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Zusammenfassung 

 Beim Menschen gilt Nahrung als effektiver Primärverstärker, während Geld ein 

Sekundärverstärker ist, der seinen Wert erst durch Lernerfahrung erhält. In der ersten Studie 

(Kapitel 2) versuchten wir, die neuronalen Regionen zu identifizieren, die die Verarbeitung von 

Nahrungsverstärkern unterstützen, sie mit den neuronalen Grundlagen von monetären 

Verstärkern zu vergleichen und ihre Modulation durch unterschiedliche Stoffwechselzustände 

(Hunger vs. Sättigung) zu untersuchen. Zwanzig gesunde männliche Probanden wurden in zwei 

experimentellen Sitzungen unter Verwendung funktioneller Magnetresonanztomographie 

getestet, einmal hungrig und einmal satt. Die Probanden nahmen an einer assoziativen 

Lernaufgabe teil und konnten in separaten Blöcken Lebensmittel- oder Geldbelohnungen 

erhalten. Sowohl Nahrungsmittel- als auch monetäre Belohnungen führten zu erhöhter kortikaler 

Aktivität im ventralen Striatum, dem medialen Orbitofrontalkortex und der Amygdala - 

Regionen, die bereits zuvor mit der Verarbeitung von Belohnungen in Verbindung gebracht 

wurden. Nahrungsmittelbelohungen aktivierten außerdem den operculären Teil des unteren 

Frontalgyrus und die Insula, die zusammen als primärer Geschmackskortex bezeichnet werden. 

Darüber hinaus wurden in Reaktion auf negatives Feedback (hier Belohnungsausfall) 

Aktivierungen der vorderen Insula, der supplementär motorischen Rinde sowie des lateralen 

präfrontalen Kortex beobachtet. Darüber hinaus konnte eine Interaktion zwischen dem 

Stoffwechselzustand und der Art der Belohnung im supramarginalen Gyrus (SMG) und anderen 

motorischen und sensorischen Regionen festgestellt werden. Schließlich konnte durch 

funktionelle Konnektivitätsanalyse eine Korrelation zwischen SMG und mesolimbischen 

Regionen, wie dem Hippocampus, Mittelhirn und dem cingulären Kortex, für die Hunger-

Bedingung gezeigt werden. Für die Interaktion zwischen Stoffwechselzustand und Art der 
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Belohnung konnte ebenfalls eine Korrelation zwischen SMG und ventralem Striatum festgestellt 

werden. Während kortikale Regionen, die allgemein mit Belohnung in Verbindung gebracht 

werden, verschiedene Belohnungsreize verarbeiten, deuten unsere Ergebnisse darauf hin, dass der 

SMG möglicherweise eine Schlüsselrolle bei der Integration von Stoffwechselzuständen und Art 

der verfügbaren Belohnung spielt. 

 Die zweite Studie (Kapitel 3) diente dem Ziel, durch ein Belohnungsabwertungsverfahren 

die elektrophysiologischen Komponenten zu identifizieren, die mit zielgerichtetem versus 

gewohnheitsmäßiges Verhalten in Verbindung stehen. Wir analysierten Datensätze von 35 

gesunden Probanden, die in einem bekannten, für die Untersuchung von Gewohnheitsbildung 

entwickelten Paradigma („fabulous fruit game“ getestet wurden. In Übereinstimmung mit 

früheren Untersuchungen zeigten die Teilnehmer im Verhalten eine Sensitivität für die 

Belohnungsabwertung, was als Kennzeichen zielgerichteter kognitiver Kontrolle gilt. In den 

elektrophysiologischen Daten beobachteten wir geringere N2- und erhöhte ERN-Amplituden 

nach Verhaltensfehlern ("slips of action") in Bedingungen, die sowohl das zielgerichtete als auch 

das gewohnheitsmäßige System betrafen. Probanden, die mehr Sensitivität gegenüber 

Belohnungsabwertung zeigten, hatten größere Differenzen in der Abnahme der N2 und der 

Zunahme der ERN. Außerdem zeigen wir, wie spezifische neurophysiologische Lernsignale, 

nämlich ERN und Feedback-bezogene P3, die nachfolgende Sensitivität gegenüber 

Belohnungsabwertung vorhersagen können. Unsere Ergebnisse deuten darauf hin, dass die N2- 

und ERN-Komponenten als Indikatoren für eine zielgerichtete vs. gewohnheitsmäßige kognitive 

Kontrolle verwendet werden können, und unterstreichen die Bedeutung der ERN als 

elektrophysiologisches Merkmal im Kontext von zielgerichtetem Verhalten. 
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 In der dritten Studie (Kapitel 4) wollten wir mithilfe der funktionellen 

Magnetresonanztomographie frühere Ergebnisse zur N2pc-Komponente mit einem 

Bildgebungsansatz untermauern. Diese früheren Ergebnisse deuteten darauf hin, dass 

Nahrungsmittelstimuli die Aufmerksamkeit auf sich ziehen, was durch eine höhere Amplitude 

der kontralateralen N2 Komponente (N2pc) angezeigt wird. Zwanzig gesunde Teilnehmer führten 

eine selektive Aufmerksamkeitsaufgabe mit bilateralen Stimuli durch. Jeder Stimulus umfasste 

zwei Bilder, eines links und eines rechts eines Fixierungssymbols (ein nach links oder rechts 

zeigender Pfeil), das anzeigte, auf welche Seite die Aufmerksamkeit gerichtet werden sollte. Die 

Bilder überlagernd wurden grüne vertikale Balken dargeboten. Die Aufgabenstellung der 

Probanden war, die Größe des Balkens auf der durch den Pfeil angezeigten zu beachtenden Seite 

zu überprüfen und eine Taste für einen etwas kleineren Balken zu drücken. Die Bilder hinter den 

Balken konnten 4 verschiedene Konfigurationen aufweisen: (i) Objekte auf beiden Seiten, (ii) 

Nahrungsbilder auf der beachteten Seite / Objekt auf der unbeachteten Seite, (iii) Objekt auf der 

beachteten Seite / Essen auf der unbeachteten Seite und (iv ) Nahrungsbilder auf beiden Seiten. 

Die Verhaltensdaten zeigen, dass die Reaktionszeit der Teilnehmer auf das Ziel länger war, wenn 

auf der abgelenkten Seite ein Lebensmittelbild angezeigt wurde verglichen mit Gegenständen. In 

Bezug auf die funktionelle Aktivität zeigen unsere Daten eine signifikant erhöhte Aktivität im 

extrastriären Kortex der kontralateralen und ipsilateralen (in Bezug auf die beachtete Seite), wenn 

Nahrung verglichen mit den Objektbildern auf der beachteten bzw. der unbeachteten Seite 

erschien. Diese Ergebnisse legen nahe, dass Lebensmittel aufgrund ihrer belohnenden 

Eigenschaften stärker Aufmerksamkeit auf sich ziehen als andere Objekte. 
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Abstract 

In humans, food is considered a powerful primary reinforcer, whereas money is a 

secondary reinforcer, as it gains value through the learning experience. In the first study (chapter 

2), we aimed to identify the neural regions supporting the processing of food-related reinforcers, 

relate it to the neural underpinnings of monetary reinforcers, and explore their modulation by 

metabolic state (hunger vs satiety). Twenty healthy male participants were tested in two 

experimental sessions, once hungry and once satiated, using functional magnetic resonance 

imaging. Participants performed an associative learning task, receiving food or monetary rewards 

(in the form of images) on separate blocks. Irrespective of incentive type, both food, and 

monetary rewards engaged ventral striatum, medial orbitofrontal cortex and amygdala, regions 

that have been previously associated with reward processing. Food incentives additionally 

engaged the opercular part of the inferior frontal gyrus and the insula, collectively known as a 

primary gustatory cortex. Moreover, in response to negative feedback (here, reward omission), 

robust activation was observed in the anterior insula, supplementary motor area and lateral parts 

of the prefrontal cortex, including middle and inferior frontal gyrus. Furthermore, the interaction 

between metabolic state and incentive type resulted in supramarginal gyrus (SMG) activity, 

among other motor and sensory-related regions. Finally, functional connectivity analysis showed 

a correlation in the hungry state between the SMG and mesolimbic regions, including the 

hippocampus, midbrain, and cingulate areas. Also, the interaction between metabolic state and 

incentive type revealed coupling between SMG and ventral striatum. Whereas general purpose 

reward-related regions process incentives of different kinds, the current results suggest that the 

SMG might play a key role in integrating the information related to current metabolic state and 

available incentive type. 
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In the second study (chapter 3), we aimed to identify the electrophysiological 

components associated with goal-directed vs habitual performance using an outcome 

devaluation procedure. Datasets from thirty-five healthy participants were analyzed using the 

‘fabulous fruit game’ paradigm that has been used to pinpoint the transition from goal-directed 

to habitual behavior. Behaviorally, in line with previous research, participants displayed 

sensitivity to outcome devaluation, a hallmark of goal-directed control. Electrophysiologically, 

decreased N2 and increased error-related negativity (ERN) amplitudes were associated to slips of 

action in conditions that could potentially engage both the goal-directed and habitual systems, 

with participants that displayed more sensitivity to devaluation also showing larger difference-N2 

decreases and difference-ERN increases. Furthermore, we show how specific neurophysiological 

learning signals, namely ERN and feedback-locked P3, could predict subsequent sensitivity to 

devaluation. Our findings indicate that the N2 and ERN components can be used as indices of 

goal-directed vs habitual control and emphasize the importance of the ERN as an 

electrophysiological trait in the context of goal-directed behavior. 

In the third study (chapter 4), using functional magnetic resonance imaging, we aimed to 

corroborate previous N2pc findings, suggesting that food stimuli attract attention to their location 

and evoke contralateral activity on the posterior side of the scalp, the so called N2pc. Twenty 

healthy participants performed a selective attention task with a bilateral stimuli setup. In each 

trial two images are presented, one on the left and one on the right side of the (</>) fixation 

symbol. The fixation symbol (a left or right-pointing arrow) indicates the side to which attention 

needed to be directed covertly, i.e. without moving the eyes. Green vertical bars were 

superimposed on both images. The bars were task-relevant in that participants had to press a 

button whenever the bar on the attended side was slightly smaller than the standard bar. Four 

different stimulus configurations were used: (i) objects on both sides, (ii) food on the attended 
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side/object on the unattended side, (iii) object on the attended side/food on the unattended side, 

and (iv) food on both sides. The behavioral data demonstrated that participants’ response time to 

targets was longer when a food image appeared on the distracted side as compared to object items 

indicating attention capture. Regarding functional activity, our data reveals significant activity in 

the contralateral and ipsilateral (with respect to attended side) extrastriate cortex when food 

relative to object image appeared on the attended and distracted side, respectively. These results 

suggest that food compared to other items attract and bias spatial attention likely because of its 

rewarding properties.  
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1 Introduction 

1.1 General outline of the Thesis 

Food, among other stimuli (e.g., sexual contact, sleep, water), is considered a primary 

reinforce, because it possesses characteristics that are necessary to sustain life. Its value is 

inherently adopted by organisms, which are naturally responsive to it (Krajbich et al. 2015; 

Schultz 2002; Vilkka 1997). In contrast to primary reinforcers, secondary reinforcers do not 

possess innate value, but this is instead learned through experience (Ryan and Deci 2000). 

Among secondary reinforcers (e.g., praise, reprimands, tokens), money is known to be a 

particularly potent one (Delgado et al. 2006). 

This research aims to further our understanding of the neural mechanisms underlying 

reward, homeostasis, habit formation, and attention in response to food stimuli. In the current 

introductory chapter, I briefly explain the neural regions, along with their functional significance, 

that previously have been shown to be involved in processing of the aforementioned cognitive 

processes. 

 

1.2 Neural responses to food and monetary stimuli in the context of reward 

processing 

In everyday life, reward plays a critical role and acts as a reinforcer, encouraging organisms 

to alter their behavior. In affective neuroscience, the reward is often operationalized as a pleasant 

or valuable stimulus that motivates organisms to engage in a specific behavior (Schultz 2015). 

Several functional magnetic resonance imaging (fMRI) studies have assessed neural responses to 

visual food stimuli. Compared to nonfood objects, visualization of food stimuli elicited activation 
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in the opercular part of the inferior frontal gyrus (IFG) and insular cortex (Porubská et al. 2006; 

Simmons et al. 2005; Doherty et al. 2001). The majority of functional imaging studies on humans 

have identified the insular and frontal opercular regions as primary gustatory cortex, which has 

been shown to be responsible for the identification of tastes and the processing of taste intensity 

(Kringelbach et al. 2004; Small et al. 2003). The primary gustatory cortex has also been thought 

to be part of a network involved in representing and processing conceptual knowledge about food 

(Simmons et al. 2005; de Araujo et al. 2003a). It has been proposed that any damage to these 

regions can lead to an inability to recognize different tastes (Pritchard et al. 1999). Other areas 

that have also been found to be active on the visualization of food compared to nonfood objects 

include the visual cortex, limbic structures such as the amygdala and the parahippocampal gyrus, 

and prefrontal regions such as the orbitofrontal cortex (OFC; Grimm et al. 2012; Schur et al. 

2009). In particular, the caudolateral part of OFC, also referred to as a secondary gustatory 

cortex, represent the reward center for taste and is believed to be responsible for projecting the 

sensation of taste to other regions in the OFC (de Araujo et al. 2003b; Gottfried et al. 2003). 

Neurons with taste responses can be found in many areas of the OFC and are thought to project to 

several regions of the ventral forebrain, including amygdala and hypothalamus (Rolls 2000). One 

primate study has shown that the hypothalamic neurons might receive input from these OFC 

neurons and make them respond to taste and sight of food if the monkey is hungry (Rolls 1999). 

Anatomically, it has also been shown that the efferent connections of the primary gustatory 

cortex are projecting to the secondary gustatory cortex (Oliveira-Maia et al. 2011). Furthermore, 

studies have also demonstrated that both primary and secondary gustatory cortices are activated 

not only during the tasting of actual foods but also might become active and produce taste 

responses while participants view food pictures (Simmons et al. 2005; Killgore et al. 2003). 
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Moreover, OFC activity has been reported to increase with the pleasantness rating of food stimuli 

(Kringelbach et al. 2003; de Araujo et al. 2003a). 

Most fMRI studies to date have used either passive viewing of food pictures or passive 

food delivery to measure neural responses to food rewards. In paradigms using images, subjects 

passively view images of food and nonfood items in block or event-related designs (e.g. Leidy et 

al. 2011; Schienle et al. 2009; Killgore et al. 2003), whereas, in the case of passive delivery, food 

or liquid (e.g., juice, milkshake, chocolate) is orally delivered to subjects inside the scanner (e.g. 

Felsted et al. 2010; Rolls and McCabe 2007; Berns et al. 2001). Neural activity showed a very 

similar pattern in both types of paradigms, although with some variations in intensity and location 

of peak activity. Significant activation was reported in primary gustatory cortex, secondary 

gustatory cortex, ventral striatum (VS) and amygdala (Jacobson et al. 2010; Plassmann et al. 

2008; Rolls 2006; Killgore et al. 2003). The secondary gustatory cortex has been thought to 

receive input from the amygdala (Morris and Dolan 2001), serving as an intermediate region 

between primary and secondary gustatory cortices (Jacobson et al. 2010). The amygdala is a part 

of the limbic system and responds to a range of biologically relevant stimuli, such as faces or 

other fear inducing stimuli (Kim et al. 2016; Pishnamazi et al. 2016). Amygdala has also been 

suggested to play a critical role in learning and recognition of the biological significance of food-

related items (Sescousse et al. 2013; Morris and Dolan 2001). Few fMRI studies on food have 

shown an activation in the amygdala by food-related stimuli, such as odors and tastes as well as 

with sensations from the gastrointestinal tract (Sescousse et al. 2013; Dagher 2012). 

As with the primary reinforcer food, neuroimaging research has also focused on brain 

responses to the powerful secondary reinforcer money. Previous fMRI studies have typically 

assessed brain activity to monetary reward using contingency or incentive paradigms. In 
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contingency tasks, participants learn probabilistic relations between stimuli and reward by trial 

and error (e.g. Jiang et al. 2014; Daniel and Pollmann 2010; Koch et al. 2008; Knutson et al. 

2003), whereas in incentive tasks, subjects perform an elementary cognitive task in order to 

receive a reward (e.g. Bjork et al. 2010; Spreckelmeyer et al. 2009; Knutson and Greer 2008; 

Knutson et al. 2000). These studies have identified several brain regions implicated in reward 

processing, including striatum, OFC, amygdala and insula (Fujiwara et al. 2009; Völlm et al. 

2007; Nieuwenhuis et al. 2005; Delgado et al. 2000; Knutson et al. 2000). Distinct functional 

roles have been attributed to these neuronal regions. For instance, the striatum is an integral 

component of the reward circuitry and is thought to play an essential role in processing a wide 

range of stimuli that can act as a reinforcer (Haber and Knutson 2010; Elliott et al. 2003). 

Another core component of the reward circuitry is the OFC. The OFC is implicated in reward 

processing, goal selection and incentive motivation (Arana et al. 2003; Gottfried et al. 2003). 

Several studies have further suggested a functional demarcation between medial and lateral OFC, 

with the former responding more strongly to reward and the latter being more sensitive to 

punishment. Regarding amygdala, studies have demonstrated an increase in activation to reward 

stimuli, irrespective of the kind of incentive delivered to the participants as rewarding feedback 

(Haber and Knutson 2010; Elliott et al. 2003). Evidence from experimental neurophysiology and 

neuropsychology suggested that amygdala output pathways have been strongly connected to VS 

and OFC. Along with these two regions, several other brain regions, e.g. the midbrain 

dopaminergic system and the basal forebrain, assist the amygdala in carrying out its reward-

related functions (Murray 2007; Ramirez and Savage 2007).  

Moreover, some of the studies mentioned above on monetary rewards have also 

investigated the influence of punishment and omission of reward on the neuronal regions. For 

example, activation in the striatum increased with the delivery of monetary reward (Delgado et 
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al. 2000). Conversely, activation in the striatum decreased following punishment or omission of 

monetary reward (Jiang et al. 2014; Delgado et al. 2003). Also, further studies have shown the 

involvement of the insula in learning the negative value of a stimuli. In addition, neuroimaging 

studies have shown an increase of activation in insula in the face of a potential monetary loss. 

The insula plays a vital role in combining effective processing, behavior, and decision-making. 

Anatomically, the insula has bidirectional connections with the numerous brain regions that are 

implicated in reward processing, such as OFC, VS, and amygdala. In previous studies, the 

activation of the insula has been associated with a wide variety of positive and negative affective 

processes, but most frequently related to aversive events, such as loud noise, disgust images and 

stale-smells (Palminteri et al. 2012; Knutson et al. 2003; O'Doherty et al. 2003). 

 

1.3 Neural responses to food in hunger vs satiety 

To better understand socially relevant clinical and non-clinical behaviors such as 

overeating, previous neuroimaging studies have assessed neural responses to food stimuli in 

different motivational (hungry vs satiated) states. Activation in the hippocampus, amygdala, 

inferior parietal lobule (IPL) and insula has been demonstrated when normal-weight participants 

viewed food images in a hungry compared to satiated state (Dagher 2012; van der Laan et al. 

