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1. Introduction 

Decision-making is an important function in animals as well as in humans. Decisions are 

made in every field of practice. The question of interest is, whether decision differences in 

fields of practice can be mapped onto differences in neural substrates. In this study, we 

investigate possible differences in two fields of practice, namely in economic and social 

choice. For this purpose, we developed three task series. In the social decision tasks, 

participants had to decide between emotional faces (which of the two faces presented on the 

screen is the happiest/saddest one). In the economic task, participants had to decide which 

of two presented snacks (e.g. coke and crisps) they would prefer to have.  

The theoretical issue we would like to address is whether the concept of value originally 

formulated in the context of economic choice has a counterpart in social cognition. To 

anticipate one result of this study, we will argue that the mirror neuron system plays a role 

in empathy that is analogous to that of value in economic decision making. Furthermore, we 

will argue that valuation in social cognition is important to account for emotion regulation 

in a comprehensive manner. 

In neuroeconomics (Glimcher & Fehr, 2013), decision-making processes and their neural 

correlates have been extensively investigated within the framework of the Homo economicus 

model (R. H. Frank, 1987) and regarding the deviations from this model (Kahneman, 2003; 

Simon, 1955). A central result of this research is the importance of the valuation process as 

part of the decision process and the identification of the neural substrates of valuation in 

functional imaging studies of the human brain (for review, see Clithero & Rangel (2013)). 

In the present functional imaging study, we investigate the neural substrates of decision 

making in an elementary social cognition task to compare our findings with a paradigm of 

economic choice to understand decision making in the social domain. An open issue is the 

extent to which social decision making and economic decision making process overlap (Ruff 

& Fehr, 2014). In case they overlap, we would expect social decision making to be associated 

with the same neural correlates as economic choice. Vice versa, we expect networks 

specifically involved with social cognition not to be active in economic choice. Therefore, 

we compare the neural substrates associated with the valuation process in two experiments 

of social decision making and one experiment of economic choice. 

A second motivation of the present study is more theoretical and arises from a larger research 

program on forms of emotion regulation. As we noted, decision making is typically 
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associated with valuation processes and maximization of utility. The valuation process is 

probably the most important part in the decision making and describes the process when 

decision values (reasons to buy the expensive pen in contrast to the cheap pen) are weighted 

against each other. In contrast, social cognition is associated with mechanisms of empathy 

and emotion regulation with the interplay of arousal and top-down control. However, as we 

explain below, we have reasons to compare neural substrates of these functions 

(maximization of utility, top-down control and explicit emotion regulation on the one hand, 

valuation and empathy on the other, and arousal as yet another function) in the context of 

social decision-making processes. These reasons lie in the structural similarities in the 

models that have been used to explain the mechanisms of decision making and of emotion 

regulation. 

To detect the contrast of social and economic choice, we investigate here the evaluation 

process in decision making. To this end, we adapted the gradient of choice approach from 

the study of economic choice as a method for controlling for the stimuli (emotional faces 

and snacks) and enabling us to detect the valuation process in the decision-making task. The 

theoretical background of this method used in this study will be described in the next section. 

Another key notion to understand the parallels between economic decision making and 

emotion regulation is given by the dual process model of emotion regulation (Wegner, 1994). 

After introducing this model, we will revisit economic decision-making in the light of the 

dual process model to highlight the parallels as well as the new insights that the notion of 

value may bring to model emotion regulation.  

1.1 Gradient of choice background 

1.1.1 Economic choice 

To understand human decision-making and the way paradigms in functional imaging studies 

in this field are constructed (including the paradigm of our study), it is important to introduce 

the work of Samuelson (1938). He noted that when I prefer product A over B and product B 

over product C, I must also prefer product A over product C to maintain the consistency of 

my choices. This model may also be generalized to probabilities of choices. Let us assume, 

product A is chocolate, product B is an apple and product C is a tomato. This model predicts 

that if I choose an apple over a tomato and chocolate over an apple, I will also choose 

chocolate over a tomato. Even more, the probability of choosing chocolate over a tomato 
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will also be higher than the two other choices. This model allows inferring the relative utility 

of goods for an individual from observed behaviour. In this example, the utilities of 

chocolate, apple, and tomato are progressively increasing. 

In the neuroeconomic approach to the study of choice, the notion of utility is replaced by 

that of ‘subjective value’, which is the utility of an option computed from the information 

available at the moment the choice is made (Glimcher, 2011). In the neuroeconomic 

literature and in the following, there will be no practical difference between ‘utility’ and 

‘value’, although the former may refer to quantities inferred from behaviour and the latter to 

a latent quantity computed by the brain. In the studies presented here, I will also make use 

of the ‘gradient of choice’. The gradient of choice is given by the difference between the 

estimated relative utilities of two alternative options in a binary choice task. This quantity 

may be best seen as the evidence for a choice, or course of action, based on the subjective 

values of the options at hand (Boorman, Behrens, Woolrich, & Rushworth, 2009). If the 

utility of A, B, and C are progressively increasing, then there is a small gradient of choice 

when participants have to decide between A and B and between B and C. However, there is 

a larger gradient of choice when participants have to decide between A and C. In the example 

given above, there will be a higher probability that a participant will chose chocolate over a 

tomato than for the two other options (FitzGerald, Seymour, & Dolan, 2009) and the decision 

between a tomato and chocolate will be easier than the two other options (Heekeren, Marrett, 

Bandettini, & Ungerleider, 2004), due to the larger evidence in favor of one option. This 

background as well as the terms gradient of choice, high and low probability for a decision 

and hard and easy decision will be used throughout this work.  

 

1.1.2 The drift diffusion model  

In the neurophysiological literature, an influential account of choice-making is given by the 

drift diffusion model. This model concerns day to day decisions with small conative impact, 

e.g. which chair should I choose when sitting down in a waiting room (Ratcliff, Smith, 

Brown, & McKoon, 2016). It was developed in the context where participants or animals 

have to choose between two different alternatives (Ratcliff, 1978) and it describes decision-

making as a process where information necessary for the decision is accumulated in the brain 

until a decision threshold is reached (Ratcliff & McKoon, 2008).  

The drift diffusion model is compatible with modeling decision-making based on the 

gradient of choice, as is done here. The gradient of choice corresponds to the rate of 



                                                                                                                            Introduction 

4 

 

accumulation of evidence in the drift diffusion model. Combining the perspectives of 

decision-making and utility, the term ‘decision value’ was defined as referring to human 

decision-making processes as a way of utility maximization (Samuelson, 1938). If one 

makes decisions to maximize utility, then the gradient of choice as defined above is the 

evidence on the basis of which an option is chosen. 

 

1.1.3 Overview of paradigms used to investigate decision-making 

Many studies of decision-making and subjective value have used the theory of Samuelson 

or the drift diffusion model to motivate their paradigms and understand the decision process. 

The literature on the neurobiology of decision-making covers a wide range of laboratory 

animals and humans examinations. Considering this literature as a whole, it becomes clear 

that some studies are mainly focusing on perceptual or sensory stimuli (Shadlen & Kiani, 

2013). In these studies, participants for example hear different sounds and have to decide 

which one is the loudest, or they see different lights and have to decide which one is the 

brightest, or decide whether the presented dots on the monitor move more to the right or 

more to the left. In other studies, they have to distinguish between pictures and decide 

whether the presented pictures which are changed by morphing or distortion show more the 

one or the other target object. (E.g. Does the presented picture look more like a house or 

more like a face?) (Keuken et al., 2014).   

This group of studies continues a tradition of research which was developed in 

psychophysics, a classic research field in psychology (Boring, 1942). These studies use the 

theory of the drift diffusion model (Shadlen & Kiani, 2013) and represent a modern 

development of the classic problem of the discrimination between stimuli and the detection 

of stimuli (Fechner, 1907).  

The research on economic choice was developed independently and produced a second 

group of studies. In this field, many studies on primates (Padoa-Schioppa, 2011) and on 

humans have been conducted, in the latter with the help of functional imaging. The studies 

examine the neural mechanism of decision-making tasks focusing on subjective preferences; 

e.g. participants have to decide which of two possible rewards they would prefer to obtain.  

Many functional neuroimaging studies have been able to detect areas associated with 

subjective value by regressing the magnet resonance imaging (MRI) signal depending on the 

individual choices of the participants (Bartra, McGuire, & Kable, 2013; Clithero & Rangel, 

2013; Heekeren, et al., 2004; Rangel & Hare, 2010; Tosoni, Shulman, Pope, McAvoy, & 
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Corbetta, 2013). Most studies regress the inferred utility of the chosen option in a binary 

choice task on the functional magnet resonance imaging (fMRI) signal; another strategy used 

in several studies consists of regressing the difference between the inferred utilities of the 

chosen and non-chosen options, i.e. the gradient of choice (Serences 2008; Boorman et al. 

2009; FitzGerald et al. 2009; Hunt et al. 2012). Regression on the gradient of choice was the 

strategy followed in the studies presented here. The gradient of choice is important to detect 

differences in economic and social decision making in our study.  

1.2 Dual process model of emotion regulation 

Possible differences between economic and social choice can be explained with the dual 

process model of emotion regulation. The dual process model of emotion regulation 

originates from cognitive theories of attention and top-down control. In its original 

formulation, the idea was that since the cognitive resources are limited (Broadbent Donald, 

1958), the need arises to filter all irrelevant information. In the top-down process, the filter 

suppresses all irrelevant information except the target information to save limited cognitive 

resources, e.g. searching for a friend with a red shirt in a big group of people. In the bottom-

up process, salient stimuli attempt to get through the filter and enter into working memory, 

e.g. noticing someone in the group of people who is disguised as a monkey while still 

searching for the friend with the red shirt (Broadbent Donald, 1958). 

Top-down processes regulate information by suppressing salient stimuli by recruiting 

cognitive control (Wagner, Altman, Boswell, Kelley, & Heatherton, 2013). In the subsequent 

evolution of this concept and its application to emotion regulation, cognitive processes (top-

down) exert control on the activation of representations of emotional stimuli to focus on 

relevant information, whereas salient stimuli can interrupt this process by shifting the focus 

of attention to themselves in a bottom-up fashion (Barrett, Tugade, & Engle, 2004; 

Broadbent Donald, 1958; Corbetta & Shulman, 2002; Koole, 2009). Thus, top-down control 

may be necessary when writing an article without being distracted, as well as in an 

agoraphobic patient who reduces the fear to stay in the pedestrian precinct by actively 

focusing on the number of people wearing a jacket. Other examples of top-down control are 

reappraisal (Ochsner & Gross, 2005; Otto, Misra, Prasad, & McRae, 2014; Staudinger, Erk, 

Abler, & Walter, 2009) and self-control (Hayashi, Ko, Strafella, & Dagher, 2013). In the 

clinical neurosciences, the application of the dual process model consists in modelling 

emotion regulation as resulting from the interplay of top-down control and the bottom-up 
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activation elicited by emotionally salient stimuli. Adaptive emotion regulation depends on 

the effectiveness of top-down processes (Ochsner & Gross, 2005).  

The dual process model provides predictions for functional imaging studies that attempt to 

asses activation of neural substrates of top-down control and bottom-up activity. Top-down 

control is associated with the activation of the dorsolateral prefrontal cortex (DLPFC) and 

the dorsomedial prefrontal cortex (DMPFC) (Duncan & Owen, 2000; Hopfinger, 

Buonocore, & Mangun, 2000; Miller & D'Esposito, 2005). These areas are also active when 

regulating attention to an emotionally salient stimulus that attracts attention and attempts to 

enter working memory (Banich et al., 2009; Compton, 2003; Steimke et al., 2017). In 

contrast, amygdala activation has become the prototypical index of bottom-up reactivity. 

Emotionally arousing stimuli (like those from the IAPS inventory, or faces with emotional 

expressions) activate the amygdala (Niu, Todd, Kyan, & Anderson, 2012; Vuilleumier & 

Pourtois, 2007).  

Hence, in applying the dual process model to clinical neuroscience evidence for emotional 

dysregulation is sought in the hyperactivity of the amygdala when participants are exposed 

to emotionally salient stimuli, including faces with emotional expression. Considerable 

evidence has been presented for increased or longer lasting activation in the amygdala in 

psychological disorders. For example, patients with depression who are exposed to negative 

words show an increased activation in the amygdala for 25 seconds in contrast to the control 

group in which the amygdala activation was only stronger for 10 seconds after being exposed 

to negative words (Siegle, Steinhauer, Thase, Stenger, & Carter, 2002). Patients with anxiety 

disorders have a stronger uptake of glucose in the amygdala before scanning (Sakai et al., 

2005) and patients with borderline personality disorder show increased amygdala activation 

when exposed to emotional stimuli (van Zutphen, Siep, Jacob, Goebel, & Arntz, 2015). 

Therefore, these observations are consistent with a stronger recruitment of bottom-up 

processes. Additionally, there is evidence that patients have decreased abilities to control 

emotions (reappraisal and problem solving) through recruitment of top-down processes 

(Aldao, Nolen-Hoeksema, & Schweizer, 2010).  

 

1.2.1 Dual process model in economic decision-making 

Even if the dual process model is associated with facial expressions and therefore with social 

decision-making, it has also been applied in economic decision-making. In standard 

economic theory, economic decision-making aims at maximizing outcome (utility). The 
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resulting anthropological model is the well-known Homo economicus (R. H. Frank, 1987), 

based on the economic utility of decision-making. This model is challenged by behavior 

economics, postulating that the model of the Homo economicus is deficient, because 

decision-making processes are limited by time, personal skills and information (Kahneman, 

2003; Simon, 1955). Moreover, the decision-making process is made complex by the 

intrinsic computational difficulties in estimating utility in decision-making, especially when 

it includes the future consequences of a decision. Advertising, for example, is also using 

emotional stimuli to influence human decision-making (e.g. an attractive sportswoman 

eating a chocolate bar) (Stafford, 2005; Zhang, Sun, Liu, & G. Knight, 2014). However, 

decision-making may also be determined by rational considerations, e.g. information about 

the amount of fuel a car needs for 100 km. These two aspects (rationality of decision-making 

on the one hand, and decisions made following the allure of stimuli on the other hand) have 

been explained with a dual process model where top-down process implement the rational 

aspect of decision-making, and bottom-up processes the allure of instantaneous gratification 

(Cohen, 2005).  

A prototypical example in which the dual process model has been successfully used to 

explain decision-making is delay discounting, as when choosing a smaller amount of money 

now instead of waiting for a bigger amount at a later time. In a delay discounting paradigm, 

salient stimuli may attract attention and therefore influence the decision-making process 

bottom-up (Jarvenpaa, 1990). This is in line with data collected by Mischel and colleagues 

(Mischel, Ebbesen, & Raskoff Zeiss, 1972; Mischel, Shoda, & Rodriguez, 1989). In this 

experiment, children could decide whether they want a marshmallow immediately or two 

marshmallows to a later time point. Mischel concluded, that children who could resist the 

immediate marshmallow where more likely to succeed in long term goals. Even more, 

Mischel and colleagues could prove, that children who could resist the lust for the immediate 

marshmallow are also better in achieving long term goals in adult live (Mischel et al., 2010). 

In contrast, the decision to wait is thought to depend on cognitive control (Cohen, 2005).  

