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Summary  

How much we as humans are able to interact with others by following social norms is 

one of our crucial abilities to build up relationships, a good reputation and become a part of 

society. This might be one of the main reasons why humans show strong fairness preferences 

to avoid inequity between themselves and others and punish norm violators when someone 

deviates from social expectancies. Therefore, the ability to properly guide our own decision 

making in the social context is crucial for social functioning, which can be affected in 

psychiatric disorders. Thus, it is highly relevant to understand the precise psychological 

mechanisms which drive social decision making as well as the underlying brain regions which 

are causally involved to promote our ability to guide our own decision making in social 

interactions. In this thesis, I investigated which brain regions are crucial for implementation of 

one’s own choices in the social context as well as adaption of our own social strategical 

behaviour in response to the other’s actions. Furthermore, I examined how our social cognitive 

abilities such as inference of the others perspective can explain our tendency for fairness 

preferences in social interactions.  

The first research project addressed the crucial role of the right dorso-lateral pefrontal 

cortex (rDLPFC) in norm enforcement. It has been controverseley debated whether the rDLPFC 

promotes norm-guided behaviour or implements selfish choices in the social context to 

maximise one’s own monetary payoff. By calculating a meta-analysis of previous studies 

assessing the rDLPFC’s function with transcranial magnetic stimulation (TMS) on social 

decision making we were able to demonstrate that the rDLPFC’s role in social decision making 

crucially depends on the social context.  

The second research project investigated the role of the right temporo-parietal junction 

(rTPJ) and the right lateral prefrontal cortex (rLPFC) in pro-social fairness. It still remained 

unknown whether these brain regions were associated with either advantageous or 



 
 

4 

disadvantageous inequity aversion. By using noninvasive transcranial alternating current 

stimulation (tACS) we provided direct evidence that rTPJ and rLPFC show dissociable roles 

for moderating aversion to advantageous and disadvantageous inequity. Further, our results 

demonstrated that the rTPJ’s role for perspective taking strengthen the aversion to unequal 

splits.  

For the third research project we used electroencephalography (EEG) and transcranial 

magnetic stimulation (TMS) to assess whether the dmPFC is functionally relevant to update 

our beliefs in response to violated social expectancies in cooperatitive - competitive contexts. 

While the dmPFC had been linked with mental model representations to build up beliefs about 

the others strategy, it’s precise role in social strategical behaviour still remained unknown. Our 

results reveal that the dmPFC shows an early neurobiological response when the other choose 

a stronger competitive strategy then expected. Moreover, our results provide direct evidence 

that the dmPFC is crucially relevant for updating our beliefs and adapt our behavioural 

responses when the other unexpectedly defected.  

Taken together, this thesis provides causal evidence of the neurocognitive mechanisms 

which drive social decision making in social interactions. The present findings expand our 

understanding of the precise neuro-psychological determinants which implement our ability to 

act and flexibly adapt our own strategy in the social contex to promote goal-directed behaviour. 

Based on our findings we can gain a better understanding how these brain regions might be 

affected in psychiatric disorders, which might result in clinical implications for alternative 

therapeutic interventions such as brain stimulation. Further, the findings give us great insight 

how our fairness preferences and social cognitive abilities guide our decision to either act more 

or less pro-social depending on the social context.  
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1. General Introduction  

1.1. Fundamentals of Social Decision Making 

In social interactions humans are required to guide their own decision making based on the 

trade off between social preferences and one’s own self-interests (Fehr & Fischbacher, 2003). 

Our ability to make decisions in everyday social interactions, which will affect ourselves and 

our social environment, might be one of the most fundamental abilities to build up relationships 

and become a part of human society. In complex social interactions such as social decision 

making we recuit distinct psychological mechanisms such as higher-order social cognition to 

monitor the others behaviour with the purpose to guide our own choices (Frith & Singer, 2008). 

Finding the optimal choice in the social context is often challenging because it involves a 

conflict how much we are willing to override our own selfish interests to follow social norms 

(Fehr & Fischbacher, 2003). Moreover, our choices are often driven not only by our own pro-

social tendencies but depend on the others fairness preferences as well why we need to represent 

our own goals and strategies in social interaction while at the same time flexibly adapt to the 

others fairness behaviour (Rilling & Sanfey, 2011).  

The psychological and neuro-cognitive mechanisms underlying normative behaviour in 

social decision making have been commonly studied with economic games (Camerer, 2003). 

Economic games are widely used to assess social preferences for fairness norms, in which 

participants are instructed to decide how to divide an amount of money between themselves 

and others in varying social contexts (Fehr & Camerer, 2007; Sanfey, 2007). Even though there 

is evidence of external validity of experimental findings on social decision-making it has been 

controversally debated whether these findings inside of the laboratory are truly relevant outside 

of the laboratory (Franzen & Pointner, 2012; Laury & Taylor, 2008; Levitt & List, 2007). More 

recent findings combining physiological recordings and social decision making provide further 
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evidence that physiological responses in the laboratory corresponds to those outside of the 

laboratory associated with fairness preferences (Fooken, 2017).  

Even though game theory models predict humans to behave rational and selfish by 

maximising their own payoff, a broad research literature demonstrates that humans show strong 

fairness preferences by restricting one’s own selfish motives in economic games (Camerer, 

2003; Fehr & Camerer, 2007; Fehr & Fischbacher, 2003; Fehr & Fischbacher, 2004; Rilling & 

Sanfey, 2011). Previous findings suggest that conformity with social norms might be deeply 

rooted in humans: humans and non-human primates show stronger fairness preferences and 

pro-social behaviour among others, as f.e. norm enforcement in response to violation of social 

expectancies (Brosnan, 2013; Burkart, Brügger, & van Schaik, 2018). Further, from a 

developmental perspective previous findings reveal that children already show fairness 

preferences at an early stage of their development, as f.e. preferences for an equal split between 

themselves and other children (Guroglu, van den Bos, & Crone, 2014; McAuliffe, Blake, 

Steinbeis, & Warneken, 2017; McAuliffe, Jordan, & Warneken, 2015). Nevertheless, how 

much humans are willing to override their own selfish interest depends on the type of social 

interaction and the social context, as f.e. whether we are confronted to make choices for the 

punishment of out-group or ingroup members (Bernhard, Fischbacher, & Fehr, 2006; Rahal, 

Fiedler, & De Dreu, 2020). Thus, our tendency to act more or less pro-social depends on 

contextual social factors.  

 

1.2. Psychological mechanisms and higher-oder social cognition underlying 

social decision making 

Social decision making is a complex human behaviour which is driven by our own fairness 

preferences and selfish interests as well as our social expectancies towards others. That’s why 
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it is crucial to understand the precise psychological mechanisms underlying social decision 

making as well as the socio-cognitive abilities which enable us to act flexibly in social 

environments.  

It has been controversially debated which psychological mechanisms drive our willingness 

to behave fairly towards others, even when threat of punishment is absent. Proactive fairness 

behaviour can be understood as the willingness to fairly distribute resources when norm 

violations in response to unfair behaviour cannot be punished (Hallsson, Siebner, & Hulme, 

2018). Previous findings on proactive fairness demonstrate that humans show preferences to be 

treated equally by avoiding unfair splits between themselves and others (Fehr & Schmidt, 

1999). Interestingly, humans not only try to avoid being worse off than others (disadvantageous 

inequity) but prefer to receive an equal split, even when they are better off than others 

(advantageous inequity) (Charness & Rabin, 2002; Fehr & Schmidt, 1999). Previous evidence 

reveals that humans show a stronger aversion to disadvantageous in contrast to advantageous 

inequity (Fehr & Schmidt, 1999; Loewenstein, Bazerman, & Thompson, 1989). Nevertheless, 

humans prefer an equal split even when they need to sacrifice their own monetary benefits to 

establish an equal treatment in accordance with social norms (advantageous inequity). It has 

been proposed that aversion to advantageous inequity might reflect fairness concerns to 

promote long term goals such as sustained cooperation and building up one’s own reputation 

(Dawes, Fowler, Johnson, McElreath, & Smirnov, 2007). Further, it has been hypothesized that 

the psychological mechanisms underlying this tendency to reject advantageous inequity might 

rely on perspective taking promoting pro-social choices (Imuta, Henry, Slaughter, Selcuk, & 

Ruffman, 2016; Underwood & Moore, 1982). Indeed, it has been proposed that the ability for 

understanding the others intentions and goals as well as to differentiate between our own and 

the others mental state shows a strong impact on one’s own fairness preferences and social 

behaviour (Frith & Frith, 2012; Van Overwalle & Baetens, 2009). Investigations of the 
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psychological mechanisms underlying disadvantageous inequity show that the aversion to 

receive less than others is associated with strong negative affect such as anger or envy which 

may need to be downregulated to overcome disadvantageous inequity (McAuliffe et al., 2017). 

Thus, previous evidence suggest that advantageous and disadvantageous inequity might be 

implemented by dissociable psychological mechanisms which could be reflected by dissociable 

neuro-cognitive mechanisms underlying different brain areas.  

Moreover, our social behaviour is driven by norm enforcement to maintain fairness 

behaviour in society: humans tend to punish norm deviant behaviour and show stronger 

normative behaviour themselves when experiencing the threat of punishment (Fehr & 

Fischbacher, 2004; Strang et al., 2015). Even when the option to punish deviant behaviour is 

costly or result in negative consequences for themselves, humans are willing to enforce social 

norms (Baumgartner, Knoch, Hotz, Eisenegger, & Fehr, 2011). Similarly, non-human primates 

show the tendency to punish deviant behaviour even when this is costly, providing evidence for 

a strong biological predisposition for punishment when others violate one’s own social 

expectancies (Leimgruber, Rosati, & Santos, 2016). Interestingly, humans are willing to punish 

norm violators even when they are not directly affected by the negative consequences, i.e. Third 

Party Punishment (Fehr & Fischbacher, 2004). The tendency to punish norm violators might be 

rooted in the long term benefits of reinstatement of justice and maintained cooperation in 

society as well as direct or indirect reciprocity towards the punisher (Boyd, Gintis, Bowles, & 

Richerson, 2003). Indeed, punishment shows long-term benefits such as increasing one’s own 

status or reputation, be more likely to be choosen as a partner for social exchange and to be 

perceived as more trustworthy (Barclay, 2006; Jordan, Hoffman, Bloom, & Rand, 2016). 

Theoretical accounts propose that the motivation to punish deviant behaviour could be driven 

by negative affect such as anger or envy towards norm violators (Gilam, Abend, Shani, Ben-

Zion, & Hendler, 2019; Harth & Regner, 2017; Reuben & van Winden, 2008). In fact, previous 
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findings combining physiological data (f.e. heart rate) with behavioural performance 

demonstrate that participants experience real physiological stress and emotional arousal in 

response to unfair proposals which is associated with higher rejection rates (Dulleck, Schaffner, 

& Torgler, 2014; Dunn, Evans, Makarova, White, & Clark, 2012). Nevertheless, humans vary 

in their response behaviour to either accept or reject unfair proposals depending on the social 

contextual factors (Bechler, Green, & Myerson, 2015). Further, it is still an open debate which 

precise neuro-cognitive mechanism drive decision making in response to unfair monetary 

allocations. Previous accounts propose that based on our cognitive control abilities humans are 

able to override selfish tendencies to maximise one’s own payoff thus promoting higher 

punishment in response to unfair proposals (Knoch, Pascual-Leone, Meyer, Treyer, & Fehr, 

2006). More recent accounts suggest that the implementation of our decision to either reject or 

accept unfair proposals might be based on strategical thinking trading off external signals such 

as social norms with internal goals and intentions to guide our decision making in response to 

perceived unfairness (Buckholtz et al., 2015). Hence, our higher-order cognitive abilities might 

promote more flexible behavioural responses to proposed monetary allocations rather than 

simply rejecting or accepting these proposed offers per se.  

Further, there is considerable evidence that our tendency to establish social cooperation 

with others is influenced by enforcing social norms through sanctions why humans show 

stronger tendencies for social cooperation when facing the option to be punished (Fehr & 

Gächter, 2000). Social cooperation is one of the most complex forms of human social behaviour 

when individuals provide resources to others while expecting to receive something equivalent 

in the long term (Axelrod & Hamilton, 1981; Rilling et al., 2002). One of the main preconditions 

which promote the willingness to cooperate is a prolonged social interaction with the same 

social partner to build up an alliance from which both might benefit in the long term (Axelrod 

& Hamilton, 1981). Further, cooperative strategies are implemented more strongly when our 
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own willingness to cooperate is in fact reciprocated by the other player in repetitive social 

interactions (King-Casas et al., 2005; Rand & Nowak, 2013). Previous findings demonstrate 

that the evolution of direct and indirect forms of reciprocity support our tendency to be 

cooperative which encourages the persistence to follow social norms (Nowak & Sigmund, 

2005; Santos, Santos, & Pacheco, 2018). Hence, humans have a stronger preference to select 

more cooperative individuals as long-term social interaction partners why being cooperative is 

crucially relevant to build up a good reputation and social network (De Cremer & Barker, 2003; 

Feinberg, Willer, & Schultz, 2014). For building up social cooperation both social partners 

depend on the others choices which requires us to infer the others mental state and make 

predictions about the others future actions to guide decision making in the social context 

(Brown & Brüne, 2012; Hampton, Bossaerts, & O'Doherty, 2008). Thus we build up mental 

model representations about the others intentions and behavioural strategy to adapt our own 

choices in accordance with the others current strategy (Stallen & Sanfey, 2013). Hence, one of 

the major challenges in sustained cooperation is understanding the others’ fairness preferences 

to discriminate between those who are willing to return the favor or those who deviate from our 

own fairness norms (Emonds, Declerck, Boone, Vandervliet, & Parizel, 2012). In fact, humans 

show a strong preference for cooperation when they belief that the other is willing to choose 

cooperative over defective strategies (Fehr & Fischbacher, 2003; Rilling et al., 2002). Further, 

the others tendency to choose cooperative over competitive strategies depend on our 

behavioural strategy as well. Thus, it is essential for us to represent our own and the others 

fairness preferences to guide our own decision making (Hill et al., 2017). That’s why our own 

willingness to choose a cooperative strategy might be promoted by second - order beliefs about 

the others social expectancies (Chang, Smith, Dufwenberg, & Sanfey, 2011). Conclusively, in 

complex social interactions, in which there is a trade off between cooperation and competition, 

humans are required to build up and update beliefs about the others intentions and behavioural 

strategies while at the same time representing the others fairness expectations to guide their 
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own decision making. However, the precise neuro-cognitive mechanisms underlying belief 

updating still remain unknown.  

1.3. Neuro-cognitive mechanisms of Social Decision Making 

Based on previous findings we can assume that socio-cognitive abilities such as taking the 

others perspective or prediction of the others behavioural strategy enable us to implement goal-

directed decision making in the social context (Frith & Singer, 2008). While we already have a 

basic understanding which psychological mechanisms drive decision making in the social 

context it is still debated which underlying neuro-cognitive mechanisms reflect these pro-social 

tendencies and social strategical choices. Depending on the type of social interactions we recruit 

distinct higher-order cognitive functions to implement social decision making which suggest 

that dissociable brain regions might be involved to implement decision making depending on 

the contextual factors of our social environment.  

Recent neuroimaging findings suggest that social decision making is a manifold human 

behaviour which is associated with a broad neural network, recruiting the prefrontal cortex, 

temporo-parietal cortex, anterior insula and the amygdala (Gangopadhyay, Chawla, Dal Monte, 

& Chang, 2021; Lee, 2008; Luo, 2018; Sanfey, 2007). Previous evidence reveals that prefrontal 

cortex and temporo-parietal cortex are recruited in social decision making when we are being 

confronted with real human agents evoking social conflicts between our own and the others 

interests (Knoch et al., 2006; Rilling & Sanfey, 2011; Rilling, Sanfey, Aronson, Nystrom, & 

Cohen, 2004). Interestingly, these brain regions are associated with a domain general role of 

basic neuro-psychological processes across different types of social behaviour (Fehr & 

Camerer, 2007; Suzuki & O'Doherty, 2020). Hence, these neural circuits might be commonly 

recruited for social cognition and social decision making depending on the contextual factors 

(Feng et al., 2021; Hare, Camerer, Knoepfle, & Rangel, 2010; Ruff & Fehr, 2014).  
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It has been proposed that the right temporo-parietal junction (rTPJ) is one of the brain 

regions which play a key role in promoting pro-social choices and implementing fairness 

behaviour towards others (Obeso, Moisa, Ruff, & Dreher, 2018; Rilling, King-Casas, & Sanfey, 

2008). More specifically, the rTPJ is involved when we promote proactive fairness towards 

others (Morishima, Schunk, Bruhin, Ruff, & Fehr, 2012) and has been linked with social 

preferences for promoting inequity aversion (Hutcherson, Bushong, & Rangel, 2015). 

Furthermore, previous findings demonstrate that the rTPJ is recruited when we demand socio-

cognitive abilities to guide our behaviour in the social context, such as mentalizing, perspective 

taking and self-other distinction (Frith & Frith, 2006, 2012; Gallagher & Frith, 2003; Saxe & 

Kanwisher, 2003; Van Overwalle & Baetens, 2009). Based on previous evidence that the rTPJ 

is recruited across social contexts, it has been hypothesized that the neuro-computational role 

of the rTPJ for promoting pro-social behaviour might be explained by it’s key role in promoting 

social cognition (Decety & Lamm, 2007; Soutschek, Ruff, Strombach, Kalenscher, & Tobler, 

2016; Strombach et al., 2015). In line with this theoretical account past research demonstrates 

that the same brain regions which are involved in mentalizing are recruited for decision making 

in the social context, when we make more generous choices (Cutler & Campbell-Meiklejohn, 

2019; Young, Cushman, Hauser, & Saxe, 2007). Indeed, past research suggest that social 

preferences for inequity aversion might be implemented by the rTPJ’s role for perspective 

taking (McAuliffe et al., 2017). Nevertheless, it still remains unknown whether the rTPJ is 

causally involved to promote either advantageous inequity or inequity aversion per se and 

whether the preference to avoid unequal splits in the proactive fairness context can be explained 

by the rTPJ’s role for perspective taking.  

Previous neuroimaging findings contributed to a greater understanding of the neural 

mechanisms underlying punishment in social interactions implying that the rDLPFC is one of 

the key areas involved in norm-based decision making (Buckholtz et al., 2008; Sanfey, Rilling, 
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Aronson, Nystrom, & Cohen, 2003; Spitzer, Fischbacher, Herrnberger, Grön, & Fehr, 2007; 

Strobel et al., 2011). Direct evidence from brain stimulation studies suggest that the rDLPFC 

enhances rejection rates of unfair proposals ascribing this brain region a crucial role for 

punishment of norm violators (Baumgartner et al., 2011; Knoch et al., 2006). Moreover, 

previous findings demonstrate that disruption of the rDLPFC reduced punishment rates without 

impairing the participants' ability to judge these offers as unfair which suggest that the rDLPFC 

is mainly involved to implement decision making irrespective of the perceived unfairness of 

these offers (Buckholtz et al., 2015; Knoch et al., 2006). Nevertheless, contrary findings show 

that perturbation of the rDLPFC enhances norm-guided tendencies which suggest that the 

rDLPFC promotes selfish choices to increase one’s own monetary payoff rather than implement 

norm enforcement (Brune et al., 2012; Christov-Moore, Sugiyama, Grigaityte, & Iacoboni, 

2017; Maier et al., 2018). Thus, it has been controversely debated whether the rDLPFC 

implements fairness behaviour across social contexts or whether it is involved to either promote 

pro-social or selfish behaviour. Moreover, it has been debated which precise neuro-cognitive 

mechanisms underly the rDLPFC’s involvement in norm-based decision making. While 

previous accounts suggest that the rDLPFC inhibits prepotent selfish tendencies based on 

cognitive control mechanisms to promote norm enforcement (higher punishment rates) (Knoch 

et al., 2006), more recent accounts suggest that the rDLPFC is recruited to integrate internal 

intentions and motives as well as external signals (f.e. social norm) to flexibly implement 

decision making promoting goal maintenance (Buckholtz & Marois, 2012; Buckholtz et al., 

2015). This is in line with the domain general role of the rDLPFC for higher order cognition to 

promote goal directed decision making by representing internal goals and how to achieve them 

(Friedman & Miyake, 2017; Miller & Cohen, 2001; Passingham & Sakai, 2004). Hence, it is 

still debated which precise function can be ascribed to the rDLPFC in social decision making.  
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The medial prefrontal cortex (mPFC) has been shown to be strongly linked with pro-social 

behaviour, when making donations for charity or rejecting unfair proposals (Baumgartner et al., 

2011; Hare et al., 2010; Tricomi, Rangel, Camerer, & O'Doherty, 2010). Further, the mPFC is 

recruited in competitive social interactions when the other unexpectedly choose defective over 

cooperative strategies (Hertz et al., 2017). This is in line with previous research which suggests 

that the mPFC is sensitive to unexpected outcomes when simulating the other’s actions 

(Dungan, Stepanovic, & Young, 2016; Lee & Seo, 2016) and to build up representations of 

one’s own and the others mental states (Nicolle et al., 2012; Zhu, Mathewson, & Hsu, 2012). 

Thus, the mPFC might be functionally relevant to implement and update representations about 

the other’s current thoughts and goals to guide our own decision making in complex social 

interaction such as social cooperation. Indeed, past research propose that the mPFC encodes 

social value signals which increase our ability to flexibly adapt our own choices in response to 

changes in our social environment (Yoshida, Saito, Iriki, & Isoda, 2011) and is linked with 

updating of mental model representations (Haroush & Williams, 2015; Nicolle et al., 2012). 

Nevertheless, it is still unclear whether the mPFC is causally relevant to promote prediction 

changes about the others behavioural strategy in response to unexpected outcomes. Thus, it’s 

crucially relevant to gain a better understanding of the neuro-cognitive mechanisms and 

neurobiological basis in response to unexpected defection in social cooperation.  