2011; Führer et al. 2008). Also, the hunger state showed increased activation in areas associated 

with selective attention and the processing of visual cues, such as extrastriate cortex and fusiform 

gyrus (S. Frank et al. 2010; Führer et al. 2008; Uher et al. 2006). Furthermore, it has been 

suggested that fasting often increases activation in VS and OFC in response to high-calorie 

compared to low-calorie food items (Pursey et al. 2014; Goldstone et al. 2009). The VS and OFC 
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were consistently shown to be involved in the cognitive processing of reward and stimuli salience 

(Sescousse et al. 2013). 

 

1.4 Neural regions involved in the formation of goal-directed and habitual 

behavior 

The neural regions underlying goal-directed and habitual behavior have been extensively 

investigated, and several essential neural networks have been shown to be involved. Evidence 

from both human and animal studies (Mannella et al. 2013; de Wit et al. 2009; Goto and Grace 

2005; Yin et al. 2005) has suggested that goal-directed behavior relies on the neural networks 

comprising ventromedial prefrontal cortex (vmPFC), caudate nucleus, limbic structures including 

amygdala and hippocampus, and VS. The VS, which is also described as the region for limbic-to-

motor interface (Mogenson et al. 1980), integrates limbic-dependent information concerning 

reward and motivation, and prefrontal-dependent cognitive functions to select appropriate goal-

directed responses (Goto and Grace 2005; Grace 2000; Mogenson et al. 1980). The habitual 

behavior, in contrast, is believed to be rooted in the network involving posterior putamen and 

motor cortex (Tricomi et al. 2009; Yin et al. 2004). A diffusion tensor imaging study (de Wit et 

al. 2012b) has demonstrated a relationship between properties of the white matter tract 

connecting posterior putamen and premotor cortex and habitual responding, whereas properties 

of the tract connecting caudate nucleus and vmPFC were related to goal-directed responding, 

corroborating dissociable corticostriatal pathways underlying these behaviors. The vmPFC is 

considered a critical region for implementing goal-directed behavior. The vmPFC has shown to 

be involved in monitoring already learned correct responses and also in inhibiting these responses 

when the associated value of outcomes are no longer desirable (Haber 2011). Previous human 
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functional neuroimaging studies have reported a positive correlation between the vmPFC 

activation and goal-directed outcomes (McNamee et al. 2015; de Wit et al. 2009; Valentin et al. 

2007). A recent human lesion study (Reber et al. 2017) has tested the relevance of vmPFC in the 

execution of goal-directed responses during an outcome devaluation test stage. Compared to 

healthy subjects and patients with non-vmPFC brain lesions, the patients with vmPFC lesion 

were unable to reduce their instrumental responses to the devalued outcomes, indicating their 

incapability of adopting changes in response→outcome contingencies flexibly.  

The dual-system theory has also been formalized within computational models of 

reinforcement learning (RL). A model-based method (thought to subserve goal-directed behavior) 

maps the responses to their potential outcomes, whereas a model-free method (considered to 

serve habitual behavior) updates expectation based on retrospective experience (Huys et al. 

2013). One study (Gläscher et al. 2010) has attempted to identify the neuronal signals underlying 

these computational models using a stochastic task. It has been reported that a model-based 

prediction error (PE) signal is encoded by the prefrontal-parietal cortices, whereas a model-free 

PE signal is encoded in the VS. However, in a more recent study (Daw et al. 2011), a sequential 

decision task has been used, and they reported that both model-free and model-based PE signals 

are encoded within prefrontal cortex and VS. Other studies have also reported a correlation 

between activity in the caudate nucleus and model-free PE signal (Haruno and Kawato 2006; 

O'Doherty et al. 2004). 

Both human and animal studies (de Wit et al. 2012a; Cheer et al. 2007; Goto and Grace 

2005) have also directed attention to the importance of dopamine (DA) in the formation and 

implementation of goal-directed and habitual behavior. DAergic projections from the ventral 

tegmental area (VTA) to the ventral corticostriatal network (i.e. vmPFC and VS) play a vital role 
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in the formation and modulation of goal-directed behavior (Cheer et al. 2007; Goto and Grace 

2005). In contrast, DAergic projections from the substantia nigra pars compacta to dorsal 

striatum, particularly to the putamen, play an essential role in the formation of habits (Hernandez 

et al. 2015), and lesions to this pathway may prevent habit formation (Faure et al. 2005). One 

animal study (Hitchcott et al. 2007) has demonstrated that infusion of DA in the vmPFC shifts the 

habitual responses to goal-directed responses by restoring the response→outcome relationship 

bidirectionally, that is, increasing and decreasing responses to the valued and devalued outcomes, 

respectively. 

In humans, the role of DA in RL has been extensively documented using the actor-critic 

RL model (San Martín 2012; Joel et al. 2002; Barto 1995). The actor component of this model is 

associated with regions that affect the motor cortex, such as the amygdala and dorsal striatum, 

and is considered to be involved in adopting optimal policies to perform the actions when facing 

particular stimuli. The anterior cingulate cortex (ACC) is regarded as a control filter which 

chooses the most appropriate strategies for these motor-related regions in a given situation. The 

critic component, in contrast, is associated with VS and believed to be involved in evaluating 

ongoing stimuli and in predicting whether any future outcomes will be desirable or not. After 

revising the prediction, the critic component computes a positive or negative PE signal that 

reflects whether the outcome is better or worse than expected, respectively. The empirical 

evidence relates this PE signal to phasic increase (for positive) or decrease (for negative) in the 

midbrain DA activity (San Martín 2012). The DA-related PE signals from VS (critic) 

communicates with ACC to guide the motor-related regions (actor) to execute optimal responses 

when facing specific stimuli. 
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1.5 Neural regions involved during selective visual attention 

Selective visual attention prioritizes the cognitive processing of motivational items by 

filtering out other information that is competing for visual processing in a given environment 

(Moore and Zirnsak 2017; Desimone and Duncan 1995). Food is considered to have a strong 

influence on attention as it possesses not only the nutritional properties but also hedonic 

properties that make it perceptually more salient relative to other items (Castellanos et al. 2009; 

Robinson and Berridge 1993). Using a visual-search task, it has been previously demonstrated 

that food-related stimuli biased attention towards their location as compared to other objects 

(Schmidt et al. 2016; Mogg et al. 1998). The attentional bias towards food cues has been 

frequently investigated using the N2pc (an abbreviation of N2-posterior-contralateral) component 

(Jenkins et al. 2018; Maheux and Jolicœur 2017; Kumar et al. 2016). Relative to the attended 

hemifield, N2pc amplitude has shown to be more negative at the contralateral posterior parietal 

electrodes than at ipsilateral electrode (Verleger et al. 2012; Hopf et al. 2000). The sources of 

N2pc are located in extrastriate cortex (Hopf et al. 2000; Luck et al. 1997). Extrastriate cortex 

comprises a large number of areas dedicated to the processing of specific visual features and 

functions (Binder et al. 2009; Felleman 2009). 

 

1.6 Outline of the Thesis 

Chapter 2: In this chapter, we to aimed identify the common and distinct brain regions underlying 

the processing of food and monetary incentives in different metabolic states. To directly compare 

both incentive types, we used an associative learning task, in which participants received either 

food or monetary feedback in the form of images. 
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Chapter 3: In this chapter, we adapted a well-established behavioral and neuroimaging outcome 

devaluation paradigm to identify the electrophysiological markers of goal-directed vs habitual 

control during a devaluation test. 

Chapter 4: In this chapter we aimed to corroborate previous N2pc findings using functional 

resonance imaging. We adapted a selective visual attention paradigm with a bilateral stimuli 

setup. 
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2 Neural processing of food and monetary rewards is modulated by 

metabolic state 

2.1 Introduction 

Ingestive behavior is driven by internal physiological factors, such as glucose, insulin or 

leptin blood levels, and external factors, such as time of day, environment, cultural or religious 

influences, food preferences or stress levels (DiLeone 2009; Saper et al. 2002; Plata-Salamán 

1991). The communication between central and peripheral (gut, liver, adipose tissue) 

physiological mechanisms is supported by neural and humoral signals (Schwartz et al. 2000), 

which regulate food intake depending on hunger and satiety, a process termed homeostatic 

regulation (Balthasar 2006; Erlanson-Albertsson 2005). In humans, food intake also depends on 

hedonic factors (Nestler and Lutter 2009; Kringelbach 2004; Saper et al. 2002), which can 

precipitate eating behavior even when satiated. Thus, exposure to highly palatable food stimuli 

may inhibit satiation signals leading to overconsumption of food because of its rewarding 

properties (Keen-Rhinehart et al. 2013; Beaver et al. 2006; Weaver and Brittin 2001).  

 Investigating the neural responses to food stimuli in different metabolic states (hunger vs. 

satiety) might help to better understand overeating behavior. Previous research has shown that, 

compared to satiated participants, hungry participants showed significantly greater activity in the 

primary visual cortex, IPL, fusiform gyrus, insula, parahippocampal gyrus and amygdala in 

response to food images (Führer et al. 2008; Mohanty et al. 2008). Food-related stimuli (most 

often pictures of food) give rise to activity within insular-opercular areas (primary gustatory 

cortex), caudolateral regions of the OFC associated with taste reward (secondary gustatory 

cortex), amygdala and VS (Jacobson et al. 2010; Plassmann et al. 2008; Rolls 2006; Killgore et 

al. 2003). Evidence from experimental neurophysiology and neuropsychology has demonstrated 
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that the amygdala output pathways are strongly connected to VS and OFC (Dietrich et al. 2016; 

Stoeckel et al. 2009). The caudolateral OFC receives input from the amygdala (Morris and Dolan 

2001), which is thought to be an intermediate region between the primary and secondary 

gustatory cortices (Jacobson et al. 2010). Moreover, OFC activity has been reported to increase 

with the pleasantness rating of food stimuli (de Araujo et al. 2003a; Kringelbach et al. 2003). 

Indeed, the OFC has been shown to be implicated in reward processing, goal selection and 

incentive motivation (Arana et al. 2003; Gottfried et al. 2003). Together with other brain regions 

including striatum, amygdala and insula, the OFC is an essential part of the network implicated in 

monetary reward processing (Fujiwara et al. 2009; Völlm et al. 2007; Nieuwenhuis et al. 2005; 

Delgado et al. 2000; Knutson et al. 2000). Moreover, in healthy participants, it has been reported 

that fasting increases responses to high-calorie food stimuli within OFC, striatum and insula, as 

well as visual areas (Pursey et al. 2014). In particular, the striatum is considered an integral 

component of the reward circuitry, playing an important role in processing a wide range of 

reinforcers (Elliott et al. 2003; Haber and Knutson 2010). Striatum activity has been shown to 

increase with the delivery of monetary reward (Delgado et al. 2000) and decrease following 

punishment or omission of monetary reward (Delgado et al. 2003). 

To date, most fMRI research has focused on the neural activity elicited by either food or 

monetary reinforcers, but there is a dearth of studies directly comparing both incentive types. In 

one such study, it was shown that a neural network comprising insula, striatum and ACC 

covaried with PE for both appetitive and aversive drinks, whereas activity in pallidum, precentral 

gyrus, middle and inferior frontal gyrus, and middle cingulate cortex covaried with PE for 

monetary reward (Metereau and Dreher 2012). Using an incentive delay task, (Simon et al. 2014) 

reported increased OFC, posterior cingulate and inferior lateral PFC activity associated to the 

anticipation of food compared to monetary incentives, as well as significant lateral OFC and 
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occipital activity associated to the reception of food compared to money, whereas no brain region 

showed increased activity associated to monetary compared to food rewards. Recently, it has 

been shown that the striatum is more sensitive to food reward in obese compared to overweight 

and normal weight participants, whereas amygdala and medial frontal cortex are more sensitive 

to monetary reward in overweight compared to normal weight and obese participants (Verdejo-

Román et al. 2017b). Excess weight (obesity or overweight) has further been associated with 

decreased functional connectivity during the processing of food rewards in a network involving 

mainly frontal and striatal areas and increased functional connectivity during the processing of 

monetary rewards in a network comprising frontal and parietal regions (Verdejo-Román et al. 

2017a). In a meta-analysis, (Sescousse et al. 2013) found a common network recruited by food, 

erotic and monetary rewards comprising VS, ventromedial PFC, amygdala and anterior insula, 

although with some variation in magnitude and peak activity. The VS and the evolutionary newer 

regions in the anterior OFC were reliably more activated by monetary than food reward, whereas 

the anterior insula and the phylogenetically older regions in the posterior OFC, along with the 

somatosensory cortex, were reliably more activated by food than monetary reward. 

The purpose of present study was to identify the common and distinct brain regions 

underlying the processing of food and monetary incentives in different metabolic states. To 

directly compare both incentive types, we used an associative learning task, in which participants 

received either food or monetary feedback in the form of images. Behaviorally, we hypothesized 

that participants would make more correct responses and respond faster when receiving food 

feedback in the hungry state, and when receiving monetary feedback in the satiated sate. 

Regarding functional activity, we hypothesized increased activation in the primary and secondary 

gustatory cortices during the reception of food reward, and that the activity in these regions 

would be enhanced in the hungry state. We also anticipated that both VS and medial OFC would 
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show increased activation following rewards compared to nonrewards, regardless incentive type. 

However, we expected increased activation in these regions associated to monetary compared to 

food reward when satiated. 

 

2.2 Materials and Methods 

2.2.1 Participants 

Twenty-six men were recruited from the student population in Lübeck. Data from 20 

participants (age range 18–29 years, M = 23.6, SD = 3.3) were analyzed in this study. Data of the 

remaining six subjects were discarded after the first session, because they either did not 

understand the task (n = 4) or showed excessive head motion (n = 2). The body max index (BMI) 

of the included participants was between 20 and 26 (M = 23.3, SD = 1.5). All were right handed, 

had normal or corrected to normal vision, had no history of neurological or psychiatric disorders, 

and were not taking any medication at the time. One participant was ovo-lactose vegetarian and 

three were smokers. The study had been approved by the local ethics committee of the University 

of Lübeck and informed consent was obtained from each subject before conducting the study. 

Participants were paid for their participation or received course credit. 

2.2.2 Stimuli and Procedure 

Participants performed an associative learning task, which comprised four experimental 

blocks of 64 trials. Each trial began with the presentation of a stimulus for 1 s. Participants were 

required to make a button press with either the right or left index finger. After interval of 1.5-11.5 

s (M = 3.62, SD = 2.61), in which a fixation cross was shown, feedback was presented for 1 s. 

The next trial started after an inter-trial interval of 1.5-14 s (M = 3.65, SD = 2.98). 
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Within each experimental block, eight characters from the Japanese writing system 

(hiragana and katakana) were used as stimuli. Characters were different in each block. 

Participants were instructed to learn by trial-and-error whether each character was associated to a 

right or left button press. To ensure enough both positive and negative feedback trials, four 

stimuli were mapped to either a left/right button press on 100% of the trials, two were mapped to 

a left/right button press on 80% of the trials and to the opposite button on 20%, and the remaining 

two stimuli were mapped to each button on 50% of the trials. If they responded correctly, 

participants received feedback in the form of photograph of a purse showing three 1€ coins or a 

plate with two open-faced sandwiches (ham or cheese, depending on the subject’s preference). If 

they responded incorrectly, feedback showed either an empty purse or an empty plate. If the 

participants failed to respond within 1200 ms of the onset of the stimulus, the message 

“Schneller!!” (faster!!) was presented. Participants were encouraged to learn the correct 

associations to maximize their wins, as they were told prior to the experiment that they would 

receive a proportion of the food and money they won. Monetary feedback was shown in two of 

the experimental blocks and food feedback in the other two. Presentation order was 

counterbalanced across participants and sessions. 

In addition to the associative learning task, before the first and after every experimental 

block, participants were asked to rate the pleasantness (Wie angenehm findest Du dieses Bild? 

[How pleasant do you find this photograph?]), wanting (Wie gern würdest Du das angezeigte 

Essen/Geld jetzt bekommen? [How much would you like to receive the shown food/money right 

now?]) and gratification (Wie sehr würdest Du Dich über das angezeigte Essen/Geld jetzt freuen? 

[How happy would you feel right now about the depicted food/money?]) of the photographs used 

as feedback on a Likert scale ranging from 1 to 6. Also, before the first and after last 

experimental block, they were asked to rate their feelings of hunger (Wie hungrig fühlst Du Dich 
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gerade? [How hungry do you feel right now?]), satiation (Wie satt fühlst Du Dich gerade? [How 

full do you feel right now?]) and desire to eat (Wie stark ist gerade dein Wunsch zu essen? [How 

strong is your desire to eat right now?]). Both the associative learning task and the ratings were 

presented using Presentation software (Neurobehavioral System Inc., Albany, Ca) and visualized 

on MR compatible goggles inside the scanner. 

Each participant took part in two experimental sessions, which took place with at least 

one-week interval. Participants were instructed to refrain from food and drink, except water, for 

at least six hours before the start of each session. In one of the sessions (henceforth satiated 

session) participants were provided with a full meal of 600 kcal (20% protein, 25% fat, 55% 

carbohydrate) 45 min before the start of the scan, whereas in the other session (henceforth hungry 

session) they remained in a food deprived state. Participants were not informed in advance that or 

whether they would get a meal in any of the sessions. The order of the sessions was 

counterbalanced across participants. At the end of each session, participants also received a fixed 

reward that they thought was performance related: three open-faced sandwiches and 4 € in the 

hungry session, and two open-faced sandwiches and 6 € in the satiated session. 

2.2.3 MR Data Acquisition 

Structural and functional imaging was performed on a 3-T Philips Ingenia MR scanner 

(Philips Medical Systems, Best, The Netherlands). Functional images were acquired in an 

interleaved fashion with a gradient-echo EPI sequence (voxel dimensions 2.5 × 2.5 × 2.5 mm, 47 

slices, 80 × 80 matrix, TE = 28 ms, TR = 2.5 s, 160 mm field of view, 90° flip angle, 2.5 mm 

slice thickness). Four additional dummy volumes, which were then discarded, were acquired at 

the beginning of each experimental block to account for T1 equilibrium effects. Further, 

structural images were acquired using a T1-weighted sequence (voxel dimensions 1 × 1 × 1 mm, 
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180 slices, 240 × 240 matrix, TE = 3.577 ms, TR = 7.791 ms, 240 mm field of view, 8° flip 

angle, 1 mm slice thickness). 

2.2.4 Behavioral Data Analysis 

Behavioral data were analyzed using the R programming language (htts://www.r-

project.org/) with the package ez (http://cran.r-project.org/web/packages/ez/). A repeated-

measures ANOVA (rmANOVA) with the factors metabolic state (hungry, satiated) and incentive 

type (food, money) was calculated for the rate of correct responses. To analyze reaction times, an 

rmANOVA was computed with the factors metabolic state (hungry, satiated), incentive type 

(food, money) and correctness (error, correct). Degrees of freedom and p-values were Huynh-

Feldt-corrected when necessary. Bonferroni-corrected post-hoc dependent t-tests were performed 

to analyze significant effects.  

Ratings of hunger, satiation and desire to eat were analyzed separately using rmANOVAs 

with the factors metabolic state (hungry, satiated) and time point (T1: before the first run, T5: 

after the last run). Similarly, rmANOVAs with the factors metabolic state (hungry, satiated), time 

point (T1, T5), incentive type (food, money) and reward valence (reward, nonreward) were 

computed on the ratings of pleasantness, wanting and gratification. Degrees of freedom and p-

values were Huynh-Feldt-corrected when necessary. Bonferroni-corrected post-hoc dependent t-

tests were performed to analyze significant interactions. 