Consistently with this model, an higher activation in the limbic areas (bottom up) leads to a 

down regulation in cortical structures (top down) and vice versa in a delay discounting 

decision-making task (McClure, Laibson, Loewenstein, & Cohen, 2004). The tendency to 

use more limbic areas or more cortical structures in decision-making has a high impact in 

later live. Participants tending to make decisions with the help of the bottom-up process as 

children still use these areas in adult life (Casey et al., 2011).  
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Importantly, however, there are studies that have shown that behavior and delay discounting 

may depend on areas that do not belong to the top-down and bottom-up circuits of the dual 

process model. In contrast to the dual process hypothesis, Kable and Glimcher (2007) found 

in a delay discounting paradigm that participants who decided for the delayed reward 

activated areas in the ventral striatum, the mPFC and the PCC. These areas are associated 

with a valuation system in decision-making (discussed in more detail below). The 

computation of value may play a regulative role even if it is not a top-down process and it is 

not localized in the PFC. A possible interpretation of the activation in this area is, that the 

waiting and immediate option are both evaluated, with the help of previous experiences of 

the participants (Schwarz, 2000). Participants who experienced they might not get rewarded 

when they decide to wait are more likely to decide for the smaller reward. This decision is 

therefore reasonable in the perspective of the participants and may be taken through circuits 

that are not associated with emotional salience detection or cognitive control.  

 

1.2.2 Dual process model in social decision-making  

As we have seen, the dual process model has been applied to decision-making within the 

context of rational vs. impulsive decision-making (Cohen, 2005). In the dual process model 

from the literature on exposure to emotional stimuli, matching emotions in facial expressions 

activates the amygdala (Hariri, Tessitore, Mattay, Fera, & Weinberger, 2002). However, 

there is evidence that even when processing faces, participants make use of top-down 

processes (Li et al., 2009). For example, it is possible to reduce the amygdala activation by 

asking participants to name the presented emotional expression (Hariri, Bookheimer, & 

Mazziotta, 2000). A meta-analytic study revealed that the superior temporal sulcus and the 

temporal parietal junction are important for interpreting other people’s emotions (Lee & 

Siegle, 2009).  

1.3 Neural substrates of decision-making in the model of value computation  

To understand the concept of value in the decision-making process on the neural level, it is 

important to note that the valuation process is only one important part in the decision process. 

The decision process, however, consists of several steps:  

1. In the first step (input), the decision values are presented and sensed;  

2. in the second step (valuation), the decision values are weighted against each other;  
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3. in the third step (decision and output), the decision is made.  

4. Finally, with the fourth step (feedback), the decision is evaluated (Ernst & Paulus, 

2005).  

Studies on humans and non-human primates illustrate that in psychophysical decisions (i.e., 

decisions about the sensory properties of stimuli), the visual signal is first decoded in the 

visual cortex (input), and from there in the parietal area (in primates the lateral intraparietal 

area (LIP)), the frontal eye fields (FEF) and the superior colliculus (SC) (Bisley & Goldberg, 

2010; Gold & Shadlen, 2007; Shadlen & Kiani, 2013) (Glimcher, 2002)  

When decisions are made considering the possible utility of the stimuli, a specific brain 

network concerned with the computation of value is recruited (step two in the model above, 

Kable & Glimcher (2009)). This network consists primarily of the orbitofrontal and 

ventromedial prefrontal cortex (vmPFC) and the striatum (Levy & Glimcher, 2012; 

Montague & Berns, 2002; Padoa-Schioppa, 2011). In animal studies, the amygdala has also 

been involved in decision-making (Morrison & Salzman, 2010; Murray, 2007). 

In functional imaging studies in humans, the estimation of value is associated with activation 

in the ventral medial prefrontal cortex (vmPFC) as well as in the ventral striatum (VSTR), 

confirming the data from animal studies (for a review, see Clithero & Rangel (2013)).  

Further activations may also be found in the ventral and dorsal posterior cingulate cortex 

(vPCC, dPCC). According to an influential model, the activation in the frontal area is 

associated with the computation of value, whereas the activation in the posterior areas is 

associated with a high decision probability (FitzGerald, et al., 2009). 

 

Figure 1. Brain areas involved in decision-making process in visual saccadic task. Visual 

signals are sensed in the visual cortices and then evaluated in the parietal area LIP, the 

frontal eye field and the superior colliculus (Glimcher, 2002). 
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Figure 2. Areas identified in a meta-analysis for brain regions associated with value-

related information. They found a cluster in the ventral medial prefrontal cortex (VMPFC), 

in the ventral and dorsal posterior cingulate cortex (vPCC dPCC) as well as in the ventral 

striatum (VSTR) (Clithero & Rangel 2013, page 1293). 

1.4 Neuronal substrates of social cognition 

Social interaction requires making decisions about one’s own behavior, often based on 

estimates of the intentions of others. An issue that is being discussed in the literature is 

whether there is a specific circuit responsible for social decision-making, or if there is one 

generic decision network dealing with social decisions as well as with nonsocial decisions 

(Ruff & Fehr, 2014). Several brain areas have been detected by MRI studies to be important 

in the social context. First, Adolphs (1999) found that patients with lesions in cortical brain 

areas including the somatosensory cortex are impaired in recognizing emotional facial 

expressions. Social cognition research applies the concept of the mirror neuron system in 

describing the relationship between understanding action and learning (Rizzolatti & 

Craighero, 2004). The recruitment of the mirror neuron system is also associated with 

empathy (Iacoboni, 2009). Brain areas associated with the mirror neuron system are situated 

in the inferior parietal cortex, in the inferior frontal gyrus and in the ventral premotor cortex 

(Molenberghs, Cunnington, & Mattingley, 2012). Also associated with the mirror neuron 

system are brain areas which are especially associated with empathy for pain. In this context, 



                                                                                                                            Introduction 

11 

 

studies revealed the role of the inferior parietal cortex anterior insula and the medial anterior 

insula for empathizing with other people perceiving pain (Lamm, Decety, & Singer, 2011).  

Since the focus of this work is what happens in the human brain in social decision contexts, 

we used faces with emotional expressions as stimuli. We decided for this kind of stimuli 

because, as we have seen, in the clinical neurosciences, the encoding of faces has been 

associated with bottom-up and automatic processes (Vuilleumier & Pourtois, 2007). To our 

knowledge, however, there is no study that applied the decision-making paradigm to 

decisions about intensity of emotions in faces. In this thesis we used three different studies. 

In the first study (snack paradigm), snacks were presented to participants who had to tell 

which snack they would prefer. This study was our control study for the other two 

experiments were the participants had to distinguish between different emotional facial 

expressions. In the second study (sad faces paradigm), they had to choose between sad faces, 

and in the third study (happy faces paradigm), they had to choose between happy faces by 

indicating which face was showing the strongest emotion. 

In total, we identified three brain loci that may be associated with social decision-making. If 

decisions about emotions in faces are processed by automatic bottom-up stimuli, we expect 

an activation of the amygdala, as in the data reported by Hariri (Hariri, Tessitore, Mattay, 

Fera, & Weinberger, 2002). If top-down cognitive processes are involved, we expect 

activations in the dorsolateral and dorsomedial prefrontal cortex. In contrast, if decisions 

about emotions are taken based on a computation of value mechanism (as in the computation 

of utility), we expect activation of the ventromedial prefrontal cortex or in the posterior 

cingulate cortex. 

2.1.4 Questions examined in the present study 

The main question raised in this research project concerns the comparison between the neural 

substrates recruited by decision-making tasks in the social domain of facial expression and 

in the domain of subjective preferences when choosing between different snacks. While 

previous neuroimaging studies investigated the neural activity associated with the task of 

face expression matching or discrimination, no study aimed at the neural correlates of social 

decision-making processes using the gradient of choice. For this reason, studies of decision-

making in the neuroeconomic and perceptual discrimination traditions are not comparable 

to those conducted on facial expressions. 

The main effect of interest is given by the gradient of choice, because this regressor elicits 

activity associated with the amount of evidence to make a decision, rather than any of the 
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properties of the trial at hand. We expected a low gradient of choice to be associated with 

frontal areas (Yuan & Raz, 2014), since the decision in the low gradient of choice is 

associated with a harder decision, which is associated with cognitive load. The open question 

is for the high gradient of choice. In the neuroeconomic literature, this regressor has led to 

the identification of the ventromedial prefrontal cortex as the area primarily associated with 

the subjective values used in the decision process (Clithero & Rangel, 2013; FitzGerald, et 

al., 2009). Meta-analyses of these studies, however, also show a parallel activation on the 

posterior cingulate cortex (Clithero & Rangel, 2013; FitzGerald, et al., 2009).  

There are several candidate areas to represent evidence for the decision in the social 

paradigms investigated here. One possibility is that the ventromedial prefrontal cortex and 

the posterior cingulus cortex may represent evidence for the decision also in this case. 

Another possibility is that this signal may be located in the amygdala, a brain structure 

usually associated with emotional salience in passive exposure paradigms (Vuilleumier & 

Pourtois, 2007; Whalen, 1998). Finally, another possibility is the involvement of the mirror 

neuron system activated by the encoding of emotions, such as the areas associated with 

empathy for pain (anterior insula and the medial anterior system) in the sad faces choice 

paradigm (Lamm, et al., 2011), or somatosensory association areas more generally. The 

somatosensory cortex has been identified as a region for the encoding of emotion in 

neuropsychological studies of patients with cortical lesions who show an impairment to 

recognize facial expressions (Adolphs, Damasio, Tranel, Cooper, & Damasio, 2000; 

Adolphs, Damasio, Tranel, & Damasio, 1996).  

A second group of ancillary hypotheses concern the areas associated with the sum of the 

scores of the items presented in a trial. We expect that the amount of desirability of the items 

in the snacks paradigm activates areas which are associated with reward detection (nucleus 

accumbens and ventral striatum), whereas faces might be associated with the activation of 

the amygdala, an automatic detector of emotional salience.  

We will also explore activations and deactivations associated with the contrast task vs. 

fixation baseline. Some of the neuroeconomic literature mentions that the ventromedial 

prefrontal cortex associated with subjective value is deactivated during the task (Viviani, 

2014). Here, we intended to replicate this finding and investigate its generalizability to the 

emotion choice case. 
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2. Materials and methods 

2.1 Rationale of paradigm development 

The gradient of choice is contrast we applied in all our experiments. As noted above, when 

item A is chosen more often than B and B more often than C, the gradient of choice between 

A and C is higher than between A and B as well as B and C. For this thesis, the gradient of 

choice is computed by comparing all items with one another in a binary decision task, and 

then counting how often each individual participant chose each item. At the end of the 

scanning session, the number of times each item was chosen during the experiment was 

noted as its preference score. In each trial two items were presented, given that this was a 

binary decision task. The gradient of choice in each trial was the difference between the 

score of the chosen and of the non-chosen item. We then could compare what happens when 

deciding between items with a high gradient of choice (e.g. a snack the individual participant 

found very attractive compared to an unattractive snack) compared with items with a low 

gradient of choice (to snacks which were both similarly attractive) by using the gradient of 

choice as a parametric modulator of the BOLD regressor modelling the trial. This regressor 

models the amount of evidence available to make the decision. A second parametric 

modulator that naturally arises from this parametrization is the sum (instead of the 

difference) of the scores of the two items in the trial. This regressor models the degree of 

relevance for the criterion of choice of the items in the trial. For example, in a choice task 

for appetitive items, it represents the relative attractiveness of the items presented in the trial 

as a whole. 

There were two reasons to adopt the gradient of choice as a regressor in our studies. The first 

is that the gradient of choice is approximately independent of the physical properties of the 

stimulus. In this regressor, the implicit comparison condition is given by trials with similar 

attractiveness. These trials contain items that may be both very attractive or both 

unattractive. The same situation holds for perceptual decision tasks. For example, in a task 

to decide about the luminosity of two stimuli, the low gradient of choice trials are those 

where both items are similarly bright or similarly dim. Therefore, the criterion of choice 

(attractiveness or luminosity) is not per se tracked by the gradient of choice regressor; 

instead, the regressor is associated to the degree of evidence or preference for a decision 

(Boorman, et al., 2009; FitzGerald, et al., 2009; Hunt et al., 2012; Serences, 2008). This 
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property of the regressor is of particular importance in the studies that follow where the 

choice was about the intensity of emotional expression of faces, because this criterion per se 

may activate limbic areas such as the amygdala, thus confounding the results. 

The second reason is that the gradient of choice method is conceptually related to a drift 

diffusion model, which is commonly adopted in the literature on perceptual decision-

making. Hence, the gradient of choice method is best suited to comparatively investigate 

choices that may be alternatively interpreted as taken on the basis of the physical properties 

of the stimuli or on the basis of an internally computed criterion, such as the subjective value 

reflecting individual preferences, used in the neuroeconomic literature. 

2.2 Experiment 1: Snacks 

2.2.1 Participants 

Participants were Caucasian and recruited in Ulm, southern Germany, through local 

announcements.  

In the snacks paradigm, 24 right-handed subjects were recruited. Participants with more than 

7 misses in the paradigm would have been excluded from the experiment. All participants 

meet these criteria.  

Our inclusion criteria: Participants had to be at least 18 years old; they had normal or 

corrected-to-normal vision and were right-handed; they had a body mass index (BMI) above 

18; they participated on a willing basis and had a healthy general condition; participants had 

no structural brain abnormality. The study was approved by the ethics committee at the 

University of Ulm (approval: 02.06.2015, reference number: 01/15-Zo/Sta). 

Our exclusion criteria: Pregnancy or lactation period for females, any regular intake of 

medicine with the exception of the birth control pill and L-Thyroxin or any other irrelevant 

medication (e.g. dietary supplement). Substance related addictions, psychotic disorders, 

participants with any metal or risk of metal parts in the body which cause damage to the 

participants during the measurement (e.g.: tattoos, piercings) and participants with metal 

parts at the head which might disturb the measurement (e.g. dental braces), claustrophobia, 

and present suicidality. One subject did not fit our inclusion criteria and had to be excluded 

from the sample because of an alcohol addiction.  

The final sample comprised 23 participants (10 males, mean age (M Age) 24.4, standard 

deviation (SD) 3.8). The participants where tested for depressive symptoms with the 
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Allgemeine Depressionsskala (ADS, general depression scale). In this questionnaire, the cut-

off for depressive symptoms is a cumulative value of 16. In the mean ADS (M ADS) 

participants got an ADS score of 9 SD 8.1. (Table 1) 

 

   Table 1. Descriptive data snack experiment 

 Total Females Males  

N  23 13 10 

M Age 24.4 25.6 22.8 

SD Age  3.8 2.9 4.2 

M ADS 9.0 9.1 9 

SD ADS 8.1 8.3 7.8 

Note: N= sample size, M= mean, SD= standard deviation, ADS= allgemeine Deprssions Skala. 

 

2.2.2 Procedure 

The data was collected at the MRI laboratory of the Department of Psychiatry at the 

University of Ulm. The snacks paradigm was derived from a larger program, in which 

appetitive motivation and positive / negative valence were examined with fMRI. The study 

program was approved by the ethical board.  

All subjects were informed about the study procedure and potential side effects of the MRI 

scanning. Informed written consent was obtained from all subjects before the study began. 

