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Monday 11 May 2015 
 

Amphithéâtre Jaurès at Ecole Normale Supérieure (ENS). 
29 rue d’Ulm - 75005 Paris 

 
 
 

Morning - Session #1: Beyond two: multi-alternative and multi-attribute choices 
Chair: Mehdi Khamassi 
 

8:30-8:50 Registration 
8:50-9:00 Welcome word 
9:00-9:40 Kenway Louie. Adaptive value coding and context-dependent choice. 

9:40-10:20 Christopher Summerfield. Adaptive gain control during perceptual decision-
making. 

  
Coffee break  
 

10:40-11:20 Mitsuhiro Okada. Alternative decision making and logic. 
11:20-12:00 Laurence Hunt. Bridging microscopic and macroscopic choice dynamics in 

prefrontal cortex. 
  

 
Lunch time    
 
 

 
Afternoon - Session #2: Shaky business: neural sources of choice variability 
Chair: Etienne Koechlin 
 

14:00-14:40 Jan Drugowitsch. The origin and structure of behavioral variability in decisions 
based on perceptual evidence. 

14:40-15:20 Valentin Wyart. Selective encoding of threat-associated signals during perceptual 
decision-making in the human brain. 

  
Coffee break  
 

15:40-16:20 Sophie Deneve. TBA. 
16:20-17:00 Aldo Rustichini. A Neuro-computational model of economic decisions: implications 

for economic theory. 
  

 
19:00 Social event - Buffet with (quasi-) panoramic view on Paris, from the 24th floor of 

Zamansky Tower, on Université Pierre et Marie Curie (UPMC) campus. 
  

 
 
 
 
 
 



Tuesday 12 May 2015 
 

Amphithéâtre of the Institut du Cerveau et de la Moelle Epinière (ICM). 
Hôpital Pitié-Salpêtrière, 47 boulevard de l'hôpital - 75013 Paris 

 
 
 

Morning - Session #3: Looking for causality: choice bias following brain manipulation 
Chair: Mathias Pessiglione 
 

9:00-9:40 Masud Husain. Pleasure – and its disorders: apathy and anhedonia. 
9:40-10:20 Christian Ruff. Causal neural mechanisms underlying social decisions. 

  
Coffee break  
 

10:40-11:20 Liane Schmidt. Mind matters: Placebo enhances reward learning in Parkinson's 
disease. 

11:20-12:00 Miriam Klein-Flügge. Value decisions involving outcome- vs action-related costs 
and their influence on motor cortex dynamics. 

  
 
Lunch time + Poster Session   
 

 
 
Afternoon - Session #4: The dark side of choice: delay, effort and punishment 
Chair: Thomas Boraud 
 

14:30-15:10 Mauricio Delgado. Distinct contributions of the vmPFC and the striatum in the 
flexible control of emotions. 

15:10-15:50 Brian Knutson. The “risk matrix”: Functional and structural characterization. 
15:50-16:30 Mark Walton. Mesolimbic dopamine: reward prediction in action? 

  
Coffee break  
 

16:50-17:30 Melissa Warden. Prefrontal control of brainstem neuromodulatory systems in 
motivated behavior. 

17:30-18:10 Peter Dayan. Stimulating Labour and Slothful Leisure. 
  

 
19:00 Unofficial social event – Drinks and food by the Seine River, at La Vagalame, quai 

de la gare, 75013 Paris. 
  

 
  



Wednesday 13 May 2015 
 

Amphithéâtre of the Institut du Cerveau et de la Moelle Epinière (ICM). 
Hôpital Pitié-Salpêtrière, 47 boulevard de l'hôpital - 75013 Paris 

 
 
 

Morning – Session #5: Choosing the unknown: the route to exploration 
Chair: Kenji Doya 
 

9:00-9:40 Quentin Huys. The interplay of approximate decision-making strategies. 
9:40-10:20 Emmanuel Procyk. Differential prefrontal dynamics for decisions to check. 

  
Coffee break  
 

10:40-11:20 Kerstin Preuschoff. TBA. 
11:20-12:00 Thomas Boraud. From lamprey to primate, a phylogenetic approach of the 

explorative behaviour. 
  

 
Lunch time + Poster Session   
 

 
 
Afternoon – Session #6: More brains: Choice in social context 
Chair: Sacha Bourgeois-Gironde 
 

14:30-15:10 Sylvie Granon. Choices and decisions in social and non-social tasks in mice: 
competing rewards, risk-taking, and uncertainty. 

15:10-15:50 Makiko Yamada. Molecular mechanism of superiority illusion in social comparison. 
15:50-16:30 Colin Camerer. Neural Evidence of Financial Trading Biases and Asset Bubbles. 

  
Coffee break  
 

16:50-17:30 Andreea Diaconescu. Hierarchical learning and dopaminergic mechanisms in social 
inference. 

17:30-18:10 John O’Doherty. Neural mechanisms underlying learning and inference in a social 
context. 

18:10 Conclusion. 
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SBDM 2015 –Abstracts of the talks 
 
Session #1: Beyond two: Multi-alternative and multi-attribute choices 
Monday 11 May, morning – Ecole Normale Supérieure (ENS) 
 
Kenway Louie (Stanford University, USA) 
Adaptive value coding and context-dependent choice 
 
Empirical decision-making in a wide range of species deviates from the predictions of normative choice theory, but why 
such suboptimal behavior occurs is unknown. Our recent examination of circuit computations in decision-related brain 
areas suggests a close link between neural value coding and context-dependent violations of rationality. I will discuss 
how a specific adaptive computation (divisive normalization) mediates contextual value coding in posterior parietal 
neurons and the relationship between this neural representation and choice behavior. Because such computations can 
incorporate both past and current information, adaptive value coding may underlie both spatial and temporal forms of 
context-dependent choice. Furthermore, these computations can maximize information coding in constrained neural 
circuits, suggesting that behavioral deviations from optimality may arise from biological decision mechanisms 
maximizing choice performance within intrinsic biophysical constraints.   
 
Christopher Summerfield (University of Oxford, UK) 
Adaptive gain control during perceptual decision-making 
 
Human performance on perceptual classification tasks is often described as approaching that of an ideal 
observer.  However, human cognitive resources are finite, and decisions about uncertain sensory information are limited 
by "late" noise arising beyond the sensory stage.  I will discuss the view that humans have evolved "robust" choice 
strategies that protect decisions against late noise, and which involve adapting the gain of information processing to 
focus on a subset of the feature information.  Describing tasks in which observers average the feature information 
arising from a stream of discrete visual events (samples), I will present evidence that this gain control can be 
implemented both flexibly and extremely rapidly.  These experiments disclose new behavioural phenomena in 
perceptual classification, including robust averaging, variance priming, and selective integration, and I will discuss these 
and their accompanying neural correlates. Finally,  I will provide a computational model that accounts for these effects, 
and draws a link between psychophysical studies of decision formation, and cognitive accounts of the decision process 
that have emphasised how capacity is limited by a central bottleneck. 
 
Mitsuhiro Okada (Department of Philosophy, Keio University, Japan) 
Alternative decision making and logic 
 
We present our on-going research on alternative decision making and logic, with focuses on multi-attribute decision 
making and some classical decision making tasks such as the Allais paradox task. We consider how different 
representations of a multi-attribute table influence or do not influence subjects’ decision. We present some eye-tracker 
experiments with the use of two-valued tables, (typically being used for specification tables of commercial items). We 
then discuss some relation between decision making and logical inference ability. This is a joint work with Takashi Ideno 
and Masahiro Morii. 
 
Laurence Hunt (University College London, UK) 
Bridging microscopic and macroscopic choice dynamics in prefrontal cortex 
  
The significance of prefrontal cortex for reward-guided choice is well known from both human imaging and animal 
neurophysiology studies. However, dialogue between human and animal research remains limited by difficulties in 
relating observations made across different techniques. A unified modelling framework may help reconcile these data. 
We have previously used attractor network models to demonstrate that varying decision values can elicit changes in 
local field potentials (LFP) dynamics, causing value correlates observable with human magnetoencephalography (Hunt et 
al., Nature Neuroscience 2012). Extended, hierarchical forms of such models can also predict human functional MRI 



signal in different frames of reference during a multi-attribute decision process (Hunt et al., Nature Neuroscience 2014). 
In light of this framework, we have recently sought to relate simultaneously recorded LFP and single-unit data from 
prefrontal cortex of macaque monkeys performing a cost-benefit decision task. By performing principal component 
analysis of unfiltered LFPs timelocked to choice, components emerged that resembled the main choice-related LFP 
signature (PC1) and its temporal derivative (PC2). PC1 thus indexes LFP event-related amplitude, but crucially PC2 
indexes its latency, reflecting the speed at which choice dynamics occurred on each individual trial. We found PC1 scores 
were correlated with overall value sum: the inputs of a decision process. PC2 scores, however, were correlated with 
chosen (but not unchosen) value: the outputs of a decision process. To relate LFP dynamics to single unit activity, we 
regressed single-trial PC1 and PC2 scores onto simultaneously recorded single-unit firing rates. PC2, indexing the internal 
latency of each individual choice, predicted single-unit activity in nearly half of all recorded units – in particular those 
cells that showed a value-to-choice transformation. Similar results could be found by principal component 
decomposition of the attractor network model. These results provide a novel bridge between LFP single-trial dynamics 
and simultaneously recorded single-unit activity. Perhaps more significantly, it allows us to relate value correlates in 
human neuroimaging studies to their cellular origins. 
 