2.2.5 fMRI Data Analysis 

Part of the preprocessing was initially performed with FSLv5.0 

(http://www.fmrib.ox.ac.uk/fsl) on a Debian-based operating system (Neurodebian 7.8.0) running 

on VirtualBox 5.0.0 to implement independent component analysis (ICA) based Automatic 

Removal of Motion Artifacts (ICA-AROMA; Pruim et al. 2015b) for head motion correction. 

ICA-AROMA offers a more efficient and robust method to reduce the movement artifacts in 
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fMRI data than other techniques (Pruim et al. 2015a). Data were further preprocessed and 

analyzed using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) running on MATLAB 

R2015a (Mathworks, Natick, US). 

Estimation of realignment parameters, brain extraction and spatial smoothing are 

prerequisites for ICA-AROMA (Pruim et al. 2015b). Functional data were initially corrected for 

head movement by realigning to the middle volume using FMRIB's linear image registration tool 

(MCFLIRT; Jenkinson et al. 2002) to estimate the realignment parameters. Because FSL takes 

each functional run into account individually, realignment was performed for each experimental 

block independently. Brain extraction was then performed on the realigned data with the brain 

extraction tool (BET; Smith 2002) using a fractional intensity threshold of 0.3. Data were 

spatially smoothed with a 6-mm full width at half maximum (FWHM) Gaussian kernel. 

 The ICs classified as motion artifacts by ICA-AROMA were removed from the data that 

had been realigned using MCFLIRT. Note that the motion corrected data still contained skull and 

scalp, and were not smoothed, so as to continue preprocessing and analysis with SPM12 from this 

point onward. 

The origins of structural and denoised functional volumes were first set manually at the 

anterior commissure to prevent normalization artifacts. Slice timing correction for each run was 

then carried out with reference to the middle slice by means of Fourier phase interpolation. 

Subsequently, volumes from all four functional runs were realigned spatially with respect to the 

first functional volume of the first run using rigid body transformation. The mean functional 

image of the four runs was then co-registered to the structural image of each subject. 

Normalization was performed using a diffeomorphic anatomical registration through 

exponentiated lie algebra (DARTEL) template (Ashburner 2007). Segmentation of the structural 

images was performed to produce DARTEL-compatible grey and white matter images for the 
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tissue probability maps. A DARTEL template was then generated using the estimated grey and 

white matter of all subjects. Finally, functional data were normalized to MNI space using the 

parameters produced by the DARTEL template with a smoothing factor of 6-mm FWHM. 

For each participant, an event related design matrix was created containing the conditions 

of interest: positive and negative monetary feedback, and positive and negative food feedback. 

This was done for each session (hungry and satiated) individually. Japanese character stimuli and 

missed feedback were modeled as effects of no interest. Low frequency noise was removed using 

a high-pass filter (cut-off 128 s). The standard SPM autoregressive AR(1) model was applied, 

and the onset regressors were convolved with the canonical hemodynamic response function. 

First-level contrast images were generated using a one-sample t-test for positive and negative 

feedback against the fixation cross, separately for each incentive type. On the group level, we 

conducted rmANOVAs with factors, namely metabolic state (hungry, satiated), incentive type 

(food, money), and reward valence (reward, nonreward). These analyses were specified as 

flexible factorial designs on SPM12 with each subject treated as a random effects variable. Main 

effects were tested using t-contrasts and two-way interactions using F-contrasts. The three-way 

interaction was tested using GLM Flex 

(http://nmr.mgh.harvard.edu/harvardagingbrain/People/AaronSchultz/Aarons_Scripts.html).  

Furthermore, to better understand of the role of the regions associated with the interaction 

between metabolic state and incentive type, seed-based functional connectivity analyses were 

performed using the Beta Series Correlation toolbox (BASCO; Göttlich et al. 2015) running on 

SPM12. This toolbox is based on the approach introduced by Rissman et al. (2004). The seeds 

were based on the functionally activated clusters which were observed because of the above-

mentioned interactions. Each cluster was delineated separately using the MarsBar region-of-

interest toolbox (Brett et al. 2002; http://marsbar.sourceforge.net/). For each seed, the functional 
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connectivity analysis was also carried out separately. First, connectivity maps were estimated at 

the single-subject level by correlating the mean beta-series of the seed region to the beta-series of 

each voxel within the brain using the two contrasts of each incentive type individually: positive 

and negative feedback against the fixation cross. The resulting connectivity maps were Fisher z-

transformed. The modulation of functional connectivity by metabolic state and incentive type was 

then investigated on the second-level using a two-way rmANOVA. The average beta- and z-

values of significant clusters were extracted for plotting using the MarsBar region-of-interest 

toolbox (Brett et al. 2002). 

An uncorrected voxel-level threshold of p < .005 was selected for all the analyses, with a 

family-wise error rate (FWE) corrected threshold of p < .05 at the cluster level. This voxel-level 

threshold was chosen to sufficiently avoid Type I errors while also reducing Types II errors 

(Lieberman and Cunningham 2009). 

2.3 Results 

2.3.1 Behavioral Results 

An rmANOVA with factors metabolic state (hungry, satiated) and incentive type (food, 

money) was performed on the correct response rate. This showed a significant effect of incentive 

type, F(1,19) = 12.93, η2
G = .06, p = .002, with significantly more correct responses when money 

(64.82±6.21 %) was used as an incentive than when food (60.80±9.25 %) was used. There was no 

significant effect of metabolic state nor interaction between incentive type and metabolic state, p 

> .1.  

Reaction times were tested using an rmANOVA with factors metabolic state (hungry, 

satiated), incentive type (food, money) and correctness (correct, incorrect). This showed a 

significant effect of correctness, F(1,19) = 116.22, η2
G = .13, p < .001, as well as significant 
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interactions between incentive type and correctness, F(1,19) = 5.60, η2
G = .01, p = .029, and 

metabolic state, incentive type and correctness, F(1,19) = 10.75, η2
G = .01, p = .004. All other 

effects and interactions were not statistically significant, p > .1. Bonferroni-corrected post-hoc t-

tests were used to analyze the three-way interaction, demonstrating that this was driven by the 

fact that correct responses (hungry: food: 732±65 ms, money: 727±54 ms; satiated: 733±52 ms, 

money: 716±47 ms) were made significantly faster than incorrect responses (hungry: food: 

768±69 ms, money: 763±54 ms; satiated: 765±52 ms, money: 780±53 ms) in all conditions 

(hungry: food: p < .001, money: p = .012; satiated: food: p = .001, money: p < .001). 

Ratings of hunger, satiation and desire to eat before the first (T1) and after the last (T5) 

experimental block were analyzed using rmANOVAs with the factors metabolic state (hungry, 

satiated) and time point (T1, T5). Participants were significantly hungrier in the hungry 

(5.03±1.00) than the satiated session (1.80±0.91), F(1,19) = 120.73, η2
G = .75, p < .001. 

Similarly, they reported a significantly higher desire to eat in the hungry (4.88±1.16) than in the 

satiated session (1.90±0.96), F(1,19) = 115.03, η2
G = .68, p < .001. In both cases, there was 

neither an effect of time point nor an interaction between metabolic state or time point, p > .05. 

Participants were significantly more satiated in the satiated (4.53±0.88) than in the hungry 

session (1.80±0.88), F(1,19) = 58.50, η2
G = .63, p < .001, and although overall the feeling of 

satiation decreased significantly over time (T1: 3.33±1.85, T5: 3.00±1.63), F(1,19) = 7.12, η2
G = 

.02, p = .015, there was no significant interaction between metabolic state and time point, p > .1. 

The ratings of the pleasantness, wanting and gratification of the feedback stimuli were 

tested using rmANOVAs with the factors metabolic state (hungry, satiated), time point (T1, T5), 

incentive type (food, money) and reward valence (reward, nonreward). Pleasantness ratings 

showed a significant effect of reward valence, F(1,19) = 190.19, η2
G = .66, p < .001, as well as 

significant interactions between metabolic state and reward valence, F(1,19) = 6.99, η2
G = .02, p 
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= .016, time point and reward valence, F(1,19) = 34.11, η2
G = .04, p < .001, incentive type and 

reward valence, F(1,19) = 6.17, η2
G = .02, p = .023, and metabolic state, incentive type and 

reward valence, F(1,19) = 18.24, η2
G = .04, p < .001. All other effects and interactions were not 

statistically significant, p > .05. Bonferroni-corrected post-hoc t-tests were used to analyze the 

two-way interaction between metabolic state and reward valence (Table 2.1). 

Wanting ratings showed significant effects of metabolic state, F(1,19) = 15.98, η2
G = .06, 

p = .001, incentive type, F(1,19) = 23.60, η2
G = .10, p < .001, and reward valence, F(1,19) = 

290.15, η2
G = .72, p < .001, as well as significant interactions between metabolic state and 

incentive type, F(1,19) = 32.66, η2
G = .09, p < .001, between metabolic state and reward valence, 

F(1,19) = 22.35, η2
G = .10, p < .001, between time point and reward valence, F(1,19) = 30.85, η2

G 

= .05, p < .001, between incentive type and reward valence, F(1,19) = 53.08, η2
G = .11, p < .001, 

between metabolic state, time point and reward valence, F(1,19) = 5.85, η2
G = .01, p = .026, and 

between metabolic state, incentive type and reward valence, F(1,19) = 36.43, η2
G = .13, p < .001. 

All other effects and interactions were not statistically significant, p > .05. Bonferroni-corrected 

post-hoc t-tests were used to analyze the two-way interactions between metabolic state and 

reward valence, and between metabolic state and incentive type (Table 2.1). 

The gratification ratings showed significant effects of metabolic state, F(1,19) = 11.24, 

η2
G = .03, p = .003, incentive type, F(1,19) = 43.52, η2

G = .11, p < .001, and reward valence, 

F(1,19) = 314.77, η2
G = .74, p < .001, as well as significant interactions between metabolic state 

and incentive type, F(1,19) = 37.25, η2
G = .10, p < .001, time point and incentive type, F(1,19) = 

15.06, η2
G = .02, p = .001, metabolic state and reward valence, F(1,19) = 16.42, η2

G = .08, p = 

.001, time point and reward valence, F(1,19) = 25.72, η2
G = .06, p < .001, incentive type and 

reward valence, F(1,19) = 37.98, η2
G = .09, p < .001, metabolic state, time point and reward 

valence, F(1,19) = 5.80, η2
G = .02, p = .026, and metabolic state, incentive type and reward 



Neural processing of food and monetary rewards is modulated by metabolic state 
 

Page 29 

 

valence, F(1,19) = 13.85, η2
G = .07, p = .001. All other effects and interactions were not 

statistically significant, p > .1. Bonferroni-corrected post-hoc t-tests were performed to analyze 

the two-way significant interactions between metabolic state and reward valence, and between 

metabolic state and incentive type (Table 2.1). 

 

Metabolic 

state 

Incentive 

type 

Reward 

valence Pleasantness Wanting Gratification 

Hungry Food Reward 5.15 (0.86) 5.38 (0.74) 5.18 (0.96) 

  Nonreward 1.85 (0.77) 1.45 (0.96) 1.43 (0.64) 

 Money Reward 5.03 (1.12) 5.33 (0.83) 5.30 (0.91) 

  Nonreward 2.05 (1.32) 1.53 (1.11) 1.40 (0.81) 

Satiated Food Reward 4.08 (1.37) 2.80 (1.59) 3.08 (1.65) 

  Nonreward 2.18 (1.08) 1.75 (1.08) 1.53 (0.82) 

 Money Reward 5.05 (0.90) 5.58 (0.50) 5.53 (0.51) 

  Nonreward 1.78 (0.95) 1.58 (1.30) 1.75 (1.43) 

      

      

Pairwise comparison Pleasantness Wanting Gratification 

Hungry reward vs. nonreward  <.001 <.001 <.001 

Satiated reward vs. nonreward  <.001 <.001 <.001 

Hungry vs. satiated reward  .018 <.001 <.001 

Hungry vs. satiated nonreward n.s. n.s. n.s. 

Hungry food vs. money  --- n.s. n.s. 

Satiated food vs. money  --- <.001 <.001 

Hungry vs. satiated food --- <.001 <.001 

Hungry vs. satiated money --- n.s. n.s. 

 

Table 2.1 | Results of the behavioral post-hoc analyses. Mean (SD) rating and p-values of the pairwise 

comparisons used to analyze significant interactions of the behavioral rmANOVAs. All p-values are Bonferroni-

corrected for the corresponding number of pairwise comparisons performed. 

 

2.3.2 fMRI Results 

Peak regions and coordinates are shown in Table 2.2. 

No main effect of metabolic state was observed. Food compared to monetary incentives 

significantly increased activation within left medial cingulate gyrus, right insula and right 
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fusiform gyrus (Figure 2.1 A); whereas there was no significantly increased activation for money 

compared to food incentives. Reward feedback resulted in significant activations in the limbic, 

striatal and frontal areas, such as bilateral ACC, left medial OFC, right amygdala and bilateral VS 

(Figure 2.1 B); whereas nonreward feedback resulted in significant activations within limbic and 

frontoparietal regions, including right insula, bilateral supplementary motor area (SMA), right 

precuneus and bilateral IPL (Figure 2.1 C).  

The interaction between metabolic state and reward valence demonstrated significant 

activity within the left dorsal putamen (Figure 2.2 A). The interaction between metabolic state 

and incentive type revealed significant activity within right SMG, right postcentral gyrus, left 

precuneus and bilateral SMA (Figure 2.2 C). The interaction between incentive type and reward 

valence, as well as the three-way interaction between metabolic state, incentive type and reward 

valence were not statistically significant. 

2.3.3 Functional Connectivity Results 

Peak regions and coordinates are shown in Table 2.3. 

Only the right supramarginal gyrus (SMG) seed showed significant connectivity results. The 

rmANOVA revealed a significant coupling of the right SMG with right midbrain, bilateral 

midcingulate area and left hippocampus when participants were hungry as compared to when 

they were satiated (Figure 2.3 A). Viewing food compared to monetary incentives led to 

enhanced connectivity between the right SMG and right postcentral gyrus, right superior 

temporal gyrus and left middle occipital gyrus (Figure 2.3 B). The interaction between metabolic 

state and incentive type revealed significantly increased connectivity between the right SMG and 

ipsilateral VS (Figure 2.3 C). 
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Region   BA x y z k Peak 

t/F 

pFWE-

value 

 

Metabolic state: Hungry > Satiated 

       

No significant clusters        

Metabolic state: Satiated > Hungry        

No significant clusters        

Incentive type: Food > Money        

R fusiform gyrus 19 28 -78 -15 76 5.46 .049 

L SMA 32 -8 13 40 155 4.27 .033 

R insula 13 45 0 0 180 4.20 < .001 

R precentral gyrus 44 47 3 23 170 3.84 < .001 

L putamen * -31 7 5 50 3.73 < .001 

L superior parietal gyrus 7 -23 -66 43 201 3.40 .016 

R putamen * 29 7 5 35 3.01 < .001 

R IFG 44 40 15 8 90 2.22 < .001 

Incentive type: Money > Food        

No significant clusters        

Reward valence: Reward > Nonreward        

L medial OFC 10 0 58 -5 821 11.94 < .001 

L VS * -13 3 -15 34 11.59 < .001 

R VS * 13 5 -15 40 9.02 < .001 

L hippocampus * -22 -20 -15 235 8.24 < .001 

L middle occipital gyrus 39 -38 -80 33 190 7.02 < .001 

L medial frontal gyrus 10 -5 53 15 510 6.09 .031 

R hippocampus * 28 -35 -8 97 5.99 < .001 

R anterior cingulate gyrus 32 5 43 3 579 5.05 < .001 

L fusiform gyrus 37 -23 -40 -15 85 4.92 < .001 

L anterior cingulate gyrus 32 -8 48 3 322 4.87 < .001 

L superior temporal gyrus 22 -58 -5 -5 797 4.86 < .001 

L amygdala * -25 -3 -20 105 4.62 < .001 

L angular gyrus 39 -53 -70 33 269 4.54 < .001 

R caudate * 13 20 3 193 4.48 < .001 

L middle temporal gyrus 22 -53 -10 -8 529 4.13 < .001 

R putamen * 23 13 -3 87 4.11 < .001 

L putamen * -18 -13 -3 120 3.39 < .001 

L caudate * -8 15 3 135 3.14 < .001 

R amygdala * 25 -3 -20 67 2.63 < .001  
       

 

Table 2.2 | Whole-brain results for the three-factor rmANOVAs. Main effects: metabolic state, incentive type 

and reward valence, and the interactions: metabolic state × incentive type, metabolic state × reward valence, 

incentive type × reward valence and metabolic state × incentive type × reward valence. Peak t-values are reported for 

the main effects, and peak F-values for the interactions. All results are FWE-corrected at the cluster level, p < .05. 

Abbreviations: IFG: inferior frontal gyrus, IPL: inferior parietal lobule, MFG: middle frontal gyrus, OFC: 

orbitofrontal cortex, SMA: supplementary motor area, SMG: supramarginal gyrus, VS: ventral striatum, BA: 

Brodmann’s area and k: cluster size. *No BA available. 
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Region   BA x y z k Peak 

t/F 

pFWE-

value 

Reward valence: Nonreward > Reward        

R IFG 47 48 23 -10 246 7.99 < .001 

L IPL 40 -38 -50 48 414 6.86 < .001 

R MFG 10 33 58 5 546 6.30 < .001 

L MFG 10 -30 53 8 347 5.76 < .001 

R insula 13 40 18 -1 170 5.21 < .001 

R SMA 6 13 10 63 223 5.05 < .001 

L SMA 8 -8 15 50 387 4.62 < .001 

R IPL 40 48 -48 50 235 4.57 < .001 

R midcingulate area 32 8 10 38 109 4.41 < .001 

R precuneus 7 8 -70 45 126 3.91 < .001 

L superior medial frontal gyrus 8 -3 33 38 243 3.83 < .001 

L precuneus 7 -8 -70 50 50 3.05 < .001 

Metabolic state × Reward valence        

L putamen * -25 3 5 13 11.55 .009 

Metabolic state × Incentive type        

R SMG 40 45 -30 38 67 22.24 .038 

L precuneus 7 -10 -65 48 192 22.22 .004 

R SMA 6 8 8 50 144 16.99 .019 

L SMA 6 -8 8 46 43 11.21 .018 

R postcentral gyrus 1 28 -35 45 77 13.33 .038 

Incentive type × Reward valence        

No significant clusters        

Metabolic state × Incentive type × Reward valence 

No significant clusters        
 

Table 2.2 (continued) | Whole-brain results for the three-factor rmANOVAs. Main effects: metabolic state, 

incentive type and reward valence, and the interactions: metabolic state × incentive type, metabolic state × reward 

valence, incentive type × reward valence and metabolic state × incentive type × reward valence. Peak t-values are 

reported for the main effects, and peak F-values for the interactions. All results are FWE-corrected at the cluster 

level, p < .05. Abbreviations: IFG: inferior frontal gyrus, IPL: inferior parietal lobule, MFG: middle frontal gyrus, 

OFC: orbitofrontal cortex, SMA: supplementary motor area, SMG: supramarginal gyrus, VS: ventral striatum, BA: 

Brodmann’s area and k: cluster size. *No BA available. 
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Figure 2.1 | Results of whole-brain main effects analyses. 

The t-values are thresholded at p <.05 (FWE corrected for 

multiple comparisons at the cluster level) and superimposed 

on a T1-weighted structural MNI template. Significant brain 

activations during the contrasts (A) food > money, (B) reward 

> nonreward, and (C) nonreward > reward. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 | Results of whole-brain 

interaction analyses. The F-values 

are thresholded at p <.05 (FWE 

corrected for multiple comparisons at 

the cluster level) and superimposed on 

a T1-weighted structural MNI 

template. Significant brain activations 

during the contrasts (A) metabolic 

state × reward valence, and (B) bar 

graph demonstrating the pattern of 

activation resulting from an 

interaction between metabolic state 

and reward valence at left putamen. 