In addition, participants filled out questionnaires. All paradigms were explained before the 

study (description see appendix), so that the participants had the opportunity to familiarize 

with the task in a brief session prior to scanning. We also took a blood sample (about 27 ml 

of blood) for further analyses. Participants received in exchange to their participation 50 €, 

the money was transferred to the deposit of the participant about one month after the scan. 

Each participant got a CD with the structural images of his or her brain. Furthermore, 

subjects also had the chance to win 20 € in another paradigm; the money was paid directly 

after the scan. 
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2.2.3 FMRI data collection 

The data was collected in a 3T Siemens Scanner using a T2*-sensitive echo-planar imaging 

sequence (TR/TE: 2460/30 msec, flip angle 90°, 64x64 pixels, FOV 24 cm, 39 2.5 mm slices 

with a gap of 0.5 mm, giving an isotropic pixel size of 3 mm). A 64-channels head coil was 

used. Foam paddings were used to reduce head motion. 

All trial images were presented on a monitor on the back of the scanner. With the help of a 

mirror mounted on the coil, participants were able to see the images. The presentation of the 

trials was programmed in standard software (Presentation 14, Neurobehavioral Systems Inc., 

Albany, CA).  

 

2.2.4 Decision-making task 

The 23 participants saw two colour photos of snacks presented next to another and had to 

choose which snack they wanted to have by pressing a button. They pressed the left button 

if they wanted the snack on the left hand side, and the right button if they wanted to have the 

snack presented on the right hand side. All 9 different snacks are available at supermarkets 

and included sweet and salty snacks as well as drinks. Each snack picture was compared to 

the other eight snack pictures, giving 36 presentations in total. The snack pictures were 

shown for 2.5 seconds. After that, two blue points appeared for 1.5 seconds under the 

pictures; during that time, participants had to choose between the pictures. After they made 

their decision, the pictures disappeared and a white cross on a black background was shown 

as a baseline condition. The white cross was presented at variable intervals (10.5 sec on 

average) according to a random exponential schedule bounded at 9 and 12 sec. The total 

paradigm lasted 8 minutes and 45 seconds. If participants failed to make a choice in the given 

time, the trial was declared as a miss. Nine pictures of snacks were presented; each picture 

was compared to the other eight pictures, so there were 36 presentations in total.  

 

2.2.5 Neuroimaging data analysis 

Data analysis consisted in the evaluation of three contrasts: the task, the score difference and 

the score sum.  

In the task condition, the contrast between the decision-making process (deciding between 

the snacks) and the fixation cross was computed. The regressor consisted in a stick function 

representing the trials convolved with a standard hemodynamic function.  
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In the score difference condition, we were looking at the difference between a high and a 

low gradient of choice by choosing between the two presented snacks with a procedure used 

in neuroeconomical studies of subjective preferences (Serences 2008; Boorman et al. 2009; 

FitzGerald et al. 2009; Hunt et al. 2012). Because participants chose between all snacks in 

all pairwise combinations, we could compute a preference score for each snack by counting 

how many times each snack was chosen against the other snacks. Let’s assume a participant 

who has to choose between the snacks: The participant will probably want to have one of 

the presented snacks more than the other eight. Therefore, each time the most preferred snack 

is shown, the subject will indicate that the snack is more attractive than the snack on the 

other side, giving the maximum preference score. The second attractive snack is less 

attractive than the most attractive snack and more attractive than the other seven snacks and 

so on. At the end, all the snacks will be ranked from the most attractive snack, which will 

have been chosen eight times, to the least attractive snack, which will be not chosen at all. 

The difference in the scores of the chosen and the non-chosen snack in a trial represents the 

gradient of choice. (See also figure 3) The score difference was then used as a parametric 

modulator of the task regressor modeling trial activations, where decisions with a high 

degree of evidence or preference for one of the options were implicitly contrasted to 

decisions with low evidence or preference. 
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Figure 3.  

A: Participants had to choose one of two snacks. They saw the stimuli for 2.5 seconds; 

after that, two blue dots indicated that they had to make their decision. B: All snacks were 

compared with one another. For an easier overview, there are only four (instead of nine) 

snacks in this example. Green indicates the chosen snack.  

C: In this example, the almonds have been chosen thrice, the cookies twice, the dark 

chocolate once and the coke not at all.  

D: Here we see how the score diff and the score sum are calculated. In the top row, there 

is a high score diff since we compare a snack which is chosen all the time with a snack 

that is not chosen at all. Therefore, the decision between these two snacks is easy. We also 

have an average score sum. In the second row, there is a small score diff and an average 

score sum, in the last row there is a small score diff and a small score sum.   

 

The third contrast of interest was given by the score sum, formed by using the sum of the 

scores (instead of the difference) as a parametric modulator of the task regressor representing 

trial activation. This contrast compares the presentation of attractive snacks with that of 

unattractive snacks. 

Note that the score difference and score sum regressors are unrelated. In the score difference, 

a trial presenting the two most attractive snacks gives the same low parametric modulation 

value as a trial presenting the two least attractive snacks. In contrast, the value of the 

parametric modulation of these two trials is very different in the score sum regressor. 

The SPM12 package (Welcome Department of Cognitive Neurology, London; online at 

http://www.fil.ion.ucl.ac.uk/) was used to analyse the data. After realignment normalization 

(Bias FWHM Cutoff = 30; Bias Regularisation = 1.0000e-005.) and smoothing (FWHM 
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8mm), the trial duration was set to 2.5 seconds, which was the time participants had before 

they had to decide. In addition to the three regressors mentioned above (task modelling trial 

activation, and the two parametric modulations of score difference and score sum), misses 

(trials in which participants gave no response) were modelled as a nuisance regressor.   

After estimating the model for each participant separately in the first level, the estimated 

contrast images were brought to the second level to account for subjects as a random effect. 

We used the same significant tests and thresholds for all three experiments. Since we 

expected bigger activation in the task contrast than in the gradient of choice and the sum 

score contrast, we used different significant levels. For the task contrast, we computed 

significance tests corrected at peak level with defined a priori FWE corrected threshold p = 

0.05. For the gradient of choice contrast as well as for the score sum contrast, we computed 

significance tests corrected at cluster level, with clusters defined a priori by the uncorrected 

threshold p = 0.001. 

2.3 Experiment 2: Choose sad faces 

2.3.1 Participants 

Participants were Caucasian and recruited in Ulm, southern Germany, through local 

announcements.  

In the “choose sad faces” paradigm, 19 right-handed subjects were recruited. As in the snacks 

paradigm, participants with more than 7 misses in the paradigm were excluded from the 

experiment. Participants were at least 18, right handed, they had a normal vision and a BMI 

above 18. They participated on a willing basis and had a healthy general condition.  

Exclusion criteria, like in the snacks paradigm, were: pregnancy and lactation period, any 

regular relevant intake of medicine, substance related addictions, psychotic disorders, metal 

in the body, claustrophobia, and present suicidality. The study was approved by the ethics 

committee at the University of Ulm (approval: 21.06.2017, reference number: 122/17-Fst/Sta). 

One subject had to be excluded from the sample because of too many misses (30 misses). 

The final sample comprised 18 participants (3 males, mean age 22.3, standard deviation 3.3). 

The participants where tested for depressive symptoms with the Allgemeine 

Depressionsskala (ADS, general depression scale) (Radloff, 1977). In this questionnaire, the 

cut-off for depressive Symptoms is a cumulative value of 16. In the mean ADS (M ADS), 

participants got an ADS score of 8.7 SD 6.9. (Table 2) 
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   Table 2. Descriptive data sad faces experiment 

 Total Females Males  

N  18 15 3 

M Age 22.3 22 24 

SD Age  3.3 2.8 5.6 

M ADS 8.7 7.9 12.7 

SD ADS 6.9 6.5 9.1 

Note: N= sample size, M= mean, SD= standard deviation, ADS= allgemeine Deprssions Skala. 

 

2.3.2 Procedure 

The data was collected at the MRI laboratory of the Department of Psychiatry at the 

University of Ulm. “Choose sad faces” was derived from a larger program, in which 

appetitive motivation and positive / negative valence were examined with fMRI. The study 

program was approved by the ethical board.  

Like in the snacks paradigm, all subjects were informed about the study procedure side 

effects of the MRI scanning. Participants filled out questionnaires. Informed written consent 

was obtained, paradigms were explained before the study. We took a blood sample (about 

27 ml of blood) for further analyses. Each participant received 50 € for his or her 

participation, the money was transferred to the participant’s deposit about one month after 

the scan. Participants got a CD with the structural images of their brain. Furthermore, 

subjects also had the chance to win 20 € in another paradigm, the money was paid directly 

after the scan. 

 

2.3.3 FMRI data collection 

The data was collected in a 3T Siemens Scanner using a T2*-sensitive echo-planar imaging 

sequence (TR/TE: 2460/30 msec, flip angle 90°, 64x64 pixels, FOV 24 cm, 39 2.5 mm slices 

with a gap of 0.5 mm, giving an isotropic pixel size of 3 mm). A 64-channels head coil was 

used. Foam paddings were used to reduce head motions. 

All trial images were presented on a monitor on the back of the scanner. Participants were 

able to see these images with the help of a mirror mounted on the coil, which were displayed 



                                                                                                           Materials and methods 

21 

 

on a monitor on the back of the scanner. The presentation of the trials was programmed in 

standard software (Presentation 14, Neurobehavioral Systems Inc., Albany, CA).  

 

2.3.4 Decision-making task 

The 18 participants saw two sad faces presented next to another and had to choose which 

facial expression appears sadder to them by pressing a button. Apart from the pictures, the 

design was like in the snack paradigm. Participants pressed the left button if the picture on 

the left hand side appeared as the saddest, and the right button if the picture on the right hand 

side appeared as the saddest. The modalities of the presentation of the trials were the same 

as in Experiment 1. The sad faces pictures were shown for 2.5 seconds. After that, two blue 

points appeared for 1.5 seconds under the pictures; during that time, participants had to 

choose between the pictures. After they made their decision, the pictures disappeared and a 

white cross on a black background was shown as a baseline condition. The white cross was 

presented at variable intervals (10.5 sec on average) according to a random exponential 

schedule bounded at 9 and 12 sec. The total paradigm lasted 8 minutes and 45 seconds. If 

participants failed to make a choice in the given time, the trial was declared as a miss. Nine 

pictures of facial expression (5 pictures of females and 4 pictures of males) were presented; 

each picture was compared to the other eight pictures, so there were 36 presentations in total. 

The pictures were selected from the Stockholm face expression inventory and were 

presented in black and white (Lundquist, Flykt, & Öhman, 1998). They displayed a range of 

sad expressions from neutral to desperate. This database was chosen, because individuals 

depicted in this database have a generic northern European appearance, resembling people’s 

appearance at the site where this study was conducted (Southern Germany).  
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Figure 4. Two faces were presented next to each other. After 2.5 seconds, two blue dots 

appeared under the pictures, indicating that the participant has 1.5 seconds to decide. After 

the decision, a fixation cross appeared on the screen for 9 to 12 seconds, followed by the 

next two pictures.  

 

2.3.5 Neuroimaging data analysis 

Like in the snack paradigm, data analysis consisted in the evaluation of three contrasts: the 

task, the score difference and the score sum.  

In the task condition, the contrast between the decision-making process (deciding between 

the sad faces) and the fixation cross was computed.  

In the score difference condition, we were looking at the difference between a high and a 

low gradient of choice by choosing between the two presented faces. Because participants 

chose between all faces in all pairwise combinations, we could compute a preference score 

for each face by counting how many times each face was chosen against the other faces. 

Like in the snack paradigm, the score difference was then used as a parametric modulator of 

the task regressor modeling trial activations, where decisions with a high degree of evidence 

or preference for one of the options were implicitly contrasted to decisions with low evidence 

or preference. 
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Figure 5. Top row: Example of a large gradient (difference between the faces). If the saddest 

face is compared to the least sad face, the difference between the pictures (gradient) is 

higher and it is easier to decide which expression is sadder. Bottom row: Example of a small 

gradient. When there are two faces which are both medium sad, e.g. with a sadness score 

of 5 and 4, the gradient is much smaller and it is much harder to decide which picture is 

sadder. 

 

Like in the snack paradigm, the third contrast of interest was given by the score sum, formed 

by using the sum of the scores (instead of the difference) as a parametric modulator of the 

task regressor representing trial activation. This contrast compares the presentation of sad 

faces with that of neutral faces. 

Note that the score difference and score sum regressors are unrelated. In the score difference, 

a trial presenting the two saddest faces gives the same low parametric modulation value as a 

trial presenting the two least sad faces. In contrast, the value of the parametric modulation 

of these two trials is very different in the score sum regressor. 

For a better comparison, we used the same software, preprocessing, first (in matters of 

onsets, durations and conditions) and second level analyses as in the first experiment. We 

also used the same significance tests and thresholds for all three experiments. Since we 

expected stronger activation in the task contrast than in the gradient of choice and the sum 

score contrast, we used different significant levels. For the task contrast, we computed 
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significance tests corrected at peak level with defined a priori FWE corrected threshold p = 

0.05. For the gradient of choice contrast as well as for the score sum contrast, we computed 

significance tests corrected at cluster level with clusters defined a priori by the uncorrected 

threshold p = 0.001. 

2.4 Experiment 3: Happy Faces 

2.4.1 Participants 

Participants were Caucasian and recruited in Ulm, southern Germany, through local 

announcements. As in the other two paradigms, participants with more than 7 misses in the 

paradigm were excluded from the experiment. Participants were at least 18, right handed, 

they had a normal vision and a BMI above 18. They participated on a willing basis and had 

a healthy general condition.  

Exclusion criteria, like in the other two paradigms, were: pregnancy and lactation period, 

any regular relevant intake of medicine, substance related addictions, psychotic disorders, 

metal in the body, claustrophobia, and present suicidality. The study was approved by the 

ethics committee at the University of Ulm (approval: 21.06.2017, reference number: 122/17-

Fst/Sta). 

The final sample comprised 19 right handed participants (5 males, mean age 25.5, standard 

deviation 4.8). The participants were tested for depressive symptoms with the Allgemeine 

Depressionsskala (ADS, general depression scale) (Hautzinger, Bailer, Hofmeister, & 

Keller, 2012; Radloff, 1977). In this questionnaire, the cut-off for depressive symptoms is a 

cumulative value of 16. In the mean ADS (M ADS), participants got an ADS score of 9 SD 

8.1. (Table 3). 
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   Table 3. Descriptive data happy faces experiment 

 Total Females Males  

N  19 14 5 

M Age 25.7 26.1 24.7 

SD Age  4.7 5.1 3.6 

M ADS 8.9 7.3 12.5 

SD ADS 6.1 6.1 4.6 

Note: N= sample size, M= mean, SD= standard deviation, ADS= allgemeine Deprssions Skala. 

 

2.4.2 Procedure 

The data was collected at the MRI laboratory of the Department of Psychiatry at the 

University of Ulm. The “choose happy faces” paradigm was also derived from a larger 

program, in which appetitive motivation and positive / negative valence were examined with 

fMRI. The study program was approved by the ethical board.  