1.4. Advances of brain stimulation methods for causal inference in 

neuroscientific research 

Previous findings from neuroimaging research propose that the prefrontal cortex and 

temporo-parietal cortex play key roles in implementing decision making in the social context 

(Lee & Seo, 2016), however, their precise neuro-computational roles are still debated. Based 

on limited correlational inference of neuroimaging research it still remains unknown which 

brain regions are causally involved to promote pro-social tendencies in social interactions. 
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Thus, it is crucial to gain a greater understanding of the precise function of these brain regions 

in social decision making and how they implement our choice behaviour depending on the 

social context.  

Neuroimaging methods offer great insights into the neural mechanisms underlying social 

decision making by identifing a broad network of brain regions linked with normative 

behaviour including the prefrontal cortex and temporo-parietal cortex (Gabay, Radua, 

Kempton, & Mehta, 2014; Yang, Zheng, Yang, Li, & Liu, 2019). However, understanding the 

neuronal signature of decision making in the social context with the assessment of 

neuroimaging methods is limited to correlational inference. Whenever brain regions show an 

increased activation pattern simultaneously to behavioural task performance this has often been 

interpreted as an involvement of these brain regions to implement social decision-making. 

Nevertheless, based on the fact that we can observe changes in brain activity patterns while at 

the same time performing a task does not necessarily mean that this brain area is crucially 

relevant for task performance. Thus, based on methodological constrains of neuroimaging 

methods we are not able to make any causal inferences about brain regions associated with 

social decision making (Marini, Banaji, & Pascual-Leone, 2018; Polania, Nitsche, & Ruff, 

2018).  

Therefore the application of neuroscientific methods such as non-invasive brain 

stimulation (NIBS), as f.e. transcranial magnetic stimulation (TMS), transcranial direct-current 

stimulation (tDCS) or transcranial alternating current stimulation (tACS), should be exploited 

more strongly to establish causal links between the recruitment of specific brain regions and 

choice behaviour (Polania et al., 2018). NIBS methods can be applied to either enhance or 

interfere with ongoing neural processes in a specified target area depending on the stimulation 

protocol (Bolognini & Ro, 2010; Polania et al., 2018; Veniero, Strüber, Thut, & Herrmann, 

2019). Thus, when we apply TMS protocols such as repetitive transcranial magnetic stimulation 
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(rTMS) or continuous theta burst stimulation (cTBS) we can interfere with ongoing neural 

activity in the targeted brain region (Hobot, Klincewicz, Sandberg, & Wierzchoń, 2020; Polania 

et al., 2018) while participants perform a social decision making task, enabling us to modulate 

changes in pro-social behaviour (Izuma et al., 2015; Soutschek, Sauter, & Schubert, 2015). 

Further, when we apply tACS it is possible to entrain brain rythms such as theta oscillations in 

the targeted brain region to examine the neuronal signature underlying social decision making 

(Polania et al., 2018). Thus, depending on the stimulation protocol, NIBS provides direct 

evidence that specific brain regions are causally relevant for socio-cognitive processes 

underlying the behavioural performance in economic games (Marini et al., 2018).  

Although we already have a basic understanding why we as humans show strong 

fairness preferences, it is still debated which precise neural mechanisms are involved in the 

trade-off between selfish interests and fairness concerns. Further, it still remains unknown 

which brain regions are causally involved to implement social decision making depending on 

the social context. Thus, we can extend our understanding of causally involved brain regions in 

social decision making by applying neurostimulation methods to identify the neural basis of 

socio-normative behaviour and it’s underlying neuro-psychological mechanisms.  

1.5. Aim of the Thesis 

Our ability to implement decision making in the social context determines how much we 

are able to follow social norms while at the same time maintaining our own personal interests. 

Indeed, it is crucial for extending our social network and build up close relationships which in 

the long term affect our mental health (Beeney, Hallquist, Clifton, Lazarus, & Pilkonis, 2018). 

Humans who are suffering from neurological and psychiatric disorders show deviations in 

social behaviour, which might reflect socio-cognitive deficits underlying decision making in 

the social context (Padmanabhan, Lynch, Schaer, & Menon, 2017; Schneider et al., 2013). 
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Thus, to extend our understanding of the precise neuro-cognitive mechanisms in social 

strategical behaviour can shed new light on our understanding how social decision making 

might be affected in clinical populations.  

The concrete goal of this dissertation is to investigate the brain regions which are causally 

involved in implementing decision making in the social context, depending on the precise 

contextual circumstances. Our purpose is to extend our understanding of the crucial role of 

prefrontal cortex and temporo-parietal cortex to resolve conflicts between our fairness 

tendencies and selfish interests to promote pro-social behaviour towards others as well as to 

implement social decision making with or without the threat of social punishment. Additionally, 

we examine the precise neuro-cognitive mechanisms underlying social decision making to 

extend our understanding of socio-cognitive processes which might promote fairness 

preferences or represent beliefs about others when we make decisions in the social context.  

Based on inconsistent evidence it is still debated whether the rDLPFC is crucially relevant 

to either promote norm-guided behavior or implement selfish choices (Baumgartner et al., 

2011; Brune et al., 2012; Knoch et al., 2006; Maier et al., 2018; Muller-Leinss, Enzi, Flasbeck, 

& Brune, 2018; Strang et al., 2015). Brain stimulation studies are often based on relatively 

small sample sizes which may over- or underestimate the true effect size why a meta-analysis 

provides a more accurate approach to determine TMS effects on rDLPFC to implement decision 

making in the social context. Therefore, to determine the causal role of the rDLPFC for social 

norm enforcement we analysed data from previous TMS studies across social decision making 

paradigms (dictator game, ultimatum game, trust game, third party punishment game and 

prisoner’s dilemma game) in a meta-analysis and subgroup analysis.  

Even though previous findings show that the right temporo-parietal junction (rTPJ) and the 

right lateral prefrontal cortex (rLPFC) play key roles in pro-social choices (Cutler & Campbell-
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Meiklejohn, 2019; Gao et al., 2018; Hutcherson et al., 2015), it remains unknown whether these 

regions show dissociable roles for advantageous or disadvantageous inequity. Further, it 

remains unknown whether this is reflected by the same or dissociable brain rythms underlying 

social decision making in the proactive fairness context. Thus, we applied non-invasive brain 

stimulation methods (tACS) to examine the causal role of the rLPFC as well as the rTPJ for 

inequity aversion in the dictator game. Additionally, to further understand the precise neuro-

psychological mechanisms which drive advantageous or disadvantageous inequity aversion we 

analyzed performance in an additional perspective taking task (director task).  

While previous findings suggest that the dorsomedial prefrontal cortex (dmPFC) plays a 

key role in representing the other’s mental states and update beliefs about the other’s 

behavioural strategy when our prediction about the other mismatches (Haroush & Williams, 

2015; Nicolle et al., 2012), it’s precise functional role in social strategical behaviour is still 

debated. We used electroencephalography (EEG) and transcranial magnetic stimulation (TMS) 

to examine the role of the medial prefrontal cortex in response to unexpected defection in the 

prisoner’s dilemma game. In the EEG experiment, we tested whether an early medial frontal 

ERP component, Medial-Frontal Negativity (MFN), reflects negative prediction errors, when 

the co-player in the prisoner’s dilemma game unexpectedly defected. Further, for the same 

project, by applying cTBS over the dmPFC we examined the crucial role of the dmPFC to 

implement belief updating and behavioural adaption in response to unexpected defection.  
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2. Chapter I: Causal role of right dorsolateral prefrontal cortex for 

norm-guided social decision making: a meta-analysis of TMS studies 

 

This article was published on november, 5th, 2022:  

Christian, P., & Soutschek, A. (2022). Causal role of right dorsolateral prefrontal cortex for 
norm-guided social decision making: A meta-analysis of TMS studies. Neuropsychologia, 176, 
108393. https://doi.org/10.1016/j.neuropsychologia.2022.108393 

PC and AS designed research; PC performed research; PC analyzed data; PC and AS wrote 
first draft of manuscript, all authors approved manuscript  
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A B S T R A C T   

Theoretical accounts ascribe the right dorsolateral prefrontal cortex (rDLPFC) a crucial role in social decision 
making, but previous studies assessing the rDLPFC’s function with transcranial magnetic stimulation (TMS) 
provided inconsistent evidence. While some studies suggest that the rDLPFC promotes norm-guided behavior, 
others report the rDLPFC to implement selfish choices. To decide between these conflicting accounts, we con-
ducted a meta-analysis of studies that investigated the impact of rDLPFC TMS on social decision making. While 
we observed no significant effect of rDLPFC TMS across all studies, moderator analyses revealed that the 
rDLPFC’s role in social decision making crucially depends on the social context: in particular, we found that 
rDLPFC promotes norm-guided behavior predominantly when decision makers have to trade-off their interaction 
partners’ intentions and fairness expectations against their selfish interests (reactive fairness). In contrast, there 
was no evidence that rDLPFC TMS affects prosocial giving (proactive fairness). Our results thus inform theo-
retical accounts by showing that brain stimulation over rDLPFC does not increase or decrease norm-guided 
behavior per se; instead, contextual factors determine the role of the rDLPFC in social interactions.   

1. Introduction 

Social norms are based on widely shared beliefs about what is 
considered as appropriate behavior in social interactions (Cialdini and 
Goldstein, 2004; Fehr and Fischbacher, 2004a). Because violations of 
fairness expectations are often retaliated with social exclusion or pun-
ishment (Spitzer et al., 2007), fairness norms strongly influence social 
interactions and require decision makers to trade-off self-related in-
terests against fairness considerations (Rilling and Sanfey, 2011). 

The right dorsolateral prefrontal cortex (rDLPFC) is hypothesized to 
play a crucial role in implementing fairness-oriented behavior (Buck-
holtz et al., 2015; Lee and Harris, 2013; Rilling and Sanfey, 2011) and in 
resolving conflicts between fairness norms and selfish interests (Buck-
holtz and Marois, 2012). However, the rDLPFC’s precise function in 
social decisions remains a matter of controversial debate. One line of 
research assumes that rDLPFC promotes norm-guided behavior, which 
includes both the punishment of unfair others (norm enforcement) and 
the decision maker’s compliance with social norms (norm compliance), 
e.g. by costly sharing money with others in order to reduce inequity 
(Buckholtz et al., 2008; Feng et al., 2015; Montague and Lohrenz, 2007; 
Spitzer et al., 2007). In contrast, other accounts link rDLPFC activation 

to strengthening selfish interests over fairness norms when facing con-
flicts between outcome maximization and compliance to social norms 
(Emonds et al., 2011; Fermin et al., 2016; Sanfey et al., 2003). 

Brain stimulation studies testing the causal contribution of rDLPFC in 
social decision making with transcranial magnetic stimulation (TMS) 
provided mixed evidence for these conflicting views: While some studies 
reported disruptive rDLPFC TMS to increase selfish behavior and thus to 
lower the weight assigned to fairness norms (Baumgartner et al., 2011; 
Knoch et al., 2006; Knoch et al., 2009; Müller-Leinß et al., 2017; Sout-
schek et al., 2015; Strang et al., 2015; van’t Wout et al., 2005), others 
suggest that rDLPFC perturbation strengthens norm-guided over selfish 
choices (Brüne et al., 2012; Christov-Moore et al., 2017; Maier et al., 
2018). To resolve this controversy and to clarify the role of the rDLPFC 
in social decision making, we conducted a meta-analysis on the available 
evidence from TMS studies. To determine whether the rDLPFC promotes 
selfish or norm-guided behavior in social interactions, we combined 
TMS studies that examined the role of rDLPFC for social preferences in 
paradigms involving economic conflicts between one’s own and others’ 
payoff, including the dictator game (DG), the ultimatum game (UG), 
third-party punishment game (TPPG), trust game (TG), and prisoner’s 
dilemma game (PDG). All of these paradigms involve conflicts between 
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compliance to fairness norms and selfish interests (Fehr and Camerer, 
2007; Sanfey, 2007). In contrast, we excluded studies using 
scenario-based moral dilemma paradigms (Buckholtz et al., 2015; 
Jeurissen et al., 2014) which entailed no conflict between social norms 
and economic self-interests. While many TMS studies are based on 
relatively small sample sizes and effect sizes from single studies may 
over- or underestimate the true effect size (Borenstein et al., 2011), a 
meta-analysis provides a more precise estimate of TMS effects on 
normative choices and may allow resolving the controversy on the 
impact of rDLPFC TMS on social decision making. 

One potential reason for the inconsistent findings in the literature is 
that rDLPFC may not have one unitary role in norm-guided behavior, but 
that its function depends on the given social context. This notion is 
supported by findings showing that the rLPFC promotes costly giving in 
a dictator game if proposers can be punished for unfair offers, whereas 
rLPFC activation reduces voluntary transfers if no punishment for low 
transfers is possible (Ruff et al., 2013). This suggests that the rDLPFC’s 
role for social decision making may depend on whether a choice in-
volves proactive or reactive fairness considerations. Proactive fairness 
considerations influence prosocial giving in situations where the 
receiver has no opportunity to react to the decision maker’s choice 
(Hallsson et al., 2018). In contrast, in reactive fairness contexts decision 
makers react to their interaction partners’ norm violations and fairness 
expectations, for example when they can be punished for unfair 
behavior. Proactive versus reactive fairness considerations are also 
closely linked to the decision maker’s role (i.e., proposer versus 
responder) in social interactions. In fact, previous studies revealed that 
lowering the excitability of the rDLPFC reduces responders’ acceptance 
rates of unfair offers in the Ultimatum Game, whereas rDLPFC stimu-
lation had no effect on proposers’ offers (Speitel et al., 2019), hinting to 
a specific role of rDLPFC for responder behavior. This suggests a po-
tential moderating effect of the decision maker’s role on the rDLPFC’s 
function for fairness considerations. Note that the variables “fairness 
type” and “role of the decision maker” are closely linked but neverthe-
less represent distinct categories which measure for dissociable aspects 
of social interactions. The role of the decision maker is defined via 
participants’ position in experimental economic games (and thus rep-
resents a characteristic of the task paradigm), whereas fairness type 
represents a theoretical construct indicating whether or not fairness 
considerations are influenced by the reactions or intentions of others. 
Testing whether the effects of rDLPFC TMS depend on fairness type 
(proactive versus reactive) or the decision maker’s role (proposer versus 
receiver) allowed us to determine which of these variables moderate the 
influence of rDLPFC TMS on social interactions. 

2. Methods 

We conducted a meta-analysis to determine the impact of rDLPC 
TMS on norm-guided behavior as well as the contextual factors 
moderating the effects of rDLPFC TMS. The meta-analysis was con-
ducted following the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines (Moher et al., 2009). 

2.1. Literature search 

A literature search was carried out using PSYCInfo, PubMed, and 
Web of Science using the following search terms: (“DLPFC “or “dorso- 
lateral prefrontal cortex“ or “prefrontal cortex”) AND (“TMS“ or 
“transcranial magnetic stimulaton“ or “brain stimulation”) AND (“social 
norms“ or “fairness“ or “pro-social behavior” or “altruism“ or “cooper-
ation” or “punishment“ or “norm violation”) OR (“social decision mak-
ing“ or “moral decisions” or “Dictator Game“ or “Ultimatum Game “or 
“Third-Party Punishment “or “Trust Game “or “Prisoner’s Dilemma“) 
before April 27, 2020. Additional papers were identified by examining 
the citation indices and reference sections of the articles. If insufficient 
information about statistical results reported in an article prevented the 

calculation of effect sizes, we asked the authors for clarification or raw 
data. 

2.2. Study selection criteria 

A total of 623 records were identified in the initial search and 13 
additional studies were included via reference and citation search (n =
636), which were reduced to 578 studies after the removal of duplicates. 
Then, we preselected relevant articles by screening the titles and ab-
stracts of all remaining records for social decision making paradigms (n 
= 578), which resulted in a preselection of n = 68 articles (Moher et al., 
2009). In the next step, eligibility assessment of the preselected studies 
(n = 68) was performed by full text analysis in a standardized manner by 
two authors to avoid the possibility of rejecting relevant reports and 
biases in article selection (Liberati et al., 2009). The inter-rater agree-
ment of the selection process was high and disagreements were resolved 
through further discussion. 

We selected studies which (i) included healthy young adults as 
participants, (ii) applied TMS over right or left DLPFC, (iii) reported data 
from participants acting as responders or proposers, (iv) reported data 
from either the dictator game (DG), the ultimatum game (UG), third- 
party punishment game (TPP), trust game (TG), or prisoner’s dilemma 
game (PDG). We excluded articles from the meta-analysis if they met 
one of the following exclusion criteria: (i) the article type represented a 
review, meta-analysis, or commentary, (ii) the study tested clinical 
populations, (iii) reported neuroimaging results, (iv) applied trans-
cranial electrical stimulation instead of TMS, or (v) applied TMS over 
brain regions other than DLPFC (Fig. 1). As a result of this selection 
procedure, 10 studies were included in the meta-analysis (Table 1). 

2.3. Statistical analysis 

As meta-analyses estimate the magnitude of effects in the population 
by combining effect sizes from single studies, we first calculated Cohen’s 
d for each study based on the statistical tests reported in the included 
papers (Lipsey and Wilson, 2001). Based on these individual effect sizes, 
Hedges’g (pooled estimate of standardized mean difference) was 
computed as measure of the mean effect size, together with 95% con-
fidence intervals (CIs) and p-values for the random-effects model. 
Because Strang et al. (2015) reported TMS effects on offers in a dictator 
game with (reactive fairness) and without (proactive fairness) punish-
ment option, we computed separate effect sizes for proactive and reac-
tive fairness for this study. Moreover, in the studies of Maier et al. (2018) 
and Müller-Leinß et al. (2017) participants played a dictator game 
against opponents who had previously shown either fair or unfair 
behavior in an ultimatum game. For these two studies, we computed an 
effect size only for the condition involving previously fair others, 
because only this condition entailed a conflict between (proactive) 
fairness norms and selfish interests. In contrast, the condition with 
previously unfair others in these studies included no such conflict, 
because punishing others for unfair behavior also increased partici-
pants’ selfish payoff. In our meta-analysis, the direction of the calculated 
effect size indicates whether TMS changed decisions towards more 
norm-guided or more selfish behavior. Positive effect sizes indicate that 
inhibitory rDLPFC TMS enhanced norm-guided behavior, while negative 
effect sizes indicate that rDLPFC disruption resulted in more selfish 
behavior. We used the meta and metafor package in R (Schwarzer et al., 
2015; Viechtbauer, 2010) to calculate a random-effects meta-analysis. 
We choose a random-effects model to account for potential heterogenity 
of the selected studies (Field, 2005). Random-effects models increase the 
generalizability of results by considering both the within-study and 
between-study variance (Borenstein et al., 2011; Huizenga et al., 2011; 
Schmidt et al., 2009). We used a Sidik-Jonkman estimator for the 
random effects model, which is considered to lead to more precise es-
timates of error terms compared with other estimators (IntHout et al., 
2014), particularly in case of large between-study variability (Veroniki 
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Fig. 1. Flow diagram of each step of the literature search and selection process following the PRISMA guidelines (Moher et al., 2009).  

Table 1 
Characteristics of included studies (N = 10).  

Reference Study 
Design 

N Stim. 
Type 

Localization 
strategy 

TMS protocol Active 
Stim. 

Control 
Stim 

Economic Game Behavioral Outcome 
(TMS effect) 

Strang et al. (2015) 
(no punishmnent) 

within- 
subject 

17 rTMS neuronavigation 1 Hz, 110% 
RMT, 900 pulses, 
15 min 

rDLPFC, 
lDLPFC 

sham dictator game 
(without 
punishment) 

less fair offers 

Strang et al. (2015) 
(punishment) 

within- 
subject 

17 rTMS neuronavigation 1 Hz, 110% 
RMT, 900 pulses, 
15 min 

rDLPFC, 
lDLPFC 

sham dictator game (with 
punishment) 

less fair offers 

Christov-Moore et al. 
(2017) 

between 
subject 

58 cTBS neuronavigation 5 Hz, 80% AMT, 
600 pulses, 40 s 

rDLPFC, 
DMPFC 

control dictator game 
(modified) 

higher proportion of fair 
offers to high SES group 

Maier et al. (2018) within- 
subject 

19 cTBS EEG 10–20 
system 

5 Hz, 80% AMT, 
600 pulses, 40 s 

rDLPFC sham dictator game 
(after UG) 

higher proportion of fair 
offers for previously fair 
players 

Müller-Leinß et al. 
(2017) 

between 
subject 

46 rTMS neuronavigation 1 Hz, 110% 
RMT, 1200 
pulses, 20 min 

rDLPFC, 
lDLPFC 

sham dictator game 
(after UG) 

lower proportion of fair 
offers for previously fair 
players 

van’t Wout et al. 
(2005) 

within- 
subject 

7 rTMS EEG 10–20 
system 

1 Hz, 12 min rDLPFC sham ultimatum game lower acceptance rate of 
unfair offers 

Knoch et al. (2006) between 
subject 

52 rTMS neuronavigation 1 Hz, 110% 
RMT, 900 pulses, 
15 min 

rDLPFC, 
lDLPFC 

sham ultimatum game lower acceptance rate of 
unfair offers 

Baumgartner et al. 
(2011) 

between- 
subject 

32 rTMS EEG 10–20 
system 

1 Hz, 110% 
RMT, 900 pulses, 
15 min 

rDLPFC lDLPFC ultimatum game lower acceptance rate of 
unfair offers 

Knoch et al. (2009) between 
subject 

87 rTMS EEG 10–20 
system 

1 Hz, 110% 
RMT, 900 pulses, 
15 min 

rDLPFC, 
lDLPFC 

sham trust game 
(modified) 

lower back-transfers in 
reputation condition 

Brüne et al. (2012) within- 
subject 

20 rTMS EEG 10–20 
system 

1 Hz, 110% 
RMT, 1200 
pulses, 20 min 

rDLPFC, 
lDLPFC 

sham third-party 
punishment 

increased costly 
punishment rate 

Soutschek et al. (2015) between 
subject 

56 rTMS EEG 10–20 
system 

1 Hz, 480 pulses, 
110 RMT, 8 min 

rDLPFC, 
lDLPFC 

sham, 
control 

prisoner’s dilemma decreased cooperation 
rate  
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et al., 2016). In addition, we used the modified Knapp-Hartung adjust-
ment (ad hoc correction) which improves the estimation of 
between-study heterogeneity when relatively few studies are included in 
the meta-analysis (Knapp and Hartung, 2003; Rover et al., 2015). 
Because publication bias can distort effect size estimations in 
meta-analyses, we examined the risk of a potential publication bias with 
a funnel plot (Sterne et al., 2011) and Egger’s regression test (Egger 
et al., 1997), which quantitatively assesses asymmetry in the data. 
Finally, heterogeneity was tested using Cochran Q, the I2 statistics, and 
τ2. The Q statistic tests whether heterogeneity between studies is 
significantly different from zero, whereas τ2 measures the 
between-study variance and I2 indicates the proportion of the variance 
in effect size estimates that can be explained by study heterogeneity 
(Borenstein et al., 2011; Higgins and Thompson, 2002). 