(C) Metabolic state × incentive type, 

and (D) bar graph demonstrating the 

pattern of activation resulting from an interaction between metabolic state and incentive type at right SMG. 
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Region BA x y z k Peak 

t/F 

pFWE-

value 

Metabolic state: Hungry > Satiated        

L hippocampus * -28 -25 -10 109 5.62 < .001 

R midbrain * 5 -18 -15 144 4.40 < .001 

R midcingulate area 31 12 -28 45 60 3.82 .031 

L midcingulate area 31 -5 -23 45 50 3.44 .030 

Metabolic state: Satiated > Hungry        

No significant clusters        

Incentive type: Food > Money        

R postcentral gyrus 1 60 -10 25 126 4.38 .001 

R superior temporal gyrus 41 65 -18 5 87 4.27 .001 

L middle occipital gyrus 18 -33 -85 10 42 3.44 .018 

Incentive type: Money > Food        

No significant clusters        

Metabolic state × Incentive type        

R VS * 15 3 -13 126 20.51 .044 

 

Table 2.3 | Functional connectivity results for the two-factor rmANOVAs. Main effects: metabolic state and 

incentive type, and the interaction: metabolic state × incentive type. Peak t-values are reported for the main effects, 

and peak F-value for the two-way interaction. All results are FWE-corrected at the cluster level, p < .05. 

Abbreviations: VS: ventral striatum, BA: Brodmann’s area and k: cluster size. *No BA available. 

 

Figure 2.3 | Results of 

functional connectivity 

main effects analyses. 

The t-values are 

thresholded at p <.05 

(FWE corrected for 

multiple comparisons at 

the cluster level) and 

superimposed on a T1-

weighted structural MNI 

template. Depicted are 

areas showing 

significant connectivity 

to the SMG seed (A) 

hungry > satiated, (B) 

food > money, and (C) 

metabolic state × incentive type. (D) Bar graph demonstrating the connectivity pattern resulting from an interaction 

between metabolic state and incentive type in the right VS. 
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2.4 Discussion 

The current data demonstrate that food compared to monetary incentives elicit increased 

activity within right putamen, insula and IFG, among other regions, whereas our analysis shows 

no brain region with greater activation for monetary feedback. In addition, rewards, irrespective 

of incentive type, result in increased activity in regions including left medial OFC, and bilateral 

striatum and amygdala; and nonrewards elicit activity in the right medial frontal gyrus (MFG) 

and anterior insula, left IFG, and bilateral SMA. Metabolic state modulates the effects of reward 

valence in the left dorsal putamen. Moreover, an interaction between metabolic state and 

incentive type is identified in the right SMG. 

2.4.1 Effects of Incentive Type 

The insula and opercular parts of the IFG show activation when food images are used as 

feedback. These have been identified as the primary gustatory cortex and have been frequently 

found to be active during the processing of food stimuli, both during ingestion and visual 

presentation (Blechert et al. 2016; Rolls 2016; Steward et al. 2016; Wright et al. 2016). Contrary 

to our expectations, however, we find no activation within the secondary gustatory cortex 

associated to food incentives.  

The insula has been shown to be involved in the processing of different types of desirable 

(or craved for) stimuli, including food (Rolls et al. 1990), smoking (Brody et al. 2004), sexual 

(Kühn and Gallinat 2011) and gambling (Ko et al. 2009) cues. Remarkably, this region has been 

reported to respond more strongly to primary reinforcers, specifically erotica and food-related 

stimuli, than to monetary outcomes (Sescousse et al. 2013). Our own findings of increased 

activation in the insula following food compared to monetary rewards dovetail with this 

observation, as well as with previous studies reporting insula activation evoked by both actual 
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food and food images (Simon et al. 2014; Schienle et al. 2009). The anterior insula contains not 

only the primary gustatory cortex but also, more ventrally, autonomic-visceral functions with 

activation driven by salient stimuli regardless of their nature (rewarding, non-rewarding, novel; 

see Rolls 2016). According to Rolls (2016), the insula represents and integrates information about 

the external world (touch), intermediate milieu (taste and texture) and visceral and autonomic 

function. As food-related (but not monetary) stimuli invoke such representations, the increased 

activation of the insula in the current study is readily explained.  

Interestingly, this effect of incentive type in the imaging data is not reflected in the 

behavioral data, with participants performing significantly better when money was used as an 

incentive, irrespective of metabolic state. Money is believed to be highly motivational, with 

numerous previous studies showing that participants perform better on cognitive tasks with 

monetary incentives (e.g. Dombrowe et al. 2011; Hübner and Schlösser 2010; Engelmann et al. 

2009; Engelmann and Pessoa 2007). However, it remains under discussion whether non-

monetary incentives have similar or distinct motivational effects on cognitive task performance 

(Krug and Braver 2014). Simon et al. (2014) used an incentive delay task to compare food to 

monetary feedback and, in line with our current observations, reported a neural network 

associated to food compared to money, but no significant results in the opposite contrast. 

Furthermore, these authors reported no significant differences in behavioral performance 

depending on incentive type. Indeed, it is worth noting that, although we find a significant 

difference in favor of monetary incentives, the effect size of this difference is small (Bakeman 

2005), with both incentive types leading to correct response rates of between 60–65%. Moreover, 

as stated previously, the meta-analysis performed by Sescousse et al. (2013) has proved that the 

insula is more robustly activated by primary compared to secondary reinforcers. This agrees with 

previous studies suggesting that autonomic arousal induced by primary reinforcers results in 
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strong activation in the insula, among other regions (Kühn and Gallinat 2011; Critchley et al. 

2002). It might be because of the critical role of primary reinforcers in homeostasis and survival. 

Hence, we speculate that while money might act as a strong motivator, translating into better task 

performance, the evolutionary relevance of food might result in a more potent neural response 

2.4.2 Reward-Related Activations 

Regardless of incentive type, reward outcomes lead to activation of typical reward-related 

regions, including VS, medial OFC and amygdala. The VS is thought to be a core area of the 

brain reward system. Studies using large-scale reverse inference have also indicated that the VS 

is more strongly involved in reward processing than other cognitive processes (Cauda et al. 2011; 

Yarkoni et al. 2011). VS activation has been frequently reported in response to various kinds of 

rewarding stimuli, suggesting its involvement in the processing of rewards irrespective of their 

nature (Sescousse et al. 2013). In contrast, the OFC is thought to be a more heterogeneous area, 

with some researchers suggesting a medial-lateral distinction (Friederich et al. 2013; Kühn and 

Gallinat 2011). In concert with the VS, medial OFC activity has usually been associated with 

incentive motivation, learning and memory of stimulus reward value; whereas lateral OFC 

activity has often been associated with punishment (Kringelbach 2005; Kringelbach and Rolls 

2004). It is also worth noting that the caudolateral parts of the OFC contain the secondary 

gustatory cortex, highlighting the functional heterogeneity of the OFC. Moreover, medial and 

lateral OFC activation has been found to correlate with pleasantness ratings of odors and flavors 

(Rolls 2008). Regarding the amygdala, recent studies suggest that it is equally sensitive to 

positive and negative feedback (Bermudez et al. 2012; Murray 2007). The amygdala receives 

projections from various structures, especially from VS and OFC, areas that are strongly involved 

in the processing of rewards (Cho et al. 2013). A recent meta-analysis showed that the amygdala 

evenly responded to food and monetary outcomes (Sescousse et al. 2013). Our own findings are 
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in line with these observations, suggesting that a set of common regions responds to rewards 

irrespective of modality. 

We show that the omission of rewards as a result of incorrect responses leads to an 

activation of the anterior insula, consistent with earlier findings indicating that this region is 

particularly sensitive to aversive events such as monetary loss, punishment or reward omission 

(Liljeholm et al. 2014; Knutson et al. 2007). Reward omission also engages the lateral prefrontal 

cortex, including MFG and IFG, and as well as the SMA, a network that has been previously 

identified in response to negative feedback stimuli (Camara et al. 2009). 

2.4.3 Interactions with Metabolic State 

Our analysis reveals an interaction between metabolic state and reward valence within the 

left dorsal putamen, with decreased activity for reward feedback when hungry and increased 

when satiated. The dominant anatomical connections of the dorsal putamen are sensorimotor and 

associative (Draganski et al. 2008; Lehéricy et al. 2004; Haber et al. 1994). Moreover, DAergic 

neurons from the substantia nigra pars compacta provide afferents to the dorsal putamen and are 

involved in developing and executing skilled motor responses (Robbins and Everitt 1992). It has 

been suggested that the VS mediates feedback-driven stimulus-action learning, whereas the 

dorsal striatum (dorsal putamen and caudate nucleus) mediates decision making after stimulus 

action associations have been learned (Hiebert et al. 2014), particularly through the integration of 

sensorimotor, cognitive and motivational information (Balleine et al. 2007). We assume that the 

hungry state decreases this post-learning effect, although our data does not permit clarifying the 

exact functional mechanism by which this occurs, for instance on a neurotransmitter level. 

Of relevance in the present data set are activations in somatosensory and motor regions, 

specifically right SMG, left precuneus, right postcentral gyrus and bilateral SMA, which reflect 
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the interaction between metabolic state and incentive type. A similar pattern of activations has 

been previously reported in studies on interoceptive and exteroceptive awareness (Araujo et al. 

2015; Kashkouli Nejad et al. 2015). To further elucidate this interaction, we carried out seed-to-

whole-brain functional connectivity analyses, in which only the SMG seed reveals significant 

results. This region is believed to be key in the representation and evaluation of self-related states 

(Grosbras and Paus 2005), and it has been shown to display increased activity to both 

interoceptive and exteroceptive compared to autobiographical states (Araujo et al. 2015). In the 

context of our study, the right SMG activity associated to the interaction between metabolic state 

and incentive type might point to an integration of interoceptive and exteroceptive information: 

the extracted beta values demonstrate that this region is more sensitive to food incentives when 

hungry and to monetary incentives when satiated. 

 Our seed-based functional connectivity analysis shows that the SMG is correlated with 

midbrain and limbic regions in the hungry state, but there is no significant connectivity to any 

region when satiated. Within the midbrain, connectivity from the right SMG extended into the 

right VTA, one of the critical regions in the reward system (Block 2011). The VTA projects 

information to striatal and limbic regions via DA (Schultz et al. 1997). Furthermore, for food 

compared to monetary incentives, we observe functional connectivity between the right SMG and 

attentional network regions (right superior temporal gyrus and left middle occipital gyrus). The 

superior temporal gyrus is thought to be a site of multimodal sensory convergence, receiving 

signals from the dorsal and ventral streams for processing of auditory, visual and, most 

importantly, somatosensory information (Benarroch 2006). Hunger and satiety are two major 

components of interoceptive self-awareness that lead to initiation and cessation of food intake. 

The observed connectivity between the SMG and mesolimbic regions, including midbrain, 

hippocampus and cingulate gyrus, when hungry but not when satiated might be due to the feeling 
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of hunger being a very salient need that requires being fulfilled. Another main highlight of our 

connectivity analysis is the coupling between the right SMG and VS because of the interaction 

between metabolic state and incentive type. The SMG is positively correlated with the VS for 

both incentive types, but this coupling is enhanced for food when satiated and for money when 

hungry. Meta-analytic evidence suggests that VS activity is independent of incentive type, 

although with some variations in intensity (Sescousse et al. 2013). However, a recent study has 

shown increased VS activation when expecting food incentives in a hungry compared to satiated 

state, whereas the expectation of monetary incentives was not influenced by metabolic state 

(Simon et al. 2017). Our results appear to show that the SMG uncouples from the VS when 

processing the potentially most salient incentive in a given metabolic state, that is, food and 

monetary incentives when hungry and satiated, respectively. Taking into an account that 

functional connectivity does not reveal the causal influences of a region over another, we can 

only speculate given the activity of the SMG revealed by the task-based analysis and the 

correlation coefficients of the VS. 
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3 Electrophysiology of goal-directed vs habitual control during outcome 

devaluation 

3.1 Introduction 

According to the dual-system theory, instrumental learning behavior is controlled by two 

distinct systems: the goal-directed and the habit systems (Dezfouli and Balleine 2012; de Wit et 

al. 2009). Behavior is thought to be goal-directed when it reflects knowledge of the response-

outcome relationship, and when the agent only responds to the stimulus (S) if the outcome (O) is 

currently motivationally relevant, i.e. the agent flexibly adapts responses (R) based on current 

desires and needs (de Wit et al. 2009). Therefore, S→O→R associative chains drive goal-

directed action selection (Dickinson and Balleine 1994). In contrast, in habitual behavior, 

behavior is driven by the stimulus and is insensitive to goal value, with responses being enacted 

even when the outcome is not desirable. Thus, S→R associations alone drive habitual action 

selection (Dickinson and Weiskrantz 1985). Although habitual responding is advantageous in 

terms of efficiency, requiring less cognitive effort, it comes at the cost of flexibility, easily 

leading to so-called “slips of action” (de Wit et al. 2012b; Dayan 2009). For instance, when a 

commuter doesn’t stop at the grocery store on their routine drive home, because the familiar route 

triggered the driver to continue despite the current need for groceries. Instrumental responding is 

thought to be initially goal-directed and under voluntary control but tends to become habitual (i.e. 

reflexive) with repeated practice (Dolan and Dayan 2013). Still, associations might form 

concurrently for goal-directed and habitual behavior, and both may contribute to an action 

(Balleine and Ostlund 2007). Therefore, one possible way to evaluate the relative balance 

between goal-directed and habitual control (Watson and de Wit 2018) is by testing sensitivity to 

the current value of outcomes using an outcome devaluation procedure, in which an action is first 
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paired with a desired outcome that is subsequently devalued, e.g. through sensory-specific 

satiation or aversive conditioning. Neuroimaging and lesion evidence suggest that the vmPFC is 

critical for implementing goal-directed behavior in outcome devaluation tasks (Reber et al. 2017; 

de Wit et al. 2012b; de Wit et al. 2009; Valentin et al. 2007), together with VS and the anterior 

caudate nucleus (Liljeholm et al. 2015; de Wit et al. 2012b; Balleine and O'Doherty 2009). 

Habitual behavior, in contrast, is believed to be controlled by a network involving posterior 

putamen and motor cortex (de Wit et al. 2012b; Balleine and O'Doherty 2009; Tricomi et al. 

2009). 

In the present study, we adapted a well-established behavioral and fMRI paradigm, the so-

called ‘fabulous fruit game’ (de Wit et al. 2012b; de Wit et al. 2012a; de Wit et al. 2009), to 

investigate the event-related potentials (ERPs) underlying goal-directed and habitual behavior. 

This paradigm consists of an instrumental learning stage, in which participants learn stimulus-

outcome pairs by trial-and-error, followed by two test stages: an outcome-devaluation test to 

assess knowledge of O→R contingencies, and a slips-of-action test that uses outcome devaluation 

in extinction to assess the relative balance between goal-directed and habitual control. In this test, 

some outcomes are devalued while others remain valuable; participants relying on goal-directed 

behavior should only respond to valuable outcomes while refraining from responding to devalued 

outcomes, whereas those relying on habits should continue to react to stimuli (de Wit et al. 

2012b; de Wit et al. 2012a). The paradigm also employs three discriminative conditions. Briefly, 

in standard discriminations, different images serve as stimuli and outcomes, and performance can 

be supported both by goal-directed and habitual control (de Wit et al. 2012b); in contrast, in 

incongruent discriminations, the images serving as stimulus and outcome in one pair have the 

opposite function in another pair, so that performance can only be supported by the habit system 

as the elicited response conflict makes them hard to solve with goal-directed behavior (de Wit et 
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al. 2014); and finally, in congruent discriminations, the same image serves as stimulus and 

outcome, rendering active outcome retrieval unnecessary (de Wit et al. 2012a). 

Given that the slips-of-action test is analogous to a go/nogo task, we expected that goal-

directed vs habitual behavior could be reflected in the stimulus-locked N2 and P3 components. 

The N2 is a negative deflection of the ERP that peaks fronto-centrally between 200-400 ms and is 

larger on inhibitions compared to go trials (Enriquez-Geppert et al. 2010; Bekker et al. 2005; Kok 

et al. 2004; Bokura et al. 2001; Falkenstein et al. 1999; Eimer 1993) as well as on successful 

compared to unsuccessful inhibitions (Luus et al. 2007; Schmajuk et al. 2006; Roche et al. 2005), 

although some have reported increased amplitudes associated to failed response inhibition (e.g. 

Solbakk et al. 2014; Greenhouse and Wessel 2013). The nogo N2 has been suggested to reflect 

inhibitory processes (Rietdijk et al. 2014; Bekker et al. 2005; Falkenstein et al. 1999; Kopp et al. 

1996), although others have posited that it might be better explained as a reflection of increased 

conflict (Randall and Smith 2011; Yeung et al. 2004; Donkers and van Boxtel 2004; 

Nieuwenhuis et al. 2003; Botvinick et al. 2001). Since, the inhibition of prepotent but goal-

inappropriate responses is obviously essential for adaptive goal-directed behavior (Aron et al. 

2014; Ridderinkhof et al. 2011), we hypothesized that conditions that could be resolved using 

goal-directed control would display larger N2 amplitudes associated to inhibitions to devalued 

outcomes on the slips-of-action test. Moreover, we expected reduced N2 amplitudes associated to 

slips of action (though probably still more negative amplitudes than for responses to valuable 

outcomes; e.g. Kok et al. 2004; Ramautar et al. 2004). Given the known modulation of the N2 

amplitude by the speed-accuracy trade-off (Schmajuk et al. 2006; Falkenstein et al. 1999; Jodo 

and Kayama 1992), we hypothesized larger reductions in participants showing more relative 

goal-directed control as reflected by increased devaluation sensitivity, which would also perform 

the task more accurately. 
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The N2 is followed by a fronto-central P3, typically peaking between 300-600 ms, which 

has also been found to be increased on nogo compared to go trials (Rietdijk et al. 2014; Enriquez-

Geppert et al. 2010; Roche et al. 2005; Bokura et al. 2001; Falkenstein et al. 1999) and on failed 

compared to successful inhibition trials (Roche et al. 2005; Kok et al. 2004), although others have 

found the opposite pattern (e.g. Greenhouse and Wessel 2013). The nogo P3 is believed to reflect 

post-response monitoring and evaluation of the inhibitory performance (Gajewski and 

Falkenstein 2013; Huster et al. 2013; Liotti et al. 2005; Bruin et al. 2001). Therefore, as for the 

N2, we expected larger P3 amplitudes associated to inhibitions to devalued outcomes in 

conditions that could be resolved through goal-directed behavior. However, in contrast to the N2, 

we hypothesized increased P3 amplitudes associated to slips of action, these being more 

prominent in participants with increased devaluation sensitivity. 