Session #2: Shaky business: Neural sources of choice variability 
Monday 11 May, afternoon – Ecole Normale Supérieure (ENS) 
 
Jan Drugowitsch (Université de Genève, Switzerland) 
The origin and structure of behavioral variability in decisions based on perceptual evidence 
 
The variability of human behavior in perceptual decision-making is frequently larger than can be explained by variability 
in the underlying sensory evidence. This additional variability has been hypothesized to have its origin at the sensory, 
inference, or selection stage of the decision-making process, but the evidence for either alternative is still disputed. 
A model-based analysis of the behavior of humans performing a multi-sample categorization task strongly supported the 
inference stage as the main contributor to their choice variability. Sensory noise alone was not a viable explanation, as 
this hypothesis did not match the pattern and magnitude of choice variability. The selection stage was also an unlikely 
contributor, as it does not predict the observed growth in variability with the amount of required inference. 
 
A follow-up experiment revealed that about a third of the observed variability could be attributed to deterministic 
biases over space and time in how participants processed the stimuli. Taking these biases into account resulted in largely 
unbiased residual variability that is not attributable to deterministic approximations to Bayesian inference but instead 
seems to stem from intrinsic variability in the representation of information that results in and up to 60% loss of 
information. 
 
Valentin Wyart (INSERM – Ecole Normale Supérieure, France) 
Selective encoding of threat-associated signals during perceptual decision-making in the human brain 
 
Social decisions are based on heterogeneous sources of ambiguous sensory evidence, and thus highly susceptible to 
contextual influences. By computational modeling of human choice behavior and electrical brain activity, here we 
demonstrate that gaze direction acts as a contextual cue during emotion categorization by selectively tuning the 
perceptual sensitivity to facial features differentially associated with threat under direct and averted gaze. This effect 
arises simultaneously in ventral face-selective and dorsal motor regions as early as 200 ms following face presentation. 
Importantly, neural signals in both regions predict decision parameters regardless of the level of threat associated with 
the displayed emotion, ruling out the possibility that the effect is mediated by increased attention to threat-associated 
facial features. Furthermore, the early tuning of perceptual sensitivity at 200 ms differs qualitatively between ventral 
and dorsal regions as a function of individual anxiety: while high anxious individuals encode the intensity of displayed 
emotions irrespective of gaze direction in human temporal cortex, their motor cortex is pre-activated only in response to 
threat-associated emotions. Together, these findings reveal that threat enhances neural processing in parallel in 
stimulus- and response-selective regions. 
 
Sophie Deneve (CNRS – Ecole Normale Supérieure, France) 
T.B.A. 



 
Aldo Rustichini (University of Minnesota, USA) 
A Neuro-computational model of economic decisions: implications for economic theory. 
 
Session #3: Looking for causality: Choice bias following brain manipulation 
Monday 12 May, morning – Institut du Cerveau et de la Moëlle Epinière (ICM) 
 
Masud Husain (University of Oxford, UK) 
Pleasure – and its disorders: apathy and anhedonia. 
 
What are the brain mechanisms underlying pleasure? Animal models have suggested there might be two distinct 
processes: ‘liking’ and ‘wanting’, with dopamine, parts of the basal ganglia and ventromedial prefrontal cortex (vmPFC) 
playing crucial roles in mediating the motivation to seek pleasure. In humans, it is increasingly recognized that apathy 
and anhedonia are common, debilitating syndromes across a range of focal lesion and neurodegenerative conditions. 
Research into both syndromes has begun to reveal that they might be associated with a deficit in ‘wanting’. Here, I’ll 
focus on studies we’ve performed in humans with basal ganglia and vmPFC lesions and patients with Parkinson’s disease 
ON and OFF dopaminergic medication, as well as in healthy individuals. Our findings suggest that alterations in reward 
sensitivity and preparation for effortful actions play important roles in human apathy, with dopamine having a crucial 
role in modulating motivation to act. 
 
Christian Ruff (University of Zurich, Switzerland) 
Causal neural mechanisms underlying social decisions 
 
Many of the important decisions in our lives concern not only ourself but also have to take into account other people. 
Such social influences on choice have been proposed to rely on specialised networks of brain regions in prefrontal and 
temporo-parietal cortex. However, most of the evidence for these theories comes from purely correlational 
neuroimaging studies, leaving it unclear whether the activated brain areas are indeed specifically and causally necessary 
for the social aspects of decision-making. In my talk, I will present recent studies in which we combined brain stimulation 
techniques (TMS and tDCS) with fMRI, to demonstrate that distinct lateral prefrontal and temporo-parietal areas 
underlie our ability to comply with social norms, to behave altruistically, and to mentalize during strategic social 
interactions. 
 
Liane Schmidt (INSEAD / LNC-DEC Ecole Normale Supérieure, France) 
Mind matters: Placebo enhances reward learning in Parkinson’s disease 
This is joint work with Erin Kendall Braun, Tor D. Wager, Daphna Shohamy (Columbia University, USA) 
 
Expectations consist in the human ability to anticipate positive and negative effects of a drug or a good, and as such, 
they have a powerful influence on how we experience the world. They influence from how hard we work to the 
decisions we make to what we consume. Perhaps the most famous example for the power of expectation is the placebo 
effect wherein the mere expectation of an outcome gets translated into that outcome. Findings from psychology suggest 
that expectations are shaped by learning from past experiences, as conditionning has been shown to create robust 
placebo responses. Neurobiological and computational models of learning suggest that dopamine is crucial for shaping 
expectations of positive outcomes such as reward. Though, in return expectations alone may influence dopamine levels. 
Because expectations and reinforcers are typically manipulated together, the role of expectations per se has remained 
unclear. Here, I will present findings from an experimental paradigm that separated these two factors using a placebo 
dopaminergic manipulation in Parkinson’s patients. Building on prior data suggesting that placebo treatment may cause 
endogenous recruitment of brain mechanisms that underpin reward learning, we combined placebo and 
pharmacological manipulations with a well-characterized instrumental learning paradigm and used functional magnetic 
resonance imaging (fMRI) to link learning behavior to learning- and value-related brain activation. The results 
demonstrate that the mere expectation of dopamine release enhances reward learning and modulates learning-related 
signals in the striatum and the ventromedial prefrontal cortex. The effects were selective to learning from reward: 
neither medication nor placebo had an effect on learning to avoid monetary loss. These findings provide a window into 
the neurobiological mechanism through which placebo (i.e. expectancy) can alter learning and affect in PD patients and 



offer the promise of potential feedback cycles in which expectations and experienced reward are mutually reinforcing. 
The synergy between expectations, pharmacology and behavior may have a positive cumulative effect on a patients’ 
motivation, response to treatment, and quality of life.  
 
Miriam Klein-Flügge (University of Oxford, UK) 
Value decisions involving outcome- vs action-related costs and their influence on motor cortex dynamics 
 
Choices between differently valued options frequently require incorporation of decision costs and translation into motor 
outputs. We here present our recent work on choice computations when costs are associated with actions (eg physical 
effort) versus outcomes (eg changing probabilities), and on the temporal dynamics of how a value-decision is translated 
into a motor response. 
First we provide evidence from TMS applied over human motor cortex that biases reflecting the evaluation of choice 
options emerge in the motor system before value decisions are complete, showing that the decision process occurs 
simultaneously with action selection. Next, we used anodal tDCS over vmPFC during a value-based decision task 
involving changing probabilities which caused participants’ choice patterns to be more random compared to sham or 
lateral PFC stimulation. These findings matched predictions derived from a biophysical model in which we simulated the 
tDCS-induced changes in neurotransmission, and they provide causal evidence for the role of vmPFC in the choice 
computation process. In a final study, we tested whether the same circuits are engaged when choices are tied to 
physical action costs. Using fMRI, we show that a region in the cingulate cortex, but not the vmPFC, carries a signature of 
choice computation. In addition, two distinct circuit centred around vmPFC, vs supplementary motor area, show activity 
related to the individual tendency to be more reward-driven or effort-avoiding, respectively. 
Taken together, our data are incompatible with models of serial processing of stimulus, decision, and action. They 
provide causal evidence for the role of vmPFC in the choice computation process when costs are tied to the outcome. 
And they suggest that decisions requiring the integration of action costs are computed in different circuits, therefore 
providing evidence for several parallel mechanisms of decision making in the human brain. 
 