All subjects were informed about the study procedure and potential side effects of the MRI 

scanning. Informed written consent was obtained from all subjects before the study began. 

In addition, participants filled out questionnaires before the MRI measure. All paradigms 

were explained before the study (description see appendix), so that the participants had the 

opportunity to familiarize with the task in a brief session prior to scanning. Because we did 

not need blood samples for this study, instead of 50 €, participants received three cinema 

vouchers and a CD with the structural images of their brain in exchange to their participation 

directly after the scan.  

 

2.4.3 FMRI data collection 

The same scanner and sequence as in experiment one and two (snacks and sad faces) was 

used. To compare the two experiments, the pictures of the happy faces paradigm were 

presented in the same way as in the sad faces paradigm: the paradigms were displayed on a 

monitor on the back of the scanner, and participants saw them with the help of a mirror 

mounted on the coil. 
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2.4.4 Decision-making task 

The 19 participants saw two happy faces presented next to another and had to choose which 

facial expression appears happier to them by pressing a button. They pressed the left button 

if the picture on the left hand side appears happier or the right button if the picture on the 

right hand side appears happier. To compare the two studies, the paradigm was kept similar 

to the “chose sad faces” experiment: time pictures were shown = 2.5 sec; time to make the 

decision = 1.5 sec. The fixation cross was shown for 10.5 sec. on average. 9 pictures were 

compared to each other in a total of 36 presentations. Total time of the paradigm = 8 min 45 

sec. Pictures were presented in black and white in the same size like the ones of the “choose 

sad faces” experiment.  

Like in the sad faces experiment, the pictures were selected from the Stockholm face 

expression inventory (Lundquist, et al., 1998). In this experiment, other persons were shown 

on the pictures. Instead of four pictures of males and five pictures of females like in the 

“choose sad faces” experiment, there were four pictures of females and five pictures of males 

in the “choose happy faces” experiment. The pictures displayed a range of expressions from 

neutral to very happy (see also figure 6).  

 

2.4.5 Neuroimaging data analysis  

As in the other two experiments, data analysis consisted in the evaluation of three contrasts: 

the task, the score difference and the score sum.  

Task: difference between the brain conditions during decision-making (deciding between 

happy faces) and watching the fixation cross. 

In the score difference condition, we examined the difference between a high and a low 

gradient of choice by choosing between the two presented faces. Because participants chose 

between all faces in all pairwise combinations, we could compute a preference score for each 

face by counting how many times each face was chosen against the other faces.  
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Figure 6. Top row: Example of a large gradient (difference between the faces). If the happiest 

face is compared to the least happy face, the difference between the pictures (gradient) is 

higher and it is easier to decide which expression is happier. Bottom row: Example of a 

small gradient. When there are two faces which are both medium happy, e.g. with a 

happiness score of 5 and 4, the gradient is much smaller and it is much harder to decide 

which picture is happier. 

 

Like in the two other paradigms, the third contrast of interest was given by the score sum, 

formed by using the sum of the scores (instead of the difference) as a parametric modulator 

of the task regressor representing trial activation. This contrast compares the presentation of 

happy faces with that of neutral faces. 

Note that the score difference and score sum regressors are unrelated. In the score difference, 

a trial presenting the two happiest faces gives the same low parametric modulation value as 

a trial presenting the two most neutral faces. In contrast, the value of the parametric 

modulation of these two trials is very different in the score sum regressor. 

For better comparison, we used the same software, preprocessing, first (in matters of onsets, 

durations and conditions) and second level analyses as in the first experiment. At the second 

level, we also used the same significant tests and thresholds for all three experiments. Since 
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we expected stronger activation in the task contrast than in the gradient of choice and the 

sum score contrast, we used different significant levels. For the task contrast, we computed 

significance tests corrected at peak level with defined a priori FWE corrected threshold p = 

0.05. For the gradient of choice contrast as well as for the score sum contrast, we computed 

significance tests corrected at cluster level with clusters defined a priori by the uncorrected 

threshold p = 0.001. 
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3. Results 

3.1 Brain regions activated for the snacks experiment  

3.1.1 Snacks task  

One interest of this study was to find which brain areas are involved when analyzing what 

happens in the decision-making process. This was especially important to understand the 

contrast of interest as well as the interaction between the contrasts. For the snack task 

experiment, there was an activation in a large cluster including the left lingual gyrus that 

extended into the left and right fusiform cortex. There was another cluster of activation in 

the right and middle and anterior cingulum. Another activated area was in the left precentral 

gyrus which was accompanied by an activation in the right prefrontal gyrus. We also found 

activation in frontal areas on the left side, the left inferior frontal operculum and the left 

triangularis as well as in the right and left middle frontal gyrus (table 4, figure 7). 
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   Table 4. Snack experiment: activations in the task contrast 

 Coordinates  Voxel-level Cluster-level  

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr) 

p 

(uncorr.) 

L Lingual (19) -26 -54 -8 21.16 0.00 26347 0.00 0.00 

L Fusiform (19) -26 -78 -8 18.77 0.00    

R Fusiform (32) 28 -48 -16 18.16 0.00    

R Mid Cingulum (32) 2 16 44  21.00 0.00 5418 0.00 0.00 

L Ant Cingulum (0) -4 4 32 15.46 0.00    

L Inf Frontal Operculum 

(44)  

-52 10 28 15.42 0.00 678 0.00 0.00 

L Precentral (6) -48 4 36 10.76 0.00    

L Triangularis (48) -42 16 26 9.00 0.00    

R Precentral (44) 48 12 32  10.18 0.00 1664 0.00 0.00 

R Mid Frontal (6) 34 6 52 9.87 0.00    

L Mid Frontal (46) -28 44 26 8.76 0.00 62 0.00 0.00 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

For the deactivations in the task contrast, we found a deactivation in the left middle orbital 

frontal cortex. We also found a deactivation in the right superior temporal cortex and in the 

left middle temporal cortex (table 5, figure 5). 
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   Table 5. Snack experiment: deactivations in the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr) 

p 

(uncorr.) 

L Mid Orbital Frontal 

(11) 

-2 42 -10 8.09 0.00 52 0.00 0.00 

R Sup Temporal (22) 68 -18 4 7.38 0.01 86 0.00 0.00 

L Mid Temporal (21) -66 -28 6 6.56 0.04 1 0.03 0.60 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

 

 

Figure 7. Activations (orange) and deactivations (blue) in the snack experiment using the 

task contrast. Here we show, among others, the activations in the lingual gyrus (lingual), 

supplementary motor area (SMA), in the superior frontal cortex (SFC) and in the insula. 

We found deactivations in the orbital frontal cortex (OFC) and in the temporal cortex 

(temporal). There was no activation in the amygdala. For illustration purpose the threshold 

is at p < 0.001 uncorrected. 

 

3.1.2 Snacks gradient of choice 

The main interest in this work is to understand what happens in the human brain, when 

conducting the gradient of choice. As shown in table 6 and figure 8 we conducted the 

gradient of choice for the snacks experiment. For the high gradient of choice (easy decision), 

we found the biggest positive association with the score in the left postcentral gyrus that 

extended into the left inferior parietal cortex and into the left superior parietal cortex. There 

was another cluster on the left side in the superior temporal cortex, extending into the supra 
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marginal and the rolandic operculum, which was associated with a high gradient of choice 

score. These clusters were accompanied by two clusters on the right side: A cluster in the 

right supra marginal extending into the right superior parietal cortex, and a cluster in the 

middle temporal cortex. Concerning the ventral prefrontal cortex, we found two activations 

in this area on the left (x,y,z: -10 68 -8, t = 3.26, p = 0.002 uncorrected voxel level) and right 

(x,y,z: 14 51 8, t =3.08, p = 0.003, uncorrected voxel level) side which however failed to 

reach the significance lever after correction. 

 

   Table 6. Snack experiment: associations with a high gradient of choice 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z  t p 

(FWE) 

k 

(vol.) 

p 

(corr) 

p 

(uncorr.) 

L Postcentral (3) -38 -32 58 6.06 0.086 1949 0.000 0.000 

L Inf. Parietal (3) -54 -24 46 5.32 0.296    

L Sup. Parietal (2) -20 -50 62 4.69 0.676    

R Supra Marginal (48) 66 -24 26 5.69 0.164 2713 0.000 0.000 

R. Sup. Parietal (5) 14 -54 64 5.17 0.371    

L Sup Temporal (48) -54 -32 22 5.46 0.238 590 0.002 0.000 

L Supra Marginal (48) -62 -42 28 4.34 0.882    

L Rolandic Operculum -52 -12 14 3.69 0.998    

R Mid Temporal (39) 52 -66 16  4.80 0.603 326 0.028 0.003 

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

There was no association with a low gradient of choice. The effect in the frontal areas which 

is visible in Figure 8 (x,y,z: -6 12 54, t = 4,29, p = 0.317, cluster level corrected), is not 

significant.  
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Figure 8. Activations (orange) and deactivations (blue) in the snack experiment using the 

gradient of choice contrast. Here we show the significant cluster which included areas in 

the supplementary motor area (SMA), in the middle cingulum (MC), in the rolandic 

operculum (RO), in the parietal inferior lope (Parietal), in the precentral gyrus (Precentral) 

and in the insula. The deactivation in this figure of the frontal superior middle gyrus (FSM) 

was not significant. For illustration purpose, the threshold is at p < 0.05 uncorrected. 

 

3.1.3 Snacks score sum  

The score sum contrast is unrelated to the score difference contrast and compares the 

presentation of the two most attractive snacks to the most unattractive snacks. We wanted to 

know if there are any associations in the brain when confronted with attractive and 

unattractive snacks. We expected the orbital frontal cortex and the nucleus accumbens to be 

associated with a high score sum, since many studies found these areas to be active for very 

appetitive items (Clithero & Rangel, 2013; Padoa-Schioppa, 2011). However, there are no 

significant clusters for the more attractive snacks and no for the least attractive snacks. There 

was also no activation in the amygdala and the nucleus accumbens for the snacks sum 

paradigm using a ROI analysis.  

 

3.1.4 Region of interest analysis  

We conducted a ROI analysis for the nucleus accumbens and the amygdala.  

In the task paradigm, we found an activation for the nucleus accumbens. After conducting a 

ROI analysis, we found significant clusters in the right and left nucleus accumbens (table 7).  
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   Table 7 snacks experiment ROI analysis for the nucleus accumbens in the task paradigm 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr) 

p 

(uncorr.) 

L Nuc accumbens (0) -14 14 -6 6.08 0.000 45 0.006 0.160 

R Nuc accumbens (25) 10 10 -4 5.31 0.001 26 0.011 0.280 

Test corrected at peak level with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

  

However, there was no effect in this area for the score difference or for the score sum 

paradigm. There was also no effect in the amygdala after conducting an ROI analysis for 

this area. 

3.2 Brain regions activated for the sad faces experiment  

3.2.1 Sad faces task 

The choosing between sad faces was significantly associated with a large cluster of bilateral 

deactivation in parietal areas including the right inferior occipital gyrus, the right lingual 

gyrus and the left superior occipital cortex. We found an activation in the left insular cortex, 

extending into the left thalamus; this activation was accompanied by a cluster on the right 

side also including the thalamus and the insular. There was another cluster in the right 

anterior cingulum which extended into the right middle cingulum. With the decision task, 

there was also an activation in the small cluster in the right angular. Other activations were 

in the right fusiform gyrus. There were three small cluster frontal areas, the right and middle 

frontal cortex and the left triangularis. Other activations were in the right and left superior 

temporal cortex and in the right middle temporal cortex (table 8, figure 9).  
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   Table 8. Sad faces experiment: activations in the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr) 

p 

(uncorr.) 

R Inf Occipital (37) 48 -66 -12 29.3 0.00 15696 0.00 0.00 

R Lingual (18) 18 -70 -10 26.0 0.00    

L Sup Occipital (17) -12 -92 8 22.2 0.00    

L Insula (48) -40 12 -2  26.4 0.00 3308 0.00 0.00 

L Thalamus (0) -8 -12 2 16.2 0.00    

R Thalamus (0) 8 -10 2 19.4 0.00 4107 0.00 0.00 

R Insular (47) 34 18 0 18.9 0.00    

R Ant Cingulum (32) 8 28 24  12.2 0.00 1049 0.00 0.00 

R Mid Cingulum (32) 10 14 46  11.6 0.00    

R Angular (7) 28 -52 44  9.13 0.01 61 0.00 0.00 

R Fusiform (20) 32 -8 -36  8.76 0.01 22 0.00 0.01 

L Mid Frontal (45) -38 44 20  8.67 0.01 15 0.00 0.02 

L Sup Parietal (0) -28 -54 62  8.17 0.02 11 0.00 0.05 

L Triangularis (48) -42 28 22 8.07 0.03 8 0.00 0.08 

R Mid Frontal (46) 38 40 32 7.98 0.03 3 0.01 0.27 

R Sup Parietal (7) 26 -52 64 7.82 0.04 4 0.01 0.21 

R Mid Temporal (22) 52 -38 2 7.77 0.04 7 0.01 0.10 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

The areas deactivated in the decision task were situated in the mid cingulum with the peak 

in the left mid cingulum. Also associated with the deactivation in the decision task was a 

cluster which included the left olfactory sulcus, the left anterior cingulum and the right 

middle orbital frontal cortex. There was also an activation in the left middle orbital frontal 

cortex. We found a deactivation in the left precuneus (table 9, figure 9). 
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   Table 9. Sad faces experiment: deactivations in the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr) 

p 

(uncorr.) 

R Mid Cingulum (0)  0 -38 42  13.34 0.00 104 0.00 0.00 

L Olfactory (25) -2 18 -10 11.94 0.00 171 0.00 0.00 

L Ant Cingulum (11) -6 38 -6 9.57 0.00    

R Mid Orb Frontal (11) 4 30 -10 8.21 0.02    

L Mid Orb Frontal (11) -10 58 -6 9.13 0.01 14 0.00 0.03 

L Precuneus (23) -8 -56 20 8.55 0.01 12 0.00 0.04 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

 

Figure 9. Activations (orange) and deactivations (blue) in the sad faces experiment using 

the task contrast. Here we show, among others, the activations in the lingual gyrus 

(lingual), supplementary motor area (SMA), in the superior frontal cortex (SFC) and in 

the insula. There was also an activation in the amygdala. We found deactivations in the 

orbital frontal cortex (OFC) and in the temporal cortex (temporal). For illustration 

purpose, the threshold is at p < 0.001uncorrected.  

 

3.2.2 Sad faces gradient of choice 

As shown in table 10, effects were substantially associated with a high gradient of choice. 

The biggest cluster associated with a high gradient of choice was in a high gradient of choice 

the left middle cingulum. The trial was also significantly associated with the left insula. 

There was another positive association with the score in the left precuneus extending into 
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the right precuneus and into the left posterior cingulum. We found a significant cluster in the 

left postcentral gyrus extending into the left supra marginal gyrus. Two other effects were 

found in the right rolandic operculum and in the left precentral gyrus, which however failed 

to reach significance after correction (table 10, figure 10). No association with the gradient 

of choice was noted, even at uncorrected significance level, in the amygdala and in the 

nucleus accumbens.  