We further expected slips of action to be reflected by the response-locked error-related 

negativity (ERN) and error positivity (PE) complex. These are considered indices of performance 

monitoring, which is essential for optimal goal-directed behavior, entailing the detection and 

evaluation of error significance as well as guiding of behavior to avoid future mistakes 

(Ullsperger et al. 2014; Gruendler et al. 2011). The ERN is a fronto-centrally distributed negative 

deflection of the ERP that peaks approximately 50-80 ms post-response (van Veen and Carter 

2002b; Holroyd et al. 1998; Gehring et al. 1993). This component has been most prominently 

linked to the monitoring of conflicts between response tendencies arising simultaneously (Yeung 

et al. 2004; Botvinick et al. 2001), and to PE in RL (Holroyd and Coles 2002) and predicted 

response-outcome models (Alexander and Brown 2011). ERN amplitude is not only increased 

under conditions of high response conflict (Larson et al. 2012; Gehring and Fencsik 2001), but 

also under negative affect (Hajcak et al. 2004), when errors are cognitively more significant 

(Hajcak et al. 2005) and, notably, preceding behavioral adjustments (Debener et al. 2005; 
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Gehring et al. 1993). We hypothesized that larger ERN amplitudes would be elicited in the 

standard and congruent conditions, which can be resolved with goal-directed control. However, if 

the ERN were to purely reflect conflict monitoring, it should be largest in the incongruent 

condition, which is characterized by eliciting response conflict. Furthermore, we expected that 

more relative goal-directed control, as reflected by increased devaluation sensitivity, would be 

associated to larger ERN amplitudes. 

The ERN is followed by a centro-parietal PE, a positive deflection in the ERP peaking 200-

500 ms after the commission of an error (Overbeek et al. 2005; Falkenstein et al. 1991), which is 

widely considered to reflect error awareness and remedial action (Boldt and Yeung 2015; 

Steinhauser and Yeung 2010; Endrass et al. 2007; Nieuwenhuis et al. 2001). The PE is larger 

when participants recognize their response was incorrect (Endrass et al. 2007; Endrass et al. 

2005; Nieuwenhuis et al. 2001), with amplitude increasing with the degree of confidence that an 

error has been committed (Boldt and Yeung 2015). Importantly, the PE has also been interpreted 

as an instance of the P3 component and related to the conscious processing of motivationally 

significant events (Ullsperger et al. 2014; Ridderinkhof et al. 2009). Therefore, we expected that 

increased PE amplitudes would be associated with slips of action in conditions that can be 

resolved with goal-directed behavior (standard and congruent). We also anticipated that 

devaluation sensitivity would positively correlate with PE amplitude, since more goal-directed 

control should be accompanied by increased error awareness. 

Finally, we also aimed to assess whether goal-directed vs habitual behavior during the 

slips-of-action test could be predicted from behavior and/or ERPs in previous task stages. 

Specifically, we considered the response-locked ERN and PE, and the outcome-locked feedback-

related negativity (FRN; more recently termed reward positivity, RewP; see Holroyd et al. 2008) 
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and P3 from the instrumental learning stage. The FRN was initially described as peaking about 

200-300 ms following negative feedback (Nieuwenhuis et al. 2004; Miltner et al. 1997) and 

sharing several characteristics, including scalp topography and putative neural generator, with the 

ERN (San Martín 2012; Gentsch et al. 2009). Originally, the RL theory (Holroyd and Coles 

2002) posited that both response- and feedback-locked signals were two manifestations of the 

same ERN. More recent reformulations consider that the difference in ERPs to negative and 

positive feedback result from positive feedback: while task-related stimuli in general would elicit 

an N2, rewarding feedback would not, resulting in a RewP (Cockburn and Holroyd 2018; 

Holroyd and Umemoto 2016; Proudfit 2015; Holroyd et al. 2008). The ensuing centro-parietally 

distributed feedback-locked P3 peaks between 300-600 ms and has been associated with affective 

processing of the motivational salience of the feedback as well as context updating to maximize 

future rewards (Glazer et al. 2018; San Martín 2012; Polich 2007; Donchin 1981). We considered 

that these electrophysiological signals during learning might possess intrinsic characteristics that 

could be related to goal-directed vs habitual behavior at a later stage. Indeed, N2, ERN and 

FRN/RewP have been interpreted as electrophysiological indices of PE or surprise (Ullsperger et 

al. 2014; Alexander and Brown 2011; Holroyd et al. 2008), whereas the PE and the P3 associated 

to both action-relevant stimuli and feedback have been suggested to reflect similar neural 

processes related to adaptive behavior and awareness of it (Ullsperger et al. 2014; Ridderinkhof 

et al. 2009). Behaviorally, however, we did not expect performance during the instrumental 

learning stage to predict devaluation sensitivity, but rather expected a positive relationship 

between O→R contingency knowledge in the outcome-devaluation test and devaluation 

sensitivity in the slips-of-action test. 
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3.2 Material and Methods 

3.2.1 Participants 

Forty participants (20 women) were recruited from the student population in Lübeck. Data 

sets from 35 participants (18 women, age range 18–30 years, M = 24.08, SD = 3.21) were 

analyzed in this study. The remaining five participants were excluded due to excessive artifacts. 

All participants were right-handed, had normal or corrected-to-normal vision, had no history of 

neurological or psychiatric disorders (self-report), and were not taking any medication at the 

time. Informed consent was obtained from each participant before conducting the study. 

Participants were paid for their participation or received course credit. 

3.2.2 Stimuli and Procedure 

Participants were trained and tested on an instrumental learning paradigm (de Wit et al. 

2012b; de Wit et al. 2012a; de Wit et al. 2009), which was programmed and presented using 

Presentation software (Neurobehavioral System Inc., Albany, CA). Participants visualized the 

stimuli on a standard 24” PC monitor inside the EEG chamber. Fruit and vegetable images 

(henceforth, for simplification, vegetables) were used as stimuli.  

The study consisted of four experimental runs, which were counterbalanced across 

participants. Each run used different stimulus images and consisted of three stages: instrumental 

learning, outcome-devaluation test and slips-of-action-test. The key features of each stage are 

described below. Participants were informed that they would earn points (1 point = 0.01€) in each 

run and were shown their score at the end of each stage. Each experimental run was scored 

independently, and the best score was selected for payment at the end of the experiment. 
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Stage 1: Instrumental learning 

This stage comprised 72 trials divided in six mini-blocks. At the beginning of each trial, a 

vegetable was shown in front of a closed door (discriminative stimulus) in the center of the 

screen. Participants had to learn by trial and error, whether a right or left index finger button press 

(response) would open the door to a second vegetable (outcome) and were instructed to try to 

learn the stimulus-response-outcome associations. Participants were also informed that they 

would be rewarded for speed: responses made within 0-1000 ms would earn them five points and 

those within 1500-2000 ms three points. If they failed to respond within 2000 ms of stimulus 

onset, the message “Schneller!!” (Faster!!) was presented and they received no points. If an 

incorrect response was made, there was no vegetable behind the door and the participant received 

zero points. Points were always depicted over the open door. 

A total of six stimulus-response-outcome associations were used in each experimental run 

and each was presented twice in random order in each mini-block. Participants were trained in 

three types of discrimination, with two discriminative stimuli each, one associated to a right and 

the other to a left button press. In standard discriminations, four vegetables were used, two 

serving as stimuli and the other two as their respective outcomes, e.g. onion-left response-banana 

and cherry-right response-broccoli. In congruent discriminations, the same vegetable served as 

both stimulus and outcome within the stimulus-response-outcome association, e.g. mandarin-left 

response-mandarin and avocado-right response-avocado. Finally, in incongruent discriminations, 

each vegetable stimulus functioned as outcome for the other, e.g. pear-left response-pumpkin and 

pumpkin-right response-pear. 



Electrophysiology of goal-directed vs habitual control during outcome devaluation 
 

Page 49 

 

Stage 2: Outcome-devaluation test 

Following the instrumental learning stage, an outcome-devaluation test, during which 

EEG was not acquired, was carried out to assess the participant’s knowledge of the O→R 

contingencies. This stage consisted of 12 trials, with each outcome tested twice in random order. 

On each trial, two open doors with outcome vegetables were presented vertically in the center of 

the screen. One had been previously associated to a left and the other to a right button press. 

However, a red cross superimposed on one of the doors indicated that that vegetable was 

devalued and no longer worth points. Participants were instructed to press the button previously 

associated to the valuable vegetable. Although points were given for correct responses, no 

feedback was delivered. 

Stage 3: Slips-of-action test 

The final stage consisted of six mini-blocks of 24 trials each. At the beginning of each 

mini-block, all six vegetable outcomes (behind open doors) were displayed for 5000 ms. A red 

cross was superimposed on two items that belonged to different discrimination types and button 

presses, indicating that these were now devalued and worth negative points. Subsequently, the 

discriminative stimuli (vegetables in front of closed doors) were shown. Each stimulus was 

shown for 2000 ms, with a 1000 ms inter-stimulus interval. Participants were instructed to press 

the appropriate button before the stimulus disappeared if it was associated with a valuable 

outcome and refrain from responding if it was associated with one of the two devalued outcomes. 

Although participants did not receive performance feedback, they were informed that they would 

still gain points for correct responses but lose one point for each response to a devalued item. 

Each discriminative stimulus was shown four times per mini-block and each outcome was 

devalued in two of the mini-blocks. 
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 The slips-of-action test was used to assess the balance between habitual (S→R) and goal-

directed (S→O→R) control. Under habitual control, it should be difficult to withhold a response 

leading to a devalued outcome; conversely, under goal-directed control, responses leading to 

devalued outcomes should be successfully inhibited. Performance in this stage was used to 

calculate the DSI: the difference between the percentage of responses to still valuable outcomes 

and the percentage of responses to devalued outcomes. 

3.2.3 EEG Data Acquisition 

The EEG signal was recorded from 29 scalp electrodes at a sampling rate of 500 Hz with 

a resolution of 0.1µV and bandpass-filtered between 0.1-70 Hz. Electrodes (Fp1/2, Fz, F3/4, 

F7/8, FC1/2, FC5/6, Cz, C3/4, T3/4, CP1/2, CP5/6, Pz, P3/4, P7/8, PO3/4, O1/2) were mounted 

on an elastic cap (EasyCap, BrainProducts GmbH, Munich, Germany) and distributed according 

to an extension of the international 10-20 system (Nuwer et al. 1998). Vertical and horizontal eye 

movements were recorded with electrodes placed above and below the right eye, and on the outer 

canthus of each eye. The right earlobe was used as an online reference. Impedances were kept 

below 5 kΩ. 

3.2.4 Behavioral Data Analysis 

Behavioral data were analyzed using the R programming language (htts://www.r-

project.org/) with the packages PairedData (https://cran.r-project.org/web/packages/PairedData/), 

ez (http://cran.r-project.org/web/packages/ez/) and robustbase (https://cran.r-

project.org/web/packages/robustbase/). Robust methods were used if assumptions for parametric 

tests were violated. 

For each stage, one sample t-tests were performed for each discrimination type to assess 

whether participants’ performance was above chance level. For the instrumental learning stage, 
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performance was assessed in the last mini-block, when the stimulus-response-outcome 

associations should be learnt. The overall percentage of correct responses was tested in the 

outcome-devaluation test. Chance level at the slips-of-action test has been posited to be at a DSI 

of 0 (de Wit et al. 2012b). However, the DSI of a participant relying fully on S→R associations 

and hence responding to all valuable and devalued outcomes would also be at 0 without 

performance being chance level. Therefore, for the slips-of-action test, tests were performed on 

the percentage of responses to valuable outcomes and of slips of action separately, both with 

expected chance levels of 50%. 

To assess behavioral performance during the instrumental learning stage, repeated-

measures ANOVAs (rmANOVA) with the factors discrimination type (standard, congruent, 

incongruent) and last mini-block (B6) were calculated for the rate of correct responses. 

Analogous rmANOVA was also performed with factor mini-block (B1-B6). The outcome-

devaluation test was analyzed by means of a one-way rmANOVA with factor discrimination type 

on the rate of correct responses. Finally, the slips-of-action test was used to assess relative goal-

directed and habitual control by calculating the DSI separately for the three types of 

discrimination. Incorrect responses (e.g. pressing the left button in a stimulus-right response-

outcome association) were discarded. A DSI of 100 would indicate that the participant was driven 

exclusively by goal-directed control and a score of 0 would specify exclusive habitual control (de 

Wit et al. 2012b). A one-way rmANOVA with the factor discrimination type was performed on 

these indices. 

Degrees of freedom and p-values were Huynh-Feldt-corrected when necessary. FDR-

corrected post-hoc paired samples t-tests comparing standard to congruent and incongruent 

conditions were performed to explore the significant main effects and interactions. These post-

hoc comparisons were chosen since habitual behavior is thought to predominate in incongruent 
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trials, whereas standard and congruent trials can be resolved through both goal-directed and 

habitual behavior (de Wit et al. 2011; de Wit et al. 2009); but the standard discrimination lacks 

the stimulus-outcome confound present in the other two discriminations (de Wit et al. 2012a). 

3.2.5 EEG Data Analysis 

EEG data were processed using EEGLAB (Delorme and Makeig 2004; 

http://sccn.ucsd.edu/eeglab) and ERPLAB (Lopez-Calderon and Luck 2014; 

http://erpinfo.org/erplab) running on MATLAB R2016b (Mathworks, Natick, US). Data recorded 

from scalp electrodes were re-referenced offline to the average signal from the two earlobe 

electrodes. Subsequently, data were downsampled to 250 Hz, highpass filtered at 0.5 Hz and 

notch-filtered at 50 Hz. Data were then segmented into epochs (-500 to 1200 ms) around the 

events of interest: time-locked to correct and incorrect responses, and positive and negative 

feedback for the instrumental learning task, and to stimuli followed by responses to still valuable 

outcomes, by inhibitions to devalued outcomes and by slips of action, as well as time-locked to 

responses to valuable outcomes and slips of action (responses to devalued outcomes) for the 

slips-of-action test. As in the behavioral analysis, incorrect responses were discarded. 

Independent component analysis was then performed to correct for ocular and cardiac artifacts 

(Jung et al. 2000). Epochs with voltage changes ±70 μV were discarded and participants with 

over 20% rejected epochs were excluded from analysis (five participants). The remaining epochs 

were then averaged separately for each condition. Response-locked ERPs were bandpass-filtered 

between 1-8 Hz (Krämer et al. 2007) and baseline corrected between -400 and -200 ms, as the 

ERN and PE are known to emerge before the button press (Koelsch 2012). Stimulus- and 

feedback-locked ERPs were lowpass-filtered at 20 Hz (Chmielewski et al. 2015; Verleger et al. 

2014; Warren and Holroyd 2012; Baker and Holroyd 2011; Moser and Simons 2009; Holroyd et 
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al. 2008; Hajcak et al. 2006) and baseline corrected between -200 and 0 ms. Individual averages 

were collapsed to calculate grand averages. 

To assess statistical differences between conditions, the mean amplitudes of the midline 

electrodes (Fz, Cz, Pz) in the time-windows of interest were subjected to statistical analyses in R 

(htts://www.r-project.org/) using the abovementioned packages. Robust methods were used if 

assumptions for parametric tests were violated. Time-windows of interest were based on earlier 

publications and appropriateness was verified based on the visual inspection of the grand average 

waveforms. For the response-related effects during instrumental learning, the ERN was 

quantified between 20-120 ms and subjected to an rmANOVA with the factors discrimination 

type (standard, congruent, incongruent), correctness (correct and incorrect response) and 

electrode site (Fz, Cz, Pz). Since the ERP evidenced no PE, this was not statistically analyzed. For 

feedback-related effects, FRN/RewP and P3 components were measured between 200-300 ms 

and 300-550 ms, respectively, and subjected to rmANOVAs with the factors discrimination type, 

feedback valence (positive, negative) and electrode site. Given that it was apparent that the 

negativity following negative feedback was more positive than its analogue following positive 

feedback, to further quantify the FRN/RewP, an rmANOVA was computed using the peak-to-

peak difference at an individual level between the most negative peak between 200–300 ms post-

feedback and the amplitude of the preceding positive peak. For the slips-of-action test, the 

stimulus-locked N2 and P3 components were quantified between 180-300 ms and 500-700 ms, 

respectively, and analyzed by means of rmANOVAs with the factors discrimination type, ensuing 

response (responses to valuable outcomes, inhibitions to devalued outcomes, slips of action) and 

electrode site. For the response-related effects, the ERN and PE were quantified between 20-120 

ms and 240-380 ms, respectively, and subjected to separate rmANOVAs with the factors 

discrimination type, correctness (responses to valuable outcomes and slips of action) and 
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electrode site. Degrees of freedom and p-values were Huynh-Feldt-corrected when necessary. 

FDR-corrected post-hoc paired samples t-tests comparing standard to congruent and incongruent 

conditions were performed to explore significant main effects and interactions (de Wit et al. 

2012a; de Wit et al. 2011; de Wit et al. 2009). 

3.2.6 Relationship between Behavioral and Electrophysiological Measures 

As in previous studies (de Wit et al. 2012b; de Wit et al. 2012a), these analyses were 

performed only on measures from standard discriminations, which can be supported by both 

goal-directed and habitual systems (de Wit et al. 2009), in contrast to incongruent discriminations 

(de Wit et al. 2014) and without the confounders of congruent discriminations (de Wit et al. 

2012a; de Wit et al. 2009). 

Behavioral and electrophysiological measures of interest were subjected to linear 

regression analyses. If possible, robust regression (MM-estimation) was performed when 

assumptions for OLS regression were not met or significant outliers were present. Behavioral 

measures were rank-transformed (de Wit et al. 2012b) and tied ranked were treated with a 

permutation with increasing values at each index set of ties. As with the behavioral measures, 

only ERPs that had demonstrated significant interactions with the factor discrimination type were 

considered, i.e. N2 and ERN of the slips-of-action test. Because these ERPs were modulated by 

discrimination type and ensuing response/correctness, but without the influence of electrode site, 

the electrode Cz was chosen for analyses as it showed the largest dN2 and dERN on the scalp 

topographies (see Figures 3.5 and 3.6). 
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3.3 Results 

3.3.1 Behavioral Results 

Stage 1: Instrumental learning stage 

One sample t-tests were performed on the correct response rate in the last mini-block to 

quantify whether participants’ performance was better than chance for each discrimination type at 

the end of the learning stage (Figure 3.1). These showed that performance was above chance 

level for all discrimination types (see Table 3.1 for statistical values). 

 M (SD) t/ty df d p 

Stage 1: Instrumental learning (last mini-block) 

Standard 98.04 % (5.83) 97.74 28 8.25 < 2.22e-16 

Congruent 97.32% (5.09) 49.69 28 9.29 < 2.22e-16 

Incongruent 92.86% (10.52) 31.34 28 4.07 < 2.22e-16 

Stage 2: Outcome-devaluation test 

Standard 83.04% (18.91) 11.77 28 1.75 3.54e-12 

Congruent 96.61% (6.13) 44.10 28 7.61 < 2.22e-16 

Incongruent 61.07% (27.91) 2.49 28 0.40 .019 

Stage 3: Slips-of-action test 

Standard - valuable 88.46% (13.22) 17.56 28 2.91 < 2.22e-16 

Congruent - valuable 93.59% (7.48) 37.13 28 5.83 < 2.22e-16 

Incongruent - valuable 80.22% (17.48) 11.08 28 1.73 9.46e-12 

Standard - devalued 19.96% (19.54) -13.32 28 1.54 1.84e-13 

Congruent - devalued 18.80% (10.21) -18.07 34 3.05 1.05e-18 

Incongruent - devalued 20.58% (18.18) -11.90 28 1.62 2.19e-12 

 

Table 3.1 | Results from the one-sample t-tests carried out on the participants’ performance for each discrimination 

type. For the slips-of-action test, these were performed separately on responses to valuable and devalued outcomes. 

Note that t-values can be the result of parametric t-tests or robust Yuen’s t-tests; the latter resulted in 28 degrees of 

freedom (df). Effect sizes are represented by Cohen’s d and p-values are FDR-corrected.  