To test the hypothesis that contextual factors moderate the influence 
of rDLPFC TMS on social decisions, we calculated subgroup analyses 
(Borenstein et al., 2011; Borenstein and Higgins, 2013). We defined 
categorical predictors to test for differences depending on the social 
context: fairness type (proactive versus reactive) and role of the decision 
maker (proposer versus responder) (Table 2). Previous literature sug-
gests that also impartial third parties react to observed norm violations 
by costly punishment of unfair proposers (Fehr and Fischbacher, 2004b; 
FeldmanHall et al., 2014; Jordan et al., 2016; Krueger and Hoffman, 
2016). However, third parties are not directly affected by norm viola-
tions (no personal relevance) and different motivations are thought to 
underlie punishment decisions in third-party versus second-party in-
teractions (Chavez and Bicchieri, 2013; Fehr and Fischbacher, 2004b; 
Feng et al., 2021; Strobel et al., 2011). We therefore excluded the 
third-party punishment game (Brüne et al., 2012) from the fairness type 
subgroup analysis. 

3. Results 

The meta-analysis included a total of 10 papers (Ultimatum game: N 
= 3; Dictator game: N = 2; Dictator game after Ultimatum game: N = 2; 
Third Party Punishment game: N = 1; Prisoner’s Dilemma game: N = 1; 
Trust game: N = 1) with 11 effect sizes from a total of 358 participants. 
Across all studies, we observed no main effect of rDLPFC stimulation on 
behavior, g = −0.37, 95% CI = [−0.83,0.08], p = 0.10, providing no 
evidence for a causal role of rDLPFC for promoting either selfish or 
norm-compliant behavior (Fig. 2). A post-hoc power calculation (Jack-
son and Turner, 2017) revealed that the power of the current 
meta-analysis was only 30.47%, suggesting that the number of studies in 
the meta-analysis was not sufficient to reliably detect a main effect of 
TMS. 

Next, we tested for a potential publication bias with a funnel plot 
(Fig. 3). Visual inspection of the funnel plot indicated no substantial 
asymmetry. This was further supported by the non-significant result of 
the Egger’s regression test, β0 = 1.79, t = 1.17, p = 0.2. There was thus 
no evidence for publication bias in the current meta-analysis. 

We observed significant heterogenity among studies, Q = 34.89, p <
0.01, I2 = 71%, τ2 = 0.3210, which may hint to a potential influence of 
moderator variables on the rDLPFC’s role in social decision making. We 
therefore calculated subgroup analyses to determine the factors modu-
lating the impact of rDLPFC TMS. We observed a significant moderating 
effect of fairness type (proactive versus reactive), k = 10, p = 0.007: 
While rDLPFC TMS did not alter proactive fairness, g = 0.12, 95% CI =
[−0.91, 1.15], rDLPFC disruption increased selfishness in studies 
assessing reactive fairness, g =−0.86, 95% CI = [−1.29, −0.43] (Fig. 4). 
The results of testing for heterogeneity suggest that the proactive fair-
ness subgroup showed significant heterogeneity between studies, I2 =
71%, τ2 = 0.2984, p = 0.02, whereas in the reactive fairness subgroup 
heterogeneity measures showed no effect, I2 = 0%, τ2 = 0.0177, p =
0.83. The results show that rDLPFC studies on reactive fairness consis-
tently show less norm-guided behavior under rDLPFC TMS compared 
with sham TMS, whereas there were no significant TMS effects on pro-
active fairness. 

We conducted a second subgroup analysis to examine whether the 
moderating role of fairness type on rDLPFC TMS could alternatively be 
explained by the role of the decision maker in social bargaining games, 
given that the variable fairness type is confounded with the decision 
maker’s role (proposer versus receiver). This subgroup analysis revealed 
a significant moderating effect of the decision maker’s role in the game 
(proposer versus responder), k = 10, p = 0.04. When participants played 
in the role of the proposer, rDLPFC TMS showed no significant mean 
effect, g = −0.08, 95% CI = [−0.97, 0.81], whereas rDLPFC TMS 
increased selfishness when decision makers were in the role of the 
responder, g = −0.86, 95% CI = [−1.38, −0.33] (Fig. 5). Heterogeneity 
tests revealed significant heterogeneity among effect sizes only in the 
proposer subgroup, I2 = 76%, τ2 = 0.3913, p < 0.01, not in the responder 
subgroup, I2 = 0%, τ2 = 0.0250, p = 0.71. We note that all of the five 
studies in which participants played as responder measured reactive 
fairness, such that the significant TMS effect on responder behavior may 
not appear surprising given the impact of TMS on reactive fairness. 
Taken together, these results support the notion rDLPFC TMS promotes 
selfish behavior in contexts where participants have to respond to unfair 
others. Finally, we conducted additional subgroup analyses to explore 
moderating effects of TMS parameters including pattern (1 Hz rTMS 
versus cTBS), number of pulses, stimulation length, and localization 
strategy (neuronavigation versus EEG 10–20 system). We found a sig-
nificant effect of TMS pattern, p < 0.01, with 1 Hz rTMS leading to less 
norm-guided behavior than cTBS. However, the cTBS subgroup included 
only two studies, both measuring choices in the dictator game, such that 
this result should be interpreted with caution. No further subgroup 
analysis showed a significant result, all p > 0.06. 

4. Discussion 

The current meta-analysis suggests a crucial role of rDLPFC for 
trading-off fairness norms against selfish interests. Interestingly, rather 
than generally biasing norm-guided or selfish behavior, the moderator 
analyses show that the social context determines the influence of 
rDLPFC TMS on social decision making. In reactive fairness contexts, i.e. 
when decision makers have to consider their interaction partners’ norm 
violations or fairness expectations, rDLPFC enhances punishment of 
norm violations and sanction-induced norm compliance. In contrast, 
rDLPFC TMS did not significantly affect trade-offs between self-interests 
and proactive fairness, i.e. when receivers cannot react to decision 
makers’ norm violations. This suggests that rDLPFC influences social 
decision making predominantly in reactive, but not proactive, fairness 
contexts. This interpretation is further supported by the results of the 
second subgroup analysis suggesting that rDLPFC promotes norm- 
guided behavior if participants are in the role of the responder and 
need to react to others’ norm violations, but not if they are in the role of 
the proposer. Because the moderator analyses for both fairness type and 
decision maker’s role yielded significant results, with both variables 

Table 2 
Overview over moderator variables (“Fairness type” and “Role of decision 
maker”).  

Reference Fairness Type Role of Decision Maker 

Strang et al. (2015) (no punishment) proactive proposer 
Strang et al. (2015) (punishment) reactive proposer 
Christov-Moore et al. (2017) proactive proposer 
Maier et al. (2018) proactive proposer 
Müller-Leinß et al. (2017) proactive proposer 
van’t Wout (2005) reactive responder 
Knoch et al. (2006) reactive responder 
Baumgartner et al. (2011) reactive responder 
Knoch et al. (2009) reactive responder 
Brüne et al. (2012) NA NA 
Soutschek et al. (2015) reactive responder  
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being strongly correlated with each other, the current data do not allow 
deciding which of these variables is driving the observed effects. In any 
case, our meta-analysis suggests that the rDLPFC’s role in social decision 
making is highly context-specific, with rDLPFC disruption reducing 
norm-guided in situations where decision makers have to respond to 
others’ fairness violations in the role of the receiver. 

Our results are in line with prevous imaging studies showing that 
rDLPFC activity correlates with norm violations (Zinchenko and Arsa-
lidou, 2018), lower acceptance rates of unfair offers (Wu et al., 2014), 
and punishment of norm violators (Buckholtz et al., 2008; Civai et al., 
2019; Stallen et al., 2018; Treadway et al., 2014). The finding that 
rDLPFC promotes norm-guided behavior particularly in reactive fairness 
contexts when humans have to consider others’ fairness intentions could 
hint to a decisive role of the rDLPFC for integrating beliefs about others’ 
fairness expectations or intentions into the decision process (Güroglu, 
van den Bos, Rombouts and Crone, 2010; Rilling and Sanfey, 2011). This 
is supported by previous results showing that rDLPFC is associated with 
the incorporation of fairness judgments into norm-based decisions 

(Buckholtz et al., 2015). rDLPFC may thus promote norm-compliant 
behavior by increasing the weight assigned to fairness norms or poten-
tial punishments (Sanfey et al., 2014). 

The finding that the rDLPFC affects social decisions when decision 
makers have to trade-off the goal of maximizing their own selfish payoff 
against costly punishment of others’ norm violations is consistent with 
the hypothesized role of DLPFC for strategic thinking and higher-order 
cognition (Friedman and Miyake, 2017; Miller and Cohen, 2001; 
Smith and Jonides, 1999; Smolker et al., 2015). In contrast, our results 
do not support the view that rDLPFC biases more “rational”, 
outcome-maximizing decisions by suppressing negative emotional re-
actions to perceived unfairness (Maier et al., 2018; Sanfey et al., 2003). 
Rather than top-down suppressing the temptation to act selfishly, 
rDLPFC might trade-off selfish interests against conflicting fairness 
norms (Buckholtz, 2015; Buckholtz and Marois, 2012). From this 
perspective, rDLPFC perturbation impairs the integration of abstract 
fairness norms into the decision process, thereby increasing the prefer-
ence for selfish rewards. 

Fig. 2. Effects of TMS on norm-guided choices in social decision making. Forest plot illustrating the results of the meta-analysis including the effect sizes (Mean), 
standard error of effect sizes (SE) and 95% confidence intervals (CIs) from all studies. The center of the diamond represents the pooled estimate of standardized mean 
difference (Hedges’g) for TMS effects on social decision making. The following task paradigms were used: dictator game with punishment option (DG (PU)) and 
without punishment option (DG), dictator game after ultimatum game (UG-DG), ultimatum game (UG), trust game (TG), third party punishment game (TPPG), and 
prisoner’s dilemma game (PDG). 

Fig. 3. Funnel plot indicating the variability of effect sizes. Each dot represents an effect size (Hedges’g) as a function of its standard error for each study 
included in the meta-analysis. 
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Contrary to reactive fairness, conflicts between self-interests and 
proactive fairness were not significantly affected by rDLPFC TMS. This 
could be explained by the assumption that the influence of social norms 
on behavior is weaker when norm violations cannot be punished (Fehr 
and Fischbacher, 2004a), as evidenced by findings showing that costly 
sharing in the dictator game (as indicator of proactive fairness) is not 
affected by the receiver’s expectations about how the dictator ought to 
split the money (Bicchieri and Xiao, 2009). Interestingly, heterogeneity 
tests indicated that there was significant variability between TMS 
studies on proactive fairness. It is thus possible that the impact of 

rDLPFC TMS in proactive fairness contexts depends on further factors 
that could not be assessed in the current meta-analysis. For example, 
there is evidence that the rDLPFC’s role in prosocial giving might be 
gender-specific (Rand et al., 2016), with the rDLPFC promoting more 
selfish behavior in women versus more prosocial behavior in men (Chen 
et al., 2019). In line with this assumption, evidence suggests that also the 
role of the dopaminergic reward system in costly giving differs between 
female and male individuals (Soutschek et al., 2017). Thus, the rDLPFC 
might influence prosocial giving by inhibiting predominant action im-
pulses encoded by the dopaminergic reward system, consistent with the 

Fig. 4. Effects of TMS on norm-guided choices depending on fairness type (proactive versus reactive). Forest plot illustrating the results of the meta-analysis 
including effect sizes (Mean), standard error of effect sizes (SE) and 95% confidt ence intervals (CIs) from all studies. The center of the diamond represents the pooled 
estimate of standardized mean difference (Hedges’g) for TMS effects on social decision making depending on the fairness subgroup. The following task paradigms 
were used: dictator game with punishment option (DG (PU)) and without punishment option (DG), dictator game after ultimatum game (UG-DG), ultimatum game 
(UG), trust game (TG) and prisoner’s dilemma game (PDG). 

Fig. 5. Effects of TMS on norm-guided choices depending on role of the decision maker (proposer versus responder). Forest plot illustrating the results of the meta- 
analysis including the effect sizes (Mean), standard error of effect sizes (SE) and 95% confidence intervals (CIs) from all studies. The center of the diamond represents 
the pooled estimate of standardized mean difference (Hedges’g) for TMS effects on social decision making depending on the decision maker’s role. The following task 
paradigms were used: dictator game with punishment option (DG (PU)) and without punishment option (DG), dictator game after ultimatum game (UG-DG), ul-
timatum game (UG), trust game (TG) and prisoner’s dilemma game (PDG). 
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rDLPFC’s involvement in cognitive control and action inhibition 
(Friedman and Robbins, 2022; Smith and Jonides, 1999). However, as 
most studies examined in this meta-analysis did not provide sufficient 
information to compute separate effect sizes for female and male par-
ticipants, we could not test this hypothesis in our meta-analysis, such 
that this assumption remains speculative and will need to be tested by 
future studies. 

A potential limitation of the current study is that our meta-analysis 
included only a total of 11 effect sizes. Although this is generally 
considered as sufficient for meta-analyses (Borenstein et al., 2011), the 
estimated power for the main effect of TMS in the meta-analysis was 
relatively low. Statistical power was even further reduced for the sub-
group analyses where the 11 effect sizes were split up into subgroups, 
such that only relatively large effects could be detected in the current 
analyses. It is thus possible that with a higher statistical power we might 
have observed significant rDLPFC TMS effects on norm enforcement also 
in the main analysis across all subgroups or in the proactive fairness 
subgroup. Nevertheless, given the low variability between effect sizes in 
the reactive fairness and responder subgroups, the results for these 
subgroups seem likely to be replicated when adding future TMS studies 
to this meta-analysis. 

Another possible limitation hampering the interpretation of the re-
ported results is that the physiological mechanisms underlying TMS are 
not fully understood. Even though previous literature suggests that cTBS 
and 1 Hz TMS protocols attenuate cortical excitability of the motor 
cortex (Fitzgerald et al., 2006; Huang et al., 2005), recent accounts 
question the assumption of universally inhibitory effects of these TMS 
protocols (McCalley et al., 2021). Furthermore, there is evidence that 
cTBS can disrupt or enhance cortical excitability depending on the used 
stimulation parameter (Gamboa et al., 2010). When interpreting the 
current results, one should therefore keep in mind that at least some part 
of the between-study variability might reflect heterogeneous effects of 
TMS on cortical excitability. 

Taken together, our findings inform theoretical models on the 
rDLPFC’s role in social decision making. Existing accounts disagree on 
whether rDLPFC promotes selfish or prosocial behavior in social in-
teractions, and existing empirical evidence does not clearly favor one 
alternative over the other. Our meta-analysis provides a solution to this 
controversy by suggesting that the rDLPFC’s role in social decision 
making is highly context-specific: rDLPFC strengthens norm-guided 
behavior in reactive fairness contexts where decision makers have to 
trade-off others fairness expectations aginst their selfish interests. In 
contrast, we found no conclusive evidence for an impact of rDLPFC TMS 
on prosocial giving when a decision maker’s norm violation could not be 
sanctionized. The rDLPFC might thus bias either prosocial or selfish 
behavior depending on the current social context, consistent with the 
findings of a meta-analysis of neuroimaging studies reporting that both 
selfish and prosocial decisions correlate with increased DLPFC activa-
tion (Cutler and Campbell-Meiklejohn, 2019). We note that in the 
literature two accounts were proposed to explain the role of the rDLPFC 
for social decision making. One account posits that rDLPFC implements 
response inhibition processes that override prepotent selfish interests in 
order to promote norm-based choices (Knoch et al., 2006; Nash et al., 
2013; Steinbeis et al., 2012). Alternatively, the rDLPFC was hypothe-
sized to integrate context-specific information such as blame in order to 
select a context-appropriate action alternative. Accordingly, rDLPFC 
disruption might promote selfish behavior by interfering with this 
integration of social context information (e.g., fairness violations) into 
the choices process (Buckholtz and Marois, 2012; Buckholtz et al., 
2015). While the results of our meta-analysis are in principle consistent 
with both views, the integration account may appear more plausible 
given that the response inhibition account provides no reason for why 
control processes inhibit the temptation to be selfish rather than the 
emotional reaction to unfairness. 

Deficits in social decision making belong to the core symptoms of 
several psychiatric disorders (Chang et al., 2012; King-Casas and Chiu, 

2012), and these deficits are hypothesized to (at least partially) relate to 
prefrontal dysfunctions (Herpertz et al., 2014; Verdejo-Garcia, 
Verdejo-Román, Albein-Urios, Martínez-González and Soriano-Mas, 
2017). By providing insights into the causal link between rDLPFC acti-
vation and social behavior, our findings contribute to improving our 
understanding of the neural basis of altered social behavior for these 
psychiatric disorders, which may promote the development of 
brain-targeting therapeutic interventions. 
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Abstract 

The right temporo-parietal junction (rTPJ) and the right lateral prefrontal cortex (rLPFC) are 

known to play prominent roles in human social behavior. However, it remains unknown which 

brain rhythms in these regions contribute to trading-off fairness norms against selfish interests 

as well as whether the influence of these oscillations depends on whether fairness violations are 

advantageous or disadvantageous for a decision maker. To answer these questions, we used 

noninvasive transcranial alternating current stimulation (tACS) to determine which brain 

rhythms in rTPJ and rLPFC are causally involved in moderating aversion to advantageous and 

disadvantageous inequity. Our results show that theta oscillations in rTPJ strengthen the 

aversion to unequal splits, which is statistically mediated by the rTPJ’s role for perspective 

taking. Entrainment of theta oscillations in rLPFC, in contrast, showed dissociable effects 

depending on the type of inequity aversion: theta oscillations enhanced the preference for 

outcome-maximising choices more strongly when outcome distributions were disadvantageous 

compared to advantageous for the decision maker. Taken together, we provide evidence that 

neural oscillations in rTPJ and rLPFC have distinct causal roles in implementing inequity 

aversion, which can be explained by their involvement in distinct psychological processes.  

 

 

Key words: transcranial alternating current stimulation (tACS), social decision making, 

perspective-taking, temporo-parietal junction, lateral prefrontal cortex. 
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Introduction 

Fairness motives play an important role in guiding human social behavior by 

determining which payoff allocations are considered as desirable. Previous findings suggest 

that humans are averse to inequity both when they receive lower (disadvantageous inequity) 

and higher payoffs than others (advantageous inequity) (Fehr & Schmidt, 1999). Aversion to 

advantageous and disadvantageous inequity are hypothesized to relate to distinct psychological 

processes: While advantageous inequity aversion is discussed to rely on mentalizing processes 

enabling humans to take the perspective of others (Imuta, Henry, Slaughter, Selcuk, & 

Ruffman, 2016; Underwood & Moore, 1982), overcoming aversion to disadvantageous 

inequity may require downregulating the negative emotional reactions to unfair allocations 

(McAuliffe, Blake, Steinbeis, & Warneken, 2017). Despite the evidence that distinct 

psychological motives underlie prosocial behavior in the domains of advantageous and 

disadvantageous inequity, less is known about whether social decision making in these domains 

is implemented by dissociable brain mechanisms. While previous research ascribes the right 

temporo-parietal junction (rTPJ) and the right lateral prefrontal cortex (rLPFC) central roles in 

trading-off selfish interests against fairness norms (Cutler & Campbell-Meiklejohn, 2019; 

Maier et al., 2018; Speer & Boksem, 2019; Strang et al., 2015; Strombach et al., 2015; Will, 

Crone, & Guroglu, 2015; Yamagishi et al., 2016), the precise roles of these regions for 

advantageous or disadvantageous inequity aversion are poorly understood.  

The rTPJ is thought to promote prosociality towards others, but there is disagreement 

on whether the rTPJ generally encodes reward values for others (Hare, Camerer, Knoepfle, 

O'Doherty, & Rangel, 2010; Hutcherson, Bushong, & Rangel, 2015; Park et al., 2017) or 

whether the rTPJ is more specifically involved in resolving conflicts between self- and other-

regarding motives under advantageous inequity (Morishima, Schunk, Bruhin, Ruff, & Fehr, 

2012; Obeso, Moisa, Ruff, & Dreher, 2018; Soutschek, Ruff, Strombach, Kalenscher, & Tobler, 

2016). The rTPJ’s function for fairness-guided behavior is often explained by its more general 
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role for perspective taking (Morishima et al., 2012; Soutschek et al., 2016; Strombach et al., 

2015). Previous electrophysiological findings on brain rythms underlying higher-level 

cognitive functioning suggest that perspective taking is associated with theta oscillations in the 

rTPJ (Gooding-Williams, Wang, & Kessler, 2017; Seymour, Wang, Rippon, & Kessler, 2018; 

Wang, Callaghan, Gooding-Williams, McAllister, & Kessler, 2016). Consistent with this, 

previous research linked prosocial choices to temporo-parietal theta oscillations (Billeke et al., 

2014), though other studies reported correlations between prosociality and beta, rather than 

theta, oscillations in the rTPJ (Gianotti, Dahinden, Baumgartner, & Knoch, 2019). These 

inconsistent findings raise the question as to whether perspective taking and social decision 

making are implemented by the same or dissociable brain rhythms within the rTPJ.  