 

   Table 10. Sad faces experiment: associations with a high gradient of choice 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Mid Insula (48) -38 0 14 8.28 0.017 218 0.084 0.009 

L Mid Cingulum (23) 0 -36 50 7.05 0.082 773 0.000 0.000 

L Precuneus (30) -6 -52 14 5.94 0.193 350 0.014 0.002 

L Post Cingulum (30) -16 -58 22 5.30 0.623    

R Precuneus (30) 8 -50 10 4.38 0.975    

L Postcentral (48) -52 -16 20 5.44 0.550 337 0.018 0.002 

L Supra Marginal (48) -56 -28 26 4.40 0.972    

R Rolandic Operculum 

(48) 

50 -24 20  4.62 0.926 99 0.452 0.062 

L Precentral (17) -36 -18 62 4.21 0.990 17 0.983 0.424 

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

A low gradient of choice (harder decision) was significantly correlated with a large cluster 

in the left triangularis that extended into the left middle frontal cortex. The cluster was 

accompanied by a negative association with the gradient of choice score in the right inferior 

triangularis. This cluster extended into the right insula. There was an association with a low 

gradient in the left insula, extending into the left orbital frontal cortex and into the left 

triangularis. We found another cluster in the left medial frontal cortex extending into the 

right middle cingulum, and there was a cluster in the right middle occipital cortex extending 

into the inferior occipital cortex and in the right fusiform cortex (table 11, figure 10).   
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   Table 11. Sad faces experiment: associations with a low gradient of choice 

  Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr) 

p 

(uncorr.) 

L Inf Tri Frontal (48) -42 24 28 10.49 0.001 1031 0.000 0.000 

L Mid Frontal -52 14 44 4.97 0.795    

R Inf Tri Frontal (48) 44 20 24 10.02 0.002 2375 0.000 0.000 

R Insula (48) 34 24 6 8.46 0.014    

L Insula (48) -30 18 2 7.56 0.043 997 0.000 0.000 

L Inf Orb Frontal (45) -52 38 -2 6.88 0.102    

L Inf Tri Frontal (48) -36 32 4 6.44 0.177    

L Sup Med Frontal (32) -4 26 40 7.36 0.055 2213 0.000 0.000 

R Mid Cingulum (32) 10 26 36 6.00 0.303    

R Mid Occipital (18) 32 -92 0 5.02 0.771 266 0.044 0.005 

R Inf Occipital (19) 42 -76 -4 4.81 0.861    

R Fusiform (19) 28 -74 -8 4.33 0.980    

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 
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Figure 10. Activations (orange) and deactivations (blue) in the sad faces experiment using 

the gradient of choice contrast. Here we show the significant cluster which included areas 

in the precuneus, in the middle cingulum (MC), in the rolandic operculum (RO), in the 

parietal inferior lope (Parietal), in the precentral gyrus (Precentral).  

We found deactivations in the insula and in the frontal superior middle gyrus (FSM). For 

illustration purpose, the threshold is at p < 0.05 uncorrected. 

 

3.2.3 Sad faces score sum 

There was no significant association with the score sum, neither for the saddest pictures nor 

the least sad pictures.  

 

3.2.4 Region of interest Analysis  

We conducted a ROI analysis for the amygdala and the nucleus accumbens. There was a 

bilateral activation in the right and left amygdala (table 12).  

 

   Table 12. Sad faces experiment: ROI analysis for the amygdala 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr) 

p 

(uncorr.) 

Amygdala (0) 18 -8 -14 8.274 0.000 32 0.023 0.229 

Amygdala (0) -20 -10 -12 7.026 0.001 37 0.020 0.197 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 
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However, there was also no association with the gradient of choice contrast and not even an 

association with the sum score in the amygdala for the sad faces after conducting a ROI 

analysis.  

For the nucleus accumbens, we also found an activation in the left (x,y,z: -14 14 -6, t = 7.10 

p= 0.000, peak level corrected) and right (x,y,z: 14 16 -6, t = 5,45 p = 0.002, peak level 

corrected) side, after ROI analysis. There was no such effect in this area for the gradient of 

choice and the score sum.  

3.3 Brain Regions activated for the happy faces experiment 

3.3.1 Happy faces task 

The choosing between happy faces was significantly associated with a large cluster including 

the right inferior temporal cortex, the right calcarine sulcus and right middle occipital cortex. 

Another cluster of activation was in the left inferior parietal cortex and extended into the left 

superior parietal cortex and into the left supra marginal gyrus; this effect was accompanied 

by a slighter activation in the right supramarginal gyrus. We found a cluster of activation in 

the right middle cingulum including the supplementary motor area and the right caudate 

nucleus. There was also an activation in the left anterior cingulum. Another activation was 

in the left precentral gyrus, which was accompanied by an activation in the right precentral 

gyrus. There was an activation in the right fusiform gyrus. We also found activations in 

frontal areas, the left triangularis and the left inferior frontal operculum and in the right 

middle frontal cortex. There were also clusters of activations in the right middle temporal 

cortex and in the right middle superior temporal cortex. We also found significant activations 

in the left and right amygdala (table 13, figure 11).  
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   Table 13. Happy faces experiment: activations in the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z  t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

R Inf Temporal (37) 46 -56 -14 20.2 0.00 29573 0.00 0.00 

R Calcarine (17) 10 -68 8 18.8 0.00    

R Mid Occipital (18) 26 -88 10 18.7 0.00    

L Inf Parietal (40) -44 -42 42 13.5 0.00 715 0.00 0.00 

L Sup Parietal (0) -20 -56 46 11.6 0.00    

L Supramarignal (2) -48 -36 36 10.1 0.00    

R Mid Cingulum (32) 4 30 34 12.3 0.00 1071 0.00 0.00 

R Supp Motor area (6) 2 14 58 9.21 0.00    

R Caudate (0) 14 20 60 9.03 0.00    

L Amygdala  -16 -8 -16 10.6 0.00 45 0.00 0.00 

L Precentral (6) -48 10 42 10.6 0.00 129 0.00 0.00 

R Amygdala 20 -4 -18 9.53 0.001 1065 0.00 0.00 

R Precentral (6) 44 8 50 8.98 0.00 29 0.00 0.01 

L Triangularis (48) -42 28 24 8.96 0.00 94 0.00 0.00 

R Fusiform (20) 34 -6 -38 8.94 0.00 72 0.00 0.00 

R Supra Marginal (2) 48 -32 38 8.41 0.01 53 0.00 0.00 

L Ant Cingulum (0) -6 2 32 8.06 0.01 22 0.00 0.03 

L Inf Frontal 

Operculum (6) 

-58 10 26 7.87 0.01 26 0.00 0.02 

R Mid Frontal (6) 36 2 60 7.42 0.02 3 0.02 0.38 

R Mid Temporal (22) 56 -44 12 7.21 0.03 5 0.01 0.26 

R Sup Temporal (41) 46 -42 14 7.12 0.04 2 0.02 0.48 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

For the deactivations in the happy faces task, we found a deactivation in the left precuneus 

and another in the left angular cortex. The deactivation in the orbital frontal cortex (x,y,z: -
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10 44 -8, t = 5,50 p = 0.38, peak level corrected) and in the temporal cortex (x,y,z: 66 -18 0, 

t = 5.70, p = 0.30, peak level corrected) which are visible in figure 11 were not significant 

(table 14). 

 

   Table 14. Happy faces experiment: deactivations in the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Precuneus (30) -11 -54 19 7.35 0.03 3 0.02 0.38 

L Angular (39) -44 -78 40 7.29 0.03 5 0.01 0.26 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

 

 

Figure 11. Activations (orange) and deactivations (blue) in the happy faces experiment 

using the task contrast. Here we show, among others, the activations in the lingual gyrus 

(lingual) and in the insula. There was also an activation in the amygdala. There were 

deactivations in the orbital frontal cortex (OFC) and in the temporal cortex (temporal). For 

illustration purpose, the threshold is at p < 0.001 uncorrected. 

 

3.3.2 Happy faces gradient of choice 

We found associations with a high gradient of choice in the somatosensory area, the same 

areas as in the study for the task paradigm by Glimcher 2002. Furthermore, Clithero and 

Rangel (2013) found these areas activated in their meta-analysis about valuation. The areas 
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in the OFC, which were also activated in the meta-analysis by Clithero and Rangel, were not 

associated with a high gradient of choice in our experiment.  

In detail, the happy faces decision with a high gradient of choice was associated with a big 

cluster including the left precentral and left postcentral cortex. Another cluster on the left 

side was in the rolandic operculum extending into the left supra marginal gyrus, 

accompanied by a much weaker effect in the right rolandic operculum and the right supra 

marginal gyrus. We found other effects in the left middle cingulum, the left paracentral 

cortex and in the left precuneus. However, some of this effects failed to reach significance 

after correction.  

 

   Table 15. Happy faces experiment: associations with a high gradient of choice 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Rolandic Operculum 

(48) 

-44 -24 24 5.93 0.166 268 0.094 0.014 

L Supra Marginal (48) -44 -32 38 4.26 0.923    

L Mid Cingulum (0) -10 -30 46 4.47 0.315 184 0.224 0.001 

L Precentral (4) -30 -30 68 5.08 0.504 592 0.005 0.001 

L Postcentral (3) -48 -18 62 5.02 0.540    

L Paracentral (3) -14 -38 76 4.35 0.894 66 0.727 0.189 

L Inf. Parietal (19) -34 -82 44 4.14 0.954 132 0.386 0.071 

R Supra Marginal (2) 56 -30 30 4.14 0.995 81 0.638 0.149 

L Precuneus (17) -10 -58 18 4.01 0.977 48 0.832 0.260 

R Rolandic Operculum 

(22) 

68 -4 14 3.90 0.989 6 0.992 0.714 

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

Many frontal areas correlated with a low gradient of choice. We found an effect in the left 

insula which extended into the left inferior orbital frontal cortex. There was a similar cluster 

on the right side which included the right insula and the right inferior triangularis frontal 
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cortex:. Another cluster was in the right supplementary motor area, which included the left 

supplementary medial frontal cortex and the right anterior cingulum. There was a significant 

bilateral activation including the right  and left fusiform gyrus. 

Table 16. Happy faces experiment: associations with a low gradient of choice 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Insula (48)  -28 20 -8 7.86 0.010 371 0.000 0.000 

L Inf Orb Frontal (47) -42 22 -6 4.70 0.723    

L Inf Tri Frontal (0) -44 18 6 3.70 0.997    

R Supp Motor Area (8)  8 26 50 7.47 0.017 1343 0.001 0.000 

L Supp Medial Frontal 

(24) 

-2 28 38 5.57 0.275    

R Ant Cingulum (32) 5 32 30 5.30 0.390    

R Inf Tri Frontal (45) 50 30 26 6.45 0.071 1143 0.000 0.000 

R Precentral (6) 38 6 46 5.68 0.236    

R Mid Frontal (0) 54 18 42 5.55 0.285    

L Fusiform (37)  -38 -56 -14 5.46 0.320 801 0.001 0.000 

R Lingual (17) 6 -86 -2 4.93 0.594    

R Insula (47) 34 22 -6 5.84 0.189 362 0.038 0.006 

R Inf Orb Frontal (38) 54 26 -6 3.93 0.986    

R Inf Frontal Operculum 

(54) 52 20 2 3.65 0.998    

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 
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Figure 12. Activations (orange) and deactivations (blue) in the happy faces experiment 

using the gradient of choice contrast. Here we show the significant cluster which included 

areas in the precuneus, in the middle cingulum (MC), in the rolandic operculum (RO), in 

the parietal inferior lope (Parietal) and in the precentral gyrus (Precentral). We found 

deactivations in the insula and in the frontal superior middle gyrus (FSM). For illustration 

purpose the threshold is at p < 0.05 uncorrected. 

 

3.3.3 Happy faces score sum 

There was no activation in the amygdala, not even after conducting a ROI analysis. Instead, 

we found a cluster in the right middle occipital cortex, extending into the right inferior 

occipital cortex and into the right calcarine cortex. This effect was accompanied by a cluster 

on the left side including the left middle occipital cortex, the left fusiform cortex and the left 

inferior occipital cortex.  
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   Table 17. Happy faces experiment: activations with a high score sum 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

R Mid Occipital (18) 40 -86 6 7.66 0.015 2547 0.000 0.000 

R Calcarine (18) 18 -96 -4 5.79 0.228    

R Inf Occipital (19) 40 -76 -8 4.43 0.891    

L Mid Occipital (19) -40 -86 -8 6.25 0.117 1969 0.000 0.000 

L Fusiform (19) -34 -68 -12 6.03 0.161    

L Inf Occipital (19) -48 -70 -6 5.77  0.232    

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

There was no significant activation when participants were confronted with more neutral 

faces. 

 

3.3.4 Happy faces region of interest amygdala nucleus accumbens 

We did not find any association with high and low gradients of choice in the amygdala after 

conducting a ROI analysis. Neither was there any association in the amygdala with the score 

sum. 

For the NAcc, we found an activation in the left (x,y,z: -8 6 -4, t = 7.62 p = 0.000, peak level 

corrected) and right (x,y,z: 14 16 -6, t = 6.57 p = 0.000, peak level corrected) nucleus 

acumens for the task, but neither an association with the gradient of choice nor with the score 

sum.  

3.4. All paradigms 

3.4.1 All paradigms task 

Combining all three experiments, there was a big cluster of activation in the left fusiform 

cortex, extending into the right inferior occipital cortex and into the right thalamus. We 

found a cluster of activation in the right middle orbital frontal cortex which was accompanied 
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by a cluster on the left side. There was also an activation in the right inferior orbital frontal 

cortex and in the right middle temporal cortex.  

   Table 18. Activations in all experiments for the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Fusiform (18) -26 -76 -10 27.54 0.00 94479 0.00 0.00 

R Inf Occipital (37) 44 -64 -12 25.92 0.00    

R Thalamus (0) 6 -10 0 24.64 0.00    

R Mid Orb Frontal (11) 22 58 -10 6.31 0.00 27 0.00 0.06 

L Mid Orb Frontal (11) -22 48 -16 5.67 0.01 13 0.01 0.18 

R Mid Temporal (0) 48 -22 -6 5.66 0.01 10 0.01 0.24 

R Inf Orbital Frontal (0) 42 46 -18 5.64 0.01 35 0.00 0.04 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

For the task deactivation, we found a deactivated cluster in the left angular gyrus and in the 

right precuneus. Concerning frontal areas, we found a deactivated cluster in the left olfactory 

gyrus which extended into the left middle orbital frontal cortex. Other deactivated clusters 

in frontal areas were in the left mid frontal cortex, in the left superior frontal cortex and in 

the left superior medial frontal cortex. There was another cluster of deactivation in the right 

superior temporal cortex extending into the right middle temporal cortex. This cluster of 

deactivation was accompanied by a deactivation in the middle temporal cortex on the left 

side. We also found a deactivated cluster in the middle cingulum.  
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   Table 19. Deactivations in all experiments for the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

R Angular (39) 52 -72 36  11.23 0.00 238 0.00 0.00 

L Olfactory (0) 0 16 -8 10.65 0.00 1793 0.00 0.00 

L Mid Orb Frontal (11) -6 40 -8 10.35 0.00    

R Sup Temporal (22) 66 -18 -2 9.48 0.00 637 0.00 0.00 

R Mid Temporal (21) 64 -4 -14 5.67 0.01    

L Mid Frontal (9) -28 34 50 8.00 0.00 228 0.00 0.00 

L Precuneus (30) -8 -54 18 7.93 0.00 713 0.00 0.00 

L Mid Cingulum (0) 0 -38 42 7.91 0.00 197 0.00 0.00 

L Mid Temporal (21) -60 -6 -16 7.45 0.00 627 0.00 0.00 

L Sup Frontal (10) -12 70 18 7.28 0.00 67 0.00 0.01 

L Sup Medial Frontal (9) -2 52 50 6.85 0.00 60 0.00 0.01 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

 

Figure 13. Activations (orange) and deactivations (blue) in all experiments combined 

using the task contrast. Here we show, among others, the activations in the lingual gyrus 

(lingual), supplementary motor area (SMA), in the superior frontal cortex (SFC) and in 

the insula. We found deactivations in the orbital frontal cortex (OFC) and in the temporal 

cortex (temporal). For illustration purpose, the threshold is at p < 0.001 uncorrected. 
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3.4.3 All paradigms gradient of choice 

The findings of the three contrast when conducting the gradient of choice in the individual 

experiments reveals several similarities. Therefore, it might be interesting to find out which 

brain areas are associated with the gradient of choice, for all three contrast combined.  