 

A one-way rmANOVA demonstrated significant differences between discrimination types 

on the percentage of correct responses in the last mini-block, F(1,51) = 10.61, η2
p = .24, p = 

4.96e-4, with performance in the standard trials being significantly better than in the incongruent, 
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ty(28) = 3.53, d = 0.75, p = .003, but not congruent condition, ty(28) = 1.22, d = 0.14, p > .1 

(FDR-corrected). 

 

Figure 3.1 | Behavioral performance in the three stages of the task. Percentage of correct responses in the last 

mini-block of the instrumental learning stage (left), percentage of correct responses in the outcome-devaluation test 

(center) and devaluation sensitivity index (percentage of responses to valuable outcomes minus percentage of 

responses to devalued outcomes) in the slips-of-action test (right). Crossbars represent the mean (central line) plus-

minus the standard error of the mean. Black dots, dark grey triangles and light diamonds represent individual 

participant’s values in the standard, congruent and incongruent discriminations, respectively. 

 

An rmANOVA with factors discrimination type (standard, congruent, incongruent) and 

mini-block (B1-B6) was performed on the correct response rate (Figure 3.2). This showed 

significant effects of discrimination type, F(2,68) = 15.23, η2
p = .31, p = 3.42e-6, and mini-block, 

F(3,110) = 226.50, η2
p = .87, p = 1.88e-48. The interaction between discrimination type and mini-

block was not statistically significant, F(8,271) = 1.93, η2
p = .05, p = .056. FDR-corrected (for the 

seven comparisons performed) post-hoc tests were performed to analyze the main effects of 

discrimination type and mini-block. The discriminative conditions were compared to each other 

using paired samples t-tests, demonstrating that performance was better for standard (89.32±6.74 

%) compared to incongruent (84.87±10.32 %) trials, ty(28) = 4.20, d = 0.81, p = .001, but not to 

the congruent condition (89.64±5.41 %), ty(28) = 0.15, d = 0.05, p > .1. The main effect of mini-
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block was analyzed by averaging the data over discrimination type and comparing each block 

with its succeeding block using paired samples t-test. These demonstrated that, except between 

mini-blocks B3 and B4, ty(28) = -1.50, d = 0.35, p > .1, and B5 and B6, ty(28) = -1.69, d = 0.31, p 

> .1, participants gradually improved their performance over time: from B1 (66.43±6.29 %) to B2 

(83.69±10.57 %), ty(28) = -12.58, d = 2.07, p = 3.43e-12; from B2 to B3 (91.37±9.52 %), ty(28) = 

-7.48, d = 1.29, p = 1.33e-7; from B4 (93.21±6.26 %) to B5 (94.88±6.58 %), ty(28) = -4.05, d = 

0.61, p = .001. 

An analogous rmANOVA was performed on the reaction times (Figure 3.2), showing 

significant effects of discrimination type, F(2,68) = 38.79, η2
p = .53, p = 5.77e-12, and mini-

block, F(3,91) = 86.63, η2
p = .72, p = 3.37e-25, as well as a significant interaction between 

discrimination type and mini-block, F(8,258) = 2.30, η2
p = .06, p = .024. As with the correct 

response rates, FDR-corrected (for the seven comparisons performed) post-hoc tests were 

performed to analyze the main effects of discrimination type and mini-block. These demonstrated 

that the main effect of discrimination type was due to reaction times being significantly faster for 

standard (690±108 ms) than incongruent (734±107 ms), ty(28) = -6.12, d = 0.93, p = 4.60e-6, but 

slower than congruent (660±94 ms) trials, ty(28) = 4.12, d = 0.66, p = .001. The post-hoc t-tests 

performed to elucidate the main effect of mini-block demonstrated that response times got 

significantly faster over time: from B1 (808±105 ms) to B2 (750±102 ms), ty(28) = 4.81, d = 

0.83, p = 1.10e-4; from B2 to B3 (691±106 ms), ty(28) = 7.41, d = 1.11, p = 3.14e-7; from B3 to 

B4 (656±107 ms), ty(28) = 3.81, d = 0.76, p = .001; from B4 to B5 (643±115 ms), ty(28) = 2.20, d 

= 0.31, p = .036; and from B5 to B6 (620±108 ms), ty(28) = 3.20, d = 0.60, p = .004. 
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Figure 3.2 | Behavioral performance during the instrumental learning stage. Overall percentage of correct 

responses (outer left), percentage of correct responses in each mini-block (center left), overall reaction time (center 

right), and reaction time in each mini-block (outer right). Crossbars and error bars represent the mean (central line) 

plus-minus the standard error of the mean. Black dots/solid lines, dark grey triangles/dotted lines and light 

diamonds/dashed lines represent individual participant’s values in the standard, congruent and incongruent 

discriminations, respectively. 

 

Stage 2: Outcome-devaluation test 

One sample t-tests were performed on the percentage of correct responses to quantify 

whether the participants’ performance was better than chance for each discrimination type. These 

showed that performance was above chance level for all discrimination types (see Table 3.1 for 

statistical values). 

A one-way rmANOVA showed a significant effect of discrimination type on the 

percentage of correct responses, F(2,57) = 45.03, η2
p = .57, p = 2.24e-11 (Figure 3.1). Post-hoc 

paired samples t-tests demonstrated that participants had significantly better knowledge of O→R 

associations on congruent compared to standard, ty(28) = 3.97, d = 0.71, p = 4.53e-4, and 

standard compared to incongruent discriminations, ty(28) = 6.21, d = 1.12, p = 2.09e-6 (FDR-

corrected). 
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Stage 3: Slips-of-action test 

Firstly, one sample t-tests were performed on the percentage of responses to valuable and 

devalued outcomes separately to quantify whether the participants’ performance was better than 

chance for each discrimination type. These showed that performance was better than chance level 

for all discrimination types for both valuable and devalued outcomes (see Table 3.1 for statistical 

values). Furthermore, the percentages of responses to valuable and to devalued outcomes were 

not related to each other in the case of standard (ρ = -.31) and congruent (ρ = -.33) trials, both p = 

.72. But in the case of the incongruent discriminations, participants who made more responses to 

valuable outcomes also responded significantly less to devalued outcomes, ρ = -.47, p = .014 

(FDR-corrected). 

The one-way rmANOVA computed on the DSI showed a significant effect of 

discrimination type, F(2,54) = 8.93, η2
p = .21, p = .001 (Figure 3.1). Post-hoc paired samples t-

tests demonstrated that participants displayed significantly more goal-directed control in standard 

(68.50±25.90 %) trials compared to the incongruent condition (59.64±31.43 %), ty(28) = 3.45, d 

= 0.58, p = .004, but not compared to the congruent condition (74.80±14.37 %), ty(28) = -1.00, d 

= 0.29, p > .1 (FDR-corrected). 

3.3.2 EEG Results 

Stage 1: Instrumental learning stage 

Response-locked component. 

The mean amplitude of the ERN was examined using an rmANOVA with factors 

discrimination type (standard, congruent, incongruent), correctness (correct, incorrect) and 

electrode site (Fz, Cz, Pz). This showed significant effects of discrimination  type, F(2,68) = 

3.74, η2
p = .10, p = .029, correctness, F(1,34) = 68.37, η2

p = .67, p = 1.19e-9, and electrode site, 
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F(1,51) = 12.81, η2
p = .27, p = 1.44e-4, as well as a significant two-way interaction between 

correctness and electrode site, F(1,45) = 13.21, η2
p = .28, p = 2.24e-4, and a three-way interaction 

between discrimination type, correctness and electrode site, F(3,90) = 3.16, η2
p = .08, p = .034. 

All other interactions were not statistically significant, p > .1 (discrimination type × correctness: 

F(2,68) = 1.37, η2
p = .04; discrimination type × electrode site: F(3,102) = 0.50, η2

p = .00). FDR-

corrected post-hoc paired samples t-tests were performed to analyze the three-way interaction. To 

this end, the amplitude difference between incorrect and correct responses was calculated, and the 

discriminative conditions were subsequently compared to each other at each electrode. However, 

although the difference ERN (dERN) was largest for all discriminations at Cz (Figure 3.3), there 

were no significant differences between discrimination types at any electrode, p > .1 (Fz: 

standard vs incongruent: ty(28) = -0.21, d = 0.00; Fz: standard vs congruent: ty(28) = -0.01, d = 

0.01; Cz: standard vs incongruent: ty(28) = -1.51, d = 0.23; Cz: standard vs congruent: ty(28) = 

0.55, d = 0.12; Pz: standard vs incongruent: ty(28) = -1.09, d = 0.18; Pz: standard vs congruent: 

ty(28) = 1.06, d = 0.19). 

Figure 3.3 | 

Response-

locked ERPs 

during the 

instrumental 

learning 

stage. ERPs at 

Fz, Cz and Pz 

time-locked to 

responses to 

correct (green 

line) and 

incorrect (red 

line) responses 

in standard 

(left), 

congruent 

(center) and 

incongruent (right) discriminations. Topographies depict the differences between incorrect and correct responses at the 

indicated time window. 
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Feedback-locked components. 

The mean amplitude of the FRN/RewP was examined using an rmANOVA with factors 

discrimination type (standard, congruent, incongruent), feedback valence (positive, negative) and 

electrode site (Fz, Cz, Pz). This showed significant effects of discrimination type, F(2,68) = 4.67, 

η2
p = .12, p = .013, feedback valence, F(1,34) = 20.08, η2

p = .37, p = 8.01e-5, and electrode site, 

F(1,40) = 53.12, η2
p = .61, p = 1.66e-9, as well as a significant two-way interaction between 

feedback valence and electrode site, F(1,44) = 12.86, η2
p = .27, p = 3.30e-4, and a three-way 

interaction between discrimination type, feedback valence and electrode site, F(2,85) = 10.00, η2
p 

= .23, p = 3.46e-5. All other interactions were not statistically significant, p > .1 (discrimination 

type × feedback valence: F(2,68) = 0.75, η2
p = .02; discrimination type × electrode site: F(3,90) = 

0.91, η2
p = .03). FDR-corrected post-hoc paired samples t-tests were performed to analyze the 

three-way interaction. To this end, the difference between the mean amplitudes of negative and 

positive feedback was calculated, and the discriminative conditions were subsequently compared 

at each electrode. However, no significant differences were found in the difference ERP between 

discrimination types at any electrode (Figure 3.4), p > .1 (Fz: standard vs incongruent: ty(28) = 

0.90, d = 0.19; Fz: standard vs congruent: ty(28) = 1.41, d = 0.27; Cz: standard vs incongruent: 

ty(28) = 1.52, d = 0.24; Cz: standard vs congruent: ty(28) = 0.29, d = 0.13; Pz: standard vs 

incongruent: ty(28) = 0.60, d = 0.13; Pz: standard vs congruent: ty(28) = -2.21, d = 0.32). 

The rmANOVA with factors discrimination type (standard, congruent, incongruent), 

feedback valence (positive, negative), and electrode site (Fz, Cz, Pz) performed on the peak-to-

peak amplitude of the FRN/RewP showed a significant effect of feedback valence, F(1,34) = 

5.31, η2
p = .14, p = .027, confirming the presence of a larger negativity following negative (-

4.74±3.56 µV) compared to positive feedback (-3.45±2.13 µV). No other effects or interactions 

were statistically significant, p > .1 (discrimination type: F(2,58) = 1.58, η2
p = .04; electrode site: 
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F(1,48) = 1.43, η2
p = .04; discrimination type × feedback valence: F(2,59) = 0.62, η2

p = .02; 

discrimination type × electrode site: F(4,119) = 0.56, η2
p = .02; feedback valence × electrode site: 

F(1,51) = 0.42, η2
p = .01; discrimination type × feedback valence × electrode site: F(3,111) = 

0.93, η2
p = .03).  

An rmANOVA with factors discrimination type (standard, congruent, incongruent), 

feedback valence (positive, negative), and electrode site (Fz, Cz, Pz) was used to test the mean 

amplitude of the P3, revealing significant effects of feedback valence, F(1,34) =189.72, η2
p = .85, 

p = 1.81e-15, and electrode site, F(1,42) = 155.68, η2
p = .82, p = 4.55e-17, as well as a two-way 

interaction between feedback valence and electrode site, F(1,41) = 66.23, η2
p = .66, p = 4.41e-11, 

and a three-way interaction between discrimination type, feedback valence and electrode site, 

F(3,95) = 10.77, η2
p = .24, p = 6.44e-6. All other effects and interactions were not statistically 

significant, p > .1 (discrimination type: F(2,68) = 1.06, η2
p = .03; discrimination type × feedback 

valence: F(2,68) = 0.56, η2
p = .02; discrimination type × electrode site: F(2,79) = 0.43, η2

p = .01). 

Post-hoc paired samples t-tests were performed to analyze the three-way interaction. To this end, 

the difference between the mean amplitudes of negative and positive feedback was estimated, and 

the discriminative conditions were then compared to each at each electrode. However, although 

the difference P3 (dP3) was largest for all conditions at Pz (Figure 3.4), no comparison survived 

FDR-correction, p > .1 (Fz: standard vs incongruent: ty(28) = 0.24, d = 0.03; Fz: standard vs 

congruent: t(34) = 0.54, d = 0.09; Cz: standard vs incongruent: ty(28) = -0.05, d = 0.07; Cz: 

standard vs congruent: ty(28) = -0.28, d = 0.13; Pz: standard vs incongruent: ty(28) = -0.80, d = 

0.18; Pz: standard vs congruent: ty(28) = -2.17, d = 0.46). 
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Figure 3.4 | Feedback-locked ERPs during the instrumental learning stage. ERPs at Fz, Cz and Pz time-locked 

to responses to positive (green line) and negative (red line) feedback in standard (left), congruent (center) and 

incongruent (right) discriminations. Topographies depict the differences between negative and positive feedback at 

the indicated time windows. 

 

 

Stage 3: Slips-of-action test 

Stimulus-locked components. 

An rmANOVA with factors discrimination type (standard, congruent, incongruent), 

ensuing response (responses to valuable outcomes, inhibitions to devalued outcomes, slips of 

action) and electrode site (Fz, Cz, Pz) was performed on the mean amplitude of the N2. This 

revealed significant effects of ensuing response, F(2,52) = 10.08, η2
p = .23, p = .001, and 

electrode site, F(1,41) = 55.35, η2
p = .62, p = 6.49e-10, as well a two-way interaction between 

discrimination type and ensuing response, F(2,77) = 6.09, η2
p = .15, p = .002. All other effects 

and interactions were not statistically significant, p > .1 (discrimination type: F(2,68) = 0.42, η2
p 

= .01; discrimination type × electrode site: F(3,87) = 1.79, η2
p = .05; ensuing response × electrode 
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site: F(2,68) = 2.21, η2
p = .06; discrimination type × ensuing response × electrode site: F(3,119) = 

0.90, η2
p = .03). FDR-corrected post-hoc paired samples t-tests were performed to examine the 

two-way interaction between discrimination type and ensuing response. To this end, N2 

amplitudes were first averaged across electrode sites. Subsequently, the differences (dN2) 

between inhibitions to devalued and responses to valuable outcomes, as well as between slips of 

action and responses to valuable outcomes were computed separately. Discrimination types were 

then compared for these dN2 values. This demonstrated that the dN2 for slips of action was 

significantly more positive for standard (2.10±2.81 µV) compared to incongruent discriminations 

(-0.41±2.32 µV), ty(28) = 3.20, d = 0.65, p = .014 (Figure 3.5). No significant difference was 

found in the comparison between standard and congruent discriminations, ty(28) = 1.74, d = 0.36, 

p > .1. No significant differences between discrimination types were observed in the dN2 for 

inhibitions to devalued outcomes, p > .1 (standard vs incongruent: ty(28) = 0.73, d = 0.07; 

standard vs congruent: ty(28) = 0.65, d = 0.07). 

The mean P3 amplitude was examined using an rmANOVA with the factors 

discrimination type (standard, congruent, incongruent), ensuing response (responses to valuable 

outcomes, inhibitions to devalued outcomes, slips of action) and electrode site (Fz, Cz, Pz). This 

yielded significant effects of discrimination type, F(2,60) = 6.75, η2
p = .17, p = .003, ensuing 

response, F(2,61) = 18.06, η2
p = .35, p = 1.72e-6, and electrode site, F(1,46) = 75.84, η2

p = .69, p 

= 4.75e-13, as well as a two-way interaction between ensuing response and electrode site, F(3,86) 

= 5.99, η2
p = .15, p = .002. All other interactions were not statistically significant, p > .1 

(discrimination type × ensuing response: F(2,78) = 0.57, η2
p = .02; discrimination type × 

electrode site: F(3,91) = 1.25, η2
p = .04; discrimination type × ensuing response × electrode site: 

F(4,125) = 0.69, η2
p = .02). No post-hoc tests were carried out since there were no significant 

interactions with the factor discrimination type. 
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Figure 3.5 | Stimulus-locked ERPs during the slips-of-action test. ERPs at Fz, Cz and Pz time-locked to stimuli 

preceding responses to valuable outcomes (green line), preceding slips of action (red line) and preceding inhibitions 

to devalued outcomes (blue line) in standard (left), congruent (center) and incongruent (right) discriminations. 

Topographies depict the differences between stimuli preceding inhibitions to devalued and responses to valuable 

outcomes, and between stimuli preceding slips of action and responses to valuable outcomes at the indicated time 

windows. 

 

Response-locked components. 

An rmANOVA with factors discrimination type (standard, congruent, incongruent), 

correctness (responses to valuable outcomes, slips of action) and electrode site (Fz, Cz, Pz) was 

used to test the mean amplitude of the ERN, revealing significant effects of correctness, F(1,34) 

= 88.12, η2
p = .72, p = 5.74e-11, and electrode site, F(1,44) = 5.32, η2

p = .14, p = .018, as well as 

interactions between discrimination type and correctness, F(2,68) = 4.61, η2
p = .12, p = .013, 

discrimination type and electrode site, F(3,115) = 2.98, η2
p = .08, p = .029, and correctness and 

electrode site, F(2,56) = 15.51, η2
p = .31, p = 1.62e-5. All other effects and interactions were not 
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statistically significant, p > .1 (discrimination type: F(2,68) = 1.42, η2
p = .04; discrimination type 

× correctness × electrode site: F(3,113) = 1.07, η2
p = .03). Post-hoc paired samples t-tests were 

performed to examine the two-way interaction between discrimination type and correctness. To 

this end, the ERPs were first averaged over the three electrode sites, the difference in ERN 

amplitude between slips of action and responses to valuable outcomes (dERN) was then 

computed and compared between discriminative conditions. This demonstrated that the amplitude 

of the dERN was significantly larger for the standard (-4.06±3.39 µV) compared to incongruent 

trials (-2.59±2.91 µV), ty(28) = -3.12, d = 0.44, p = .008, but not compared to congruent trials (-

3.89±2.13 µV), t(28) = -0.33, d = 0.06, p > .1 (FDR-corrected) (Figure 3.6). 