Likewise, also the role of the rLPFC for prosocial choices is controversially debated. 

The rLPFC has been hypothesized to play a key role in resolving conflicts between selfish 

interests and fairness considerations when being confronted with unfairness (Buckholtz et al., 

2008; Buckholtz et al., 2015). Previous finding suggest that rLPFC promotes the rejection of 

unfair offers even if this reduces one’s own payoff (Baumgartner, Knoch, Hotz, Eisenegger, & 

Fehr, 2011; Knoch, Pascual-Leone, Meyer, Treyer, & Fehr, 2006), which is consistent with a 

more general role of the rLPFC for goal-directed actions and cognitive control (Mansouri, 

Tanaka, & Buckley, 2009; Miller & Cohen, 2001; Muhle-Karbe, Jiang, & Egner, 2018; 

Yamagata, Nakayama, Tanji, & Hoshi, 2012). However, imaging studies directly comparing 

rLPFC activation between advantageous and disadvantageous inequity inconsistently reported 

stronger rLPFC activation either during advantageous inequity (Gao et al., 2018) or, in contrast, 

during disadvantageous inequity (Fliessbach et al., 2012). Thus, the rLPFC’s role for 

moderating aversion to disadvantageous or advantageous inequity is far from understood. 

Further, even though previous research suggests that control processes in the rLPFC during 

negative feedback and conflict processing are associated with theta oscillations (Oehrn et al., 

2014; van de Vijver, Ridderinkhof, & Cohen, 2011), the specific brain rythms underlying the 
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rLPFC’s role for conflicts between fairness-guided behavior and selfish interests remain 

unkown.  

To resolve the controversy between conflicting accounts on rTPJ and rLPFC 

functioning in social decision making, we conducted two experiments assessing the causal roles 

of rTPJ and rLPFC oscillations for social decision making with transcranial alternating current 

stimulation (tACS). In particular, we tested the following hypotheses: First, given the crucial 

role of theta oscillations for perspective taking in the rTPJ (Gooding-Williams et al., 2017; 

Seymour et al., 2018; Wang et al., 2016), we hypothesized that theta tACS over rTPJ 

strengthens inequity aversion by increasing the sensitivity to conflicts between selfish and 

other-regarding interests. Second, we expected that entrainment of theta oscillations in rLPFC 

reduces aversion to disadvantageous rather than advantageous outcomes due to the involvement 

of prefrontal theta in cognitive control (Oehrn et al., 2014; van de Vijver et al., 2011). 

 

Materials and Methods  

Participants 

We tested 64 volunteers who were recruited at the Ludwig Maximilians University. We 

excluded data from three participants due to technical issues with tACS and from one 

participant due to electrode movement during the experiment, leaving 30 participants for the 

rTPJ experiment (17 female, Mage = 25.2 years, SDage = 3.8 years) and 30 participants for the 

rLPFC experiment (14 female, Mage = 23.4 years, SDage = 4.2 years). According to a power 

analysis assuming the effect size of Cohen’s d = 0.54 observed in a previous tACS study on 

decision making (Soutschek, Moisa, Ruff, & Tobler, 2021), 29 participants are sufficient to 

detect significant effects (p = 0.05, two-tailed) with a power of 80%. All participants were 

healthy volunteers, without any known psychiatric or neurological disorders or contra-

indications for tACS. The study was approved by the local ethics committee and conducted 

following the principles of the Declaration of Helsinki (2013) as well as the safety guidelines 
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for tACS (Bikson et al., 2016). All participants gave informed written consent prior to 

participation and received a payment of 10 Euro/hour as well as additional earnings from the 

social decision task (dictator game).  

 

Dictator game  

Participants played an adapted version of the dictator game (Hutcherson et al., 2015; 

Kapetaniou et al., 2021) implemented in Matlab 2019a (Mathworks, Inc., Sherborn, MA). In 

this task participants played in the role of the proposer (“dictator”) and decided how to split a 

sum of coins between themselves (Mself) and another anonymous player (Mother). The monetary 

split could either be advantageous (proposer obtains higher payoff than receiver) or 

disadvantageous (proposer obtains less than receiver) for the participant. The participants were 

instructed to decide whether to accept or reject this proposed payoff; rejecting the offer resulted 

in an equal split for both players (Figure 1A). For the unequal choice option, the amounts for 

Mself and Mother varied from 1 to 31 coins (see Supplementary material), allowing us to 

disentangle efficiency concerns (combined payoff for both participants: Mself + Mother) and 

absolute inequity (|Mself – Mother |) (Gao et al., 2018; Kapetaniou et al., 2021). The dictator game 

included a total of 96 trials with equal numbers of advantageous and disadvantageous choice 

options. We also included catch trials where the unequal option was replaced by another equal 

option involving either higher (e.g. “18 coins for you, 18 for other”) or lower stakes than the 

standard equal option (10 coins for both) to test participants’ task understanding. Choice options 

were presented in random order to avoid repetition effects. Participants were informed that their 

choices had real consequences: One choice was randomly selected and the participant (Mself) 

and as well as the next participant coming to the lab (Mother) received a monetary bonus based 

on the participant’s decision (with an exchange rate of 5 coins = 1 euro).  

 

Director task  
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We used an adapted version of the director task to measure perspective taking 

(Dumontheil, Apperly, & Blakemore, 2010; Santiesteban, Banissy, Catmur, & Bird, 2012, 

2015; Symeonidou, Dumontheil, Chow, & Breheny, 2016; Tamnes et al., 2018). In this task, a 

4×4 set of shelves containing eight different objects and a human agent (“director”) standing 

behind the shelves were displayed on the screen. All objects were visible fom the participant’s 

perspective, whereas some objects were occluded from the director’s perspective. Some of the 

presented objects belonged to the same category (e.g., balls), but differed in position (upper vs. 

lower shelves) or size (large vs. small). Participants had to follow the auditory instructions of 

the director (e.g., “Where is the small ball?”; instructions were given in German) and decide 

which target object was visible from the director’s perspective. Following auditory instructions 

participants had to indicate within 3.6 seconds whether the target stimulus (e.g. small ball ) was 

positioned on the right or the left side (Figure 1B). In control trials, the target object was visible 

from both the participant’s and the director’s perspective (congruent perspectives), such that 

participants could stick with their own perspective to select the target object. In contrast, in 

experimental trials the object which fitted to the auditory instructions from the participant’s 

perspective (e.g., the smallest ball in the shelf) was occluded from the director’s view 

(incongruent perspectives). Thus, to resolve the conflict between the incongruent perspectives, 

participants had to switch to the directors perspective to select the target object visible from the 

director’s position (Dumontheil et al., 2010). Stimuli were presented in counterbalanced order 

across participants. To avoid repetition effects, no stimulus was presented more than once. The 

director task included a total of 96 trials (48 experimental and 48 control trials in random order).  

 

tACS protocol 

We used a 16-channel tDCS stimulator (neuroConn, Ilmenau, Germany) to apply tACS 

with sham, theta (6 Hz), or beta (20 Hz) stimulation frequency. For rTPJ stimulation, a smaller 

(5 × 5 cm) saline-soaked sponge electrode was placed vertically over electrode position CP6 
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and a larger (10 × 10 cm) electrode was placed horizontally over electrode position FP1 

(Santiesteban et al., 2012) according to the international EEG 10/20 system. For rLPFC 

stimulation, the smaller electrode was placed horizontally over electrode position F4 and the 

larger electrode was placed horizontally over the occipital lobe (Frings, Brinkmann, Friehs, & 

van Lipzig, 2018). We applied online tACS during task performance with a current strength of 

1 mA (peak-to-peak). Following previous procedures (Moisa, Polania, Grueschow, & Ruff, 

2016; Soutschek et al., 2021; Soutschek, Nadporozhskaia, & Christian, 2022), tACS was 

administered during task performance in miniblocks lasting less than 3 min in order to minimize 

the risk of tACS-induced aftereffects. Each stimulation block started with a ramp-up phase for 

the tACS current for 15 seconds, followed by a buffer interval of 15 seconds before the start of 

the task to allow stimulation effects on brain activity to build up before task performance 

(Nitsche & Paulus, 2001; Vosskuhl, Huster, & Herrmann, 2016). In the sham condition, the 

current was ramped down directly after the ramp-up phase. During task performance, 

participants received online stimulation either for 152 seconds (dictator game) or for 122 

seconds (director task). After each miniblock, participants had to indicate the perceived 

aversiveness of the stimulation on a rating scale from 0 (not aversive at all) to 20 (very aversive) 

within 5 seconds as measure of tACS-induced discomfort. The following block started after a 

stimulation-free interval of 35 seconds (including the ramp down phase of 5 s) to minimize 

carry-over effects between tACS conditions. In both experiments, the order of stimulation 

conditions was counterbalanced using latin square methods.  
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Figure 1. (A) Example trial of the dictator game. In this task participants were instructed to decide how to split an 

amount of money between themselves (Mself) and another co-player (Mother). In every trial participants were 

confronted with an unequal proposed monetary payoff which could either be advantageous (Mself  > Mother) or 

disadvantageous (Mother > Mself) for themselves. Participants had to decide within 4 seconds whether to accept 

or reject the unequal split. If participants accepted the proposed payoff, the participant and the designated co-

player received this monetary payoff at the end of the experiment. If participants rejected the unequal split, both 

the participant and the other player received a fixed amount of 10 coins (equal choice option). If participants failed 

to respond within 4 seconds, both players gained 0 coins. (B) Example trial of the director task: participants had 

to follow auditory instructions of the director (“Where is the small ball?”) and select the designated target object 

visible from the director’s view. In control trials, two objects belonging to the same category were presented (e.g., 

two balls), but only one of the objects matched the exact instruction of the director and was visible from both 

perspectives (in this example, the small yellow ball). In experimental trials, the director’s view was incongruent 

with the participant’s one (here, the smallest, white ball is occluded from director’s view). To identify the target 

object (in the example, the yellow ball), participants had to inhibit their own perspective and take the director’s 

perspective instead. (C/D) Simulations of electric current flow with the SimNIBS toolbox (Saturnino et al., 2019) 

for the (C) rTPJ and (D) rLPFC electrode placement.  
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Experimental Design 

Experimental procedures were identical for the rTPJ and rLPFC experiments (apart 

from the electrode placement). Both experiments followed a within-subject design in which 

participants performed two experimental tasks (dictator game and director task) while 

undergoing sham, theta, or beta tACS. During tACS, participants performed 6 miniblocks of 

the dictator game (22 trials each) and 6 miniblocks (16 trials each) of the director task. The task 

order was counterbalanced across participants. In total, one session lasted approximately one 

hour and 30 minutes.  

 

Statistical Analysis 

We analysed data of the dictator game with Bayesian generalized linear mixed models 

(GLMMs) as implemented in the brms package in R (Bürkner, 2017). We analysed choice data 

with model-free GLMMs rather than with model-based parameter estimates for the Fehr-

Schmidt model because the Fehr-Schmidt model was shown to provide a poor fit of dictator 

game data (Engelmann & Strobel, 2004) and trial numbers in the current experiment might not 

be sufficient for a reliable estimate of individual model parameters. Following the procedures 

we had established in our previous study (Kapetaniou et al., 2021), we therefore assessed the 

impact of rTPJ and rLPFC tACS on social decision making as a function of the degree of 

inequity between the participant’s and the receiver’s payoff (Inequityabsolute = |Mself - Mother|) as 

well as the efficiency of an offer, i.e. the overall payoff for both participants (Efficiency  = Mself 

+ Mother). In more detail, for both the rTPJ and the rLPFC experiment, we performed Bayesian 

GLMMs regressing binary choices (0 = equal option, 1 = unequal option) on fixed-effect 

predictors for tACStheta-sham, tACSbeta-sham, Inequitytype (0 = advantageous inequity, 1 = 

disadvantageous inequity), Inequityabsolute, Efficiency, and the interaction terms. We also 

included discomfort ratings after each tACS block as predictors of no interest to control for 

potential confounding effects of tACS-induced discomfort on choices. All fixed-effect 



 
 

41 

predictors were also modelled as random slopes in addition to participant-specific random 

intercepts. Continuous predictors were z-transformed. We assessed the statistical significance 

of model parameters with the 95% highest density interval (HDI) of the posterior distributions 

(Ahn, Haines, & Zhang, 2017; Kruschke, 2010). Parameter values falling within the 95% HDI 

are considered as more credible than parameter values outside of the HDI (Kruschke, 2013, 

2018). If the 95% HDI does not overlap with zero, parameter erstimates are considered as 

statistically significant (Kruschke, 2013), in analogy to frequentist statistics. To minimize the 

impact of priors on the parameter estimates, we used weakly informative flat uniform 

distributions as priors as implemented in the brms package (Bürkner, 2017). The model was 

fitted with 2 Markov chain Monte Carlo (MCMC) chains with 3000 iterations, including 1000 

warm-up iterations. We used 𝑅" as measure of model convergence: 𝑅" was below 1.01 for all 

parameter estimates, suggesting model convergence. 

In the director task, we used Bayesian GLMMs to analyse performance accuracy. 

Accurate responses in experimental trials reflect the participant’s ability to take the perspective 

of the director in case of conflict between one’s own and the director’s incongruent 

perspectives, whereas in control trials the participants’ and the director’s perspectives were 

congruent. We regressed binary responses (1 = correct, 0 = incorrect response) on fixed-effect 

predictors for tACStheta-sham, tACSbeta-sham, Condition (1 = experimental, 0 = control), and the 

interaction terms. Again, we entered discomfort ratings as covariate of no interest. All fixed 

effects were modelled also as random slopes in addition to participant-specific intercepts. For 

the analysis of the director task, we used the same model fitting procedures as for the dictator 

game. 𝑅" values were below 1.01 for all parameter estimates, suggesting that all models 

converged. 

 

Results 

Theta tACS over rTPJ and rLPFC affect dissociable aspects of inequity aversion  
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First, we tested the causal involvement of the rTPJ and rLPFC in advantageous and 

disadvantageous inequity aversion. For both the rTPJ and the rLPFC experiment, we regressed 

binary choices on predictors for tACStheta-sham, tACSbeta-sham, Inequitytype (advantageous inequity 

= 0, disadvantageous inequity = 1), Inequityabsolute, Efficiency, and the interaction terms, 

controlling for tACS-induced discomfort.  

In the rTPJ experiment, sanity checks revealed that participants accepted unequal splits 

less often if inequity was disadvantageous compared to advantageous for them, Inequitytype: 

HDImean = -2.65, HDI95% = [-4.49, -0.87], indicating a stronger aversion against 

disadvantageous than advantageous inequity (Fehr & Schmidt, 1999). They also preferred more 

efficient choices, Efficiency: HDImean = 4.14, HDI95% = [2.71, 5.77], as well as options with 

smaller absolute differences between Mself and Mother, Inequityabsolute: HDImean = -1.32, HDI95% 

= [-2.08, -0.58], the latter suggesting that participants were inequity averse. Furthermore, 

participants were more averse to increasing disadvantageous compared to advantageous 

inequity, Inequityabsolute × Inequitytype: HDImean = -2.15, HDI95% = [-3.34, -1.05], and showed a 

stronger preference for efficient (i.e., payoff-maximising) outcomes under disadvantageous in 

contrast to advantageous inequity, Efficiency × Inequitytype: HDImean = 4.13, HDI95% = [2.25, 

6.42]. Taken together, participants’ preferences for unequal splits strongly depended on 

whether inequity was advantageous or disadvantageous for them. 

Next, we assessed how rTPJ tACS affected choices in the dictator game. We observed 

that tACStheta-sham significantly increased inequity aversion, tACStheta-sham × Inequityabsolute: 

HDImean = -0.73, HDI95% = [-1.48, -0.04] (Table 1), irrespective of whether inequity was 

advantageous or disadvantageous, tACStheta-sham × Inequitytype × Inequityabsolute: HDImean = 0.58, 

HDI95% = [-0.47, 1.65]. This suggests that theta tACS promotes the rejection of unequal splits 

independently of whether the participant or the other were worse off (Figure 2). We observed 

no significant effects of tACSbeta-sham on Inequityabsolute, Efficiency, or Inequitytype (Table 1), and 

also a further GLMM directly comparing theta and beta tACS revealed no significant 
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stimulation effects. Thus, entrainment of theta oscillations in rTPJ increases aversion to unequal 

splits independently of whether these payoff splits are advantageous or disadvantageous for the 

participant.  

 A different pattern of stimulation effects emerged in the rLPFC experiment: In the sham 

condition, we again observed significant main effects of Inequitytype: HDImean = -4.56, HDI95% 

= [-7.36, -1.99], Inequityabsolute: HDImean = -1.57, HDI95% = [-2.46, -0.64], and Efficiency: 

HDImean = 4.06, HDI95% = [2.53, 5.97]. As in the rTPJ experiment, participants also showed 

stronger preferences for more efficient, Efficiency × Inequitytype: HDImean = 4.59, HDI95% = 

[2.34, 7.35], and less unequal options, Inequityabsolute × Inequitytype: HDImean = -2.21, HDI95% = 

[-3.74, -0.92], for disadvantageous relative to advantageous unequal splits. When we assessed 

the effects of rLPFC tACS on choice behaviour, we observed that tACStheta-sham significantly 

increased the impact of efficiency on choices depending on inequity type, tACStheta-sham × 

Efficiency × Inequitytype: HDImean = 1.67, HDI95% = [0.22; 3.13] (Figure 2, Table 2). This 

suggests that theta tACS over rLPFC strengthens the preference for efficient choices more 

strongly under disadvantageous than under advantageous inequity: When participant receive 

less payoff than the other, they show a stronger preference for the payoff-maximizing unequal 

option under rDLPFC theta tACS compared with sham. We observed no significant effects of 

tACSbeta-sham on Inequityabsolute, Efficiency, or Inequitytype (Table 2), and also a further GLMM 

comparing theta versus beta tACS yielded no significant stimulation effects.  

Taken together, our results provide evidence that theta oscillations in rLPFC are causally 

involved in increasing the preference for options that maximize the overall welfare particularly 

when the decision maker is worse, rather than better, off than the other receiver. In contrast, 

theta tACS over the rTPJ increased inequity aversion independently of whether inequity is 

advantageous or disadvantageous for the decision maker.  
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Figure 2. Stimulation effects on inequity aversion based on the results of bayesian generalized linear mixed models 

in the dictator game. (A) theta tACS over rTPJ lowers acceptance rates of unequal splits with increasing inequity 

between the players (which indicates increased inequity aversion), irrespective of whether inequity is 

advantageous or disadvantageous for the participant. (B) In contrast, theta tACS over rLPFC increases the 

acceptance of efficient options (i.e., unequal choice option that maximize the overall payoff for both players) more 

strongly under disadvantageous compared with advantageous inequity (C) Individual regression coefficients for 

the impact of Inequityabsolute in the rTPJ experiment, separately for each tACS condition. More negative values 

indicate a stronger aversion against unequal choice options. Colored boxes indicate median and interquartile range, 

black dots indicate individual data points (N = 30 participants). (D) Individual regression coefficients for the 

impact of efficiency as function of inequity type in the rLPFC experiment, separately for each tACS condition. 

Higher positive values indicate a stronger preference for more efficient outcomes ( i.e. maximizing the overall 

welfare) when the participant is worse compared to better off than the other. Colored boxes indicate median and 

interquartile range, black dots indicate individual data points (N = 30 participants). 
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Theta oscillations in rTPJ causally implement perspective tasking 

The observed effects of rTPJ stimulation on inequity aversion raise the question as to 

whether these findings can be explained by the established role of the rTPJ for mentalizing and 

perspective taking (Frith & Frith, 2006; Saxe & Kanwisher, 2003; Schurz, Aichhorn, Martin, 

& Perner, 2013; Van Overwalle, 2009). Despite the evidence that the rTPJ is causally relevant 

for perspective taking (Santiesteban et al., 2012, 2015), the underlying brain oscillations 

causally implementing the ability to differentiate between one’s own and others’ perspectives 

remain unknown. Therefore, in line with recent findings (Gooding-Williams et al., 2017), we 

tested whether rTPJ theta tACS promotes perspective taking and, if so, whether the link 

between rTPJ theta oscillations and inequity aversion can be explained by their role for 

perspective taking. We tested the causal involvement of tACS over rTPJ and rLPFC on 

performance in the director task. We regressed performance in the director task (correct versus 

incorrect responses) on predictors for tACStheta-sham, tACSbeta-sham, Condition (control = 0, 

experimental = 1), and the interaction terms.  

In line with previous studies (Santiesteban et al., 2012), we found a significant main 

effect of Condition on accuracy in the rTPJ experiment, HDImean = -2.21, HDI95% = [-3.37; -

0.94], suggesting that participants committed more errors when their perspective was 

incongruent, compared to congruent, with the director’s perspective. The significant tACStheta-

sham × Condition interaction, HDImean = 1.56, HDI95% = [0.55; 2.54], suggested that (as 

hypothesized) rTPJ theta tACS effects on accuracy depended on whether perspectives were 

congruent or incongruent, whereas we observed no significant tACSbeta-sham × Condition 

interaction, HDImean = 0.53, HDI95% = [-0.50; 1.58] (Table 3). Post-hoc GLMMs showed that 

in the experimental condition theta tACS increased accuracy in contrast to sham, HDImean = 

1.57, HDI95% = [1.07; 2.14] (Figure 3), whereas we could not find significant effects of theta 

tACS in the control condition: tACStheta-sham, HDImean = 0.92, HDI95% = [-0.65; 3.11]. tACSbeta-

sham affected performance neither in experimental, HDImean = 0.25, HDI95% = [-0.47; 1.10], nor 
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in control trials, HDImean = -0.33, HDI95% = [-1.36; 0.80]. Aditionally, GLMMs comparing the 

effects of theta versus beta tACS revealed that the influence of theta tACS on performance in 

experimental versus control trials was significantly stronger than the influence of beta tACS, 

tACStheta-beta × Condition, HDImean = -1.28, HDI95% = [-2.28; -0.23] (Figure 3 and Table 4). 