Session #4: The dark side of choice: Delay, effort and punishment 
Monday 12 May, afternoon – Institut du Cerveau et de la Moëlle Epinière (ICM) 
 
Mauricio Delgado (Rutgers University, USA) 
Distinct contributions of the vmPFC and the striatum in the flexible control of emotions 
 
Emotion regulation is an adaptive process that allows for the flexible control of emotional responses. Central to this 
process is the role of the ventromedial prefrontal cortex (vmPFC) in interpreting the emotional meaning of events. 
Specifically, the vmPFC has been involved in a) changing the emotional meaning of stimuli that predict negative 
outcomes (e.g., from aversive to more neutral) and b) flexibly interpreting negative outcomes in an advantageous 
manner that can promote better decision-making (e.g., decisions to persist with a goal following a negative outcome). In 
this talk, we will highlight the potential role of the vmPFC in emotion-focused coping strategies and its influence on 
decision-making. Further, we will contrast this role for the vmPFC in the flexible control of emotions with an alternative 
mechanism for coping with negative affect that is thought to depend on neural structures such as the striatum to correct 
behavior and avoid further negative outcomes. 
 
Brian Knutson (Stanford University, USA) 
The “risk matrix”: Functional and structural characterization 

Consistent with "greed" and "fear" moving financial markets, growing neuroimaging evidence suggests that brain 
activity associated with positive arousal promotes risk taking, while brain activity associated with negative arousal 
instead promotes risk avoidance. Whole brain functional classifier solutions (derived from FMRI data) verify that a 
localized, robust, and generalizable set of features can predict financial risk taking. Further, the coherence of specific 
structural connections among these regions (derived from DTI data) may account for individual differences in risk 
preferences. Characterization of this "risk matrix" may improve predictions of nontraditional (e.g., skewed) as well as 
traditional (e.g., variable) varieties of risky choice.  



Mark Walton (University of Oxford, UK) 
Mesolimbic dopamine: reward prediction in action? 

It is widely held that the activity of many dopamine neurons encodes a quantitative reward prediction error, which can 
act as a teaching signal to represent and update predictions of future rewards.  A largely separate literature has also 
implicated striatal dopamine transmission as critical for driving behavioural responses and action initiation, particularly 
when needing to overcome response costs.  However, to date, the precise relationship between dopamine release, 
reward prediction, movement and cost-benefit choice behaviour remains ambiguous.  I will discuss a series of ongoing 
electrochemistry studies in rodents where we monitor sub-second dopamine release dynamics directly in the ventral 
striatum as animals make choices or withhold responses to attempt to understand the relationship between rapid 
changes in dopamine, net value and movement.  We have found that dopamine release in the nucleus accumbens core 
is rapidly and preferentially modulated by predictions of future reward, but that these predictions are likely the output 
of a decision process and do not directly guide which option to choose.  Nevertheless, dopamine release appears 
contingent on correct action initiation, suggesting a role in determining when to respond.  This implies that dopamine 
transmission in this part of the striatum (though not necessarily in others) may be critical to shape and invigorate 
appropriate actions based on future reward. 

Melissa R. Warden (Cornell University, USA) 
Prefrontal control of brainstem neuromodulatory systems in motivated behavior 
 
The prefrontal cortex (PFC) is thought to participate in high-level control over generation of behaviors, including the 
decision to execute actions; imaging and lesion studies in human beings have revealed that PFC dysfunction can lead to 
either impulsive states with increased tendency to initiate action, or to amotivational states characterized by hopeless 
and depressive symptoms. In light of the opposite valence of these two phenotypes as well as the broad complexity of 
other tasks attributed to PFC, it may be that only a specific subclass of PFC neurons mediates motivated behavioral 
responses to challenging situations. Here we develop and employ a quantitative method for continuous assessment and 
control of goal-directed responsiveness to behavioral challenge, synchronized with single-unit electrophysiology and 
optogenetics in freely-moving rats. We first observed by recording in the medial PFC (mPFC) that many neurons were 
not simply movement-related in their spike firing patterns, but instead were selectively modulated from moment to 
moment according to the animal’s decision to act in a challenging situation. But surprisingly, we then found that direct 
activation of all principal neurons in the mPFC had no detectable causal effect on this behavior. We next tested if this 
behavior could be causally mediated by only a subclass of mPFC cells defined by specific downstream wiring. Indeed, by 
leveraging optogenetic projection-targeting to selectively control cells with specific efferent wiring patterns, we 
observed that optogenetic activation of those mPFC cells projecting to the brainstem dorsal raphe nucleus (DRN), a 
serotonergic nucleus implicated in major depressive disorder, induced a profound, rapid, and reversible effect on 
selection of the active behavioral state. These results may be of importance in understanding the circuit basis of normal 
and pathological patterns of action selection in behavior. 
 
 
Peter Dayan (University College London, UK) 
Stimulating Labour and Slothful Leisure  
This is joint work with Ritwik Niyogi and Peter Shizgal. 
 
Given the option, humans and other animals elect to distribute their time between work and leisure, rather than 
choosing all of one and none of the other. Traditional accounts of partial allocation have characterised behaviour on a 
macroscopic timescale, reporting and studying the mean times spent in work or leisure. However, averaging over the 
more microscopic processes that govern choices is known to pose tricky theoretical problems, and also eschews any 
possibility of direct contact with the neural computations involved. We develop a microscopic framework, formalized as 
a semi-Markov decision process with possibly stochastic choices, in which subjects approximately maximise their 
expected returns by making momentary commitments to one or other activity. We show macroscopic utilities that arise 
from microscopic ones, demonstrate how facets such as imperfect substitutability can arise in a more straightforward 
microscopic manner, and consider extensions to satiation and fatigue. 
 



Session #5: Choosing the unknown: The route to exploration 
Monday 13 May, morning – Institut du Cerveau et de la Moëlle Epinière (ICM) 
 
Quentin Huys (ETH Zurich - University of Zurich, Switzerland) 
The interplay of approximate decision-making strategies 
 
 
Emmanuel Procyk (CNRS – INSERM, France) 
Differential prefrontal dynamics for decisions to check 
 
 
Kerstin Preuschoff (Université de Genève, Switzerland) 
T.B.A. 
 
 
Thomas Boraud (CNRS – Université Bordeaux 2, France) 
From lamprey to primate, a phylogenetic approach of the explorative behaviour. 
  
Vertebrates share all the same decision network organized around the thalamus, the basal ganglia and the anterior part 
of the pallium. The development of the later, which becomes the cortex in the mammals, is associated with increased 
complexity of the behaviour and the emerging of deliberative decision making. Despite this development, mammals 
share with other vertebrates the same tendency to sub-optimality in choice behaviour. This property has been 
associated to exploratory behaviour. Based on anatomical, electrophysiological, behavioural and pharmacological 
evidences, we propose a comprehensive model of the neural substrate of explorative behaviour and its evolution from 
the lamprey to the primate. 
 
Session #6: More brains: Choices in social context 
Monday 13 May, afternoon – Institut du Cerveau et de la Moëlle Epinière (ICM) 
 
Sylvie Granon (Université d’Orsay – CNRS, France) 
Choices and decisions in social and non-social tasks in mice: competing rewards, risk-taking, and uncertainty 
 
Uncertainty and risk are two major modulators of decision-making processes. In addition, choosing between different 
outcomes also influences the decision-making process. In order to address how the brain manages these internal and 
external factors to make coherent decisions, we designed social and non-social tasks adapted for mice.  
Social environments combine uncertainty and competition between natural rewards, because of actions of unknown 
and unpredictable social partners, and because social contacts are potent rewards. Gambling tasks that we adapted for 
mice, combine probabilistic estimation of gaining positive outcomes, risk taking, and competition between food reward 
and novelty exploration. 
Using data obtained with these social and non-social tasks, we will discuss here that social behaviors are suitable models 
for studying flexible decision-making processes, and that choosing between competing natural outcomes in social 
situations requires a functional prefrontal cortex. Using the Mouse Gambling Task, we further identified behavioral traits 
related both to risk-taking and reward mechanisms correlated to individual performance.  
 
Makiko Yamada (National Institute of Radiological Sciences, Japan) 
Molecular mechanism of superiority illusion in social comparison 
 
The tendency to evaluate oneself as superior to average is a cognitive bias called, “the superiority illusion”. This illusion 
helps us to have hopes for future, and is deep-rooted in the process of human evolution. Possessing the superiority 
illusion is also important for mental health, as depressed patients appear to have a more realistic perception of 
themselves, dubbed “depressive realism”. Our recent study revealed the interrelationship between functional 
connectivity and striatal dopaminergic neurotransmission that generate this illusion, using resting-state fMRI and PET. A 
striatal functional connectivity, regulated by inhibitory dopaminergic neurotransmission, determines inter-individual 



variations in the superiority illusion. We further revealed that blockage of the dopamine transporter, which enhanced 
the level of dopamine in striatum, increased the degree of superiority illusion. Similarly, the association between the 
striatal dopamine release and the superiority illusion was observed in depressed patients after antidepressant 
treatment. These findings suggest that dopamine acts on striatal dopamine receptors to suppress striatal functional 
connectivity, leading to disinhibited, heuristic, approaches to positive self-evaluation. These findings help us to 
understand how this key aspect of the human mind is biologically determined, and will point to treatments for 
depressive symptoms by targeting specific molecules and neural circuits. 
 