We did not have any associations with a high gradient of choice in the OFC like in the meta-

analysis of Clithero and Rangel; though, we found the same posterior areas as in their study. 

Over all paradigms, there was an association with a high gradient of choice in the left middle 

cingulum, extending into the right middle cingulum. The activations in the rolandic 

operculum, the parietal inferior lope, precentral cortex and the precuneus did not reach the 

significant level after correction (Table 20).  

   Table 20. Activations in all experiments for the high gradient of choice contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

  

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Mid Cingulum (0) -12 -36 42 5.08 0.060 352 0.030 0.004 

R Mid Cingulum (0) 4 -38 42 3.90 0.815    

R Supra Marginal (48) 52 -28 26 4.29 0.456. 73 0.669 0.143 

L Postcentral (48) -50 -20 30 4.21 0.531 89 0.569 0.108 

L Precuneus (5) -6 -44 62 3.62 0.966 33 0.915 0.318 

L Supra Marginal (48) -54 -20 20 3.26 0.999 1 0.999 0.895 

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

In line with our hypothesis, the lower gradient of choice in the score diff task was associated 

with a cluster in the right inferior frontal operculum that extended into the right triangularis. 

There was a similar cluster on the left side that included the left triangularis, the left inferior 

orbital frontal cortex and the right superior medial frontal cortex.  
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   Table 21. Activations in all experiments for low gradient of choice contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

R Inf Frontal Oper (44) 40 10 32 5.99 0.004 372 0.000 0.000 

R Inf Frontal Tri (45) 52 30 22 5.53 0.016    

R Inf Frontal Tri (45) 56 36 14 5.45 0.020    

L Inf Frontal Tri (45) -50 40 4 5.30 0.031 231 0.110 0.015 

L Inf Orb Frontal (46) -50 46 -4 5.15 0.049    

R Sup Medial Frontal (8) 6 28 44 4.72 0.168 537 0.004 0.000 

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

 

Figure 14. High gradient of choice (orange) and low gradient of choice (blue) in all three 

experiments. Areas associated with a high gradient of choice were a cluster which included 

areas in the precuneus, in the middle cingulum (MC) and the precentral gyrus (Precentral). 

The rolandic operculum (RO) and the parietal inferior lope (Parietal) was not significantly 

associated with a high gradient of choice.  

A low gradient of choice was, among others, associated with an activation in the insula, 

in the frontal superior middle gyrus (FSM) and in the right and left inferior frontal 

triangularis. For illustration purpose, the threshold is at p < 0.05 uncorrected. 

 

3.4.4 All paradigms score sum  

According to our findings in the single experiments, there were no combined negative or 

positive associations with the score sum paradigm.   
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3.5 Interaction  

3.5.1 Snacks versus Faces Task Paradigm  

When evaluating the task condition, it is important to keep in mind that the interpretation of 

the task might be difficult, because differences in the task condition can be explained by the 

different perceptual features of the stimuli. There were differences in the size of the faces 

and the snacks paradigm and the faces were presented in greyscales.  

However, the first area which is stronger associated with the snacks experiment than with 

the faces experiment is in the right supplementary motor area extending into the left 

supplementary motor area. We also found a cluster in the left superior parietal cortex that 

extended into the left middle occipital cortex; this effect was accompanied by a cluster on 

the right side also including the superior parietal cortex and the middle occipital cortex. 

There was also a stronger activation in the snacks paradigm than in the faces paradigm in 

the middle occipital cortex. We also found a cluster in the left and another cluster in the right 

fusiform cortex which was stronger activated in the snacks experiment. Other areas which 

were stronger activated in the snacks experiment was a cluster in the left anterior cingulum, 

a cluster in the left precentral cortex and a cluster in the right insular. We also found two 

clusters in frontal areas associated with the snacks task: the right middle frontal cortex and 

the superior frontal cortex.  
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Table 22. Areas with a higher activation in economic choice (snacks experiment)       

compared to social choice (faces experiments) in the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

  

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

R Supp Motor Area (6) 8 2 56 8.69 0.00 1325 0.00 0.00 

L Supp Motor Area (32) -2 8 52 8.60 0.00    

L Sup Parietal (7) -22 -62 50 8.04 0.00 212 0.00 0.00 

L Mid Occipital (7) -26 -62 38 5.46 0.02    

L Fusiform (19) -28 -54 -8 7.78 0.00 79 0.00 0.00 

R Fusiform (37) 30 -52 -8 6.78 0.00 90 0.00 0.00 

L Ant Cingulum (0) -4 4 30 6.06 0.00 12 0.01 0.20 

R Mid Frontal (8) 28 6 56  6.02 0.00 59 0.00 0.01 

L Precentral (6) -46 0 42 5.77 0.01 38 0.00 0.03 

R Sup Parietal (7) 24 -62 50 5.73 0.01 32 0.00 0.04 

R Sup Occipital (7) 28 -62 40 5.39 0.03    

R Mid Occipital (39) 36 -72 22 5.53 0.02 16 0.01 0.14 

R Insular (47) 32 24 4 5.49 0.02 5 0.02 0.41 

L Sup Frontal (6) -16 -4 78 5.20 0.05 1 0.04 0.73 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

3.5.2 Faces versus Snacks Task Paradigm 

We also found areas which were stronger activated in the faces than in the snacks paradigm. 

In frontal areas, one cluster in the left triangularis and one cluster in the right inferior orbital 

frontal cortex were stronger activated in the faces task. We also found the left cuneus and 

the left lingual cortex activated. There was a stronger activation in the right middle temporal 

cortex in the faces task, and, as expected, we found a stronger activation in the right 

amygdala in the faces task than in the snacks task.  
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Table 23. Areas with a higher activation in social choice (faces experiments) compared 

to economic choice (snacks experiments) in the task contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Inf Frontal Tri (45)  -50 26 6 6.44 0.00 48 0.00 0.02 

R Inf Orb Frontal (45) 54 30 -2 6.02 0.00 45 0.00 0.02 

L Cuneus (17) -8 -98 18 5.90 0.01 34 0.00 0.04 

L Amydala (34) -22 -10 -8  5.75 0.01 7 0.02 0.32 

R Lingual (18) 8 -84 -8 5.43 0.02 9 0.01 0.26 

R Mid Temporal (21) 50 -38 2 5.34 0.03 19 0.01 0.11 

Test corrected at peak level, with defined a priori FWE corrected threshold p = 0.05. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

3.5.3 Interaction in the gradient of choice paradigm  

The interaction between the snacks and the faces paradigm in the gradient of choice 

paradigm is an important issue of this thesis. We want to detect if there are any differences 

between economic and social choice. Therefore we want to know if there are any areas in 

the human brain associated with economic or social choice. With the gradient of choice, we 

have a method which adjusts for the perceptual features of the stimuli, therefore the results 

can be interpreted as real differences between social and economic decision. In the score diff 

evaluation, all stimuli are compared with each other. Therefore, the paradigm controls for 

the button press (right or left) as well as for the stimuli. For the decisions with a higher 

gradient of choice, there are differences in a cluster including the left rolandic operculum. 

There was a significant difference in a cluster including the left precuneus that extended into 

the left calcarine cortex. We also found significant differences in the right middle cingulum 

that extended into the left superior medial frontal cortex.  
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Table 24. Differences between economic choice (snack experiment) and social choice 

(faces experiments) in the gradient of choice contrast 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

F p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Rolandic Operculum 

(48) 

-46 -26 24 21.55 0.006 360 0.008 0.001 

L Precuneus (23) -8 -60 20 18.84 0.024 231 0.049 0.005 

L Calcarine (30) -10 -54 6 10.77 0.866    

R Mid Cingulum (24) 0 26 36 14.71 0.195 444 0.003 0.000 

L Sup Medial Frontal 

(32) 

-8 32 34 14.12 0.261    

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 

 

 

 

Figure 15. Differences between the faces and snacks paradigm investigated by conducting 

an F-test (presented in grey) including the Precuneus, the mid cingulum (MC), superior 

frontal medial cortex (FSM), the rolandic operculum (RO), the precentral and postcentral 

cortex and the triangularis are presented in gray. Areas with a stronger activation in the 

faces than in the snack paradigm are presented in red. Areas with a stronger activation in 

the snack than in the faces paradigm are presented in green. For illustration purpose, the 

threshold is at p < 0.05 uncorrected. 
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3.5.4 Faces versus Snacks gradient of choice 

Table 25. Brain areas with a higher activation in the faces experiments than in the snack 

experiment for the gradient of choice contrast 

 

To understand which contrast is responsible for this difference, t-tests were used. 

The largest effect in this contrast was in the left rolandic operculum that extends into the left 

postcentral and precentral gyrus. Looking at the simple effects reveals that this effect is 

significantly associated with a high gradient of choice in the sad (x,y,z: -46 -26 24, t = 3,14) 

and happy (x,y,z: -46 -26 24, t = 5,10) faces paradigms in contrast to the snack paradigm 

(x,y,z: -46 -26 24, t = 2.66). Another cluster in this contrast was found in in the left precuneus 

which extends into the occipital cortex. When analyzing the simple effects this finding is 

also associated with a high gradient of choice in the sad (x,y,z: -8 -60 20, t= 4.44) and happy 

(x,y,z: -8 -60 20, t =3,81) faces paradigms in contrast to the snack paradigm (x,y,z: -8 -60 

20, t = 1.55). We also find a significant cluster including this area when conducting the high 

gradient of choice in the sad faces experiment (see table 10).There was also an association 

in the right rolandic operculum and in the right supra marginal stronger associated with the 

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Rolandic Operculum 

(48) 

-46 -26 24 6.49 0.001 1428 0.000 0.000 

L Postcentral (3) -52 -22 52 5.19 0.044    

L Precentral (4) -34 -28 64 4.24 0.504    

L Precuneus (23) -8 -60 20 6.02 0.003 891 0.000 0.000 

L Mid Occipital (39) -42 -76 28 4.74 0.160    

L Cerebellum (30) -10 -54 6 4.48 0.305    

R Rolandic Operculum 

(48) 48 -22 22 4.77 0.145 388 0.020 0.003 

R Supra Marginal (2) 66 -22 24 4.57 0.243    

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 
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gradient of choice contrast in the faces paradigm. When analyzing the simple effects this 

effect was also stronger associated with the faces than with the snacks paradigm.  

In summary, the clusters including the rolandic operculum and the precuneus are associated 

with a high gradient of choice in the two faces paradigms and less related to the snack 

paradigm.  

 

3.5.5 Snacks versus Faces gradient of choice 

Table 26. Brain areas with a higher activation in the snack experiment than in the sad 

faces experiment for the gradient of choice contrast 

 

The only effect in this contrast which is also significant in the F-test (see table 24) is the area 

in the right middle cingulum which extended into the left superior medial frontal cortex. 

After analyzing the simple effects this cluster arises from the negative association of the 

score from the sad (x,y,z: 0 26 36, t = -6.42) and happy (x,y,z: 0 26 36, t = -5,05) faces score 

difference condition in contrast to the score difference condition with the snack paradigm 

(x,y,z: 0 26 36, t = -3,40). We also find a significant cluster including this area when 

conducting the low gradient of choice in the sad faces experiment (see table 11).   

 Coordinates  Voxel-level Cluster-level 

HEM (BA) x y z 

 

t p 

(FWE) 

k 

(vol.) 

p 

(corr.) 

p 

(uncorr.) 

L Frontal Orb Sup (11) -22 50 -10 5.61 0.012 204 0.150 0.021 

R Inf Frontal Tri (44) 56 22 20 5.48 0.018 615 0.002 0.000 

R Cuneus (17) 20 -96 12  5.44 0.021 207 0.145 0.020 

R Mid Cingulum (24) 0 26 36 5.39 0.024 913 0.000 0.000 

L Frontal Sup Medial 

(32) 

-8 32 34 5.28 0.033    

R Mid Frontal (10) 36 62 10  5.30 0.032 280 0.064 0.008 

R Precentral (44) 52 12 40 4.98 0.081 436 0.013 0.002 

L Inf Frontal Tri (48) -38 22 24 4.37 0.386    

L Precental (6) -36 4 36 3.64 0.959    

Test corrected at cluster level, clusters defined a priori by the uncorrected threshold p = 0.001. 

Note: HEM=hemisphere, BA=Brodmann’s area, k=cluster extent, FEW= family wise error correction, 

vol. = volume, corr.= corrected, uncorr.= uncorrected  L=left; R=right. 
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However, I will now analyze the brain areas which only reach the significance level in the t-

test, with the help of simple effects to understand the reason for the effects: One cluster only 

associated with the t-testwas a cluster in the left orbital frontal superior cortex. When looking 

at the simple effects, we find, that this area had a higher negative association with the 

gradient of choice score of the sad (x,y,z: -22 50 -10, t = -1.37) and happy (x,y,z: -22 50 -

10, t = -1.27) faces paradigm than the snacks (x,y,z: -22 50 -10, t = -0.08) paradigm.  

We also found a significant cluster in the right pars triangularis in the t-test. This cluster is  

also associated with a low score difference in the sad (x,y,z: 56 22 20, t = -4.67) and happy 

(x,y,z: 56 22 20, t = -2.88) faces paradigms in contrast to the snack paradigm (x,y,z: 56 22 

20, t = 1.15). We also find a significant cluster including this area when conducting the low 

gradient of choice in the sad faces experiment (see table 11). The cluster in the right cuneus 

is associated with a low gradient of choice in the happy (x,y,z: 20 -96 12, t = -1.96) and sad 

faces (x,y,z: 20 -96 12, t = -3,67) paradigm in contrast to the snacks paradigm (x,y,z: 20 -96 

12, t = -3,09). Also the middle frontal cortex (x,y,z 36 62 10) and the precentral cortex (x,y,z 

-36 4 36) from this contrast have a stronger negative association with the sad (middle frontal 

cortex t= -3,80, precentral cortex t= -3,28) and happy faces (middle frontal cortex t= -3,40, 

precentral cortex t= -4.28) paradigm than with the snacks paradigm (middle frontal cortex 

t= -1.37, precentral cortex t= 0.57).  