Thus, rTPJ theta tACS, relative to both sham tACS and beta tACS, improved participants’ 

ability to inhibit their own perspective in order to resolve conflicts between their own and the 

director’s perspective.  

When conducting the same GLMMs for the rLPFC experiment, neither theta nor beta 

tACS significantly affected performance in the director task in contrast to sham tACS, tACStheta-

sham × Condition: HDImean = -0.03, HDI95% = [-1.06; 1.00], tACSbeta-sham × Condition: HDImean = 

0.46, HDI95% = [-0.60; 1.52] (Table 5), and we also observed no significant differences between 

theta and beta tACS, tACStheta-beta × Condition: HDImean = 0.41, HDI95% = [-0.54; 1.42] (Table 

6). Consequently, contrary to the rTPJ, there was no evidence for rLPFC involvement in 

perspective taking.  
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Figure 3. Results of tACS effects on accuracy (perspective taking) in the director task. (A) rTPJ theta tACS, 

compared with sham tACS and beta tACS, increased accuracy in the experimental condition relative to the control 

condition. (B) rLPFC tACS showed no significant effects on accuracy in the director task. Colored boxes indicate 

median and interquartile range, black dots indicate individual data points (N = 30 participants). Values are 

calculated based on the difference between each participant’s accuracy rates in the experimental and the control 

condition: In control trials, participants could stick with their own perspective to identify the object designated by 

the director, whereas in experimental trials participants needed to switch from their own to the director’s 

perspective. More negative values indicate worse performance in the experimental relative to the control condition, 

reflecting the need to resolve conflicts between one’s own and the director’s perspective.  

 

Impact of rTPJ tACS on perspective taking mediates stimulation effects on inequity 

aversion  

Given that theta tACS over the rTPJ enhanced both perspective taking and inequity 

aversion, we conducted a mediation analysis to test whether the rTPJ’s involvement in inequity 

aversion can statistically be explained by its more general role for perspective taking. For this 

purpose, we entered mean individual accuracy differences between experimental and control 
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trials under theta versus sham tACS from the director task as additional predictors to the GLMM 

we had used to analyse rTPJ tACS effects on choices in the dictator game (Baron & Kenny, 

1986; Preacher & Hayes, 2008). Re-computing this GLMM revealed that, contrary to the 

original GLMM results, the effect of tACStheta-sham on inequity aversion no longer passed the 

statistical threshold, tACStheta-sham × Inequityabsolute: HDImean = -0,89, HDI95% = [-1.95, 0.08], 

which suggests that the effect of tACStheta-sham on inequity aversion is reduced when controlling 

for stimulation effects on perspective taking. Crucially, the marginally significant result of the 

Sobel test (Sobel, 1982, 2008), z = 1.92, p = 0.05, suggests that the impact of rTPJ theta tACS 

on inequity aversion can statistically be explained by tACS-induced changes in perspective 

taking. In contrast, we found no significant mediation effects in the rLPFC experiment, Sobel 

test: z = -0.06, p = 0.95. Thus, the role of the rTPJ, though not of the rLPFC, in inequity aversion 

can be explained by its more general contribution to perspective taking. 

 

Discussion  

Both rTPJ and rLPFC are thought to play central roles in social decision making, but 

their causal contributions to moderating aversion to advantageous versus disadvantageous 

inequity as well as the brain rhythms underlying these functions remained unknown so far. 

Here, we advance the field by determining the specific roles of neural oscillations in rTPJ and 

rLPFC for advantageous and disadvantageous inequity aversion. While entrainment of theta 

oscillations in rTPJ increased inequity aversion irrespective of whether the unequal splits were 

advantageous or disadvantageous for an individual, theta tACS over rLPFC showed dissociable 

effects depending on the type of inequity involved: theta tACS increased the preference for 

welfare-maximizing efficient choices more strongly for disadvantageous than for advantageous 

unequal splits. Moreover, our data suggest that rTPJ and rLPFC affect social decisions via 

dissociable cognitive mechanisms, as only theta stimulation of rTPJ, but not rLPFC, changed 

perspective taking processes, which statistically explained the rTPJ tACS effects on inequity 
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aversion. Taken together, our study provides evidence for dissociable neuro-cognitive roles of 

theta oscillations in rTPJ and rLPFC for weighing inequity concerns against selfish interests, 

improving our understanding of the functions of these brain mechanisms in social decision 

making.  

Although previous evidence suggested a causal role of rTPJ for prosocial giving (Obeso 

et al., 2018; Soutschek et al., 2016), these brain stimulation studies did not differentiate between 

different types of inequity. A neuroimaging study dissociating between advantageous and 

disadvantageous inequity reported that grey matter volume in the rTPJ predicted individual 

differences in advantageous, but not disadvantageous, inequity aversion (Morishima et al., 

2012). While our findings suggest that rTPJ stimulation indeed enhances inequity aversion, 

there was no evidence for dissociables effects on advantageous and disadvantageous inequity 

aversion, though we note that the lack of a significant difference must not be interpreted as 

evidence against inequity-specific contributions of the rTPJ to decision making (Obeso et al., 

2018; Soutschek et al., 2016). Nevertheless, our findings point to a general function of the rTPJ 

for integrating own and others’ needs into the choice process, which increases the preference 

for equal splits in order to reduce the conflict between selfish and other-regarding interests. 

From a psychological perspective, this function may rely on the ability to distinguish between 

own and others’ mental states, which on the neural level is implemented by the rTPJ (Martin, 

Huang, Hunold, & Meinzer, 2019; Martin, Kessler, Cooke, Huang, & Meinzer, 2020; 

Santiesteban et al., 2012; Zhang, Chen, Hu, & Mai, 2019). While a link between the rTPJ’s 

roles for perspective taking and social decision making has often been discussed in the literature 

(Baumgartner, Schiller, Rieskamp, Gianotti, & Knoch, 2014; Soutschek et al., 2016; Strombach 

et al., 2015), our mediation analysis provides conclusive evidence that the rTPJ’s causal 

involvement in perspective taking indeed statistically explains its contribution to social decision 

making. Thus, rTPJ theta oscillations enable us to put ourselves into the shoes of others, which 
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increases the sensitivity for conflicts between selfish and other-regarding interests, thereby 

motivating choices that reduce inequity between the players’ payoffs.  

A different result pattern emerged in the rLPFC tACS experiment, where theta 

entrainment in rLPFC increased the preference for efficient (i.e., welfare-maximizing) choice 

options more strongly for disadvantageous than for advantageous inequity. As under 

disadvantageous inequity the more efficient option is likely to include a lower payoff for the 

decision maker than the less efficient option, this finding suggests that rLPFC theta oscillations 

lower aversion to disadvantageous inequity if the unequal option maximizes the overall welfare. 

While this appears to speak in favor of the hypothesis that rLPFC promotes outcome-

maximizing choices by downregulating negative emotional responses to unfairness (Maier et 

al., 2018; Sanfey, Rilling, Aronson, Nystrom, & Cohen, 2003), this view appears inconsistent 

with findings according to which the rLPFC activation is associated with rejection of unfair 

offers (which reduces the overall welfare) (Baumgartner et al., 2011; Knoch et al., 2006) or 

with the punishment of norm violations (Buckholtz et al., 2008; Buckholtz et al., 2015). To 

reconcile these findings, we posit that the rLPFC generally strengthens norm-guided behavior, 

which can lead either to the punishment of others’ norm violations or to the reduction of envy 

if others are better off than oneself without being responsible for the unequal outcomes.  

In addition to determining the roles of rTPJ and rLPFC in inequity aversion, our findings 

also provide insights into the brain oscillations implementing these functions. The causal 

involvement of theta oscillations in both rTPJ and rLPFC in social decision making is consistent 

with previous electrophysiological findings linking theta oscillations in these regions to 

perspective taking (Gooding-Williams et al., 2017; Rodrigues, Ulrich, & Hewig, 2015; 

Seymour et al., 2018; Wang et al., 2016) and cognitive control processes (Oehrn et al., 2014; 

van de Vijver et al., 2011), respectively. Note that only in the director task we found that rTPJ 

theta tACS affected behavior relative to both sham and beta tACS, whereas in the dictator game 

we observed no significant differences between theta and beta tACS. One possible reason for 
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this is that also beta oscillations might play a role in social decision making (though these effects 

did not pass the statistical threshold in the current study). Previous findings linked rTPJ beta 

oscillations to individual differences in prosociality (Gianotti et al., 2019), which might hint to 

dissociable roles of theta and beta oscillations in the rTPJ for social decisions. Thus, we are 

cautious with any conclusions regarding the frequency-specific of our stimulation effects on 

inequity aversion. As further limitation, it is worth keeping the relatively low spatial specificity 

of tDCS in mind, allowing no inferences regarding which precise subregions in the prefrontal 

and the parietal cortices are responsible for the observed effects. Nevertheless, our findings 

provide first evidence for a causal contribution of prefrontal and parietal theta oscillations to 

social decision making.  

Deficits in social decision making belong to the core symptoms of several psychiatric 

disorders (Chang, Barack, & Platt, 2012; King-Casas & Chiu, 2012) and previous findings 

suggest that these deficits in social interactions are linked with dysfunctions in the pefrontal 

cortex and parietal regions (Bitsch, Berger, Nagels, Falkenberg, & Straube, 2019; Horat et al., 

2018; Hu et al., 2021; Schneider et al., 2013). Studying cortical oscillatory dynamics can lead 

to a better understanding of the neuronal mechanisms underlying deficits in cognitive and social 

impairments in psychiatric disorders (Kirihara, Rissling, Swerdlow, Braff, & Light, 2012). By 

providing insights into how brain rythms in prefrontal and parietal brain regions implement 

social decision making, our findings contribute to improving our understanding of the neural 

basis of altered social behavior in psychiatric disorders. 

To sum up, our findings demonstrate that theta oscillations in rTPJ and rLPFC causally 

moderate aversion to unequal outcomes in social interactions. The dissociable effects of rTPJ 

and rLPFC stimulation on inequity aversion are consistent with the idea that (at least partially) 

different neuro-cognitive mechanisms underlie aversion to disadvantageous and advantageous 

inequity. These insights into the brain rhythms causally implementing perspective taking and 
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inequity aversion extend our understanding of the neuronal signature of the processes 

underlying social behavior.  
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Table 1. Results of Bayesian GLMM for the dictator game in the rTPJ experiment. We report 

the upper and lower borders of the 95% HDI of the posterior distributions. Standard errors of 

the mean are in brackets.  

Predictor Estimate (SE) 2.5% 97.5% 

Intercept 5.25 (0.95) 3.53 7.23 

tACStheta-sham 0.67 (0.43) -0.13 1.57 

tACSbeta-sham 0.78 (0.44) -0.07 1.65 

Inequityabsolute  -1.32 (0.38) -2.08 -0.58 

Efficiency 

Inequitytype  

4.14 (0.78) 

-2.65 (0.89) 

2.71 

-4.49 

5.77 

-0.87 

discomfort 

Inequityabsolute × Inequitytype 

-0.22 (0.21) 

-2.15 (0.58) 

-0.66 

-3.34 

0.18 

-1.05 

Inequityabsolute × Efficiency 

Efficiency × Inequitytype 

-0.31 (0.37) 

4.13 (1.09) 

-1.07 

2.25 

0.37 

6.42 

tACStheta-sham × Inequitytype -0.45 (0.54) -1.55 0.58 

tACSbeta-sham × Inequitytype 

tACStheta-sham × Inequityabsolute 

tACSbeta-sham × Inequityabsolute 

tACStheta-sham × Efficiency 

tACSbeta-sham × Efficiency 

tACStheta-sham × Inequityabsolute × Inequitytype 

tACSbeta-sham × Inequityabsolute × Inequitytype 

tACStheta-sham × Efficiency × Inequitytype 

tACSbeta-sham × Efficiency × Inequitytype 

tACStheta-sham × Inequityabsolute × Efficiency 

tACSbeta-sham × Inequityabsolute × Efficiency 

tACStheta-sham × Inequityabsolute × Efficiency × Inequitytype 

tACSbeta-sham × Inequityabsolute × Efficiency × Inequitytype 

0.01 (0.56) 

-0.73 (0.38) 

-0.50 (0.35) 

0.70 (0.51) 

0.73 (0.51) 

0.58 (0.54) 

0.43 (0.54) 

0.02 (0.76) 

0.46 (0.80) 

-0.27 (0.51) 

-0.62 (0.53) 

-0.32 (0.75) 

0.35 (0.80) 

-1.12 

-1.48 

-1.18 

-0.27 

-0.25 

-0.47 

-0.61 

-1.47 

-1.11 

-1.28 

-1.69 

-1.77 

-1.30 

1.09 

-0.04 

0.16 

1.77 

1.71 

1.65 

1.52 

1.47 

2.02 

0.71 

0.40 

1.16 

1.89 
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Table 2. Results of Bayesian GLMM for the dictator game in the rLPFC experiment. We report 

the upper and lower borders of the 95% HDI of the posterior distributions. Standard errors of 

the mean are in brackets.  

Predictor Estimate (SE) 2.5% 97.5% 

Intercept 6.71 (1.25) 4.52 9.40 

tACStheta-sham 0.36 (0.41) -0.40 1.18 

tACSbeta-sham -0.03 (0.42) -0.86 0.80 

Inequityabsolute -1.57 (0.46) -2.46 -0.64 

Efficiency 4.06 (0.88) 2.53 5.97 

Inequitytype  

discomfort 

Inequityabsolute × Inequitytype 

Inequityabsolute × Efficiency 

Efficiency × Inequitytype 

-4.56 (1.37) 

-0.29 (0.33) 

-2.21 (0.72) 

-0.55 (0.52) 

4.59 (1.30) 

-7.36 

-0.92 

-3.74 

-1.59 

2.34 

-1.99 

0.37 

-0.92 

0.47 

7.35 

tACStheta-sham × Inequitytype -0.14 (0.51) -1.14 0.86 

tACSbeta-sham × Inequitytype 

tACStheta-sham × Inequityabsolute 

tACSbeta-sham × Inequityabsolute 

tACStheta-sham × Efficiency 

tACSbeta-sham × Efficiency 

tACStheta-sham × Inequityabsolute × Inequitytype 

tACSbeta-sham × Inequityabsolute × Inequitytype 

tACStheta-sham × Efficiency × Inequitytype 

tACSbeta-sham × Efficiency × Inequitytype 

tACStheta-sham × Inequityabsolute × Efficiency 

tACSbeta-sham × Inequityabsolute × Efficiency 

tACStheta-sham × Inequityabsolute × Efficiency ×Inequitytype 

tACSbeta-sham × Inequityabsolute × Efficiency × Inequitytype 

-0.39 (0.49) 

0.38 (0.41) 

0.23 (0.38) 

-0.68 (0.51) 

-0.57 (0.49) 

-0.66 (0.59) 

-0.17 (0.54) 

1.67 (0.73) 

1.28 (0.75) 

-0.42 (0.62) 

0.45 (0.56) 

1.49 (0.80) 

0.03 (0.73) 

-1.35 

-0.40 

-0.49 

-1.70 

-1.56 

-1.82 

-1.23 

0.22 

-0.15 

-1.61 

-0.61 

-0.08 

-1.36 

0.61 

1.23 

0.99 

0.30 

0.35 

0.48 

0.86 

3.13 

2.90 

0.81 

1.58 

3.09 

1.48 
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Table 3. Results of Bayesian GLMM for the director task in the rTPJ experiment. We report 

the upper and lower borders of the 95% HDI of the posterior distributions. Standard errors of 

the mean are in brackets. 

Predictor Estimate (SE) 2.5% 97.5% 

Intercept 3.62 (0.31) 3.04 4.31 

tACStheta-sham -0.02 (0.44) -0.85 0.90 

tACSbeta-sham  

Condition 

discomfort 

tACStheta-sham × Condition 

-0.33 (0.43) 

-2.21 (0.63) 

-0.10 (0.20) 

1.56 (0.51) 

-1.15 

-3.37 

-0.49 

0.55  

0.59 

-0.94 

0.31 

2.54 

tACSbeta-sham × Condition 0.53 (0.54) -0.50 1.58 
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Table 4. Results of Bayesian GLMM for the director task in the rTJP experiment comparing 

theta with beta tACS. We report the upper and lower borders of the 95% HDI of the posterior 

distributions. Standard errors of the mean are in brackets. 

Predictor Estimate (SE) 2.5% 97.5% 

Intercept 3.52 (0.34) 2.93 4.25 

tACStheta-beta -0.26 (0.40) -1.02 0.55 

Condition 

discomfort 

-0.32 (0.70) 

0.05 (0.22) 

-1.69 

-0.36 

1.11 

0.50 

tACStheta-beta × Condition -1.28 (0.51) -2.28 -0.23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

63 

Table 5. Results of Bayesian GLMM for the director task in the rLPFC experiment. We report 

the upper and lower borders of the 95% HDI of the posterior distributions. Standard errors of 

the mean are in brackets. 

Predictor Estimate (SE) 2.5% 97.5% 

Intercept 3.56 (0.35) 2.93 4.29 

tACStheta-sham -0.15 (0.41) -0.95 0.64 

tACSbeta-sham  

Condition 

discomfort 

tACStheta-sham × Condition 

-0.22 (0.40) 

-1.31 (0.73) 

-0.20 (0.20) 

-0.03 (0.51) 

-0.99 

-2.71 

-0.61 

-1.06 

0.54 

0.11 

0.18 

1.00 

tACSbeta-sham × Condition 0.46 (0.55) -0.60 1.52 
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Table 6. Results of Bayesian GLMM for the director task in the rLPFC experiment comparing 

theta with beta tACS. We report the upper and lower borders of the 95% HDI of the posterior 

distributions. Standard errors of the mean are in brackets. 

Predictor Estimate (SE) 2.5% 97.5% 

Intercept 3.31 (0.35) 2.68 4.05 

tACStheta-beta 0.05 (0.43) -0.75 0.98 

Condition 

discomfort 

-1.38 (0.66) 

-0.23 (0.31) 

-2.64 

-0.91 

-0.03 

0.34 

tACStheta-beta × Condition 0.41 (0.49) -0.54 1.42 
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4. Chapter III: The causal role of medial prefrontal cortex for updating 

of mental model representations in social interactions 

 

Manuscript in preparation, Christian, P., Kaiser, J., Taylor, P., George, M., Schütz-Bosbach, 
S. & Soutschek, A. 

Author contributions: PC, PT, SSB, and AS designed research; PC and MG conducted research; 
PC, JK, and MG analysed data; PC and AS drafted manuscript.  
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Abstract 

In competitive interactions, humans have to flexibly update their beliefs about another person’s 

intentions in order to adjust their own choice strategy, such as when believing that the other 

may exploit their cooperativeness. Here we investigate both the neural dynamics and the causal 

neural substrate of belief updating processes. We used an adapted prisoner’s dilemma task in 

which participants explicitly predicted the co-player’s actions, which allowed us to quantify the 

prediction error between expected and actual behaviour. First, in a EEG experiment we found 

a stronger medial frontal negativity (MFN) for negative than positive prediction errors, 

suggesting that this medial-frontal ERP component may encode unexpected defection of the 

co-player. The MFN also predicted subsequent belief updating after negative prediction errors. 

In a second experiment we used transcranial magnetic stimulation (TMS) to investigate whether 

the dorsomedial prefrontal cortex (dmPFC) causally implements belief updating after 

unexpected outcomes. Our results show that dmPFC TMS impaired belief updating and 

strategic behavioural adjustments after negative prediction errors. Taken together, our findings 

reveal the time-course of the use of prediction errors in social decisions, and suggest that the 

dmPFC plays a crucial role in updating mental representations of others’ intentions. 

 

Key words: Electroencephalography (EEG), Medial-Frontal Negativity (MFN), transcranial 

magnetic stimulation (TMS), dorsomedial prefrontal cortex (dmPFC), Prisoner’s Dilemma 

Game, Belief Updating, Prediction Errors 
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Significance statement 

For successful social interactions, humans must be able to reliably predict their interaction 

partners’ actions. Previous research has linked this capacity mainly to the temporo-parietal 

junction. Here, we show that the dorsomedial prefrontal cortex also plays a causal role for belief 

updating in social interactions: Perturbing the dorsomedial prefrontal cortex with brain 

stimulation impaired the ability to modify expectations about the interaction partner’s next 

actions based on past experiences and to adjust one’s choice behaviour in accordance with these 

updated expectations. Our findings highlight the role of belief updating for strategic social 

interactions, and identify the dorsomedial prefrontal cortex and its underlying neural dynamics 

as neural substrate of the ability to successfully learn others’ strategies. 
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Introduction 

In social interactions humans need to flexibly adapt their behavioural strategy to their 

partner’s intentions. For example, we may not help a colleague at work if we believe that the 

colleague will not return this favour when we request support. Mental representations of others’ 

intentions allow humans to compare the expected behaviour of the other with what actually 

arises, and to adjust their expectations based on the results of this comparison (Stallen & Sanfey, 

2013). Even though our decisions are guided by our predictions about others’ behaviour, it is 

still debated which precise neural mechanisms are involved in adjusting beliefs about others’ 

intentions.  

The dorsomedial prefrontal cortex (dmPFC) and temporo-parietal junction (TPJ) have 

been related to mentalizing processes that allow inferring others’ intentions (Burnett & 

Blakemore, 2009; Gallagher & Frith, 2003). These regions were linked to predictions of others’ 

behaviour (Frith & Frith, 2010; Hampton, Bossaerts, & O'Doherty, 2008; Rilling & Sanfey, 

2011) but also to the strength of prediction errors, that is the mismatch between others’ 

predicted and observed behaviour (Behrens, Hunt, Woolrich, & Rushworth, 2008; Hampton et 

al., 2008). In particular, disrupting TPJ activation impaired the updating of mental models in 

dmPFC (Hill et al., 2017), suggesting that dmPFC may represent and adjust beliefs about 

others’ intentions based on prediction error signals provided by TPJ. Unlike with the TPJ, 

however, the dmPFC’s causal role in mediating the influence of unexpected social outcomes 

on strategy adjustments remains unknown. 