Colin Camerer (California Institute of Technology, USA) 
Neural Evidence of Financial Trading Biases and Asset Bubbles 
 
One research strand aims to understand the neural encoding of value gained from purely “realizing” a financial gain or 
loss, which explains why people sell “winning” stocks with accrued capital gains too early and hold “losers” too long. 
Encoding in mOFC of capital gain is correlated with the extent of trading bias. The second research strand creates 
laboratory bubbles in which prices increase far above simple intrinsic, fundamental values, then predictably crash. 
Together, these studies provide further evidence of a reward-tracking signal, which in financial markets seems to 
motivate “momentum” investors who “chase returns” (and do poorly), and a forward-looking uncertainty signal in insula 
associated with selling before the crash to cash in, which creates success. 
 
Andreea Diaconescu (ETH Zurich - University of Zurich, Switzerland) 
Hierarchical learning and dopaminergic mechanisms in social inference 
 
Bayesian theories of brain function propose that hierarchically organized prediction errors (PEs) play a central role in 
predicting sensory events and their underlying causes. The deployment of hierarchical learning is particularly critical in 
social contexts. A highly challenging aspect of this inference is the uncertainty or the precision of our beliefs about 
others’ (hidden) intentions. To examine the role of uncertainty in social interactions, we applied hierarchical Bayesian 
modeling, functional magnetic resonance imaging (fMRI), and electroencephalography (EEG) in a deception-free task 
where participants tracked the intentions of an adviser who communicated via videos.  
Single-trial EEG analyses reveal a specific temporal evolution of hierarchical learning in a social context suggesting that 
feedback-related evoked potentials do not merely reflect error awareness, but rather hierarchically-organized precision-
weighted PEs consistent with Bayesian brain hypotheses, like the free-energy principle. This talk also highlights a two-
fold role of dopamine in social learning: First, we show that while the dopaminergic midbrain encodes general outcome 
uncertainty, uniquely social forms of uncertainty, i.e. advice validity and stability of adviser’s intentions, are represented 
in subdivisions of the anterior cingulate cortex. Second, direct dopaminergic manipulation and variations in genetic 
predispositions with regard to tonic dopamine levels (as indexed by the Catechol O-methyl transferase gene) exhibit a 
substantial influence on how participants learned from advice.  
 
John O’Doherty (California Institute of Technology, USA) 
Neural mechanisms underlying learning and inference in a social context 
 
Considerable progress has been made in understanding the neural computations underlying the capacity of the human 
brain to learn from experience and in making decisions to maximize future rewards. Much less is known about how the 
brain is able to learn and make decisions in a social context. In this talk I will outline a computational model-based 
approach in which we combine computational modeling with fMRI experiments in order gain insight into how it is that 
the brain is capable of learning from and about other people, as well as to ascertain how it is the brain can make use of 
the knowledge acquired about or from others in order to make good decisions in a social context.  Our findings point to 
the involvement of multiple mechanisms in social learning and decision-making. Some of these are domain general i.e. 
involved in both social and non-social contexts, while other brain mechanisms may be more domain specific, i.e. with a 
relatively more specialized involvement only in social contexts.  
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[W1] The Influence Of Processing Order On Hierarchical Learning 
 
William H. Alexander 
 
Ghent University 
 
 [T2] Reward Shape Effects On the Precision On Perceptual Decisions 
 
Anderson and Christie R. M. Haskell            
 
Affiliations: Dept. of Psychology and the Centre for Theoretical 
Neuroscience, University of Waterloo, CANADA 
 
 [T22] Physiologically constrained matching between brain and stimuli 
 
Cécile Aubert, Antoine Dubernat  
 
Groupe de Recherche en Économie Théorique et Appliquée (GREThA), Université de Bordeaux, France. 
 
[W3] A fMRI Study of “Waiting Impulsivity” in Human 
 
Kwangyeol Baek1, Daisy Mechelmans1,2, Valerie Voon1,2 

 

1Department of Psychiatry, University of Cambridge 
2Behavioural and Clinical Neuroscience Institute, University of Cambridge 
 
[T4] Neural Mechanisms of Hierarchical Planning during Navigation  
 
Balaguer J 1, Hassabis D 2, Spiers H 2, Summerfield C 1  
 
1. Dept. Experimental Psychology, University of Oxford, Oxford, UK.  
2. Dept. Psychology, University College London, London, UK.  
 
[W5] Confidence Matching: A Heuristic For Communication Of Uncertainty 
 
Dan Bang1, Laurence Aitchison2, Rani Moran3, Santiago Herce Castañón1, Peter Latham2, Bahador Bahrami4, & 
Christopher Summerfield1 
 
1. Dept. Experimental Psychology, University of Oxford; 2. Gatsby Computational Neuroscience Unit, UCL; 3. School of 
Psychological Sciences, Tel Aviv University; 4. Institute of Cognitive Neuroscience, UCL. 



[T18] Physical Overreaching And Decision-Making: Evidence For Cognitive Control Depletion 
 
B. Blain,1,2,3 .  C. Schmit4, C. Hausswirth4, Y. Le Meur4, M. Pessiglione.1,2 

 

1Motivation, Brain  & Behavior lab, Brain & Spine Institute, Hôpital Pitié-Salpêtrière 
2 Inserm U1127, Université Pierre et Marie Curie (UPMC – Paris 6) 
 3 Economics center, Sorbonne University, Paris, France 
4 National Institute of Sport, Expertise and Performance, EA7370, Paris, France 
 
[T8] Reward-maximizing prioritization of a dynamic decision process governing sensory-
instructed saccades under time pressure. 
 
Annabelle Blangero¹-² & Simon Kelly¹-³ 
 
1- Department of Biomedical Engineering, City College of New York, New York, USA 
2- Department of Experimental Psychology, Oxford University, Oxford, UK 
3- School of Electrical and Electronic Engineering, University College Dublin, Dublin, Ireland 
 
[W9] How prior information biases decisions during tactile frequency discrimination 
 
Aline Bompasa,b, Gaëtan Sanchez a,c & Jérémie Mattout a 
 
a. Lyon Neuroscience Research Center, Brain Dynamics and Cognition Team, INSERM U1028; CNRS, UMR5292; Lyon, 
France 
b. University Lyon 1, Lyon, France 
c. Center for Mind/Brain Sciences, University of Trento, Italy 
 
[T10] Orbitofrontal and hippocampal contributions to acquiring an internal forward model 
 
Erie D. Boormana,b, Vani Rajendrana, Jill X. O’Reillya, Tim E. Behrensa,b 

 

a: Department of Experimental Psychology, University of Oxford, UK  

b: Functional MRI of the Brain Centre, Nuffield Department of Clinical Neurosciences, John Radcliffe Hospital, Oxford, UK 

 

[W 11] Role of serotonin in the motivational control of behavior: a pharmacological 
challenge in humans 
 
Nicolas Borderies, Raphaël LeBouc, Florent Meyniel, Fabien Vinckier, Jean-François Corvol, Mathias Pessiglione 
 
“Motivation, Brain and Behavior” , Brain and Spine Institute,  INSERM , Paris 
 
[T12] Vicarious rewards modulate the decision threshold of the drift diffusion model 
 
Bottemanne, L.,(1) Wydoodt, P., (1) Dreher, J-C.(1) 
 
1. Reward and decision making group, Institut des Sciences Cognitives (Cognitive Neuroscience Center), CNRS, UMR 5229, 
67 Boulevard Pinel, 69675 BRON, France. 
 (2007), ‘Fitting the Ratcliff Diffusion Model to Experimental Data’, Psychonomic Bulletin & Review, vol.14, no. 6, pp. 1011–1026. 