An rmANOVA with factors discrimination type (standard, congruent, incongruent), 

correctness (responses to valuable outcomes, slips of action), and electrode site (Fz, Cz, Pz) was 

used to test the mean amplitude of the PE, revealing a significant effect of correctness, F(1,34) = 

18.27, η2
p = .35, p = 1.46e-4, and electrode site, F(1,49) = 62.33, η2

p = .65, p = 2.82e-12, as well 

as a two-way interaction between correctness and electrode site, F(3,114) = 3.61, η2
p = .10, p = 

.012. All other effects and interactions were not statistically significant (discrimination type: 

F(2,68) = 0.52, η2
p = .01, p > .1; discrimination type × correctness: F(2,68) = 2.75, η2

p = .07, p = 

.071; correctness × electrode site: F(2,54) = 1.94, η2
p = .05, p > .1; discrimination type × 

correctness × electrode site: F(3,97) = 1.17, η2
p = .03, p > .1). No post-hoc tests were carried out 

since there was no significant interactions including the factor discrimination type. 
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Figure 3.6 | Response-locked ERPs during the slips-of-action test. ERPs at Fz, Cz and Pz time-locked to 

responses to valuable outcomes (green line) and slips of action (red line) in standard (left), congruent (center) and 

incongruent (right) discriminations. Topographies depict the differences between slips of action and responses to 

valuable outcomes at the indicated time windows. 

 

3.3.3 Relationship between Behavioral and Electrophysiological Measures (Standard 

Discrimination) 

Can devaluation sensitivity predict the electrophysiological components from the 

slips-of-action test? 

Since N2 and ERN have been associated to the monitoring of response conflict (van Veen 

and Carter 2002b; Botvinick et al. 2001; Gehring and Fencsik 2001), multiple regression models 

including the dN2 (for slips of action) and the dERN evoked by incongruent discriminations as 

predictors were considered, to account for the potential influence of response conflict in the ERPs 

elicited by the standard discrimination. 
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In the case of the dN2 (at Cz), the multiple regression model including the incongruent-

dN2 was not statistically different from the simple regression model without it, WT(1,32) = 0.54, 

p > .1, so the simple regression model was chosen. This demonstrated that the ranked DSI 

significantly predicted dN2 amplitude, WT (1,33) = 17.09, p = 5.66e-6, with R2 = .35 (Figure 3.7 

A). 

In the case of the dERN (at Cz), the multiple regression model including the incongruent-

dERN was marginally better than the simple regression model without it, F(1,32) = 3.61, p = 

.066, so the multiple regression model was chosen, in order to better understand the possible 

influence of response conflict in the standard-dERN. The model using both ranked DSI and 

incongruent-dERN was statistically significant, F(2,32) = 17.96, p = 5.89e-6, with R2 = .53. 

However, the ranked DSI significantly contributed to the model, t = -4.86, p = 2.98e-5, while the 

incongruent-dERN only showed a marginal contribution, t = 1.90, p = .066 (Figure 3.7 B). 

Can behavior in the previous stages predict measures from the slips-of-action test? 

The multivariate regression analysis performed on the ranked behavioral values showed 

that the overall correct response rate in the instrumental learning stage did not predict the correct 

response rate in the outcome-devaluation test or the DSI from the slips-of-action test, V = 0.12, 

F(2,32) = 2.09, p > .1 (outcome-devaluation test: R2 = .00; slips-of-action test: R2 = .07). In 

contrast, the correct response rate in the outcome-devaluation test strongly predicted the DSI 

from the slips-of-action test, F(1,33) = 31.07, p = 3.39e-6, with R2 = .48 (Figure 3.7 C). 

 Multiple regression analysis showed that dN2 amplitude (at Cz) in the slips-of-action test 

could not be predicted by the performance in the previous stages, F(2,32) = 2.32, p > .1, R2 = .13. 

However, performance in the outcome-devaluation test marginally contributed to the model, t = 
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1.94, p = .062, while instrumental learning performance showed no significant contribution, t = -

1.04, p > .1. 

 An analogue analysis with dERN amplitude (at Cz) as regressand showed that the 

multiple regression model was statistically significant, F(2,32) = 6.36, p = .005, with R2 = .28, 

but again not significantly different from a simple regression with just performance in the 

outcome-devaluation test as a predictor, F(1,32) = 0.17, p > .1. The simple regression analysis 

demonstrated that ranked performance in the outcome-devaluation test significantly predicted 

dERN amplitude in the slips-of-action test, F (1,33) = 12.88, p = .001, with R2 = .28 (Figure 3.7 

D). 

Can electrophysiological components from the instrumental learning stage predict 

measures from the slips-of-action test? 

Multiple regression analysis showed that the dERN and dP3 from the instrumental 

learning stage could significantly predict the ranked DSI from the slips-of-action test, F(2,32) = 

5.99, p = .006, with R2 = .27. The dP3, t = 2.79, p = .009, contributed more to the model than the 

dERN, t = -2.48, p = .019 (Figure 3.7 E). 

Whereas neither ERP from the instrumental learning stage could predict the dN2 

associated to slips of action, WT(2,32) = 2.19, p > .1, with R2 = .04, the analogous multiple 

regression model using the dERN from the slips-of-action test as a regressand was statistically 

significant, F(2,32) = 5.52, p = .009, with R2 = .26. However, the dERN from the instrumental 

learning stage significantly contributed to the model, t = 3.00, p = .005, while the dP3 only 

showed a marginal contribution, t = -1.91, p = .066 (Figure 3.7 F). 
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Figure 3.7 | Results of the regression analyses between behavioral and electrophysiological measures in the 

standard discrimination. (A) Participants showing more goal-directed control (higher devaluation sensitivity 

indices; DSI) had larger, positive-going dN2 amplitudes associated to slips of action in the slips-of-action test, p = 

2.30e-4. (B) Participants showing more goal-directed control (higher DSI) had larger dERN amplitudes associated to 

slips of action in the slips-of-action test, p = 2.98e-5. The dERN associated to slips of action in incongruent 

discriminations (i-dERN) was not significantly correlated with the dERN in standard discriminations (std-dERN), p 

= .066. (C) Participants with better knowledge of the O→R contingencies (higher correct response rate) in the 

outcome-devaluation test subsequently showed more goal-directed control (higher DSI) in the slips-of-action test, p 

= 3.39e-6. (D) Participants with better knowledge of the O→R contingencies (higher correct response rate) in the 

outcome-devaluation test subsequently had larger dERN amplitudes associated to slips of action in the slips-of-action 

test, p = .001. (E) Participants with larger dERN amplitudes associated to incorrect responses, p = .019, and larger 

dP3 amplitudes associated to negative feedback, p = .009, in the instrumental learning stage subsequently showed 

more goal-directed control (higher DSI) in the slips-of-action test. (F) Participants with larger dERN amplitudes 

associated to incorrect responses in the instrumental learning stage subsequently had larger dERN amplitudes 

associated to slips of action in the slips-of-action test, p = .005. The dP3 associated to negative feedback from the 

instrumental learning stage was not significantly correlated with the dERN from the slips-of-action test, p = .066. 
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3.4 Discussion 

In the present study, goal-directed vs habitual control was tested using an outcome 

devaluation procedure, in which participants were asked to flexibly adjust their behavior to 

changes in outcome value. On the behavioral level, our results are in line with previous studies 

using the fabulous fruit game (de Wit et al. 2012b; de Wit et al. 2009), demonstrating greater 

devaluation sensitivity, and thus increased goal-directed control, on standard compared to 

incongruent discriminations. On the electrophysiological level, this was reflected on the dN2 and 

dERN. 

The data show that the N2 was modulated by both the ensuing response and discrimination 

type. Specifically, as anticipated, the N2 amplitude associated to slips of action was significantly 

smaller in standard than in incongruent discriminations. Similar N2 amplitudes were found on the 

congruent condition, which as standard discriminations can be solved by the goal-directed system 

(de Wit et al. 2012b). Moreover, the reduction in N2 amplitude in the standard condition was 

more pronounced with increasing sensitivity to devaluation, although it was unrelated to 

knowledge of the R→O contingencies in the outcome-devaluation test. These results appear 

consistent with the conflict monitoring account of the N2, which predicts that conflict-based 

recruitment of attentional control will result in increased N2 amplitude (Carter and van Veen 

2007; Yeung and Cohen 2006; Yeung et al. 2004; Donkers and van Boxtel 2004; Nieuwenhuis et 

al. 2003; van Veen and Carter 2002a; Botvinick et al. 2001). In line with this prediction, the 

incongruent condition, which is designed to generate response conflict (de Wit et al. 2012b; de 

Wit et al. 2009), elicited larger N2 amplitudes than the other two conditions. Furthermore, the 

correlation between the N2 decrease and increased sensitivity to devaluation in the standard 

condition suggests that increased goal-directed control results in more efficient suppression of 
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irrelevant stimulus information (Yeung and Cohen 2006). Interestingly, contrary to our 

expectations, responses to valuable outcomes and inhibitions to devalued outcomes displayed 

similar N2 amplitudes across all discrimination types. Response inhibition typically elicits larger 

N2 amplitudes than response execution (Enriquez-Geppert et al. 2010; Bekker et al. 2005; 

Falkenstein et al. 1999), although factors such as increased frequency of nogo/stop trials 

(Enriquez-Geppert et al. 2010; Bekker et al. 2005; Ramautar et al. 2004) and poor task 

performance (Falkenstein et al. 1999) have been shown to reduce the amplitude of the nogo N2. 

Still, it is unlikely that these factors explain the similar N2 amplitudes in the slips-of-action test, 

given that participants performed well above chance level for all discrimination types, and the 

proportion of devalued outcomes was kept at 33% throughout the test. Yet the fact that the 

outcome value of the discriminative stimuli changed thorughout the blocks, i.e. devalued 

outcomes (nogo) became valuable (go) and vice versa from one block to the next, might be 

influencing the presentation of the associated N2 components, although our data do not permit 

clarifying the possible underlying functional mechanism. 

In addition to the N2, the ERN in the slips-of-action test was modulated by both correctness 

(response to valuable outcome vs slip of action) and discrimination type, with dERN amplitude 

being significantly larger in standard compared to incongruent discriminations. Increased 

devaluation sensitivity in the slips-of-action test also predicted larger dERN amplitudes, as did 

better knowledge of the R→O contingencies in the outcome-devaluation test. The ERN is 

typically associated with erroneous responses and their affective, motivational or evaluative 

aspects (Proudfit et al. 2013; Aarts et al. 2013; Carbonnell and Falkenstein 2006; Nieuwenhuis et 

al. 2003), and has been linked to PE (Holroyd and Coles 2002; Alexander and Brown 2011) as 

well as to conflict monitoring (Botvinick 2007; Botvinick et al. 2001; but see Burle et al. 2008; 

Steinhauser et al. 2008; Carbonnell and Falkenstein 2006). Therefore, in order to account for the 
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potential effect of response conflict in our findings, we included the dERN elicited by 

incongruent discriminations in our analysis, since these are designed to generate response conflict 

(de Wit et al. 2012b; de Wit et al. 2009), showing that standard and incongruent dERN 

amplitudes did not significantly covary, thus discarding the possibility that dERN amplitude 

changes in standard discriminations were due to increased conflict monitoring. Rather they seem 

to be related to devaluation sensitivity as reflected by the DSI, and therefore to goal-directed 

control. Indeed, efficient error monitoring and post-error adaptation are essential for goal-directed 

behavior (Ullsperger et al. 2014), with research showing that patients with lesions to the medial 

OFC/vmPFC, key regions driving goal-directed behavior in outcome devaluation tasks (de Wit et 

al. 2012b; de Wit et al. 2009; Valentin et al. 2007), exhibit severely reduced ERN amplitudes 

with impaired error correction (Turken and Swick 2008). Input from the medial OFC/vmPFC has 

been considered as a candidate for PE calculation in midbrain DA neurons (Schoenbaum et al. 

2009) and these regions are thought to be essential in implementing value-based choices (Henri-

Bhargava et al. 2012; Camille et al. 2011; Fellows 2006). Therefore, the increased engagement of 

mOFC/vmPFC during goal-directed control (de Wit et al. 2009) might result in more negative PE 

signals being relayed from midbrain to dorsal ACC (Holroyd and Coles 2002) and hence in the 

observed association between enlarged ERN amplitudes and greater devaluation sensitivity. 

In contrast to N2 and ERN, the analyses of the ensuing positivities, P3 and PE respectively, 

did not reveal significant interactions with discrimination type. Contrary to our hypothesis, it 

appears that there was a reduction in P3 amplitude associated to slips of action compared to both 

responses to valuable outcomes and successful inhibitions to devalued outcomes on all 

discriminative conditions, although P3 amplitudes in the incongruent condition were overall 

reduced, as evidenced by the significant main effect of discrimination type. Similarly, the data 

showed a PE following slips of action compared to responses to valuable outcomes, but its 
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amplitude was not influenced by discrimination type and thus equivalent regardless of the amount 

of goal-directed vs habitual control required. The P3 has been related to attentional processes and 

working memory updating (Polich 2007; Donchin 1981), while the PE is widely believed to 

reflect error awareness (Boldt and Yeung 2015; Steinhauser and Yeung 2010; Endrass et al. 

2007; Nieuwenhuis et al. 2001). It has been suggested that both components might be related, 

given their similar morphology and scalp distribution (Ullsperger et al. 2014; Ridderinkhof et al. 

2009; O'Connell et al. 2007; Davies et al. 2001). Both P3 and PE have been proposed to reflect 

neurocognitive processes implicated in the conscious processing of the motivational significance 

of the preceding stimulus or response (Ridderinkhof et al. 2009), with some reaserch suggesting 

that they might represent the accumulation of evidence that is compared against a criterion in the 

decision making process (Kelly and O'Connell 2013; O'Connell et al. 2012; Steinhauser and 

Yeung 2010; O'Connell et al. 2007). Somewhat in line with the current results, a recent study 

found increased P3 amplitudes associated to goal-directed behavior in a forced-choice RL task 

(Luque et al. 2017), which might explain why overall P3 amplitudes in the incongruent 

discrimination, which can only be resolved by the habit system (de Wit et al. 2012b; de Wit et al. 

2009), were smaller than in the two conditions that can engage goal-directed control. However, 

the fact that both the stimulus- and rseponse-locked ERPs associated to the different types of 

actions (responses to valuable outcomes, inhibitions to devalued outcomes and slips of action) 

were not modulated by discrimination type could be related to participants having reached near-

perfect performance during instrumental learning and having very good knowledge of the O→R 

contingencies, which could result in similar levels of decisional certainty across discrimination 

types in the slips-of-action test. 

Finally, as expected, our data showed that instrumental learning behavior was unrelated to 

either behavioral or electrophysiological measures during the slips-of-action test, but we 



Electrophysiology of goal-directed vs habitual control during outcome devaluation 
 

Page 75 

 

considered relevant to explore whether electrophysiological signals during learning could predict 

participants’ subsequent tendency towards habitual or goal-directed behavior. The dERN and 

post-feedback dP3 were selected as potential predictors, since they were modulated by the 

interaction between discrimination type and response correctness or feedback valence, 

respectively. The data show that devaluation sensitivity could be predicted by both ERPs from 

the learning phase, with participants with larger dERN and dP3 amplitudes during learning 

displaying more goal-directed behavior during the test stage. Previous research has associated 

larger ERN amplitudes with higher response control (Pailing et al. 2002) and a bias to learn to 

avoid negative events (Frank et al. 2005), and in the context of outcome evaluation and learning, 

negative outcomes have been shown to elicit larger P3 amplitudes when these lead to behavioral 

adjustment in the subsequent trial (Schiffer et al. 2017; Donaldson et al. 2016; Chase et al. 2011). 

Indeed, these are characteristics that seem essential for goal-directed behavior and could hence be 

at the core of participants’ behavior when confronted to an outcome devaluation setting. Our 

analyses also show that larger dERN, but not dP3, amplitudes from the instrumental learning 

stage significantly predicted larger dERN amplitudes during the slips-of-action test. However, the 

ERPs elicited during learning could not predict the dN2 from the slips-of-action test, once again 

underscoring how N2 and ERN probably reflect different aspects of performance monitoring 

(Larson et al. 2014; Yeung and Cohen 2006; Falkenstein et al. 1999). Psychopathology and 

personality research suggest that variations in ERN amplitude are state-independent and rather 

related to trait differences (Boksem et al. 2008; Hajcak et al. 2008; Hall et al. 2007; Boksem et al. 

2006; Potts et al. 2006; Ruchsow et al. 2005; Moser et al. 2005; Hajcak et al. 2004, 2003; Luu et 

al. 2000). This is in line with our ERN findings, which show that dERN amplitudes remain stable 

across tasks in the fabulous fruit game (see also Riesel et al. 2013) and are suggestive of an 

overarching cognitive control trait. 
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4 Functional evidence of biased attention towards food stimuli 

4.1 Introduction 

Motivational items, such as food, appear to have a strong influence on attention. It might be 

because of its nutritional and hedonic properties, which make it perceptually more salient and 

thus draw our attention in a bottom-up manner (Castellanos et al. 2009; Robinson and Berridge 

1993). It has been previously demonstrated that food-related cues biased attention towards their 

location as compared to other items within the visual search array, and that this effect was 

enhanced in a hungry state (Mogg et al. 1998). Previous research has widely investigated the link 

between attentional bias towards food cues and eating behavior. For instance, one clinical study 

has established that heightened attention towards food cues may occur in obese individuals due to 

preoccupation with food intake (Braet and Crombez 2003). In general, an attentional bias towards 

food cues has been shown in both lean and obese individuals. However, obese individuals have 

been shown to direct their attention towards food cues stronger than lean individuals, especially 

in a hungry state (Nijs et al. 2010). In another study, it has been demonstrated that heightened 

attention towards healthy and unhealthy food cues predicted a decrease and increase in body 

mass index (BMI), respectively, over a one year period (Calitri et al. 2010). 

The attentional bias towards food cues has been previously investigated using the N2pc (an 

abbreviation of N2-posterior-contralateral) component (Kumar et al. 2016), which is a reliable 

electrophysiological component indexing the allocation of covert attention in the visual 

environment (Eimer 1996; Luck and Hillyard 1994b, 1994a). Relative to attended hemifield, 

N2pc (peak latency between 180 and 300 ms) is typically estimated by taking the voltage 

difference of contralateral and ipsilateral electrodes (relative to the attended stimulus) located at 

the posterior scalp (e.g. PO7 and PO8), and the amplitude is generally more negative at the 
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contralateral electrode than at the ipsilateral electrode (Verleger et al. 2012). Evidence from a 

source localization study (Hopf et al. 2000) has suggested that N2pc, which arises from parieto-

occipital regions, reflects two distinct neural mechanisms: an early shift of attention (180-200 

ms) within visual search arrays reflected by a parietal source followed by a later stage of focused 

attention (220-240 ms) reflected by a source in extrastriate areas of occipital and temporal cortex. 

Previous studies in both animals and humans have shown the involvement of extrastriate cortex 

in selective attention, suggesting that this visual area preferentially process the selected 

information after filtering out the unwanted distracter information available in the visual field 

(Kastner and Ungerleider 2000; Desimone and Duncan 1995; Tsotsos 1990). In the context of 

attentional bias towards food cues, hunger enhanced the ERP to food (vs. control stimuli) in a 

time window of 180-310 ms over posterior sites (Stockburger et al. 2008). 

Models of visual attention posit that it can be driven by exogenous and endogenous factors. 

For example, salient stimuli bias visual attention exogenously to their location in a bottom-up 

fashion. On the other hand, attention might also volitionally (endogenously) directed to a location 

in space in a top-down fashion (Hickey et al. 2010; Jonides 1981). Further on a behavioral level, 

it has been shown that a rapid shift of attention towards task-irrelevant salient stimuli and a 

slower shift of attention towards task-relevant target stimuli affects response times of  

participants (Hickey et al. 2010). 

In the present study, we used fMRI to assess attentional bias towards food images. A 

selective attention paradigm with bilateral stimuli was adopted for this study in which one image 

appeared on the left and other on the right side of the fixation symbol at the same time. 