Preliminary evidence for such a role of dmPFC is provided by different lines of 

correlational research: First, dmPFC is sensitive to predictions errors about others’ actions in 

social interactions (Dungan, Stepanovic, & Young, 2016), particularly when the other free-rides 

(i.e., unilaterally defects) (Bitsch, Berger, Nagels, Falkenberg, & Straube, 2018; Hertz et al., 

2017). Such prediction errors might be reflected by an early event-related potential, the medial 

frontal negativity (MFN) (Billeke, Zamorano, Cosmelli, & Aboitiz, 2013; Martin, Potts, 
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Burton, & Montague, 2009), which encodes a prediction error signal in a similar way to dmPFC 

(Martin et al., 2009). Despite the evidence for a role of the MFN in representing reward 

prediction errors in the non-social domain (Holroyd & Coles, 2002), in social interactions so 

far the MFN has been linked to negative social events like unfair outcomes per se, rather than 

specifically expectation violations (Billeke et al., 2013; Boksem & De Cremer, 2010; Fernandes 

et al., 2019; Van der Veen & Sahibdin, 2011). Because it has never directly been tested whether 

the MFN encodes social prediction errors, we analysed the MFN to reveal the time course of 

the detection of unexpected negative events in social interactions. 

A further knowledge gap is whether the detection of prediction errors by dmPFC leads 

to an updating of mental models of others’ intentions, which in turn may affect an agent’s own 

decision strategy. Again, there is correlative evidence that the dmPFC is involved in 

representing others’ mental states (Hill et al., 2017; Nicolle et al., 2012; Zhu, Mathewson, & 

Hsu, 2012), which forms the basis for predictions about others’ behaviour (Kang, Lee, Sul, & 

Kim, 2013). In particular, enhanced dmPFC activity was linked to the updating of mental model 

representations (Haroush & Williams, 2015; Nicolle et al., 2012) as well as the adaption of 

behavioural strategies according to the updated model (Suzuki et al., 2012). However, the 

available correlative evidence does not allow concluding that dmPFC is indeed causally 

relevant for the updating of mental model representations and the adjustment of choice 

strategies following unexpected outcomes.  

To address these issues, we conducted two independent studies with EEG and 

transcranial magnetic stimulation (TMS) in which participants played an adapted version of the 

prisoner’s dilemma game. In the EEG experiment, we tested whether the MFN reflects 

unexpected defective behaviour and predicts subsequent belief updating. Based on this, we 

tested in the second experiment whether dmPFC perturbation with TMS impairs belief updating 

and behavioural adjustments after unexpected defection.  
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Materials and Methods  

Participants 

For the EEG study, we tested 35 healthy volunteers (Mage = 23,5 years, SDage = 2,75 

years, range 18-35 years). We excluded data from three participants who did not believe the 

cover story that the co-player was a human (see below). The EEG data of two further 

participants were lost due to technical issues, leaving 30 participants for the statistical analyses 

(12 male,18 female). For the TMS study, we tested 21 new volunteers (Mage = 21,5 years, 

SDage = 3,25 years, range 18-35 years); we excluded data from one participant due to lack of 

task understanding, lowering the sample to 20 participants (8 male, 12 female). An apriori 

power analysis based on the effects size of Cohen’s d = 0.86 reported in a meta-analysis on the 

impact of TMS on social interactions suggests that 17 participants are sufficient to detect 

significant effects (alpha = 5%) with a power of 90%. (Christian & Soutschek, 2022). 

Participants were recruited at the Ludwig Maximilian University (LMU) Munich. We included 

only participants without any known psychiatric or neurological disorders, and participants in 

the TMS study were moreover screened for counterindications to TMS. They were all naive 

with respect to the aims of the study. Ethical approval was granted by the ethics committee of 

the psychology department at the LMU Munich. All participants gave written informed consent 

prior to participation in the study. Participants received a show-up fee of 10 euro/hour as well 

as additional earnings depending on the outcome in the prisoner’s dilemma game (see below).  

 

Task design 

Participants played a version of the prisoner’s dilemma game (PDG) which required the 

participant to repeatedly choose whether to cooperate or defect with the same anonymous 

interaction partner (Axelrod & Hamilton, 1981; Rilling et al., 2002). So that we could control 

strategy, the co-player was in fact a computer: so that participants engaged fully, they were told 

it was a human (see below). During the experiment, the participant and the co-player (computer 



 
 

72 

algorithm) made their decisions simultaneously, such that outcome-maximising decision 

making required reliable predictions about the other’s next actions. We measured participants’ 

predictions about the co-players’ choices: Participants had to indicate their belief whether the 

other would cooperate or defect on a continuous rating scale from 0 to 20, within a 4 second 

time-window prior to each choice. After that, participants had to decide within 4 seconds 

whether to cooperate or defect with the other player by using the left and right arrow keys (for 

the options presented on the left and right screen side, respectively) on a standard keyboard. At 

the end of each trial, participants received feedback for 1 second about both their own payoff 

and that of the co-player, from which participants could then infer what the co-player had 

chosen (Figure 1A). Based on the payoff matrix (Kapetaniou, Deroy, & Soutschek, 2023), both 

players gained 4 virtual coins each for mutual cooperation and 2 coins each for mutual 

defection; free-riders (i.e., players who unilaterally defected) gained 7 coins while the exploited 

player gained 1 coin (Figure 1B). Comparing the predicted with the actual choice of the co-

player allowed us to quantify the degree to which participants either overestimated (negative 

prediction error) or underestimated their co-player’s cooperativeness (positive prediction error). 

The co-player’s choices were determined by a computer algorithm that varied between a tit-

for-tat, cooperative, and defective strategy. This procedure was crucial for our study goals as it 

induced a sufficient number of positive and negative prediction errors that required participants 

to adjust their own behaviour to the co-player’s strategy changes. On tit-for-tat trials (which 

represented 60% of all trials), the algorithm adopted the participants’ choice to cooperate or 

defect in the previous trial N-1 with a mean probability of 70%. In cooperative trials (20% of 

all trials), the algorithm cooperated with a mean probability of 70% irrespective of the 

participant’s choice, whereas in defective trials (20% of all trials) the computer chose defection 

with a mean probability of 70%. The algorithm switched between these strategies after 10-15 

trials to make the co-player behaviour less predictable without making it appear random. 
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Experimental Procedure 

Participants took part in one experimental session for the EEG study, whereas the TMS 

study involved two testing sessions where TMS was administered (in counterbalanced order) 

either over dmPFC or the vertex as control site (within-subject crossover design). As a cover 

story, participants were told that they would play the prisoner’s dilemma game against an 

anonymous other person sitting in a separate experimental cabin. To increase the credibility of 

the cover story, the experimenter moved between the rooms of the participant and the co-player. 

In the TMS study, participants were told that they would play with different co-players in the 

two testing sessions to minimize learning effects. The participants could not see, but hear the 

co-player in the room next door, which was in fact a confederate of the experimenter 

(Soutschek, Weinreich, & Schubert, 2018). The experimental task lasted for approximately 20 

minutes and included a total of 100 trials of the prisoner’s dilemma task. The order of the blocks 

(where the algorithm used either a tit-for-tat or a more cooperative or defective strategy) was 

pseudo-randomized within the experiment and counterbalanced between sessions. At the end 

of the experiment we assessed the credibility of the cover story by asking participants whether 

they believed they had played against a human.  

 

EEG protocol 

Continuous EEG data were recorded from 65 active electrodes (actiCAP system; Brain 

Products, Munich, Germany) and one additional ground electrode, in accordance with the 

international 10-20 system. For data acquisition all electrodes were referenced to FCz. EEG 

data were recorded with a Brain Products QuickAmp amplifier, employing a 500 Hz sampling 

rate. The impedance of all electrodes was kept below 25 KΩ to ensure good signal to noise 

ratio.  

 

TMS protocol 
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TMS was administered using a 75 mm outer diameter figure-8 coil (MCF-B65) with 

MagPro X100 biphasic stimulator (MagVenture, Alpharetta, GA, USA). The experiment 

included two TMS conditions: dmPFC versus vertex TMS (Figure 1C). The dmPFC site (MNI 

coordinates: X = -9; Y = 41, Z = 40) was determined based on a previous imaging study on 

strategic social interactions (Hill et al., 2017). We defined the dmPFC stimulation coordinates 

for each participant based on their individual structural T1 images and warped the target 

coordinates into the space of the individual T1 scan using inverse normalization with trilinear 

interpolation as implemented in SPM12 (Wellcome Trust Centre for Neuroimaging). The 

vertex was defined as the point at the midline over the central sulcus based on each participant’s 

T1 scan (Soutschek, Moisa, Ruff, & Tobler, 2020; Soutschek & Tobler, 2020). For both 

stimulation targets, the coil was held tangentially to the skull, parallel to the midline with the 

handle pointing backwards. We used neuronavigation software (Brainsight, Rogue Research, 

Montreal, Canada) to determine and monitor coil placement. The individual motor threshold 

for each participant was obtained by administering single-pulse TMS over the motor cortex 

(coil was placed over M1 with the handle pointing backwards and perpendicular to the 

precentral gyrus). The resting motor threshold was defined as the lowest stimulus intensity that 

induced contractions of the index finger in at least five of ten pulses while the subject rested 

their hands. For determination of the active motor threshold the same procedure was applied 

while participants were instructed to exert constant pressure between the index finger and the 

thumb with 20% of their maximum strength (Groppa et al., 2012; Rossini et al., 2015). We 

applied a continuous theta-burst protocol with 80% of the active motor threshold for 40 seconds 

with continuous trains of 600 pulses in bursts of three pulses at 50 Hz, repeated at intervals of 

5 Hz (200 ms), which is thought to disrupt cortical excitability at the stimulation site for at least 

30 min (Huang, Edwards, Rounis, Bhatia, & Rothwell, 2005). Directly after the stimulation we 

asked participants to indicate how aversive they experienced the stimulation (based on a 7-point 
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Likert scale) to control for individual differences in perceived aversiveness of dmPFC versus 

vertex TMS.  

 

Figure 1. (A) Example trial of the prisoner’s dilemma game in the EEG and TMS study: At the beginning of each 

trial, participants were asked to predict whether the other player would cooperate or defect. Next, participants 

decided to cooperate or defect. At the outcome stage participants were informed about the payoff for themselves 

and the co-player, which allowed participants to infer whether their prediction was correct or incorrect (B) Payoff 

Matrix: Players obtained 4 coins in case of mutual cooperation and 2 coins for mutual defection, whereas unilateral 

cooperation and defection yielded 1 anf 7 coins, respectively. (C) Illustration of dmPFC TMS site modeled with 

MRIcon based on the MNI coordinates for dmPFC cTBS stimulation in an example participant.  

 

Statistical analysis  

Behavioural analysis. In both the EEG and TMS experiments, we computed linear 

mixed models (LMMs) using the lme4 package in the R (version 3.6.3.) statistical software 

environment (Bates, Mächler, Bolker, & Walker, 2015). As dependent variable, we analysed 
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trial-by-trial changes in continuous predictions (predictiontrial N minus predictiontrial N-1): 

Positive values indicated that participants considered it as more likely that the other would 

cooperate on the current compared with the previous trial, whereas negative values reflected an 

increased subjective likelihood that the other would defect compared with the previous trial. In 

the EEG study, we regressed continuous prediction changes on fixed-effect predictors for the 

predicted choice of the co-player (Predicted choice; 0 = cooperate, 1 = defect), the absolute 

(unsigned) prediction error (PEabsolute), the sign (direction) of the prediction error (PEsign; -1 = 

negative, 1 = positive), and all interaction terms. In the TMS study, we added fixed-effect 

predictors for TMS (0 = vertex, 1 = dmPFC) to the model. All fixed effects were also modelled 

as random slopes in addition to participant-specific random intercepts. The absolute prediction 

error (PEabsolute) was defined as the absolute difference between the other’s choice and 

participants’ prediction ratings on the previous trial (N-1) as a measure of the magnitude of the 

prediction error, whereas the sign of the prediction error (PEsign) indicated its direction (with 

positive and negative prediction errors reflecting unexpected defection or unexpected 

cooperation, respectively). The variable Predicted choice indicated the predicted behaviour of 

the co-player on the previous trial. We also included discomfort ratings as a predictor of no 

interest to control for potential confounding effects of TMS-induced discomfort.  

Furthermore, we analyzed effects on choice behaviour with generalized linear mixed 

models (GLMMs) where binary choices (cooperate = 0, defect = 1) were regressed on fixed-

effect predictors for TMS, PEabsolute, PEsign, Prediction change, and all interaction terms. We 

included the variable Prediction change in the model to test whether trial-by-trial changes in 

predictions moderated TMS effects on choices. Again, all predictors were also modelled as 

random slopes in addition to participant-specific intercepts.  

 
EEG analysis.  
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Preprocessing of EEG data was performed using the FieldTrip toolbox (Oostenveld, 

Fries, Maris, & Schoffelen, 2011). EEG data were filtered using a 50 Hz low-pass filter and 0.5 

Hz high-pass filter within the recommended guidelines to avoid distortion of the time course of 

MFN waveform (Luck & Gaspelin, 2017). Data were re-referenced offline to the average of 

both mastoids. Noisy electrodes were removed and reintegrated with spherical spline 

interpolations applying the Fieldtrip function ft_channelrepair (Oostenveld et al., 2011). We 

segmented the data in epochs ranging from -1500 ms to +2000 ms relative to the feedback 

window and baseline- corrected with the baseline interval defined from −200 ms to 0 ms. We 

performed independent component analysis (ICA) for artefact removal of eye blinks, horizontal 

eye movements, muscle movements and high skin potentials (Delorme, Sejnowski, & Makeig, 

2007; Mennes, Wouters, Vanrumste, Lagae, & Stiers, 2010). Finally, we excluded trials with 

missing data due to technical issues during EEG recording.  

To examine whether the MFN component reflects prediction errors, we recorded the 

MFN component at the medial prefrontal electrodes sites in the feedback window between 200 

– 400 ms in line with previous findings (Billeke et al., 2013; Boksem & De Cremer, 2010; 

Campanha, Minati, Fregni, & Boggio, 2011; Wang et al., 2022). The electrode positions were 

predefined (FCz, FC1, FC2, Fz, F1, F2) based on previous studies on the MFN (Campanha et 

al., 2011; Wang et al., 2022; Wu, Hu, van Dijk, Leliveld, & Zhou, 2012) to reduce bias towards 

statistical significance (Luck & Gaspelin, 2017). To test our hypothesis whether negative 

prediction errors are associated with more negative MFN amplitudes than positive prediction 

errors, we calculated the difference between the average feedback-locked ERPs on trials for 

negative and positive prediction errors with permutation tests based on cluster statistics, as 

implemented in the Fieldtrip function ft_freqstatistics (Maris & Oostenveld, 2007). Based on a 

Monte Carlo randomization procedure, the p-values for each cluster were estimated to compute 

the significance probability. Average feedback-locked ERP data for each participant were 

randomly shuffled between the conditions for 2000 iterations. The cluster candidates with the 
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highest summed values were compared against the permutation distribution for each of these 

permutations. Differences between negative and positive prediction errors were considered as 

significant if the p-value calculated for the largest cluster-level statistic was smaller than the 

critical alpha-level (0.05). For each significant cluster, we report the cluster weight, p-value, 

and its start and end time.  

 

Results 

Mediofrontal negativity signals unexpected defection (EEG study) 

As a sanity check, we first assessed whether participants updated their predictions of the 

co-player’s actions and adjusted their own choice strategy following prediction errors. As 

expected, participants indeed more strongly expected the co-player to cooperate or defect after 

positive (unexpected cooperation) or negative (unexpected defection) prediction errors, 

respectively, PEsign: β = 0.06, z = 4.26, p < 0.001. Furthermore, participants updated their beliefs 

more strongly after larger prediction errors, PEabsolute: β = 0.20, z = 2.62, p < 0.01, with larger 

positive and negative prediction errors being associated with stronger updating of the 

expectation that the co-player would cooperate or defect, respectively, PEsign × PEabsolute: β = 

0.23, z = 13.41, p < 0.001 (Figure 2A, Table 1). These changes in predictions were also 

associated with adjustments of choice behavior: the results of the GLMM on choices revealed 

that participants chose to defect more often after stronger negative prediction errors, while 

participants were more likely to cooperate following larger positive prediction errors, PEsign × 

PEabsolute: β = 1.41, z = 6.30, p < 0.01. Moreover, choice behavior was predicted by changes in 

prediction, Prediction change: β = -1.76, z = -6.36, p < 0.001. Specifically, participants chose 

to defect more often the stronger they updated their prediction that the co-player would defect 

after negative prediction errors, while participants cooperated more often the more they updated 

their predictions towards cooperation after positive prediction errors, PEsign × Prediction 

change: β = -0.24, z = -2.80, p < 0.01 (Figure 2B, Table 2). Thus, participants both updated 
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their expectations about the co-player’s actions and adjusted their behavioural strategy in 

response to mismatches between predicted and actual choices of the co-player.  

To test whether negative prediction errors are linked with more pronounced negative 

MFN amplitudes than positive prediction errors, we calculated permutation tests based on 

cluster statistics. This analysis revealed stronger higher negative amplitudes for negative 

relative to positive prediction errors at medial prefrontal electrodes between 240 and 340 ms 

(t_mass = -76.36, p = 0.003; Figure 2C). To exclude the alternative explanation that the effects 

could be driven by negative social outcomes per se (Billeke et al., 2013; Boksem & De Cremer, 

2010; Campanha et al., 2011; Polezzi, Sartori, Rumiati, Vidotto, & Daum, 2010; Wang et al., 

2022) rather then prediction errors about the other’s decisions, we calculated the difference 

between the average feedback-locked ERPs for CD (co-player unilaterally defected) trials and 

CC (mutual cooperation) trials. The results of the cluster-based permutation analysis showed 

no significant clusters at medial prefrontal electrodes between 200 and 400 ms for CD in 

contrast to CC trials. Thus, our findings suggest that the MFN component encodes negative 

prediction errors (i.e., unexpected defection) rather than negative outcomes per se.  

Based on the MFN’s role in encoding prediction errors, we next asked whether larger 

MFN amplitudes for negative compared with positive prediction errors are linked with belief 

updating on the behavioural level. For this purpose we calculated a Spearman rank correlation 

between individual MFN amplitudes and trial-by-trial changes in predictions. We extracted the 

individual coefficients for the intercept from the linear mixed model on prediction changes and 

calculated the relative distribution of the MFN (MFNrel = MFNnegative – MFNpositive / 

((MFNnegative + MFNpositive) / 2))) to quantify MFN amplitudes for negative relative to positive 

prediction errors. The MFN components were extracted based on the results of the cluster-based 

permutation analysis of average feedback-locked ERPs. More negative MFN amplitudes for 

negative in contrast to positive prediction errors were correlated with stronger prediction 

changes to defection (negative values for Prediction change), Spearman’s rs =0.32, p = 0.049 
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(Figure 2D). To sum up, our findings suggest that this ERP component recorded at electrodes 

over dmPFC is linked with mismatched predictions about others’ actions in cooperative-

competitive contexts, with the MFN being more sensitive to unexpected defection than 

unexpected cooperation. The MFN then reflects when people have been treated badly, but only 

if this was unexpected – and furthermore predicts whether participants proceed on the basis of 

this negative experience to update their expectations about the other’s cooperativeness. 
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Figure 2. Behavioural and ERP Results of the EEG Experiment. (A) Higher negative values indicate a prediction 

change to defection (increased expectation that the co-player will defect) while more positive values indicate a 

stronger prediction change to cooperation: Participants updated their beliefs that the co-player would defect more 

strongly following negative prediction errors (unexpected defection) than following positive prediction errors 

(unexpected cooperation). (B) After negative prediction errors participants showed a stronger tendency to defect 

in contrast to positive prediction errors, driven by prediction changes that the co-player is more likely to defect. 

(C) Results of cluster-based permutation analysis for event-related potentials show that the medial frontal 

negativity (MFN) is more pronounced for negative in contrast to positive prediction errors between 240 and 340 

ms. Topographic maps displaying the contrast between negative and positive prediction errors at medio-prefrontal 

electrode sites. (D) Correlation between MFN and prediction change: Larger negative MFN values were linked 

with stronger updating of expectations that the co-player will defect.  

 

dmPFC TMS impairs belief updating after negative prediction errors (TMS study) 

While our EEG findings suggest that activity recorded from medial prefrontal electrodes 

is sensitive to prediction errors and is associated with belief updating, the correlative nature of 

these findings leave open whether medial prefrontal activity causally contributes to belief 

updating and adjustments of one’s choice behaviour in response to negative prediction errors. 

We therefore conducted a second experiment assessing whether dmPFC disruption with TMS 

interferes with these processes. If the dmPFC is causally involved in moderating the influence 

of unexpected defection on strategic social decisions, we expected TMS over dmPFC to reduce 

the impact of negative prediction errors on belief updating, impairing the ability to adjust one’s 

own choice behaviour. To test this hypothesis, we regressed trial-by-trial changes in predictions 

on fixed-effect predictors for TMS, PEabsolute, PEsign, Predicted choice, and all interaction terms, 

controlling for TMS-induced discomfort. The significant  PEabsolute × PEsign  interaction, β = 

0.20, z = 6.46 , p < 0.001, suggested that participants updated the predicted likelihood that the 

co-player would cooperate or defect depending on whether the other co-player unexpectedly 

cooperated or defected, respectively, replicating our behavioural findings in the EEG study. 

This updating of beliefs after prediction errors was significantly reduced after dmPFC 
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compared with vertex TMS: TMS × PEabsolute × PEsign , β = -0.09, z = -2.19, p = 0.04. Moreover, 

the significant four-way TMS × PEabsolute × PEsign  × Predicted choice interaction, β = 0.18, z = 

4.01, p < 0.001, suggested the impact of dmPFC TMS on belief updating after prediction errors 

depended on whether participants had predicted the co-player to cooperate or defect (Table 3). 