[W37] Integration of statistical information in complex acoustical environments 
 
Yves Boubenec1,2, Jennifer Lawlor1,2, Shihab Shamma1,2,3, Bernhard Englitz1,2,4 
 
1Laboratoire des Systèmes Perceptifs, CNRS UMR 8248, 29 rue d'Ulm, 75005, Paris 
2Département d'études cognitives, Ecole normale supérieure PSL Research University, 29 rue d'Ulm, 75005, Paris 
3Neural Systems Laboratory, University of Maryland in College Park, MD, USA 
4Department of Neurophysiology, Donders Centre for Neuroscience, Radboud Universiteit Nijmegen, The Netherlands 
 
[W13] Neural mechanisms of rule-based behavior 
 

Flora Bouchacourt1 , Etienne Koechlin2 , Srdjan Ostojic1 
 
1 Group for Neural Theory, Laboratoire de Neurosciences Cognitives, ENS, Paris 
2 Frontal Lobe Function Group, Laboratoire de Neurosciences Cognitives, ENS, Paris 
 
[T6]Lesions of the subthalamic nucleus diminish the choice for risky options and also reduce 
the cocaine intake under the influence of proximal social factors (presence of peer) in the rat 
 
Emmanuel Breysse1, Elodie Giorla1, Julie Meffre1, Yann Pelloux1, Karen Davranche2, Pascal Huguet2, Christelle Baunez1 

 
1 : Institut de Neurosciences de la Timone, UMR7289 CNRS & AMU, Marseille, France 
2 : Laboratoire de Psychologie Cognitive, UMR7290 CNRS & AMU, Marseille, France 
 
[T14] Evidence for sub-optimality and large-scale recursion during decision formation in the 
macaque brain 
 
Javier A Caballero1,2, Mark D Humphries1, Kevin N Gurney2 

 
1 Faculty of Life Sciences, University of Manchester, Manchester, UK 
2 Department of Psychology, University of Sheffield, Sheffield, UK 
 

 [W15] Using the Amygdala in decision making 
 
Maxime Carrere and Frederic Alexandre 
 
Mnemosyne team, University of Bordeaux, LaBRI, Inria Bordeaux, IMN April 15, 2015 
 
[T16] Do what you feel in your heart: how do feelings predict choice?  

Caroline J. Charpentiera,b, Jan-Emmanuel De Nevec,d, Jonathan P. Roisera, Tali Sharotb 

 
aInstitute of Cognitive Neuroscience, University College London, London WC1N 3AR, UK; bAffective Brain Lab, 
Department of Experimental Psychology, University College London, London WC1H 0AP, UK; cSchool of Public 
Policy, University College London, London WC1H 9EQ, UK; dCentre for Economic Performance, London School of 
Economics, London WC2A 2AE, UK. 
 
 
 



[W17] Frontal functions drive knowledge-related exploration in a volatile environment 
 
Irene Cogliati Dezza & Axel Cleeremans 
 
Consciousness, Cognition & Computation Group (CO3), Center for Research in Cognition & Neurosciences 
(CRCN), ULB Neuroscience Institute (UNI), Université Libre de Bruxelles (ULB) 
 
[W7] Interaction between reinforcement learning and Working memory 
 
Anne GE Collins, Michael J Frank.  
 
Brown University, Providence, RI, USA 
 
[W19] Decision variability and neuronal noise correlations during economic choice 
 
Katherine E. Conen, Washington University in St. Louis 
Camillo Padoa-Schioppa, Washington University in St. Louis 
 
[T20] Playing hide and seek with primates: A comparative study of Theory of Mind 
 
Marie Devaine, Aurore San-Galli, Cinzia Trapanese, Giulia Bardino, Christelle Hano,  Michel Saint Jalme, Sebastien Bouret, 
Shelly Masi, Jean Daunizeau 
 
1UPMC, 1ICM, CNRS UMR 7225 
1 INSERM UMR_S975 
1 MNHN et Musée de L’Homme,UMR 7206 
1 La Sapienza, Roma 
1 Ménagerie, Paris 
 

[W21] Intertemporal choice under uncertainty: A discrete choice experiment on correlation 
aversion 
 

Olivia Döll∗ Bruno Lanz† 

 
∗ Geneva School of Economics and Management, University of Geneva, Uni Mail, Bd du Pont-d’Arve 40, 1211 Geneva, 
Switzerland 
† Department of Economics and Centre for International Environmental Studies, Graduate Institute of International and 
Development Studies, Maison de la Paix P1-633, Chemin de Eugène Rigot 2, 1202 Geneva, Switzerland 
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Sandrine Duverne & Etienne Koechlin 
 
Laboratoire des Neurosciences Cognitives, Institut National de la Santé et de la Recherche Médicale (INSERM U960), Département 
d’Etudes Cognitives, Ecole Normale Supérieure, Paris, France 
 

[T24] Cue and Outcome-based Strategy Retrievals in Humans 
 
Muriel EKOVICH and Etienne KOECHLIN  
 
Laboratoire de Neurosciences Cognitives,  INSERM U960, Ecole Normale Supérieure de Paris  
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behavioral modelling and pupillometry 
 
Marwa El Zein, Valentin Wyart, and Julie Grèzes 
 
Laboratoire des Neurosciences Cognitives, Institut National de la Santé et de la Recherche Médicale (INSERM U960), Département 
d’Etudes Cognitives, Ecole Normale Supérieure, Paris, France 
 

[T26] Role of prefrontal 5-HT in social decision making 
 
Faure, A., 1 Bernal Meléndez, E 1., Callebert, J 2. Granon, S 1. 
 
1-Université Paris-Saclay, Univ Paris-Sud, CNRS, UMR 9197, Institut des Neurosciences Paris-Saclay, F 91405, 
Orsay, France. 2- Inserm UMR-S 1144 Universités Paris Descartes – Paris Diderot 
 
[W27]  Updating impairments following right brain damage: A failure of exploration? 
 
Alex Filipowicz1, Elisabeth Stöttinger1, Amy Willms1, Britt Anderson1,2, & James Danckert1 

 

1 Department of Psychology, University of Waterloo 
2 Centre for Theoretical Neuroscience, University of Waterloo 
 

[T28] Distance to decision boundary is reflected in multi-channel EEG signals in a novel 
category uncertainty task 
 
Timo Flesch, Hamed Nili and Christopher Summerfield 
 
Dept. Experimental Psychology, University of Oxford, Oxford, UK. 
 

[W29] A behavioral investigation of consistency and inter-individual differences in strategic 
learning in repeated interactions. 
 
Thibaud Griessinger1, Mehdi Khamassi2,3, Giorgio Coricelli3,4 
 
1 Laboratoire de Neurosciences Cognitives, Inserm unit 960, Ecole Normale Supérieure 
2 Institut des Systèmes Intelligents et de Robotique, UMR 7222, CNRS, Paris, France 
3 Center for Mind/Brain Sciences, CIMec, University of Trento 
4 Department of Economics, University of Southern California 
 
[T30]  Deconstructing subjective reward valuation: Cognitive effort discounting and 
sensitivity to risk  
 
 Laura Grima*,  Matthew Apps*, & Masud Husain  
* These authors declare equal contribution  
 
Department of Experimental Psychology, University of Oxford 



[W31] Trinary choices in a sequential integration paradigm.  
 
Santiago Herce Castañón*, Howard Chiu, Konstantinos Tsetsos, Christopher Summerfield.  
 
Experimental Psychology, University of Oxford.  
 
 [T32] Setting a behavioral task for assessing decision making in urodele 
 
Charlotte HERICE (1,3,4), Manon BONNET-SAVE (1,2,4), André GARENNE (1,3,4), Jean-Marie CABELGUEN (2,4) , Thomas 
BORAUD (1,2,4) 
 
1 Institut des Maladies Neurodégénératives, CNRS UMR 5293 
2 Institut François Magendie, INSERM U862 
3 Equipe Mnémosyne INRIA 
4 Université de Bordeaux, Bordeaux, France  
 
[W33] Emotional valence under active inference 
 
Mateus Joffily 
 
Institution: Groupe d'Analyse et de Théorie Economique, Centre National de la Recherche Scientifique (CNRS) UMR 5824, 
Lyon, France 
 
[T34] Reward accumulation and the dynamics of risky choice 
 
Jüchems, K.1,2,*, Balaguer, J.1,*, and Summerfield, C.1 
 
1 Department of Experimental Psychology, University of Oxford. 
2 Institute of Cognitive Science, University of Osnabrück. 
* These authors contributed equally 
 
 [W35]The neural mechanisms of prospective search and pursuit 
 
Nils Kolling1, Jacqueline Scholl1,2, Adam Chekroud1, Matthew F. Rushworth1 

 

1Department of Experimental Psychology, University of Oxford, OX1 3UD, UK 
2Department of Psychiatry, University of Oxford, OX3 7JX, UK 
 
[T36] Prefrontal cortex computes the optimal decision policy to maintain energetic 
homeostasis 
 
 Christoph W. Korn1* and Dominik R. Bach1, 2 
 
1Department of Psychiatry, Psychotherapy, and Psychosomatics; University of Zurich, 8032 Zurich, Switzerland 
2Wellcome Trust Centre for Neuroimaging, University College London, London WC1 3BG, United Kingdom 
 
[T38] “I’LL DO IT TOMORROW”: A COMPUTATIONAL MODEL OF PROCRASTINATION 
 
R. LE BOUC1, 2, 3 and M. PESSIGLIONE1, 2 
 



(1) Motivation, Brain & Behavior (MBB) Team, Institut du cerveau et de la Moelle Epinière (ICM), Hôpital de la Pitié-