In summery frontal areas were associated with a low gradient of choice in the snack 

paradigm as well as in the two faces paradigms, but the association with the low gradient of 

choice in the two faces paradigms was stronger. This effect seems to be stronger modulated 

by the sad faces paradigm then by the happy faces paradigm.  
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Figure 16. High gradient of choice (orange) and low gradient of choice (blue) for the 

snack (right), sad faces (middle) and happy faces (left) experiment. The cluster including 

right left superior orbital frontal cortex inferior frontal triangularis and the right middle 

cingulum is associated with a low gradient of choice for the sad faces and happy faces 

experiment. This area is not associated with a low gradient of choice in the snack 

paradigm. For illustration purpose the threshold is at p < 0.05 uncorrected for the snacks 

paradigm, p < 0.05 for the sad faces paradigm and p < 0.05 for the happy faces paradigm.  
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4. Discussion 

4.1 Interpretation of the results 

In this study, we used different stimuli (faces and snacks) and there were different criteria 

on the basis of which decisions were made. In the snack paradigm, the participants were 

asked for their subjective value, whereas in the two faces paradigm, the task was to try to 

make an objective evaluation. Nevertheless, a comparative study of the activations is 

justified especially for the contrast given by the gradient of choice, for which the effect of 

the specific stimuli is adjusted for. While the evaluation of this contrast represents the main 

objective of the study, there are additional questions that may be addressed by also 

considering the task regressor (implicit contrast with the baseline) and the sum of the scores. 

In the following, we will first discuss the findings obtained with the gradient of choice, and 

then consider data from the remaining contrasts. 

4.1.1 Interpretation of a high gradient of choice 

Even though we had completely different stimuli (between the snack and faces paradigm), 

there were considerable similarities in the areas recruited by the gradient of choice contrast 

in the three studies. All three experiments had positive associations with a high gradient of 

choice in the middle cingulum. Areas in the precentral and postcentral gyrus as well as in 

the supramarginal gyrus and the precuneus did not become significant, probably because of 

the small sample size. However, when analyzing figure 14, we find very similar brain areas 

to be associated with the gradient of choice, even if in the snack paradigm these areas were 

slightly more frontal than in the faces paradigm.  

This commonality of activation pattern is consistent with the existence of a shared element 

in all three studies, constituted by the structure of the decision-making task. Our data suggest 

that the middle cingulum is a key cortical region for decision making in all three paradigms, 

since this area is significantly active in all three experiments and other areas associated with 

a high gradient of choice extend from the middle cingulum (see also figure 8 (snacks), figure 

10 (sad faces), figure 12 (happy faces)). Additionally to the findings in these experiments, 

our workgroup conducted other studies using the gradient of choice (Bosch, Dommes, 

Beschoner, Stingl, & Viviani, 2017; Fießinger et al., 2016). This pattern of activation was 
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present also in these studies, even if the paradigms were unrelated to the snack and faces 

paradigm.  

One of these areas was the motor and sensory cortex of the pre- and postcentral gyri, which 

are associated with movement or movement planning (Neshige, Lüders, & Shibasaki, 1988; 

Witt, Laird, & Meyerand, 2008). Since the participants in our experiments had to press a 

button to make a decision, this interpretation seems obvious. However, one observation 

shows that the association of this signal with finger movement is not trivial. This area was 

significantly associated with the gradient of choice, not with the task. In all three experiments 

we did not find any activation in this area associated with the regressor of the task relative 

to the baseline, where no finger movement was made. This finding suggests that this area 

was encoding evidence for making the correct finger movement, not for movement per se. 

This conclusion is supported by other economic research studies with apes in the field of 

psychophysics which proved that specific groups of neurons were more activated the 

stronger the evidence of a decision became (Louie & Glimcher, 2012; Shadlen & Kiani, 

2013).  

This finding supports the use of the gradient of choice regressor to elicit activation in areas 

involved with the decision process even when decisions are not based on preferences. For 

example, sensory discrimination fMRI studies in humans have showed that posterior areas 

are involved in the decision-making process using a similar regression strategy (Heekeren, 

et al., 2004). This is consistent with the study of FitzGerald (2009) who showed that high 

probability decisions are associated with this area.  

The fact that these posterior areas are more active in decisions associated with a high gradient 

of choice leads to the assumption that these areas are recruited when there is no need to 

evaluate the information on several levels, because the decision is easy. This allows for the 

assumption, that decisions “by the guts” (without any further thinking) are associated with 

these areas. Therefore, this process can be interpreted as a kind of automatization process. 

This is also in line with the findings of Daw and O’Doherty (2013) who showed that these 

areas are more active in decision processes which focus stronger on habituated behavior or 

the sensory characteristics of the stimuli. 

To summarize this interpretation, we now understand that these areas are important for the 

decision-making process and that they are more active when there is more evidence for the 

decision.  
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4.1.2 Interpretation of the low gradient of choice 

But what happens if we analyse the associations with a low gradient of choice? These are 

the areas that are more active when there is little evidence for making the decision, so that 

choosing an option is difficult. When analyzing this contrast, we find only frontal areas 

(frontal operculum, frontal triangularis and superior medial frontal cortex) to be significantly 

associated with a low gradient of choice. These areas are associated with cognitive effort 

(Chen, Ho, & Desmond, 2014). Participants use especially the right and left pars triangularis 

as well as the medial frontal cortex in hard decisions. The pars triangularis is associated with 

verbal processes (Costafreda et al., 2006; Wagner et al., 2014; Wang et al., 2014), and all 

these areas are associated with working memory incongruent tasks and decision-making (De 

la Vega 2016). Therefore, these areas are active in situations when cognitive resources are 

necessary to evaluate the features of the stimuli to make a decision.  

In functional imaging, a standard approach to identify neural substrates associated with a 

neural process is to contrast high and low loads in this process (Keuken et al., 2014). Our 

findings suggest that information about cognitive load might fail to reveal the neural 

substrates of other important evaluation processes. Hence, with our approach, we could 

detect more brain areas than just frontal areas which are associated with cognitive load.   

 

4.1.3 Neural networks that can be linked to social decision-making 

The main aim of this study was to understand whether there were any differences between 

economic decision-making and social choice. Even though the neural substrates associated 

with the gradient of choice in the snack and the faces experiment had a lot in common, there 

were considerable differences between the snacks and faces paradigms. Remarkably, there 

were no significant differences in the neural signal in the decision making between happy 

and sad faces. Consequently, we can attribute the differences we observed to the difference 

between social and economic decision-making. The interaction between gradient of choice 

and decision type (snacks or faces) revealed two clusters: one in the rolandic operculum 

extending into postcentral and precentral cortex, and the other in the precuneus. Both clusters 

were stronger associated with evidence to decide about the intensity of the expression of 

faces than preferability of snacks in the high gradient of choice paradigm. So, these areas 

seem to be more important when summarizing evidence for deciding between faces than 

between snacks.  
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Studies in patients with cortical lesions have shown that destruction of the rolandic 

operculum is associated with an impairment of recognizing faces (Adolphs, et al., 1996). In 

a review, Adolphs (1999) suggests that this area is important more generally for social 

cognition. As in the case of the motor and sensory cortex associated with finger movement, 

these areas were not active in the task contrast with an implicit baseline. The discrepancy 

between the areas identified from lesion studies and from ordinary contrasts in functional 

imaging studies has been noted in the literature (Adolphs, 2002a). This confirms the validity 

of the gradient of choice contrast to detect areas which are important for decision-making.  

Furthermore, the rolandic operculum has also been included in the mirror neuron system, 

and more generally to the network associated with the ability to interpret mental states of 

others (Adolphs, et al., 1996; Molenberghs, et al., 2012; Van Overwalle, 2009). This finding 

suggests that participants collect information in this area to make simple decisions in social 

choice.  

In the introduction, we raised the question whether there is a network which is important in 

social decision-making in contrast to economic choice. A possible answer to this question is 

that there is considerable overlap in the areas recruited by economic and social choice, 

reflecting the commonalities of the choice-making process per se. However, the finding of 

the specific recruitment of the rolandic operculum in social choice suggests that the mirror 

neuron system may play a role in the social decision-making process that is analogous to 

that of the ventromedial prefrontal cortex in representing value as described in the economic 

decision-making literature. 

 

 4.1.4 Neural networks stronger associated with the snacks paradigm than with the 

faces paradigm 

A second issue we examined was whether there were any areas especially associated with a 

high gradient of choice in the snack paradigm in contrast to the faces paradigms. Several 

frontal areas (middle cingulus extending into the left superior medial frontal cortex, the left 

orbital frontal superior cortex, the right pars triangularis, cuneus, and the middle frontal 

cortex) were significantly associated with the snacks task, in comparison to the faces task, 

in the high gradient of choice regressor. However, considering the simple effects underlying 

this interaction, it turned out that the association with the gradient of choice in all these areas 

was negative. The interaction arose not because the gradient of choice was stronger and more 

positively associated with the signal in the snack paradigm, but due to the faces paradigm 
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associated with a low gradient of choice. In other words, these areas were stronger associated 

with making hard decisions between faces.  

One possible reason for this finding is a systematic difference in the difficulty of the task in 

the snacks and in the faces paradigm, i.e. the decision between the snacks might have been 

easier than the decision between the faces. In the snacks decisions, participants might have 

had more criteria on the basis of which they could decide between fairly attractive snacks, 

so that difficult decisions arose more rarely. This interpretation is speculative, but draws 

attention to a methodological difficulty in the use of this design, as it is not clear how 

difficulty of choice across very different domains could be matched.  

 

4.1.5 Association of social choice and the concept of value 

After understanding the difference between social decision-making and economic choice, 

we will now discuss these findings within the framework of studies that investigate 

preference-based value in decision processes. In the introduction, we summarized studies 

about value in decision-making. In a meta-analysis about value, Clithero and Rangel (2013) 

found areas in the vmPFC as well as the ventral and dorsal PCC to be associated with value. 

The biggest cluster they found was in the vmPFC. We expected to find this area, especially 

in the snacks paradigm, to be associated with a high gradient of choice. While there was an 

effect here, it did not reach the significant level in our experiments. One reason for this could 

be our sample size. Another possible explanation is that the vmPFC is associated with 

generating expectation in the decision-making process. Studies also proved activations in 

this area when the expected outcomes were modified or not delivered (Gottfried, O'Doherty, 

& Dolan, 2003; Nobre, Coull, Frith, & Mesulam, 1999; O'Doherty, Deichmann, Critchley, 

& Dolan, 2002). The vmPFC is also associated with the computation of value. For example, 

a study with primates found the fire rate of specific neurons in the vmPFC increases when 

the primates are confronted with the most appetitive or least appetitive stimuli (Tremblay & 

Schultz, 1999). Our participants had to choose between stimuli of hierarchical attractiveness; 

therefore, one could expect the vmPFC to be active for very attractive and unattractive 

stimuli. However, in the study of Temblay and Schulz (1999), the monkeys got the reward 

with a short delay after the choice paradigm. Therefore, for every presentation, the monkey 

had an expected value which was either reached, disappointed or overmatched. In our study, 

there were on the contrary only nine pictures presented in all possible combinations. Thus, 

the outcome was similar to the expectations of the participants. Even more, the participants 
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did not need to form any expectations, with the same pictures presented repeatedly, the 

setting was soon clear.  

In the studies of the meta-analysis of Clithero, the stimuli were either presented in a form 

that the participant got an unexpected reward (Basten, Biele, Heekeren, & Fiebach, 2010; 

Behrens, Hunt, Woolrich, & Rushworth, 2008; Wimmer, Daw, & Shohamy, 2012) or when 

the participant received the stimulus immediately (Grabenhorst, D'souza, Parris, Rolls, & 

Passingham, 2010) or both (Hare, Schultz, Camerer, O'Doherty, & Rangel, 2011). All these 

findings can be associated with an unexpected reward. In our study, the reward was fairly 

expected; this might be another reason why we did not find a strong signal in this area.  

However, even though we did not find any significant activation in the vmPFC, we found a 

significant association in the same posterior medial areas of the meta-analysis by Clithero 

and Rangel. This result gets even more striking when comparing the interactions between 

the snacks paradigm and the faces paradigm. As one can see in figure 17, the dorsal and 

ventral posterior cingulate cortex identified as active in economic choice are very similar to 

the areas we found for the differences between economic and social choice in the high 

gradient of choice paradigm (figure 17).  
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Figure 17. Comparison of interactions in the faces paradigm and in the snacks paradigm 

compared to the results of a meta-analysis associated with value (Clithero & Rangel 2013). 

On the left side: Interaction between snacks and faces paradigm. General differences 

between the faces and snacks (presented in grey). Areas with a stronger activation in the 

faces than in the snack paradigm are presented in red. Areas with a stronger activation in 

the snack than in the faces paradigm are presented in green. 

On the right side: Meta-analysis: Brain areas associated with value (Clithero & Rangel, 

2013, page 1293).  

Notice: The areas associated with a higher activation in the faces paradigm with a high 

gradient of choice are in the same area as the posterior areas Clithero and Rangel found in 

their meta-analysis (picture on the right side top row on the left).  

 

The stronger association of the gradient of choice signal in the precuneus in the faces tasks 

is consistent with the recruitment of the mirror neuron system. The precuneus and other 

posterior areas like the TPJ are also associated with the mirror neuron system and the ability 

to interpret mental states of others (Adolphs, et al., 1996; Molenberghs, et al., 2012; Van 

Overwalle, 2009).  

 

4.1.6 Analysis of further contrasts  

Decision making has been investigated in neurophysiological studies (for a review, see 

Glimcher 2002). We found many of the areas which were activated in the review of Glimcher 

(2002) also activated in the task contrast of our studies. The decision-making task activates 

a bilateral cluster including the visual area (occipital lope), which is responsible for image 

recognition. This activation extends to several other areas including the IPS, the brainstem, 

the temporal lobes and the frontal cortex (frontal superior medial cortex and orbitofrontal 

cortex).  
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It is remarkable that an important hub of the network involved in decision making is detected 

in the high gradient of choice contrast. The fact that we find the area associated with the 

somatosensory cortex only in the contrast conducting a high gradient of choice is important 

for two reasons. First: It proves that the high gradient of choice has the ability to detect brain 

areas which are not detected in standard choice paradigms. Second: It proves that this area 

activity is not a preparatory activity, because in this case we would also find this preparatory 

activity in the task contrast and not only in the high gradient of choice contrast.  

More generally: when we analyze the areas associated with the decision task (in all three 

studies conducted in this thesis), we find that the vmPFC and the posterior areas which are 

associated with value (Clithero & Rangel, 2013) are deactivated in the task as for the vmPFC 

or inactive as for the posterior areas. Both areas are important in the estimation of value. 

However, the posterior areas are important in decisions between emotional faces whereas 

the vmPFC is often associated with economic choice. 

 

4.1.7 Loss of signal in nucleus accumbens and amygdala in the choices paradigms 

In this study, we expected the amygdala to be associated with the faces paradigm since the 

amygdala is associated with the detection of emotional faces (Hariri, et al., 2002). 