To distinguish between the TMS effects on positive versus negative prediction errors, we 

calculated separate post-hoc analyses for negative and positive prediction errors. We split these 

models depending on participants’ predictions of the other’s behaviour (Predicted choice) to 

differentiate between expected or unexpected cooperation as well as expected or unexpected 

defection. The results show that dmPFC TMS relative to vertex TMS reduced the extent to 

which participants would normally defect more after unexpected defection, TMS × PEabsolute: β 

= 0.06, z = 2.57, p = 0.02 (Figure 3A, Table 3). In contrast, there were no significant stimulation 

effects following negative prediction errors when the participant had expected the co-player to 

defect, TMS × PEabsolute: β = -0.02, z = -1.41, p = 0.18. The post-hoc tests for positive prediction 

errors revealed that with increasing positive prediction errors (unexpected cooperation) 

participants more strongly updated the expectation that the co-player would cooperate under 

dmPFC in contrast to vertex TMS, TMS × PEabsolute: β = 0.08, z = 2.62, p = 0.02 (Figure 3B, 

Table 3), whereas there were no significant effects after expected cooperation, TMS × PEabsolute: 

β = -0.04, z = -1.55, p = 0.14. Thus, dmPFC TMS strengthened the updating of the belief that 

the other would cooperate after unexpected cooperation, whereas after unexpected defection 

participants were less likely to update their beliefs towards defection under dmPFC TMS. In 

both situations participants therefore became more likely to predict that their co-player would 

cooperate after dmPFC TMS. Together, this provides causal evidence for the hypothesized role 

of dmPFC for belief updating. 
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Figure 3. Results of TMS effects on belief updating (A,B) and choices (C,D) in the prisoner’s dilemma game. (A) 

Higher negative values indicate a prediction change to defection while more positive values indicate a stronger 

prediction change to cooperation. dmPFC TMS reduced prediction changes to defection after negative prediction 

errors compared to vertex TMS: participants were less likely to change their prediction to defection when the co-

player unexpectedly defected. (B) Under dmPFC TMS compared with vertex TMS, participants more strongly 

predicted the co-player to cooperate after positive prediction errors, i.e. when the co-player unexpectedly 

cooperated. (C, D) dmPFC TMS in comparison to vertex TMS more strongly decreased defection rates when 

participants updated the expectation that the co-player would defect after (C) negative prediction errors compared 

with (D) positive prediction errors.  

 

Impact of dmPFC TMS on strategic decision making is moderated by stimulation 

effects on belief updating  

Based on the dmPFC’s causal role for belief updating after prediction errors, we asked 

whether TMS-induced impairments in belief updating also affect the ability to flexibly adjust 

one’s choice behaviour to the co-player’s actions. We expected that dmPFC TMS reduces 
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behavioural adjustments after unexpected defection, particularly when participants failed to 

update their expectation that the co-player would defect. To test this hypothesis, we regressed 

binary choices (cooperate = 0, defect = 1) on fixed-effect predictors for TMS, PEabsolute, PEsign, 

prediction change, and all interaction terms. Participants were more likely to defect when 

changing their predictions towards the expectation that the other will defect, Prediction change: 

β = -3.22, z = -4.83, p < 0.001, as well as after negative compared with positive prediction 

errors, PEsign: β = -0.36, z = -2.25, p = 0.03, with the latter effect being more pronounced the 

more strongly participants updated their beliefs after prediction errors, PEsign  ×  Prediction 

change: β = -0.47, z = -2.08, p = 0.04. Importantly, this interaction effect was significantly 

reduced under dmPFC compared with vertex TMS, TMS × PEsign  × Prediction change, β = 

0.75, z = 2.21, p = 0.03, suggesting that dmPFC disruption reduced the preference for defection 

after negative prediction errors as a function of how strongly participants updated their beliefs 

(Figure 3C/D, Table 4). That is, under sham TMS people are more likely to defect if they predict 

the co-player to defect after unexpected defection, and dmPFC TMS weakened this 

relationship. In addition, participants cooperated more often after larger absolute prediction 

errors, PEabsolute: β = -0.47, z = -2.08, p = 0.04, and this effect was enhanced under dmPFC TMS 

in contrast to vertex TMS, TMS × PEabsolute: β = -0.58, z = -2.05, p = 0.04, such that after larger 

prediction errors (independently of the direction of the prediction error) participants cooperated 

more often under dmPFC TMS in contrast to vertex TMS. Taken together, our results suggest 

that dmPFC TMS impaired not only belief updating but also adjustments of choice behaviour 

in response to prediction errors. This provides causal evidence for the dmPFC’s hypothesized 

role in moderating the influence of mental model updatings on choice behaviour in social 

interactions. 

 

Discussion  
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The dmPFC has been ascribed a central role for decision making in social interactions, 

but its precise functional role remained unclear. Here, we provide converging EEG and TMS 

evidence for dmPFC involvement in updating mental models about others’ intentions and 

actions based upon these updated representations. We show that the MFN ERP component is a 

marker signaling unexpected defection and predicts whether participants will update their 

expectations about the other’s intentions. Our findings show that dmPFC TMS made 

participants both less likely to defect and to predict that their co-player would defect, which 

suggests that the dmPFC is indeed causally involved in updating mental model representations 

and adjusting choices in response to negative prediction errors.  

We found that the MFN, a medial prefrontal ERP component, reflects negative 

prediction errors (and more so than positive prediction errors). While in the literature on social 

interactions the MFN has been linked to negative events like unfairness or free-riding behaviour 

(Boksem & De Cremer, 2010; Miraghaie et al., 2022; Wang et al., 2022), we show that the 

MFN does not encode negative events per se but rather only if they are worse than expected. 

Even though the MFN has been interpreted as a neuronal marker of violated social expectancies 

(Billeke et al., 2013; Chen, Zhao, & Lai, 2019; Hu & Mai, 2021; Wang et al., 2022), to the best 

of our knowledge it has never directly been assessed whether mismatches between expectations 

about the others’ social strategy and the actual outcome drive the MFN component in social 

interactions: previous studies did not explicitly measure participants’ predictions about the co-

player’s actions. Our interpretation is in line with previous findings from non-social reward 

prediction errors where the MFN was reported to be associated with unexpected outcomes 

(Martin & Potts, 2011; Soder & Potts, 2018). Thus, our results demonstrate that the MFN is 

driven by negative prediction errors rather than negative outcomes in social interactions. Our 

findings extend our understanding of the chronometry and neural dynamics of social decision 

making by revealing an early neuronal correlate of social negative prediction errors which 

predicts subsequent belief updating.  
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While we must be cautious with drawing inferences from the MFN findings to the 

dmPFC’s role in social interactions (as another region than dmPFC might in theory be the 

source of the MFN signal), our TMS findings provide direct evidence that the dmPFC plays a 

causal role for strategic social decision making. Our findings suggest that dmPFC causally 

contributes to integrating and updating beliefs about others’ intentions, enabling decision 

makers to flexibly adjust their behaviour after unexpected actions of their interaction partners. 

This extends previous correlational findings which showed that dmPFC activity is enhanced 

during social interactions requiring representations of others’ mental states (Andrews-Hanna, 

Reidler, Sepulcre, Poulin, & Buckner, 2010; Behrens, Hunt, & Rushworth, 2009; Li, Mai, & 

Liu, 2014; Sul & Kim, 2021). Our results suggest that dmPFC does not only encode such mental 

models of others’ intentions but contributes to updating the the mental model if the predictions 

from the model mismatch the actual behaviour of the interaction partner. More specifically, 

after negative prediction errors (unexpected defection), decision makers less strongly updated 

their expectation that the co-player would defect after dmPFC TMS compared with vertex 

TMS. Interestingly, after positive prediction errors participants more strongly expected the co-

player to cooperate following dmPFC perturbation. Thus, while dmPFC TMS reduced the 

impact of unexpected defection on belief updating, it increased (rather than impaired) belief 

updating after positive prediction errors. This pattern is consistent with the MFN’s increased 

sensitivity for unexpected negative compared with positive outcomes and suggests that 

interfering with dmPFC activity might amplify the positive evaluation of both unexpected 

defection and cooperation. If positive prediction errors are represented by reduced dmPFC 

activity, then experimentally lowering dmPFC activity with TMS might strengthen neural 

representations of positive prediction errors. In any case, we provide conclusive evidence that 

the dmPFC is causally relevant for belief updating in response to prediction errors in social 

interactions.  
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Crucially, dmPFC TMS disturbed not only the ability to update beliefs about the co-

player’s intentions but also the ability to act upon these mental model representations. It has 

been proposed that the dmPFC represents others’ mental states during strategic social 

interactions (Andrews-Hanna et al., 2010; Behrens et al., 2009; Li et al., 2014; Sul & Kim, 

2021). Our findings provide direct evidence that the dmPFC plays a causal role in promoting 

flexible behavioural adjustment based on updated mental models of others’ intentions in 

response to unexpected events. The influence of dmPFC TMS on strategic decision making was 

moderated by the degree of belief updating after prediction errors, linking our stimulation 

effects on belief updating and on decision making. The dmPFC may then not only update 

mental models about others’ intentions but may forward these representations to other brain 

regions involved in strategic social decisions, such as ventromedial prefrontal cortex (Hill et 

al., 2017) or dorsolateral prefrontal cortex (Soutschek, Sauter, & Schubert, 2015), enabling 

these regions to compute the optimal choice based on these mental representations.  

The dmPFC is likely to implement belief updating processes not in isolation but in 

interaction with other parts of the mentalizing network, including the TPJ. A large body of 

evidence links the TPJ to simulate the mental states of others (Saxe & Wexler, 2005; Schuwerk, 

Grosso, & Taylor, 2021; Van Overwalle & Baetens, 2009), but the TPJ was also found to show 

enhanced activation for mismatches between others’ predicted and observed actions (Carter, 

Bowling, Reeck, & Huettel, 2012; Park, Fareri, Delgado, & Young, 2021). These prediction 

error signals in the TPJ might be forwarded to the dmPFC, as suggested by a study showing 

that TPJ inhibition reduces its connectivity with dmPFC during social interactions (Hill et al., 

2017). The dmPFC in turn might use these prediction error signals to update the mental model 

of others’ intentions. 

To sum up, our findings ascribe the dmPFC a causal role for  updating beliefs about 

others’ intentions after unexpected defection and for adjusting choice behaviour according to 
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these updated beliefs. This clarifies the dmPFC’s function in strategic social interactions, 

assigning it a central role for flexible behavioural adjustments when interacting with others.  
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Tables 

Table 1. EEG Experiment: Results of computed linear mixed models (LMMs) for belief 

updating in the Prisoner’s Dilemma Game. Standard errors of the mean are in brackets.  

 Beta (SEM) t df p 

Intercept -0.00 (0.02) -0.10 11 0.92 

PEabsolute -0.03 (0.02) -2.03 27 0.05 

PEsign  0.06 (0.01) 4.26 23 <0.001 

Predicted choice -0.00 (0.02) -0.16 9 0.87 

PEabsolute × PEsign  0.23 (0.02) 13.41 21 <0.001 

PEabsolute × Predicted choice  0.03(0.02) 1.30 33 0.20 

PEsign × Predicted choice -0.00 (0.02) -0.39 61 0.70 

PEabsolute × PEsign × Predicted choice -0.04 (0.02) -1.83 26 0.08 
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Table 2. EEG Experiment: Results of computed generalized linear mixed models (GLMMs) for 

choice behaviour in the Prisoner’s Dilemma Game. Standard errors of the mean are in brackets.  

 Estimate (SEM) z p 

Intercept 0.60 (0.17) 3.58 <0.001 

PEabsolute 0.32 (0.08) 4.10 <0.001 

PEsign -0.02 (0.13) -0.16 0.87 

Prediction change -1.77 (0.28) -6.36 <0.001 

PEabsolute × PEsign 1.41 (0.02) 0.22 <0.001 

PEabsolute × Prediction change -0.05 (0.06) -0.89 0.37 

PEsign × Prediction change -0.24 (0.09) -2.80 0.01 

PEabsolute × PEsign × Prediction change -0.07 (0.07) -1.04 0.30 
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Table 3. TMS Experiment: Results of computed linear mixed models (LMMs) for belief 

updating in the Prisoner’s Dilemma Game. Standard errors of the mean are in brackets.  

 Beta (SEM) t df p 

Intercept -0.03 (0.04) -0.81 6 0.45 

PEabsolute -0.05 (0.02) -2.76 54 0.01 

PEsign 

TMS 

0.04 (0.02) 

-0.03 (0.02) 

1.86 

-0.86 

10 

7 

0.09 

0.42 

Predicted choice 0.01 (0.04) 0.36 7 0.73 

Discomfort -0.03 (0.02) -1.91 3 0.15 

PEabsolute × PEsign 

PEabsolute × TMS 

PEsigned × TMS 

 0.20 (0.03) 

0.01 (0.03) 

-0.01 (0.02) 

6.46 

0.23 

-0.38 

14 

25 

34 

<0.001 

0.82 

0.70 

PEabsolute × Predicted choice  0.04 (0.03) 1.15 19 0.26 

PEsigned × Predicted choice 

TMS × Predicted choice 

PEabsolute × PEsign × TMS 

PEabsolute × PEsign × Predicted choice 

PEabsolute × TMS × Predicted choice 

PEsign × TMS × Predicted choice 

-0.00 (0.03) 

0.00 (0.05) 

-0.09 (0.04) 

-0.03 (0.03) 

0.04 (0.05) 

-0.01 (0.03) 

-0.18 

0.00 

-2.19 

-0.83 

0.83 

-0.25 

11 

11 

15 

12 

16 

20 

0.86 

0.99 

0.04 

0.43 

0.42 

0.81 

PEabsolute × PEsign × TMS × Predicted choice 0.18 (0.04) 4.01 16 <0.001 
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Table 4. TMS Experiment: Results of computed generalized linear mixed models (GLMMs) 

for choice behaviour in the Prisoner’s Dilemma Game. Standard errors of the mean are in 

brackets.  

 Estimate (SEM) z p 

Intercept 0.53 (0.22) 2.36 0.02 

PEabsolute 0.32 (0.20) 1.61 0.11 

PEsign -0.36 (0.16) -2.25 0.02 

TMS 

Prediction change 

discomfort 

-0.27 (0.20) 

-3.22 (0.67) 

0.08 (0.16) 

-1.40 

-4.83 

0.49 

0.16 

<0.001 

0.62 

PEabsolute × PEsign 

PEabsolute × TMS 

PEsign × TMS 

2.46 (0.61) 

-0.58 (0.28) 

0.01 (0.16) 

4.02 

-2.05 

0.06 

<0.001 

0.04 

0.95 

PEabsolute × Prediction change 0.11 (0.18) 0.62 0.53 

PEsign × Prediction change 

TMS × Prediction change 

PEabsolute × PEsign × TMS 

-0.47 (0.23) 

0.26 (0.36) 

0.19 (0.29) 

-2.08 

0.74 

0.65 

0.04 

0.46 

0.52 

PEabsolute × PEsign × Prediction change 

PEabsolute × TMS × Prediction change 

PEsign × TMS × Prediction change 

PEabsolute × PEsign × TMS  × Prediction change 

-0.05 (0.18) 

-0.18 (0.22) 

0.74 (0.34) 

0.44 (0.28) 

-0.25 

-0.85 

2.21 

1.58 

0.81 

0.39 

0.03 

0.11 
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5. General Discussion 

The goal of this dissertation was to investigate the causal roles of the prefrontal cortex 

(mPFC, rLPFC) and temporo-parietal cortex (rTPJ) in social decision making. Hereby, we 

examined the precise neuro-computational roles of these regions for implementing decision 

making depending on the contextual factors which drive our tendency to promote fairness 

behaviour towards others. We investigated the neuro-cognitive and neurobiological 

mechanisms underlying social decision making by applying brain stimulation and 

electrophysiological recordings. Based on the summary of the main findings from each study I 

will review the most important insights and conclusion. Further, I will discuss the main 

theoretical and clinical implications across all research projects and consider the limitations of 

neuroscientific methods.  

 

5.1. Main findings  

5.1.1. Causal role of right dorsolateral prefrontal cortex for norm-guided social decision 

making: a meta-analysis of TMS studies 

In this first research project we analysed data from rDLPFC TMS studies across economic 

games to determine the causal role of the rDLPFC for norm enforcement in a healthy 

population. We calculated a meta-analysis and subgroup analysis for TMS studies over the 

rDLPFC studying the behavioural effects for social conflicts between one’s own selfish 

interests and fairness concerns in the ultimatum game, dictator game, trust game, third party 

punishment and prisoner’s dilemma game. Although the causal role of the rDLPFC for 

implementing decision making during social conflicts has been established, it’s precise function 

is still debated, whether the rDLPFC either enhances norm enforcement or increases the 

preference to rational, selfish choice options (Baumgartner et al., 2011; Christov-Moore et al., 

2017; Knoch et al., 2006; Maier et al., 2018). By applying this meta-analytic approach we were 
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able to provide an accurate estimate of stimulation effects on social decision making to 

investigate the crucial role of the rDLPFC across social conflicts in economic games. The 

distinction between the subgroups allowed us to disentangle the brain stimulation effects 

depending on the social contextual factors. The subgroup fairness type was defined as either 

reactive fairness (included social contexts in which threat of punishment was expected as well 

as norm violators could be punished) or proactive fairness (included economic games which 

assess pro-social, altruistic preferences; without punishment options). The subgroup role of the 

responder was defined by the participants role in the economic game as either playing in the 

role of the proposer or responder.  

Our results based on the meta-analysis across all types of economic games showed no 

significant effects on norm guided choice behaviour while the subgroup analysis revealed that 

rDLPFC implements fairness-oriented behavior depending on the social context. Importantly, 

our findings suggest that rDLPFC has no unitary role when being confronted with social 

conflicts but implements norm enforcement depending on the type of fairness behaviour. More 

specifically, replicating previous findings we found that rDLPFC enhances norm-guided 

behavior in reactive fairness contexts, i.e. when deviations from social norms can be 

sanctionized and participants usually act in the role of the responder (Buckholtz et al., 2008; 

Cheng et al., 2022; Wu et al., 2014). Interestingly, we found no stimulation effects on proactive 

fairness suggesting that the rDLPFC has a crucial role for implementing decision making when 

the threat of social norm violations is present rather then promoting norm compliant behaviour. 

Our results provide new insights into the contextual factors that drive the effects of the 

rDLPFC on normative choice behaviour in social decision making. In particular, our results 

demonstrate that the rDLPFC implements norm-guided behaviour when undergoing the threat 

of social punishment while the rDLPFC is not causally involved for prosocial giving. Future 

research could extend these findings by examining the precise neuro-psychological 
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mechanisms in the rDLPFC which promote the implementation of normative choices when 

threat of punishment is present.  

5.1.2. Causal roles of prefrontal and temporo-parietal theta oscillations for inequity aversion 

In this second research project we investigated whether the rTPJ and rLPFC are involved 

in aversion to advantageous or disadvantageous inequity in a healthy population. We used non-

invasive transcranial alternating current stimulation (tACS) with theta (6 Hz), beta (20 Hz) and 

sham condition while participants performed the dictator game to examine proactive fairness 

preferences and the director task to assess accuracy performance in perspective taking. While 

previous findings show that the rTPJ and rLPFC play key roles in the implementation of pro-

social choice behaviour in economic games (Gao et al., 2018; Hutcherson et al., 2015; 

Morishima et al., 2012; Speer & Boksem, 2019), it still remains unclear whether these brain 

regions crucially implement inequity aversion per se or modulate the conflict between our own 

selfish interests and our fairness concerns when oneself or the others are worse off. By using 

tACS stimulation with either theta, beta or sham stimulation over the rTPJ and rLPFC allowed 

us to disentangle the causal contribution of these brain regions for proactive fairness preferences 

(advantageous and disadvantageous inequity) and to investigate the underlying brain rythms 

reflecting inequity aversion. Additionally, we assessed whether the rTPJ’s role for perspective 

taking promotes inequity aversion reflected by the same or dissociable brain rythms.  

Our results demonstrate that the rTPJ and the rLPFC play key roles in implementing 

inequity aversion to promote pro-social choices, in line with previous findings (Gao et al., 2018; 

Hutcherson et al., 2015). In contrast to previous accounts which claim that the rTPJ advances 

advantageous inequity when we are better off than others (Morishima et al., 2012), our results 

show that the rTPJ implement inequity aversion per se. Further, our result also supports the 

notion that the rLPFC is functionally relevant for increasing aversion to disadvantageous rather 

than advantageous inequity which replicates previous findings (Fliessbach et al., 2012). It has 
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been proposed that the rLPFC has a key role to implement decision making in response to 

unfairness in social interactions (Baumgartner et al., 2011; Buckholtz et al., 2015). Thus, it is 

possible that the rLPFC promotes the aversion to disadvantageous inequity based on emotion- 

and conflict-related processes in response to perceived unfairness. Importantly, our results 

demonstrate that theta oscillations underlie the aversion to increasing unequal splits in the rTPJ 

and enhance the preference for welfare maximizing choice outcomes for disadvantageous 

inequity in the rLPFC. Hereby, our study extend previous findings by demonstrating that 

prefrontal and parietal theta oscillations underlie inequity aversion.  

Further, we replicate previous findings showing that the rTPJ has a a causal role for 

perspective taking and self-other distinction (Santiesteban, Banissy, Catmur, & Bird, 2012). 

Altough it has been hypothesized that the rTPJ’s role to differentiate between our own and the 

others perspective promotes pro-social choices (Soutschek et al., 2016; Strombach et al., 2015), 

to the best of our knowledge our study is the first to show that inequity aversion in the rTPJ’s 

can be explained by it’s more general role for perspective taking. Our findings are in line with 

previous evidence that advantageous and disadvantageous inequity emerge at a developmental 

stage linked with the maturation of higher-order social cognition such as mentalizing (Ulber, 

Hamann, & Tomasello, 2017). Thus, our results provide first direct evidence of the precise 

neuro-psychological mechanisms underlying inequity aversion in the rTPJ.  