Salpêtrière, 75013, Paris, France  

(2) INSERM UMR 1127, CNRS UMR 7225, Université Pierre et Marie Curie (UPMC-Paris 6) 

(3) Urgences cérébro-vasculaires, Hôpital de la Pitié-Salpêtrière, APHP, Paris, France 

[W39] Local Morphology Predicts Functional Organization of Experienced Value Signals in 
the Human Orbitofrontal Cortex 

Yansong Li1,2, Guillaume Sescousse1,2, Céline Amiez2,3, Jean-Claude Dreher1,2 
 

1Reward and Decision-Making Team, Cognitive Neuroscience Center, CNRS UMR 5229, 69675 Bron, France, 
2Universite ́ Claude Bernard Lyon 1, 69100 Villeurbanne, France, and 
3Institut National de la Sante ́ et de la Recherche Me ́dicale U846, Stem Cell and Brain Research Institute, 69500 Bron, 
France 
 

[T40] Causal control of social hierarchy learning in the dorsomedial prefrontal cortex 
 
R Ligneul, I Obeso, C Ruff,  JC Dreher 
 
RL, IO, JCD: Centre de Neuroscience Cognitive, UMR5229 CRNS, Lyon 
CR: Laboratory for Social and Neural Systems Research, ETH/UZH, Zurich 
 
[T42] A “one-track mind”: evidence for the default policy theory of decision making 

Alizée Lopez-Persem (1, 2), Philippe Domenech (3,4), Mathias Pessiglione (1, 2) 

 
(1)Team Motivation, Brain and Behavior (MBB), Institut du Cerveau et de la Moelle épinière (ICM), F-75013 Paris, France. 
(2) Université Pierre et Marie Curie (UPMC- Paris 6), INSERM U1125, F-75013 Paris, France. 
(3) Behavior, Emotion, and Basal Ganglia – UPMC – INSERM U1127 – CNRS UMR7225 
(4) CHU Henri Mondor, DHU Pepsy, Service de neurochirurgie fonctionnelle, Créteil 
 
[W41] Modulation of Judgments by Incidental Rewards: Evidence from Facial Affective 
Recording and Skin Conductance Recording 
 
Aiqing Ling1,3*, Baba Shiv2, Hilke Plassmann1,3 
 
1INSEAD, France; 2Stanford Univeristy, USA; 3École Normale Supérieure & INSERM, France. 
*Correspondence at: aiqing.ling@insead.edu 
 
[W43] Striatal dopamine controls exploration in a probabilistic task  
 
Alain R. Marchand1,2, Virginie Fresno1,2, Nassim Aklil3,4, François Cinotti3,4, Benoît Girard3,4, Mehdi Khamassi3,4, Etienne 
Coutureau1,2 
 
1. CNRS, UMR 5287, Talence, F-33405, France 
2. Université de Bordeaux, UMR 5287, Talence, F-33405, France 
3. CNRS, UMR 7222, Paris, F-75005, France 
3. Université Pierre et Marie Curie, UMR 7222, Paris, F-75005, France 
 



[T44] Neural Priming by the Variability of a Visual Ensemble 
 
Michael E (1) , Moran R (2), Balaguer J (1), Ruz M (3), Usher M (2), Summerfield C (1) 
 
(1) Department of Experimental Psychology, University of Oxford. 
(2) School of Psychological Sciences, Tel Aviv University. 
(3) Department of Experimental Psychology, Universidad de Granada. 
 

[W45] (Emotional) Reference Price Formation: Insights from Physiological Measures 
 
 Milica Mormann1 (Presenter) & William Nowlan2 
 
1. Finance Department  
2. Marketing Department, University of Miami 
 
[T46] Emergence of money with virtual agents 
 
Aurelien Nioche 
Under the supervision of Sacha Bourgeois-Gironde ∗ and Thomas Boraud † 
 
∗ Institut Jean Nicod – Ecole Normale Superieure, Ecole des Hautes Etudes en Sciences Sociales, CNRS. 
† Institut des Maladies Neurodegeneratives – Universite de Bordeaux, CNRS. 
 
[W53] Implication of motor effort and reward size encoding in the monkey subthalamic 
nucleus for decision making. 
 
Simon Nougaret1, Raphaëlle Abitbol2, Christelle Baunez1, Mathias Pessiglione2 and Sabrina Ravel1  

 
1. Institut de Neurosciences de la Timone, CNRS-AMU, Marseille 
2. Institut du Cerveau et de la Moëlle, INSERM, Paris 

[T48] The computational development of reinforcement learning during adolescence. 

Stefano Palminteri1,2, Emma J. Kilford1, Giorgio Coricelli3,4, Sarah-Jayne Blakemore1 

 
1Institute of Cognitive Neuroscience, University College London, London, UK. 
2Laboratoire des Neurosciences Cognitive, École Normale Supérieure, Paris, France.  
3Interdepartmental Centre for Mind/Brain Sciences (CIMeC), Università degli study di Trento, Trento, Italy.  
4Department of Economics, University of Southern California (USC), Los Angeles, California.  
 
[W49] A finer grained analysis of reward by mesolimbic dopamine  
 
Georgios K. Papageorgiou1, Mathieu Baudonnat1 & Mark E. Walton1  
 
1Department of Experimental Psychology, University of Oxford 
 



[T76] The brain optimally integrates group size and social influence during group decision 
making 
 
Seongmin A. Park, Sidney Goïame, and Jean-Claude Dreher 
 
Reward and decision making group, Institut des Sciences Cognitives, Cognitive Neuroscience Center, CNRS, 
UMR 5229, 67 Boulevard Pinel, 69675 BRON, France. 
 
[W77] Neural mechanisms underlying diffusion of responsibility  
 
Seongmin A. Park1, Mariateresa Sestito1, 2, Jérémy Roque1, Jean-Claude Dreher1 

 
1Neuroeconomics Laboratory: Reward and Decision Making Institut des sciences cognitives, Centre de 
neurosciences cognitives, CNRS, UMR 5229 
2Department of Neuroscience, Unit of Physiology, University of Parma, Parma, Italy 
 
[T50] Human choice strategy varies with anatomical projections  
from ventromedial prefrontal cortex to dorsomedial striatum  
 
Payam Piray*, Ivan Toni, Roshan Cools 
 
Radboud University Nijmegen, Donders Institute for Brain Cognition and Behaviour, Centre for Cognitive Neuroimaging, 
Nijmegen, the Netherlands  
*Corresponding author: p.piray@donders.ru.nl 
 

[W51] Model-free Reinforcement Learning Neural Network for Decision-Making in the 
Motor Domain 
 
Alexandre Pitti, Philippe Gaussier 
 
ETIS Laboratory, UMR CNRS 8051, Cergy-Pontoise University, ENSEA, France. 
Email: alexandre.pitti@u-cergy.fr 
 
 [T52] How healthy is a food product? Neural bases of the use of nutritional information 
 
 Prevost M,1,2 Baciu M,1 Muller L,1,2 Ruffieux B,1,2 Crosetto P,1,2 Cousin E,1 Pichat C,1 Hot P.1 
1 Université Pierre Mendès France 
2 Institut National de Recherche Agronomique 
 
[T54] In vivo Cholinergic Neurochemistry of the Human Striatum and its Relationship to 
Learning 
Tiffany Reed1, Michael Lindner1, Ying Zheng2, Anastasia Christakou1 

 

1. School of Psychology and Clinical Language Science, and Centre for Integrative Neuroscience and Neurodynamics, 
University of Reading, Reading, UK 

2. School of Systems Engineering, University of Reading, Reading, UK 



 
[W55] Affective influences on internal evaluations during planning 
 
Daniel L Renz1, Quentin JM Huys1,2 
 
1Translational Neuromodeling Unit (TNU), Institute for Biomedical Engineering, University of Zurich & ETH Zurich 
2Hospital of Psychiatry, University of Zurich 
 
[T56] Predicting the preferences of others relies on self- and other-related prediction errors 
 
Gabriela Rosenblau1, Christoph W. Korn2, Brent Vander Wyk1, Kevin A. Pelphrey1 
 
1 Center for Translational Developmental Neuroscience, Yale Child Study Center, Yale University, New Haven, CT, USA 
2 Department of Psychiatry, Psychotherapy, and Psychosomatics; University of Zurich, Zurich, Switzerland 
 
[T78] Alcohol-pictures elicit behavioral and neural Pavlovian-instrumental transfer in alcohol 
dependence 
 
Schad D.J.*1,2, Garbusow, M.*1, Friedel, E.1, Sommer, C.3, Zimmermann, U.S.3, Smolka., M.N.3, Schlagenhauf, F.*1,4, Huys, 
Q.J.M.* 5, Heinz, A.*1, Rapp, M.A.*2 
 
1, Charité, Universitätsmedizin Berlin, Berlin, Germany 
2, University of Potsdam, Potsdam, Germany 
3, Technical University Dresden, Dresden, Germany 
4, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany 
5, ETH and University of Zurich, Zurich, Switzerland 
 
[W79] Trading goals and habits: the role of dorsolateral PFC structure supporting working 

memory 

Daniel J. Schad1,2, Miriam Sebold1, Maria Garbusow1, Stephan Nebe3, Nils B. Kroemer3,4, Michael N. Smolka2, Andreas 
Heinz1, Michael Rapp*1,2, Quentin J. M. Huys*5 
 
1, Charité, Universitätsmedizin Berlin, Berlin, Germany 
2, University of Potsdam, Potsdam, Germany 
3, Technical University Dresden, Dresden, Germany 
4, Yale University and John B. Pierce Laboratory, New Haven, CT, USA 
5, ETH and University of Zurich, Zurich, Switzerland 
 
[T58] The good, the bad and the irrelevant – neural mechanisms of learning real and 
hypothetical rewards and effort 
 
Jacqueline Scholl12*, Nils Kolling2*, Natalie Nelissen1, Marco K Wittmann2, Catherine J Harmer1, Matthew FS Rushworth2 
*equal contribution 
 
1 Department of Psychiatry, University of Oxford 
2 Department of Experimental Psychology, University of Oxford 
 
 



[W59] A selective role of dopamine in learning to maximize reward but not to minimize 
effort: evidence from patients with Parkinson’s disease. 
 