Furthermore, we expected the nucleus accumbens to be associated with decisions in the 

snack experiment since the NAcc is associated with the dopamine system (S. T. Frank, 

Krumm, & Spanagel, 2008; Tang, Fellows, Small, & Dagher, 2012).  

Amygdala and NAcc for the gradient of choice: Interestingly, we did not find any association 

with the score in the amygdala for a high gradient of choice. We expected significant results 

for the faces paradigms in the amygdala for two reasons. First: With the highest gradient of 

choice, there is at least one very happy or very sad picture shown in the stimuli. We expected 

that very sad and very happy pictures, due to their greater salience, would cause a higher 

activation of the amygdala (Breiter et al., 1996; Sergerie, Chochol, & Armony, 2008). The 

second reason is that there is a lower cognitive load with a high gradient of choice than with 

a low gradient of choice. Other studies could prove that a cognitive load reduces the signal 

of the amygdala (Hariri, et al., 2000). Furthermore, also other brain areas normally 

associated with the perception of faces did not become significant, like the visual association 

areas and the fusiform gyrus (Botvinick et al., 2005; Vuilleumier & Pourtois, 2007).  

For the snack paradigm, we expected a significant association with the NAcc, for the same 

reasons as in the faces paradigm in the amygdala. We expected that with a high gradient of 
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choice participants will have at least one very attractive snack, which should activate the 

dopamine system.  

Amygdala and NAcc for the  score sum: In line with the assumption that salient stimuli lead 

to an activation in the amygdala in the faces paradigms (Sergerie, et al., 2008), we expected 

an association with a high score sum in the amygdala, since the amygdala is associated with 

salience and we expected that more emotional faces will have a stronger impact on the 

amygdala than neutral faces (Breiter, et al., 1996; Sergerie, et al., 2008). However, we did 

not get any significant associations in the amygdala or in any other brain region with the 

score sum.  

The same was true for the NAcc and the snack paradigm. We expected a significant 

association in the score sum with a high gradient of choice since the NAcc and therefore the 

dopamine system is associated with appetitive stimuli and more attractive snacks are more 

appetitive (Tang, et al., 2012). However, we did not find any association between the NAcc 

and a high score sum for the snack experiment.   

Amygdala and NAcc for the task contrast: We expected an activation in the amygdala for 

the faces experiences and no activation in the snack experience in the task paradigm. As 

expected, we found a significant activation in the amygdala in both faces paradigms, but 

none in the snack paradigm after a ROI analysis. This result is in line with many studies 

which find amygdala activation for facial stimuli (Fusar-Poli, Placentino, Carletti, Landi, & 

Abbamonte, 2009). Therefore, the results are similar to other experiments of decision-

making tasks. For the NAcc, we have activations in all three experiments. Therefore, we 

conclude that all our experiments had an impact on the dopamine system. As for other areas 

reported as involved in decision making in the neurophysiological literature, the effect in the 

amygdala and NAcc is only found for the task paradigm.  

4.2 Association of the faces paradigms and brain areas related with social 

cognition 

We found that the brain areas associated with the social decision process (precuneus and 

middle cingulum) in our studies are the same which are important for the recognition of 

emotions, because cortical brain damages in these brain areas lead to an impairment of 

recognizing emotional facial expressions (Adolphs, et al., 1996).  
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But are there other brain areas we would expect our results to be related to in the context of 

social decision-making? Apart from the amygdala, we expected brain areas associated with 

empathy for pain to be associated with the social decision task in the choose sad and happy 

faces studies. There are many studies about empathy for pain (Lamm, et al., 2011). A 

breakthrough was the finding of the mirror neurons when scientists proved that there are 

similar areas responsible for pain as for watching other people getting hurt. These areas are 

located in the superior parietal cortex, in the postcentral cortex and in the insula.  

Particularly the middle insula is associated with pain, whereas the left agranular insula may 

be associated with emotional tasks (Wager & Barrett, 2017). In a further meta-analysis, it 

was shown that the anterior insula was associated with empathy for pain when watching 

someone else experiencing pain (Lamm, et al., 2011). In our data, the high gradient of choice 

contrast elicited an association in the middle insula in the sad faces task that is in line with 

this literature. This effect was not present in the happy faces task, but the interaction failed 

to reach significance. In conclusion, we detected two areas associated with social cognition. 

One is the mirror neuron system which is associated with a high probability for the decision 

and with happy as well as sad pictures; the other area includes the insula which is associated 

with encoding pain in others and which was significant only in the sad faces task.  

4.3 Decision-making: an extension to the Dual Process Model  

According to the dual process model, processing of emotionally salient stimuli depends on 

the interaction of two opposing processes: top-down cognitive control processes mapped to 

executive neural substrates such as the dorsolateral prefrontal cortex (Duncan & Owen, 

2000; Hopfinger, et al., 2000; Miller & D'Esposito, 2005) and bottom-up processes 

activating limbic structures such as the amygdala (Cauda et al., 2011; Choi, Yeo, & Buckner, 

2012; Pujara, Philippi, Motzkin, Baskaya, & Koenigs, 2016). In our decision-making tasks, 

frontal areas were more active when the evidence for a decision was low (difficult decision). 

It seems plausible to associate the activation of these neural substrates to recruitment of 

executive function, the top-down process of the dual process model. However, when the 

evidence for the decision was high, even if frontal areas were not active, there was no 

activation in the amygdala. In terms of a process model, the activation in the parietal cortex 

might have been able to control for the bottom-up process, in a similar way as the top-down 

process. This interpretation is in line with the assumption of Adolphs (2002b) who suggests 



                                                                                                                              Discussion 

69 

 

that the amygdala is only responsible for the perceptual processing of the stimuli, whereas 

areas in the parietal cortex are important for the evaluation of the information given by the 

stimuli.  

Another example of information processing without recourse to areas associated with 

executive functions is given by Kable and Glimcher (2007). In this study, they showed that 

self-regulation in a delayed reward task depends on activity in the ventromedial prefrontal 

cortex evaluating the delayed reward. This model is consistent with a proposal by Viviani 

(2014) who suggested that the dual process model of emotion regulation can be extended by 

the areas which are associated with evaluation processes in the decision-making. Viviani 

discriminates areas in the vmPFC and in the parietal cortex. We did not find any areas 

significantly associated with the vmPFC, but areas significantly associated with the posterior 

areas. These posterior areas might link the stimulus to episodic memory, especially with 

memories which are spontaneously brought to mind (Ciaramelli, Grady, Levine, Ween, & 

Moscovitch, 2010; Messina, Sambin, Beschoner, & Viviani, 2016; Uncapher & Wagner, 

2009). Therefore, this area links information that needs to be interpreted to information based 

on already learned knowledge and experience (Adolphs, 2002b) and activates behavior 

relevant functions (Viviani 2014). The link to previous experience is one important concept 

which is left out in the dual process model of emotion regulation and this link is provided by 

the parietal areas. These areas seem to be especially useful if the given experience is enough 

to fulfill the task, like in the easy decision in our paradigms. Importantly, in this model, these 

areas are used for decisions in economic decision tasks as well as in very basic social 

decision tasks.  

4.4 Decisions and previous experiences 

The parietal areas that have been detected in the present study as a key to make decisions 

about the intensity of emotion in faces are classically classified as association areas. This 

suggests the importance of associative mechanisms (the use of previous schemas) in decision 

making. There are psychological behavior models in which previous experiences play an 

important role. To name two of them, I will now describe the stress model of Lazarus (1990; 

2006) and the marshmallow experiment (Mischel, et al., 2010; Mischel, et al., 1972; Mischel, 

et al., 1989) to outline the impact of learned schemas to the decision-making process. In the 

case of Lazarus’ stress model, the subjective evaluation depends on previous coping 
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strategies (Lazarus, 1990). In future studies, it may be of interest to investigate the decision-

making neural correlates identified in the present study to show the role of schemas in 

emotion processing. These schemas might be associated with the brain areas we found for 

the easy decision-making since they link the knowledge about experience to the 

stimuli/situation.  

The question we would like to address is whether the somatosensory areas detected with the 

high gradient of choice have something to do with decision-making on the basis of schemas. 

The evidence which would support this thesis is that this area important for decision-making 

is probably not activated voluntarily and does not recruit cognitive resources. In addition, 

Adolphs suggests this area to be important in supporting the stimulus with conceptual 

knowledge (Adolphs 2002b).  

4.5 Limitations 

There are several limitations in the present work. Fortunately, our sample size (we had 23 

participants in the snack paradigm, 18 participants in the sad faces paradigm and 19 

participants in the happy faces paradigm) was big enough to detect very interesting main 

effects. However, a bigger sample size perhaps would have enabled us to detect also smaller 

effects. This was especially the case for the areas in the vmPFC which we expected to be 

associated with the evaluation process and which did not reach the significant level. 

Additionally, the missing activation in the amygdala for the faces and the NAcc in the snacks 

paradigm might be in line with the literature, but a higher sample score would be helpful to 

be more confident with these results. Also concerning the sample, we did not control for the 

sex in all three experiments and had in total more female than male participants. Plus, the 

two faces experiments consisted of more females relative to the snacks experiment.  

Finally, the decisions between faces with low evidence might be harder than decisions 

between snacks. Hence, we do not know with certainty whether the differences detected in 

the posterior areas are due to the social task or just because of the difference in the difficulty 

level. For this reason, it would be important to replicate this study with controlling for the 

difficulty level in the contrast faces vs. snacks.  
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4.6 Conclusion 

The rising question in the beginning of this thesis was, whether there are two different neural 

networks of decision-making in economic and social choice paradigms (Ruff & Fehr 2014). 

After analyzing these experiment results, we suggest that there are similar neural networks 

recruited in all decision-making processes. For hard decisions, participants recruit frontal 

brain areas associated with top down processes. More interestingly, we detected areas in the 

parietal cortex associated with the easy decision process. However, in decisions with a high 

gradient of choice, areas in the somatosensory area including the precuneus and the rolandic 

operculum are stronger associated with the faces than with the snacks experiment. These 

networks can be related to the mirror neuron system. For the harder decisions, we found an 

activation in the insula for the sad faces. Since the insula is associated with empathy for pain, 

this result is in line with the current literature on social cognition. One open question is the 

impact of the areas associated with a high gradient of choice. There are reasons to assume 

that these areas are associated with knowledge from previous experience. If this is the case, 

these areas would have an important impact in the creation of psychological disorders 

(Dalgleish & Watts, 1990; Rafaeli, Bernstein, & Young, 2010).  
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5. Summary  

There are several functional imaging studies about decision making in the economic context. 

In these studies, decision values in the economic context are associated with brain areas in 

the ventromedial prefrontal cortex, in the ventral striatum and in parietal areas. Neuronal 

correlates of decision values in the social context, on the other hand, had not been explored 

yet. However, several brain areas are important in social cognition including the mirror 

neuron system, the amygdala (associated with facial expressions and arousal) and the 

anterior insula (associated with empathy for pain). The question examined in this thesis is 

whether there are two different neural networks of decision-making in economic and social 

choice. 

Therefore, three fMRI studies were conducted. The results of two studies (appetitive in 

contrast to aversive stimuli) for social decision were compared with results of an economic 

choice study. All experiments were performed with healthy participants. For the social 

decision, a very basic task, the decision between emotional faces was employed. The social 

experiment using appetitive stimuli was conducted with 19 participants. In this experiment, 

participants had to evaluate emotionality differences between pairs of photographs of happy 

faces. The social experiment using aversive stimuli was conducted with 18 participants. In 

this experiment, participants had to evaluate emotionality differences between pairs of sad 

faces. In the economic decision task, 23 participates had to evaluate pairs of snacks. In order 

to determine the decision values and to control for the paradigm, the gradient of choice was 

computed, a method employed before in other decision-making studies. The gradient of 

choice allowed for comparing low evidence for a decision (hard decision) with a high 

evidence for a decision (easy decision).  

In contrast to the expectations, no amygdala activation was associated with a gradient of 

choice. However, working memory associated brain areas were detected to be associated 

with a low evidence for a decision, while parietal brain areas were associated with a high 

evidence for a decision. The most important result from this thesis is the interaction between 

social and economic choice. In this interaction, parietal brain areas were even stronger 

associated with a high evidence for a decision in the faces paradigm than in the snack 

paradigm. Low evidence for a decision was associated with insula activation for the sad faces 

task. The insula is regularly associated with empathy for pain.  
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The missing amygdala activation suggests that arousal does not have a sustained impact on 

value estimation. Parietal brain areas, however, are associated with a high gradient of choice 

and are stronger associated with social decision processes than with economic choice. This 

importance of parietal brain areas was initially detected by lesion studies: Patients with 

lesions in similar parietal areas as identified in this thesis were unable to recognize facial 

emotions, while lesions in the amygdala did not compromise the ability to recognize facial 

emotional expressions. Interestingly, the parietal areas which are found to be important in 

the decision between emotional faces in contrast to snacks are furthermore associated with 

the mirror neuron system, a system relevant for basic aspects of social cognition such as 

emotional contagion and encoding of motoric activity. In conclusion, high evidence 

decisions are associated with parietal brain areas and this effect is stronger in the decision 

between faces, suggesting neural overlapping but jet differences between economic and 

social decision processes. 
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Appendix 

Snack Experiment: Instruction in the scanner 

Sie sehen nun zwei Lebensmittel nebeneinander dargestellt und sollen angeben, welches Sie 

lieber haben wollen. Drücken Sie rechts, wenn Sie das Lebensmittel auf der rechten Seite 

lieber haben wollen, sonst links. Wichtig ist, dass Sie erst drücken, nachdem unter den 

Lebensmitteln die beiden blauen Punkte erscheinen. Nach dem Scan erhalten Sie das 

Lebensmittel, für das Sie sich am häufigsten entschieden haben. 

 

Snack Experiment: Pictures presented in the scanner 
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Sad faces Experiment: Instruction in the scanner 

In der folgenden Aufgabe zeigen wir Ihnen zwei Bilder von Gesichtern, die nebeneinander 

dargestellt sind. Ihre Aufgabe ist es, anzugeben, welcher Gesichtsausdruck trauriger ist. Ist 

der Gesichtsausdruck auf der rechten Seite trauriger, klicken sie rechts, ansonsten links. 

Wichtig ist, dass Sie erst drücken, wenn unter den Bildern die beiden blauen Punkte zu sehen 

sind.   

 

Sad faces Experiment: Pictures presented in the scanner 

   

  

 

 
 

 

Pictures were selected from the Stockholm face expression inventory (Lundquist, et al., 

1998). 
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Happy faces Experiment: Instruction in the scanner 

In der folgenden Aufgabe zeigen wir Ihnen zwei Bilder von Gesichtern, die nebeneinander 

dargestellt sind. Ihre Aufgabe ist es, anzugeben, welcher Gesichtsausdruck fröhlicher ist. Ist 

der Gesichtsausdruck auf der rechten Seite fröhlicher, klicken sie rechts, ansonsten links. 

Wichtig ist, dass Sie erst drücken, wenn unter den Bildern die beiden blauen Punkte zu sehen 

sind.   

 

Sad faces Experiment: Pictures presented in the scanner 

   

   

   

Pictures were selected from the Stockholm face expression inventory (Lundquist, et al., 

1998). 
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