying social behavior. However, the specific 

implication of each of these areas and the computations they operate remains unclear. Our 

work cast new light on mechanisms implicated in decisions to contribute to public goods.  

Economic theories of social preferences propose that when making a decision we 

attach a weight to the payoff of interacting partner. When one’s choice might impact the 

wealth of other individuals, the utility associated to a particular option depends not only on 

one’s own payoff but also on the other individuals’ payoff, weighted by a factor reflecting 

our social attitude. Economists generally assume these preferences to be exogenous (Fehr, 

2011). In interdependent utility theories (Sobel, 2005), the weight attached to the welfare 

of others is considered to be fixed, constituting a stable personality trait. Individuals are 

treated as if their dispositions (either prosocial, individualistic or antisocial) were 

completely independent of the interacting person or of the context.  Economists justify not 

explaining behavioral changes by preference changes by stating that it introduces too many 

free variables. However Fehr and Hoff (2011) argue that “recent progress in scientific 

methods renders this argument obsolete” (op. cit., p399). Indeed we were able not only to 

estimate dynamic other-regarding preferences but we also showed that specific brain areas 

were keeping track of the developing ties, providing evidence of the biological plausibility 

of the social ties model.  

A set of brain areas including the mPFC, pSTS, TPJ and PCC is consistently 

activated during social interaction. Yet, the nature of the tasks used in many experiments 

makes it difficult to determine the type of computation they might perform. The use of 

model-based fMRI seems promising in this perspective. Here we were able to distinguish 

between regions implicated in the affective response to an interactive partner’s decisions, 
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and regions encoding a signal reflecting a more long-term tie building with this partner. 

Indeed, during the feedback phase, the anterior insula, ACC and nucleus accumbens were 

parametrically modulated by the value of our model representing the kindness of the 

other’s choice. These threeregions are consistently activated in response to the affective 

evaluation of social situations (Vrticka and Vuilleumier, 2012; Fareri et al., 2012), 

including social emotions such as empathy and disgust.  pSTS and TPJ also had their 

activity modulated by the other’s behavior. Besides, during the choice phase, the pSTS and 

TPJ activity reflected a signal integrating the choice of the other in the previous round with 

the tie previously formed with the other. The relationship between the tie value and the 

pSTS and TPJ activity was negative. This is consistent with previous findings concerning 

the brain underpinnings of friendship (Bartels and Zeki. 2000), although another study 

report the opposite relationship (Krienen & al, 2010). Given the known role of the pSTS 

and TPJ in mentalizing, it makes sense that growing closer to somebody decreases activity 

in these regions as efforts made to infer the intentions of others also decreases with 

closeness.  

Interestingly, our results parallels those of Hampton et al. (2008) who are trying, 

using a model-based fMRI approach, to uncover the neural underpinnings of a model of 

choice that includes the influence that a player’s action had on the opponent strategy. They 

found that, while mPFC tracked the predicted reward associated with a particular choice, 

activity in pSTS corresponded to an update of the influence signal once feedback about the 

game has been provided. They argue that “whereas signals in mPFC relating to 

expectations may be used to guide choice during game performance, signals in pSTS may 

be used to modulate or change influence expectations on the basis of the actual outcomes 

experienced” (Hampton et al., 2008; p5). We also found the signal in mPFC to be driving 

the choice of the contribution level in the decision phase and pSTS to be both implicated in 

the update of the social tie (i.e. the coding of the impulse) at the outcome phase and in the 

representation of the integrated social tie during the choice phase. Thus, the application of 

quantitative models in these two different frameworks appears consistent and helps us 

disentangle the different roles played by the neural networks usually activated in social 

interactions. 

 