Vasilisa Skvortsova 1,3, Marie Vidailhet 2, Marie-Laure Welter 2, Sophie Aix 2, Mathias Pessiglione 1 

 
1Motivation Brain and Behavior team, Institut du Cerveau et de la Moëlle (ICM), INSERM U1127, CNRS, UMR 7225, Paris, 
France  
2Neurology Department, Institut du Cerveau et de la Moëlle (ICM), Hôpital de la Pitié-Salpêtrière, Paris, France  
3Ecole des Neurosciences de Paris, Ile-de-France, France.  
 
[T60] Self and other-regarding decisions: engagement of affiliative brain areas during in-
group cooperation within a meaningful social group 
 
Tiago Soares Bortolini¹,², Patrícia Bado¹,², Sebastian Hoefle², Annerose Engel²,³, Jean-Claude Dreher4 and Jorge Moll²  
 
¹ Graduate Program in Morphological Sciences, Federal University of Rio de Janeiro, Brazil  
² Cognitive and Behavioral Neuroscience Unit, D’Or Institute for Research and Education, Rio de Janeiro State, Brazil 
³ Day Care Clinic for Cognitive Neurology University Hospital Leipzig, Max Planck Institute for Human Cognitive and Brain 
Sciences,Leipzig, Germany 
4 Neuroeconomics Laboratory: Reward and Decision Making, Cognitive Neuroscience Center, Bron, France 
 
[W61]CONTROLLING NON-RELEVANT RESPONSE ACTIVATION: EMG AND TMS STUDIES 
 
Laure Spieser1, Laurence Casini2, Thierry Hasbroucq2, & Boris Burle2 
 
1 City University, London, UK 
2 Aix-Marseille University, CNRS, France 
 
[T62] Relating human neurophysiological correlates of decision-making to mathematical 
decision variables 
 
Natalie A. Steinemann, Department of Biomedical Engineering, The City College of New York, The City University of New 
York, Steinman Hall T456, 160 Convent Avenue, New York, NY 10031, Natalie.steinemann@gmail.com 
Redmond G. O'Connell, Trinity College Institute of Neuroscience, Trinity College Dublin, Lloyd Building, Dublin 2, 
reconne@tcd.ie 
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[W1] The Influence Of Processing Order On Hierarchical Learning 
 
William H. Alexander 
 
Ghent University 
 
A wealth of evidence implicates dorsolateral prefrontal cortex (dlPFC) and medial prefrontal cortex (mPFC) in the 
performance of hierarchically structured tasks.  A hallmark of hierarchical tasks is the necessity of integrating 
information conveyed by multiple dimensions of a compound stimulus in order to determine appropriate responses.  
However, it remains unclear how mPFC and dlPFC interact in order to support this integration.  A recent computational 
model of mPFC/dlPFC, the Hierarchical Error Representation (HER) model, proposes that parallel, hierarchically 
organized regions within mPFC and dlPFC learn successively more abstract error representations which are then 
associated with relevant stimulus dimensions. 
 
In addition to accounting for a range of data from neuroimaging, EEG and single-unit recording studies investigating the 
function of dlPFC and mPFC, the HER model makes a number of predictions regarding the development of behavior in 
the course of learning a hierarchically structured task.  Simulations of the HER model suggest that, for hierarchical tasks 
in which the degree of information conveyed by each dimension of a compound stimulus differs, learning will be 
retarded when stimulus dimensions conveying less information are processed first, with accompanying increases in 
reaction times.  Additionally, the model predicts that, for tasks with more than 2 possible responses, error responses will 
be less random when the stimulus dimension conveying more information is processed first. 
 
In order to test these predictions, 20 subjects performed a novel variant of the Stroop task.  In the Hierarchical Stroop 
task, subjects are presented with Stroop stimuli and required to learn responses associated with each conjunction of 
word identity and font color.   Critically, the number of unique words, font colors, and possible responses were selected 
such that, in separate conditions, one stimulus dimension (word identity or font color) conveyed more information 
regarding the likely correct response than the other. The Hierarchical Stroop task takes advantage of the automaticity of 
processing word identity over font color to investigate the influence of processing more informative information prior to 
less informative information (and vice-versa) on behavior. 
 
In agreement with model predictions, reaction times for conditions in which word identity was the more informative 
dimension were significantly lower than conditions in which the informative dimension was font color.  Additionally, 
response randomness on error trials was greater for trials in which the informative dimension was font color.  Finally, a 
non-significant trend was observed for increased error rates in the informative font color condition.  Taken together, 
these results are consistent with predictions of the HER model, and suggest a promising avenue for future research. 
 
  



[T2] Reward Shape Effects On the Precision On Perceptual Decisions 
  
Anderson and Christie R. M. Haskell            
 
Affiliations: Dept. of Psychology and the Centre for Theoretical 
Neuroscience, University of Waterloo, CANADA 
 
Increasingly, attention is framed as a decision problem: how do we allocate sparse resources to the most "important" 
content? Consequently, both probability and reward have been shown to have attention like effects in visual search and 
detection tasks. Consistent with this perspective, we have recently reported that both exogenous spatial cues and non-
uniform feature probabilities lead to more precise behavioral reports in an orientation judgment task. However, for 
probability cues, but not for uninformative exogenous cues, the improvement in precision is accompanied by an 
increase in the kurtosis of error distributions. This distinction led us to examine if the shape of reward functions, rather 
than simply its presence or absence could similarly sculpt performance functions. We evaluated the effects of three 
reward types (implicit, explicit, and temporal) and two different reward function shapes (high kurtosis, low kurtosis), on 
orientation judgments in combination with uninformative luminance cues. In all three experiments, validly cued stimuli 
were judged more precisely than invalidly cued stimuli, and without changes in the kurtosis of the error distributions. 
Neither the implicit nor temporal reward manipulations had an effect on the precision of orientation judgments, but 
explicit reward did, although without interacting with cue condition. Unlike probability manipulations, the shape of the 
reward function did not alter the shape of the error distribution over the approximately one hour testing sessions. We 
conclude that the shape (or concentration) of reward functions can alter the precision of perceptual judgments, and that 
the mechanisms for this effect appear to be different from and independent of those of exogenous cuing and probability 
cuing. 



[T22] Physiologically constrained matching between brain and stimuli 
 
Cécile Aubert, Antoine Dubernat 
 
Groupe de Recherche en Économie Théorique et Appliquée (GREThA), Université de Bordeaux, France. 
 
Objective:  
We consider decision-making from the point of view of resource allocation in the brain. The object of this paper is to 
offer an economic modelling of the treatment of stimuli so as to incorporate the environment in the decision-making 
process, and to obtain implications for decision-making and marketing. 
Method:  
We make use of theoretical results from economic models of matching (especially in problems of school choice). The 
allocation of stimuli to neurons, in a context of limited glucose availability, can be modelled as the allocation of students 
to schools over which they have a preference. In the school choice problem, an important element is that students 
cannot submit a complete ranking over schools. Similarly, given the time frame during which stimuli are treated, one 
may reasonably assume that stimuli cannot be considered for treatment by all available neural zones. 
Preliminary results:  
Our modelling allows to study when some stimuli are more likely to remain untreated, or treated by a suboptimal zone. 
In the matching model, this corresponds to remaining unmatched. The results from matching theory can thus be applied 
to study the relative efficiency of various mechanisms to allocate stimuli. 
Bounded rationality emerges as the individual is not able to use all the relevant information at her disposal (the 
information contained in all the stimuli she receives). Moreover decision-making entails some inherent randomness: 
indeed the information treated is not always the same, for the same decision problem, depending on the amount and 
quality of irrelevant stimuli that the brain nevertheless has to treat (in order to assess that they are irrelevant to the 
decision, and/or that they do not pose threats, or necessitate to delay the decision-making in favour of a more urgent 
task). 
Firms and brands can make use of the impact of irrelevant stimuli with adequate marketing techniques. These include 
the use of fragrance and music in shops. More interestingly, two recent campaigns by Coca-Cola can be seen as creating 
“neuron/stimuli confusion”, as we discuss below. 
 