Participants were instructed to shift their covert attention either to the left or right side of the 

fixation symbol and respond when a target appeared on the attended side that was superimposed 
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on the task-irrelevant images. Four different combinations of bilateral stimuli were used, 

including a food image on the left and object image on the right side of the fixation symbol, and 

vice versa. These two combinations of bilateral stimuli were compared with two other bilateral 

control stimuli, that is, either object or food image appeared on both sides of the fixation symbol. 

Behaviorally, we hypothesized that participants would make slow responses to targets when a 

food distracter appeared on the unattended side compared to an object distracter. Regarding 

functional activity, we hypothesized that a food image that appears on the attended side would 

induce higher activation in the contralateral extrastriate cortex. Furthermore, a food item that 

appears on the unattended side would also capture attention and elicit higher activation in the 

ipsilateral extrastriate cortex relative to attended side. 

 

4.2 Materials and Methods 

4.2.1 Participants 

Twenty participants were recruited from the student population in Lübeck. Data from 20 

participants (Women = 10, age range 18–28 years, M = 23.55, SD = 2.22) were analyzed in this 

study. The BMI of the included participants was between 20 and 25 (M = 22.60, SD = 1.84). All 

participants were right-handed, had a normal or corrected-to-normal vision, had no history of 

neurological or psychiatric disorders (self-report), and were not taking any medication at the 

time. Informed consent was obtained from each participant before conducting the study. 

Participants were paid for their participation or received course credit. 

4.2.2 Stimuli and Procedure 

Participants performed a selective attention paradigm (c.f. Heinze et al. 1994, for a similar 

set-up), which comprised of four experimental blocks of 160 trials. Every single block 
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approximately lasted for 9 min. Each trial began with the presentation of bilateral stimulus 

configuration, one image on the left and one on the right side of the fixation symbol (</>), which 

remained on the screen for 100 ms. However, the fixation symbol (a left or right-pointing arrow) 

stayed in the middle of the screen throughout the trial. The next trial started after an inter-trial 

interval of 2.3–3.85 s (M = 3.06, SD = 0.47). The fixation symbol indicated the side to which 

participants need to covertly shift their attention. For the first 80 trials, participants paid attention 

either to the left or right side; whereas for the remaining 80 trials, participants paid attention to 

the other side. Participants paid attention to the left side at the beginning of two blocks and to the 

right side at the beginning of the other two. Presentation order was counterbalanced across 

participants. Initially, at the beginning of each block, the fixation cross appeared in the middle of 

the screen for 5 s. Following the fixation cross, the message “Pay attention to the left/right side!” 

appeared in the middle of the screen for 9 s. After the first 80 trials, the message “BREAK!!!” 

appeared in the middle of the screen for 30 s to give participants some time to rest their eyes. 

Subsequently, the message “Pay attention to the left/right side!” appeared in the middle of the 

screen for 9 s. 

Throughout the experiment, four combinations of bilateral stimuli were used: (i) food 

image on the left side/object image on the right side, (ii) object image on the left side/food image 

on the right side, (iii) object images on both sides, and (iv) food images on both sides. Moreover, 

green vertical bars were superimposed on the task-irrelevant food and object images, which were 

presented on the left and right side of the fixation symbol. Twenty percent of the bars on either 

side were smaller than the standard bars and, if appearing on the attended side, had to be 

responded to. Sixty percent of the trials contained the standard size vertical bars on both sides. 

The smaller vertical bar appeared either on the left or right side, but not on both sides at the same 

time. The participants' task was to fix their eyes at the fixation symbol, shift their covert attention 
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to the indicated side, and react to smaller bars when they appeared on the attended side using 

their right index finger. To ensure that participants were fixating on the fixation symbol, a MR 

compatible high-resolution binocular eye-tracking system was used to monitor their eye gaze. 

Real-time (1000 Hz sampling) binocular gaze position was determined using an Eyelink 1000 

system (SR Research, Ltd., ON, Canada) calibrated using a 9-point grid at the start of each block. 

This system has a spatial resolution of 0.02° (RMS) and accuracy of (average bias up to) 0.25°. 

Participants were instructed to refrain from food and drink, except water, for at least 

twelve hours before the start of the experiment. All the participants were measured in the 

morning between 08:00 and 10:00 am. Moreover, participants were not informed in advance that 

they would see images of food and object while performing the task. The selective attention 

paradigm was programmed and presented using Presentation software (Neurobehavioral 

System Inc., Albany, Ca) and visualized on MR compatible goggles inside the scanner.  

4.2.3 MR Data Acquisition 

Structural and functional imaging were performed using a 3-T Siemens MAGNETOM 

Skyra scanner (Siemens Healthcare, Erlangen, Germany) at the center for brain behavior and 

metabolism, University of Lübeck. Functional images were acquired in a simultaneous multi-

slice fashion with a gradient-echo EPI sequence (voxel dimensions 3 × 3 × 3 mm, 50 slices, 512 

x 512 matrix size, TE = 25 ms, TR = 1.34 s, 70° flip angle, 3 mm slice thickness). Four 

additional dummy volumes, which were subsequently discarded, were acquired at the 

beginning of each experimental block to account for T1 equilibrium effects. Further, structural 

images were acquired using a T1-weighted sequence (voxel dimensions 1 × 1 × 1 mm, 

256 × 256 matrix size, TE = 2.44 ms, TR = 1.9 ms, 9° flip angle, 1 mm slice thickness). 



Functional evidence of biased attention towards food stimuli 
 

Page 81 

 

4.2.4 Behavioral Data Analysis 

To assess behavioral performance during the selective attention task, three-way repeated-

measures ANOVA (rmANOVA) with the factors attended side (left, right), attended item (food, 

object) and distracted item (food, object) was calculated for the response times, that is, the time 

which participants took to press the button after a small vertical bar appeared on the attended 

side. Behavioral data were analyzed using IBM SPSS Statistics for Windows, version 22 (IBM 

Corp., Armonk, N.Y., USA). Degrees of freedom and p-values were Huynh-Feldt-corrected when 

necessary.  

4.2.5 fMRI Data Analysis 

Data preprocessing and analyses were performed using SPM12 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) running on MATLAB R2016b (Mathworks, 

Natick, US). Slice timing correction for each block was carried out with reference to the middle 

slice using Fourier phase interpolation. Subsequently, volumes from all four functional blocks 

were realigned spatially with respect to the first functional volume of the first block using rigid 

body transformation. In the next step, the mean functional image of the four blocks was then co-

registered to the structural image of each subject. Finally, the functional images were spatially 

normalized to 3 mm isotropic voxels in Montreal Neurological Institute (MNI) space and 

smoothed with an 8-mm full width at half maximum – FWHM- Gaussian kernel. 

For each participant, an event-related design matrix was created containing the conditions 

of interest: food image on the left side/object image on the right side, object image on the left 

side/food image on the right side, object images on both sides, and food images on both sides. 

These conditions of interest were included in the design matrix for the left and right attended side 

individually. All conditions of interest comprised only trials in which standard vertical bars 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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superimposed on images presented on the left and right side of the fixation symbol. The trials in 

which smaller vertical bars were superimposed on either attended or unattended images were 

included in the design matrix as regressors of no interest. Furthermore, movement parameters 

estimated from realignment were also introduced as effects of no interest in the design matrix. 

Low-frequency noise was removed using a high-pass filter (cut-off 128 s). The standard SPM 

autoregressive AR(1) model was applied, and the onset regressors were convolved with the 

canonical hemodynamic response function. First-level contrast images were generated using a 

one-sample t-test for the conditions of interest against the fixation symbols. On the group level, 

we conducted a three-way rmANOVA with the factors attended side (left, right), attended item 

(food, object) and distracter item (food, object). 

Since three-way rmANOVA neither revealed any main effect nor interaction, we then 

performed an exploratory analysis to investigate the impact of attended and distracted items on 

the brain by eliminating the factor attended side. Earlier, it was hypothesized that the 

experimental conditions of both attended sides might yield similar activations on the brain but in 

a lateralize manner, therefore we flipped the contrasts of right attended side to increase the 

statistical power for left attended side. The contrasts were flipped using Imcalc “flipud (X)” 

function on SPM12. To avoid doubling the degree of freedom on the group-level, the mean 

contrast of similar left and flipped right side conditions (i.e. food on attended side, food on 

distracted side, food on both sides, and object on both sides) was estimated for each participant 

individually. 

Finally, a paired sample t-test was carried out on the group-level to compare the following 

mean contrasts: (i) Foodattended_side_Objectunattended_side versus Objectattended_side_Objectunattended_side 

(henceforth, Foodattended > Objectattended), (ii) Objectattended_side_Foodunattended_side versus 
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Objectattended_side_Objectunattended_side (henceforth, Foodunattended > Objectunattended), (iii) 

Foodattended_side_Objectunattended_side versus Foodattended_side_Foodunattended_side (henceforth, 

Objectunattended_side > Foodunattended), and (iv) Objectattended_side_Foodunattended_side versus 

Foodattended_side_Foodunattended_side (henceforth, Objectattended > Foodattended). The main aim of this 

study was to demonstrate that food stimuli significantly biased attention towards their location as 

compared to object stimuli and induced contralateral activation. Therefore, instead of carrying 

out a two-way rmANOVA, we directly compared food in attended and unattended conditions 

against two control stimuli. 

The rmANOVAs were specified as flexible factorial designs in SPM12 with each subject 

treated as a random effects variable. All main effects, two-way interactions, and comparisons 

between conditions were investigated using F-contrasts. The three-way interaction was examined 

using GLM Flex 

(http://nmr.mgh.harvard.edu/harvardagingbrain/People/AaronSchultz/Aarons_Scripts.html). An 

uncorrected voxel-level threshold of p < .005 was selected for all the analyses, with a family-

wise error rate (FWE) corrected threshold of p < .05 at the cluster level. This voxel-level 

threshold was chosen to sufficiently avoid Type I errors while also reducing Types II errors 

(Lieberman and Cunningham 2009). 

 

4.3 Results 

4.3.1 Behavioral Results 

A rmANOVA with factors attended side (left, right), attended item (food, object) and 

unattended item was performed on the response time. This showed a significant main effect of 

the unattended item, F(1,19) = 4.82, η2
p = 0.21, p = .041. Compared to object items (714±20 ms), 

http://nmr.mgh.harvard.edu/harvardagingbrain/People/AaronSchultz/Aarons_Scripts.html
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the response time was longer when food items (723±20 ms) appeared on the distracted side. All 

other effects and interactions were not statistically significant, p > .05. The mean reaction time of 

each condition is shown in Table 4.1. 

Condition Reaction time 

 (ms) 

Object on both sides 715.02 (97.84) 

Food on the attended side/object on the unattended side 714.07 (94.11) 

Object on the attended side/food on the unattended side 728.26 (107.59) 

Food on both sides 718.61 (89.13) 
 

     Table 4.1 | Behavioral results. Mean (SD) reaction time of each condition. 

 

 

4.3.2 fMRI Results 

Peak regions and coordinates are shown in Table 4.2.  

The three-way and two-way rmANOVAs neither revealed any significant effects nor 

interactions. The paired t-test between attended food and object items exhibited significant 

activity within contralateral middle occipital and temporal gyrus (Figure 4.1 A); whereas the 

comparison between unattended food and object items showed significant activity within 

ipsilateral middle occipital and temporal gyrus, and ipsilateral superior occipital gyrus (Figure 4.1 

B). The paired t-test between the attended object and food items, and unattended object and food 

items revealed no activity in the brain. The activated regions are contralateral and ipsilateral with 

respect to the left and flipped to the left attended side. 
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Region BA x y z k Peak 

F 

pFWE-

value 

Foodattended > Objectattended        

Contralat middle occipital gyrus  19 45 -82 8 119 18.5 .010 

Contralat middle temporal gyrus 19 51 -68 6 72 14.5 < .05 

 

Foodunattended > Objectunattended 

       

Ipsilat middle occipital gyrus 19 -45 -82 2 162 26.84 .015 

Ipsilat middle temporal gyrus 19 -48 -75 17 72 18.7 < .05 

Ipsilat superior occipital gyrus 19 -19 -88 20 12 12.83 < .05 

Objectattended > Foodattended        

No significant clusters        

Objectunattended > Foodunattended        

No significant clusters        
 

Table 4.2 | Whole-brain results for the Paired t-tests. All results are FWE-corrected at the cluster level, p < .05. 

Abbreviations: Contralat: contralateral, Ipsilat: ipsilateral, BA: Brodmann’s area and k: cluster size. The activated 

regions are contralateral and ipsilateral concerning the left and flipped to the left attended side. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 | Whole-brain results for the Paired t-tests. The F-values are thresholded at p < .05 (FWE-corrected 

for multiple comparisons at the cluster level) and superimposed on a T1-weighted structural MNI template. 

Significant brain activations in the contrasts (A) foodattended > Objectattended, (B) Foodunattended > Objectunattended 
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4.4 Discussion 

In the current study, we tested the attentional bias towards food-related stimuli. The 

behavioral data demonstrated no significant difference in response time to targets when food or 

object appeared on the attended side. However, participants were slower in responding to the 

target when a food images appeared on the unattended side as compared to an object image. This 

result is line with previous results suggesting that task-irrelevant salient distracter stimuli attract 

spatial attention towards their location rapidly resulting in a slower response time to target stimuli 

(Hickey et al. 2010). 

Regarding functional activity, our data revealed significant activity in contralateral and 

ipsilateral extrastriate areas of occipital and temporal cortices when food images appeared on 

attended and unattended side, respectively, relative to attended side. These individual activations 

in the contralateral and ipsilateral cortices are observed when contrasting food in attended and 

unattended conditions against control stimuli of an object on both sides. However, no activations 

were found in the whole brain when comparing food in attended or unattended condition against 

control stimuli of food on both sides. 

Extrastriate cortex encompasses a number of distinct cortical areas that subserve different 

functions during visual perception (Felleman 2009). With regard to visual attention, in particular 

visuospatial attention, the extrastriate areas implicated in the current study have roughly grouped 

into two major systems: First, part of the parietal lobes appear to be involved in the control of 

attention (Corbetta et al. 1993; Posner et al. 1984; Mountcastle et al. 1981) whereas, second, 

occipitotemporal areas are involved in the implementation of attentional selection (Heinze et al. 

1994; Chelazzi et al. 1993; Corbetta et al. 1991; Moran and Desimone 1985). Thus, the parietal 

lobes may initiate a shift of attention to the location of a salient item such as the food distracters 
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in the current study (Corbetta et al. 1995) which is followed by further selection implemented in 

the occipitotemporal region (Heinze et al. 1994). The  current experiment thus delivered 

behavioral and brain imaging evidence for attentional capture by task-irrelevant food pictures.  

This is in line with our initial hypothesis. Automatic attentional capture by food items seems 

important for survival of the organism. Indeed, in animals, food cues have been shown to attract 

attention as well (Brandner 2002). The current experiment also had several shortcomings. The 

design was complicated leading to a complex three-factor ANOVA analysis and to a rather 

modest signal to noise ratio. A follow-up experiment should use a simpler setup to investigate the 

important question of attentional capture by food. Moreover, connectivity analyses should be 

implemented to look at whether and how the higher visual areas driven in the current experiment 

by food items are communicating with brain areas involved in assessing the hedonic value of 

food (see chapter 2 of the current thesis).
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5 Summary of findings from food reward-related fMRI study 

In summary, we used an associative learning task, in which participants received monetary 

or food feedback in the form of images, to explore the neural networks underlying food and 

monetary reward, and their modulation by hunger and satiation. Both food and money engage 

common reward-related regions, including VS, medial OFC, and amygdala. Food images 

additionally engage areas of the primary but not secondary gustatory cortex. Our findings are 

consistent with the view that the SMG plays an important role in integrating both interoceptive 

and exteroceptive awareness, as it is more sensitive to food stimuli when hungry and to monetary 

incentives when satiated. Furthermore, the connectivity strength between SMG and VS is 

regulated flexibly depending on both the metabolic state and the available incentive type. 

 

6 Summary of findings from EEG study on goal-directed and habitual 

behavior 

In summary, we adapted a well-established behavioral and neuroimaging outcome 

devaluation paradigm to identify the electrophysiological markers of goal-directed vs habitual 

control. We showed how decreased N2 and increased ERN amplitudes are associated to slips of 

action in conditions that can be resolved by goal-directed control, with participants that display 

more sensitivity to devaluation also showing larger N2 decreases and ERN increases. This 

provides further evidence of the functional dissociation between these two components in 

instrumental learning contexts, suggesting that the N2 might be linked to conflict monitoring, 

whereas the ERN likely reflects a RL signal. Furthermore, we show how the ERN and P3 

components elicited during instrumental learning can predict subsequent sensitivity to 
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devaluation, with ERN amplitudes during learning additionally predicting ERN amplitudes 

associated to slips of action during outcome devaluation. Our data demonstrate that these 

neurophysiological signals of performance monitoring also correspond to the individual tendency 

to engage goal-directed vs habitual control, and further emphasize the value of the ERN as an 

electrophysiological trait. 

 

7 Summary of findings from attention related fMRI study 

In summary, we used a selective attention task with bilateral stimuli setup. In that study, we 

aimed to corroborate previous findings on the N2pc component of the event-related potential, 

suggesting that salient stimuli significantly bias attention towards their location and evoke 

contralateral brain activity in secondary visual areas. The behavioral data demonstrated that 

participants were slower in responding to the target when a food object image appeared on the 

distracted side. Regarding functional activity, our exploratory analysis revealed significant 

activity in the contralateral and ipsilateral (with respect to attended side) extrastriate cortex when 

food stimuli compared to object stimuli appeared on the attended and unattended side, 

respectively. 
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8 Future directions 

The first fMRI study has certain limitations that might be addressed in the future. Even 

though the subjective ratings of hunger, satiation and desire to eat implied that the manipulation 

of the participants’ metabolic state was successful, the short duration of the fasting period, only 

lasting six hours, might explain the absence of a main effect of metabolic state in the fMRI 

results. We would suggest increasing the fasting period to at least 12 hours and then test the 

effect of fasting on the brain. Besides, to limit the variance of our observations, the current study 

only included normal weight men. Previous studies have suggested gender differences in neural 

activity when exposed to food stimuli (e.g. see review Chao et al. 2017). This suggests that future 

experiments should also include women as well as lean and obese participants.  

Regarding our EEG study, previous studies have highlighted the importance of DA in 

maintaining the balance between goal-directed and habitual control during outcome devaluation 

test (San Martín 2012; de Wit et al. 2011). For instance, one behavioral study (de Wit et al. 

2012a) has tested the effect of reduced DA in healthy male and female participants and 

demonstrated that lower DA has no impact on male participants’performance during outcome 

devaluation test. However, for female participants, it has been shown that lower DA shifted the 

balance more towards habitual as compared to goal-directed control. In light of these 

observations, we would suggest conducting an EEG study after reducing DA levels, for example 

after dietary manipulation (Badawy 2013).   

Regarding our third fMRI study, it was already stressed in the discussion of chapter 4 that 

the selective attention paradigm had a number of short-comings that could be improved in future 

studies. While our exploratory analysis showed significant activity in contralateral and ipsilateral 

extrastriate areas when food with a combination of object image appeared on the attended and 
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unattended side, respectively, the main analysis did not yield significant effects most likely due to 

an overly complex design. We would suggest repeating the experiment with a simplified set up, 

capitalizing on well-known behavioral effects such as inhibition of return (Wang et al. 2018). 
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