Here, we demonstrate causal evidence for dissociable roles of theta oscillations in rTPJ 

and rLPFC for resolving conflicts between selfish and other-regarding motives. Thus, we 

provide insights how neural oscillations in different brain regions moderate prosocial behavior 

by implementing dissociable psychological mechanisms. Although our results show that 

inequity aversion can be explained by the rTPJ’s role for perspective taking, future research 

should address the precise neuro-cognitive mechanisms underlying disadvantageous inequity 

in the rLPFC.  
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5.1.3. The causal role of medial prefrontal cortex for updating of mental model representations 

in competitive interactions 

In the third research project we investigated whether the dorsomedial prefrontal cortex 

(dmPFC) plays a key role for belief updating and behavioural adaption following prediction 

errors in social cooperation in a healthy population. We used electroencephalography (EEG) 

and transcranial magnetic stimulation (TMS) for two independent experiments to test whether 

the dmPFC is involved in belief updating and behavioural adaption in response to unexpected 

defection in the prisoner’s dilemma game. First, we used EEG to examine whether a medial 

frontal ERP component, the Medial-Frontal Negativity (MFN), reflects mismatched predictions 

about the others behavioural strategy in social cooperation. Even though the MFN has been 

interpreted as a neuronal marker of mismatched predictions when social expectancies are 

violated (Billeke, Zamorano, Cosmelli, & Aboitiz, 2013; Chen, Zhao, & Lai, 2019; Hu & Mai, 

2021; Wang et al., 2022) it has never been directly tested whether the MFN reflects prediction 

errors in social decision making. Based on the limited spatial resolution of EEG data, we used 

cTBS stimulation over the dmPFC to investigated whether the dmPFC is causally involved in 

updating of mental model representations in response to unexpected defection when the other 

deviates from our social expectancies. While previous research proposes that the dmPFC is 

linked with building up mental model representations about the others behavioural strategy 

(Haroush & Williams, 2015; Nicolle et al., 2012), it’s precise neuro-computational role in 

cooperative-competitive context still remains unknown.  

The result of our EEG study demonstrate that the medial frontal negativity (MFN) is 

more pronounced in response to violated social expectancies, when the other unexpectedly 

defected. Our findings extend past research suggesting that the MFN component is reflected by 

mismatched predictions about the others social strategy rather than driven by outcomes in social 
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decision making paradigms (Billeke et al., 2014; Boksem & De Cremer, 2010; Campanha, 

Minati, Fregni, & Boggio, 2011). Thus, our results suggest that the mPFC might be linked with 

an early neuronal marker sensitive to unexpected defection, when the co-player choose a 

competitive over a cooperative strategy. This is in line with previous findings which suggest 

that the mPFC is sensitive to detect predictions errors when simulating the other’s actions 

(Dungan et al., 2016; Lee & Seo, 2016). Overall, our findings provides new insights into the 

neurobiological response of the medial frontal ERP component (MFN) underlying unexpected 

defection.  

Further, the results of our TMS experiment shed new light on our understanding of the 

crucial role of the dmPFC in cooperative-competitive social interactions: our results provide 

direct evidence that the dmPFC is causally involved in belief updating processes in response to 

negative prediction errors, when the other unexpectedly defected. We extend previous findings 

by demonstrating that the dmPFC is recruited more strongly when we update our predictions in 

response to social negative conflicts evoked by the others unexpected competitive strategy 

(Hertz et al., 2017). Moreover, our results suggest that effects on choice behaviour are driven 

by belief updating in response to unexpected defection why the disruption of the dmPFC with 

cTBS resulted in reduced belief updating leading to decreased behavioural adaption. Taken 

together, our results suggest that dmPFC cTBS impaired adjustments in predictions of others’ 

behavior which affected one’s own ability to flexibly adapt accordingly to the others 

unexpected defection.  

Hereby, we extend previous findings demonstrating that the mPFC is sensitive to 

unexpected social norm violations, when the other defects more strongly than expected. 

Furthermore, we demonstrate causal evidence that the dmPFC is involved in belief updating 

following negative prediction errors in competitive- cooperative social interactions. Thus, we 
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provide insights into the neuro-cognitive mechanisms in the mPFC when our social 

expectancies are violated.  

5.2. Theoretical Implications  

In this dissertation I examined the crucial neuro-cognitive mechanisms in social 

decision making by implementing brain stimulation methods on brain regions typically 

involved in social cognition and decision making in the social context. Hereby, we provide 

direct evidence that the temporo-parietal cortex promotes pro-social choices explained by it’s 

key role for social cognition enabling us to integrate the others perspective into our choice 

behaviour. Further, our findings demonstrate that the rLPFC is crucially relevant to implement 

norm enforcement by punishment of norm violators in reactive fairness contexts as well as to 

accept maximizing payoff options to overcome disadvantageous inequity, when we are worse 

off than others. Finally, our results show that the dmPFC is crucially relevant for our ability to 

represent and update beliefs about the others anticipated actions when our social expectancies 

are violated. Thus, our findings improve our understanding of the precise function of the 

temporo-parietal cortex and prefrontal cortex to guide one’s own decision based on our fairness 

preferences while infering the others intentions, goals and prospective actions.   

For many years it has been controversially debated whether the rDLPFC is involved in 

promoting pro-social behaviour rather than implementing selfish, more rational, payoff 

maximizing choices in social interactions (Buckholtz et al., 2008; Emonds, Declerck, Boone, 

Vandervliet, & Parizel, 2011; Fermin et al., 2016; Sanfey et al., 2003). Our findings provide 

support for this idea that the rDLPFC promotes norm enforcement (Buckholtz et al., 2015; 

Makwana & Hare, 2012), but extend previous assumptions by demonstrating that the rDLPFC 

resolves the conflict between our own interests and fairness concerns when violations of social 

norms can be sanctionized. Thus, our findings support theoretical accounts which claim that 
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the rDLPFC is crucially involved in punishing norm violators to enforce social norms 

(Baumgartner et al., 2011; Knoch et al., 2006; Spitzer et al., 2007). However, in contrast to 

previous findings (Muller-Leinss et al., 2018), our results provide no evidence that the rDLPFC 

is recruited to promote norm compliance. While past research examined the role of the rDLPFC 

for social decision making paradigms separately by analysing meta-analytic data across social 

contexts our findings shed new light on the understanding of the rDLPFC’s more general role 

in social decision making. Thus, our findings provide important steppstones to conceptualize 

the social contextual factors which can explain the rDLPFC’s precise function for norm 

enforcement.  

Even though previous research demonstrates that the rTPJ and rLPFC are involved when 

we make decisions to reduce unequal outcomes between ourselves and others, our findings 

showed for the first time that theta oscillations causally implement inequity aversion in the rTPJ 

and promote the aversion to disadvantageous inequity in the rLPFC. Our results are in line with 

previous accounts which propose that dissociable brain regions crucially implement 

advantageous and disadvantageous inequity (Gao et al., 2018; Hutcherson et al., 2015; 

Morishima et al., 2012). Further, our results demonstrate that the rTPJ promotes the rejection 

of unequal outcomes which is in line with the hypothesized role of the rTPJ to increase more 

generous, altruistic choices by concluding the conflict between self- and other-regarding 

motives (Obeso et al., 2018). However, our findings shed new light on the controversy debate 

about the rTPJ’s role in altruistic choices by providing new evidence that the rTPJ increases 

inequity aversion per se rather than specifically promoting social preferences for advantageous 

inequity (Morishima et al., 2012). Importantly, our findings provide direct evidence that the 

rTPJ’s role for higher-order social cognition such as perspective taking explains our tendency 

to reduce inequity between ourselves and others. Even though past research suggested that our 

ability to infer the others mental state might moderate advantageous inequity aversion 
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(McAuliffe et al., 2017), our results demonstrate that the rTPJ crucially enhances the aversion 

to unequal outcomes per se mediated by the socio-cognitive ability to understand and 

differentiate our own from the others perspective (Courtney & Meyer, 2020; Quesque & Brass, 

2019; Santiesteban et al., 2012). These insights extend our understanding of the precise neuro-

cognitive mechanism underlying inequity aversion.  

For many years it has been proposed that the MFN component is associated with 

violation of social expectancies (Alexopoulos, Pfabigan, Goschl, Bauer, & Fischmeister, 2013; 

Boksem & De Cremer, 2010; Campanha et al., 2011), but no previous account has ever directly 

tested whether the MFN is driven by prediction errors in the social context. Indeed, our findings 

demonstrate that the MFN reflects negative prediction errors, when the other defected more 

strongly than expected. Further, our findings reveal that the MFN predicts subsequent belief 

updating, thus suggesting that the more pronounced MFN response to negative prediction errors 

is linked with stronger belief updating that the other will defect. Thus, our results shed new 

insights into the neuro-cognitive mechanisms underlying our mismatched social expectations 

guiding our choices in social cooperation.  

Although based on previous findings it has been hypothesized that the rTPJ and dmPFC 

both play key roles in social bargaining game, recent research has predominantly focused on 

the crucial role of the rTPJ in competitive-cooperative interactions (Hill et al., 2017). Here, we 

show for the first time that the dmPFC is causally relevant for belief updating in response to 

unexpected negative prediction errors, when the other defected more strongly than expected. 

Indeed, our findings provide support for the theory that the dmPFC is a key brain region to 

generate representation of the others intentions and strategies as well as update these beliefs in 

response to unexpected outcomes in the social context (Ferrari et al., 2016; Haroush & 

Williams, 2015; Jamali et al., 2021; Nicolle et al., 2012). Thus, our findings shed new light on 

our understanding of the neuro-psychological mechanism underlying the behavioural evidence: 
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Our results demonstrate that the dmPFC is sensitive to and reacts upon negative prediction 

errors specifically rather than prediction errors per se. Hence, our results could provide support 

for the theory that the dmPFC is involved when we are affected by social norm violations and 

perceive the others behaviour towards us as an unfair treatment (Civai, Miniussi, & Rumiati, 

2015). Further, our results demonstrate that disruption of belief updating following dmPFC 

cTBS reduced our behavioural adaption to defect the co-player in response to unexpected 

defection. Thus, our results are similar to theoretical accounts which propose that our previous 

mismatched prediction are one of the key predictors to guide our own decision making to either 

choose a cooperative or competitive strategies (Pisauro, Fouragnan, Arabadzhiyska, Apps, & 

Philiastides, 2022).  

5.3. Clinical implications for neuro-psychiatric disorders 

Previous evidence shows that the main symptoms of neuro-psychiatric disorders are 

deficits in socio-cognitive abilities and social decision making which are linked with 

dysfunctions in the prefrontal cortex and temporo-parietal brain regions (Billeke et al., 2015; 

Bitsch, Berger, Nagels, Falkenberg, & Straube, 2019; Frascarelli et al., 2015; Horat et al., 2018; 

Hu & Mai, 2021). Previous findings suggest a link between positive psychotic symptoms in 

schizophrenia with temporo-parietal junction signal changes during deceptive repayments in 

the trust game (Gromann et al., 2013), while reduced activation ot the TPJ was linked with 

defective strategies in social cooperation in ASD in contrast to healthy controls (Edmiston, 

Merkle, & Corbett, 2014). Thus, by examining the causal roles of these brain regions with brain 

stimulation our research findings might help us to further understand the neuro-cognitive and 

psychological mechanisms underlying these neuro-psychiatric disorders. More specifically, our 

research findings provide a causal link between these brain regions and their underlying neuro-

cognitive mechanisms which might extend our previous knowledge how to modulate social 

cognition and social decision making in clinical populations.  
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Previous evidence indicates that the rTPJ and mPFC, which are linked with socio-

cognitive abilities such as mentalizing and representation of self and other related interests, are 

affected in autism spectrum disorder and schizophrenia (Lombardo, Chakrabarti, Bullmore, & 

Baron-Cohen, 2011; Porcelli et al., 2019; Schneider et al., 2013). In fact, previous findings 

demonstrate that unfair proposals f.e. in the ultimatum game are accepted more often in patients 

diagnosed with autism spectrum disorder and schizophrenia than in contrast to healthy controls 

which suggest that the clinical population is less inequity averse than the healthy controls 

(Hartley & Fisher, 2018; Tei et al., 2018). These social decision making deficits have been 

linked with reduced mentalizing abilities which reduce sensitivity to fairness-related social 

signals to guide one’s own choices whether to accept or reject the others proposals (Yang et al., 

2017). Our findings support this theoretical account by demonstrating that the tendency to avoid 

unequal splits in proactive fairness can be explained by differentiation between one’s own from 

the others perspective in a healthy population. Thus, reduced aversion to unequal splits might 

be explained by socio-cognitive deficits which reduce the ability to self-other distinction and 

perspective taking in neuropsychiatric disorders. Although, previous research demonstrates that 

rTPJ dysfunction in neuro-psychiatric disorders is linked with behavioural deficits in social 

interactions (Eddy, 2016) our research findings provide new insights into the neuronal signature 

underlying social decision making and higher-order social cognition which might be affected 

in autism spectrum disorder or schizophrenia. Our findings extend previous research by hinting 

to a causal role of theta oscillations in the rTPJ enhancing the ability to represent one’s own 

and the others perspective to implement pro-social behaviour in a healthy population. Thus, our 

recent findings can improve our understanding of the brain rythms underlying social decision 

making which might be disrupted in neuropsychiatric symptomatology.  

During social cooperation reduced cooperativeness and higher rejection rates have been 

observed in patients diagnosed with schizophrenia (Hanssen et al., 2018). This could be 
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explained by past research which show that schizophrenia is linked with lower trustworthiness 

ratings of co-players in interactive economic games (Daan Baas et al., 2008), which is in line 

with the positive symptomatology in schizophrenia such as paranoia (Gromann et al., 2013). 

Nevertheless, the precise neuro-psychological processes promoting lower cooperativeness and 

higher defection rates are still debated. Previous neuroimaging research proposes that reduced 

activity in the dmPFC has been linked with deficits in higher-order social functioning deficits 

such as considering the others beliefs and intentions in economic games for schizophrenia 

(Kronbichler, Tschernegg, Martin, Schurz, & Kronbichler, 2017). As based on our recent 

findings we suggest that the dmPFC has a causal role in updating representions of the others 

mental state in repetitive social interactions in a healthy population why dmPFC dysfunction in 

schizophrenia might affect their ability to make predictions and update beliefs about the others 

future actions. Therefore, it is possible that schizophrenic patients overestimate the others 

defectiveness even when the co-player switches to cooperative strategies. Our findings give us 

great insights that disruption of the dmPFC results in lower belief updating and reduced 

behavioural adaption why dmPFC dysfunction in schizophrenia which might cause deficits in 

the ability to flexibly adapt one’s own predictions about the social environment. This might 

promote stronger tendencies in schizophrenia to defect the other. Indeed, past research reveals 

that schizophrenic patients adapt their behaviour less often linked with reduced activation in 

the rTPJ-mPFC network (Bitsch et al., 2019). Furthermore, recent findings suggest that reduced 

neural responses such as decreased amplitudes for the MFN component in response to unfair 

proposals in schizophrenia can be explained by reduced sensitivity to social cues (Horat et al., 

2018). More precisely, based on our EEG findings we suggest that reduced sensitivity to the 

others unexpected unfairness behaviour is reflected by the decreased amplitude of underlying 

neural markers such as the MFN component in schizophrenia.  
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Thus, by providing new insights into the causal link between the prefrontal cortex as 

well as temporo-parietal cortex in social decision making, we might improve our further 

understanding of the neural basis of reduced or altered pro-social behaviour in neuro-

psychiatric disorders such as autism and schizophrenia. However, the results of the three 

research projects can only provide novel insights into the neural basis of social decision making 

in the healthy brain which might improve our understanding of neuro-cognitive mechanisms 

underlying clinical symptoms in neuro-psychiatric disorders. That’s why future research 

focusing on similar paradigms in clinical populations is necessary for a further understanding 

of the precise neural mechanisms linked with behavioural deviations in psychiatric disorders. 

Furthermore, while non-invasive brain stimulation can modulate social behaviour such as social 

decision making, it might be a promising tool for potential therapeutic applications of neuro-

psychiatric disorders (Levasseur-Moreau & Fecteau, 2012). Indeed, brain stimulation methods 

have been widely used for the treatment of psychiatric diseases such as schizophrenia while 

their therapeutic effects are still debated (Bhattacharya et al., 2022; George et al., 2009).  

5.4. Methodological Considerations and Limitations of Neuroscientific Methods 

In this dissertation for three research projects we combined behavioural assessments 

with neuroscientific methods such as EEG and NIBS (tACS, TMS) to advance our 

understanding about the neurobiological mechanisms in social decision making. Even though 

these neurosctientific methods provide information of neural markers underlying neuro-

cognitive processes in social decision making linked with the prefrontal cortex and temporo-

parietal cortex it is important to discuss their limitiations.  

5.4.1. TMS 

Further, in our first research project analyzed data across TMS studies which targeted 

the rDLPFC in social decision making. We included rTMS and cTBS stimulation protocols in 
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our meta-analysis which are assumed to interfere with ongoing neural activity in the targeted 

rDLPFC in line with past research (Huang, Edwards, Rounis, Bhatia, & Rothwell, 2005; 

Polania et al., 2018). Nevertheless, recent findings show inconsistent results whether cTBS can 

enhance rather than interfere ongoing neural activity depending on the stimulation intensity 

(Fitzgerald, Fountain, & Daskalakis, 2006; Huang et al., 2005). Overall, brain stimulation is an 

effective tool to modulate ongoing neural activity but it still needs to be further investigated 

how exactly parameters in TMS protocols modify neural activity in a specific brain region.  

In our third research project we used TMS to investigate the causal role of the dmPFC 

in social cooperation. One of the major limitations of applying brain stimulation methods is that 

brain stimulation can cause effects on the targeted brain region as well as on other brain regions 

of the underlying neural network (Veniero et al., 2019). Thus, the stimulation effect might 

spread to other brain areas why it still has its limitations to link the observed behavioural effects 

with the modulated brain area. Previous findings proposed that the rTPJ and mPFC are 

functionally coupled with each other at the time of the feedback (Baumgartner, Gotte, Gugler, 

& Fehr, 2012; Burnett & Blakemore, 2009; Hill et al., 2017) why disruption of the rTPJ with 

rTMS decreased activity in the dmPFC (Hill et al., 2017). Thus, by targeting the dmPFC we 

primarily interfere with the ongoing neural activation in this focal brain region, however 

without combining brain stimulation with neuroimaging methods we cannot rule out the 

possibility that the dmPFC TMS stimulation reduced activity in network related areas such as 

the rTPJ. Moreover, for our study design we used an offline TMS design which limits our 

understanding of the precise temporal process underlying our behavioural effects at the 

feedback stage (Polania et al., 2018). Thus, based on our findings we can only make 

assumptions that the dmPFC is recruited to update our belief in response to negative prediction 

errors without any further specifications when the dmPFC might be recruited to update our 

beliefs at the feedback stage.  
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5.4.2. tACS 

In our second research project we used tACS to entrain either theta, beta and sham 

stimulation in the rTPJ and rLPFC. One possible limitation of tACS methods is the wide-

spreading stimulation effect depending on the electrode set up which shows reduced focality in 

contrast to TMS stimulation protocols (Liu et al., 2018; Polania et al., 2018; Thair, Holloway, 

Newport, & Smith, 2017). For our study design we used a similar electrode set up in line with 

previous tDCS/tACS studies either targeting the rTPJ (Santiesteban et al., 2012) or the rLPFC 

(Frings, Brinkmann, Friehs, & van Lipzig, 2018). However, simulating the stimulation effects 

with SIMNIBS Toolbox revealed that tACS over these brain regions targeted broad areas of the 

temporo-parietal cortex and the lateral prefrontal cortex, why we cannot make any strong claims 

about localization specificity of the brain stimulation effects.  

5.4.3. EEG 

In our third research project we used EEG to examine neuronal markers underlying 

unexpected norm violations in social cooperation. However, EEG recordings show a precise 

temporal, but low spatial resolution why it is difficult to make assumptions about the 

localization of neurobiological process such as ERP components or brain rythms, especially in 

contrast to neuroimaging data (Olejniczak, 2006). In our research findings the MFN component 

is thought to be generated at the mPFC based on which we assumed that these neural effects 

can be observed in the medial prefrontal cortex. This is further supported by the results of our 

TMS study which show that disruption of the dmPFC with cTBS lead to reduced belief updating 

for negative in contrast to positive prediction errors which is in line with our EEG results. 

Nevertheless, based on the limited spatial resolution of EEG data we are cautious with any 

assumptions about the specific localization of these effects and are cautious to claim in which 

part of the prefrontal cortex these effects were elicited.  
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Overall, the methodological considerations and limitations of neuroscientific methods 

should be carefully taken into account when interpreting our research findings. In particular, 

although brain stimulation methods show limitations on how much we can infer about the 

neurophysiological processes underlying social decision making, the assessment of brain 

stimulation offers new opportunities for possible therapeutic approaches. Nevertheless, past 

research showed inconsistent findings whether the application of brain stimulation in a clinical 

population has long-term effects on the psychiatric symptoms (Padberg et al., 2021). Thus 

future research projects on the precise stimulation parameters, protocols and their effects on the 

underlying brain function is highly important.  

5.5. Conclusions 

With the three research projects for my dissertation I tried to provide new insights into 

the neural basis of across social decision making paradigms. By applying electrophysiology 

and brain stimulation methods the research findings provide direct evidence for the crucial 

relevant neuro-cognitive processes of the prefrontal cortex and temporo-parietal cortex in 

proactive fairness, response to unfairness and social cooperation. Overall our findings improve 

our understanding of precise social contextual factors for which the rDLPFC implements norm 

enforcement. Further, we provide direct evidence of the dissociable roles of the rTPJ and rLPFC 

to promote inequity aversion which is mediated by the rTPJ’s role for perspective taking and 

self other distinction. Further, our findings show direct evidence that the dmPFC updates our 

beliefs about others when our social expectancies are violated. Thus, our results provide new 

insights which brain regions are crucial to implement pro-social and cooperative behaviour. 

Taken together, we advance the field of the neural basis and neuro-psychological mechanisms 

implemented in these brain regions for such a complex human behaviour as social decision 

making.   
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