 
Author Note 
Correspondence concerning this abstract should be addressed to Antoine Dubernat, Groupe de Recherche en 
Économie Théorique et Appliquée, avenue Léon Duguit, 33608 Pessac, France. E-mail: antoine.dubernat@u-
bordeaux.fr. 
  



[W3] A fMRI Study of “Waiting Impulsivity” in Human 

Kwangyeol Baek1, Daisy Mechelmans1,2, Valerie Voon1,2 

 

1. Department of Psychiatry, University of Cambridge 

2. Behavioural and Clinical Neuroscience Institute, University of Cambridge 

Anticipatory or premature responding, a measure of “waiting impulsivity”, has been frequently characterized in animal 
models of substance abuse disorder. We recently developed a translation of the 5-Choice Serial Reaction Time (5-CSRT) 
task for human, and revealed increased premature responding in human subjects with substance addiction or in 
serotonin depletion. Neural basis of waiting impulsivity was extensively investigated in rodent studies, but there was no 
neuroimaging study of premature responding in human. In the present study, we examined the neural basis of waiting 
impulsivity and premature responding in healthy volunteers using fMRI. Participants pressed and held down the first 
button when the cue was presented. Then, they released the button and press the second button as the target appeared 
2-3 sec after the cue. Premature responses were defined as premature or anticipatory release of the first button prior to 
perceiving the target. The early phase of each trial was associated with brain regions of motor action, planning and 
motivation such as left primary motor cortex (M1), supplementary motor area (SMA), striatum, midbrain and 
cerebellum. Delayed onset of the target increased activity in the dorsolateral prefrontal cortex (DLPFC), insula, thalamus 
in addition to M1 and SMA. Left lateral orbitofrontal cortex, left inferior parietal lobule and bilateral fusiform gyrus was 
less activated in trials with premature responses. In covariate analysis, DLPFC activity prior to target onset was also 
negatively correlated with number of premature responses across individuals. Our findings suggest that cognitive 
control of prefrontal regions and attentional modulation might affect waiting impulsivity in human. 
 
  



[T4] Neural Mechanisms of Hierarchical Planning during Navigation  
 
Balaguer J 1, Hassabis D 2, Spiers H 2, Summerfield C 1  
 
1. Dept. Experimental Psychology, University of Oxford, Oxford, UK.  
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Humans and other animals often have to plan behaviour over multiple steps in order to receive a positive outcome. 
Understanding how they do this is a challenge for psychologists and neuroscientists, because the number of possible 
future states grows exponentially with time as an agent looks ahead. One suggestion is that humans represent decision 
environments hierarchically, planning over a series of interim goals (subgoal) in order to reach a final goal. However, 
evidence for this view remains scarce, and little is known about the potential neural underpinnings of hierarchical 
planning. In this study, we aim to find evidence for the existence of subgoals in a navigation task with humans, and to 
identify the brain regions involved during the execution of a plan.  
We used fMRI to measure BOLD signal while 20 healthy participants (10 female; age 19-‐34, mean 25.6 years) performed 
a navigation task within a previously-‐learned virtual environment representing a subway network. Stations were 
connected via "subway lines" that (during training) were represented with a salient contextual cue (colour). We 
reasoned that stations where the lines intersected (exchange stations) would be treated as subgoals and predicted that 
they would garner unique behavioural and neural effects, even though during task performance they were not 
associated with explicit visual cues.  
 Participants first performed a training session, during which they became familiar with the subway map by repeatedly 
completing journeys to a destination station. They executed their plan by pressing a key to move in one of the cardinal 
directions (north, south, west, east) at each station, and an additional action (switch) to change between lines at an 
exchange station. Finally, once they reached the destination station, participants received feedback on the duration of 
their journey (and the optimal distance). During training only, participants could see a map of the network, and were 
quizzed about it to ensure that they were learning.  
On a subsequent day, participants undertook a second session whilst undergoing whole-‐brain fMRI. In the scanner they 
also completed multiple journeys but the colour of the lines were removed and no additional action was required to 
switch between lines. Participants earned bonus income by reaching their goal on time, and thus tried to minimize the 
absolute distance of their paths. Journeys were randomly cancelled with fixed probability on each time step, to put 
pressure on participants to decorrelate key experimental variables for imaging analysis.  
Reaction times increased as the subject approached a line change, and then speeded up directly after the change. 
Critically, this did not happen around exchange stations where the subject did not change lines. A similar but weaker 
effect was found near elbow stations, where the subject changed direction but not line.  
On the neural level, we observed higher activation in the bilateral dorsolateral prefrontal cortex when an exchange 
station was reached, which was independent of a line change, suggestive of processing the demand associated with 
changing context (or not). An increase of activation in the motor and premotor cortices was observed for a switch of 
direction (i.e. response) from the previous trial, independently of being in an exchange station or not. Specifically for 
line-‐changes, i.e. when the response was changed and it was an exchange station, we found higher activation in a 
network of right caudate nucleus, thalamus, and the supplementary motor area. In other words, these regions may 
signal the need to switch to a new context at a subgoal state. Meanwhile, activity in ventromedial prefrontal cortex 
(vmPFC) increased as subjects approached the final destination, as if it were encoding proximity to a goal state.  
These results provide evidence that humans make use of hierarchical representations in order to plan their route during 
navigation, and that the striatum and interconnected structures signal when an interim goal has been reached. 
Simultaneously, the prefrontal cortex deals with higher‐level functions, with lateral regions processing the cognitive 
demand, and more medial regions monitoring performance in the task.  



[W5] Confidence Matching: A Heuristic For Communication Of Uncertainty 
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Christopher Summerfield1 
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Recent research has shown that humans and other animals implicitly compute confidence in their decisions – that is, 
estimates of probability correct – and use this information to guide individual choices [Kepecs et al., 2008, Nature]. 
However, unlike other animals, humans can explicitly report on their decision confidence – saying “I’m not sure” – and 
use these reports to guide choices with other agents [Bahrami et al., 2010, Science]. To do so optimally, humans must 
map their ‘implicit’ confidence estimates onto ‘explicit’ confidence reports – that is, tune their subjective mappings – so 
as to maximise joint accuracy [Bang et al., 2014, Concious Cogn]. For example, if agents A’s and B’s implicit confidence 
estimates are such that A > B, then they should align their subjective mappings 
so that their explicit confidence reports preserve the ranking A > B. In other words, the agents must jointly establish 
what each such report means in terms of probability correct. Here, we tested how pairs of individuals (dyads) solve this 
‘mapping problem’ in the context of a perceptual task. 
 
In Experiment 1, dyad members privately indicated which of two displays they thought contained a faint target, and how 
confident they felt about this decision on a discrete scale from 1 (‘uncertain’) to 6 (‘certain). Their responses were then 
shared and the decision made with higher confidence was automatically selected as their joint decision. Lastly, they 
received feedback about the accuracy of each decision before continuing to the next trial. Computational modelling 
indicated that dyad members’ strategy for maximising joint accuracy was to match their confidence (i.e., their mean 
confidence and their distributions over the confidence scale). This strategy – confidence matching – was optimal for 
dyad members with similar levels of accuracy, but sub-optimal for dyad members with different levels of accuracy. This 
pattern of results arises because, to match each other’s confidence, dissimilar dyad members must necessarily misalign 
their subjective mappings. 
 
In Experiment 2, we sought to unpack how confidence matching affects joint accuracy for dissimilar dyad members. Our 
model predicted that confidence matching, while relatively costly for ‘well calibrated’ dyad members (i.e., when the less 
accurate is initially the less confident), should in fact be relatively beneficial for ‘poorly calibrated’ dyad members (i.e., 
when the less accurate is initially the more confident). Participants (38 in total) sat at private work stations in a large 
computer lab. They first performed an isolated version of the task describe above (240 trials; the ‘baseline’ data), and 
then the social version of the task over four blocks (4 x 240 trials). They were told that they 
were, for each block, paired with another participant, whereas they were in fact paired with a virtual partner. We 
created each virtual partner using our model, and tuned the model parameters to the baseline data of a given 
participant, such that the virtual partner was less or more accurate and less or more confident than the participant. As 
predicted, the effect of confidence matching on joint accuracy depended on dyad members’ initial calibration. 
Confidence matching had a negative effect for well calibrated dyad members, but a positive effect for poorly calibrated 
dyad members. 
 
Groups should – in principle – benefit from combining the opinions of their members. This process can, however, be 
impaired by individuals whose confidence far outstrips their accuracy. Confidence matching may be a good strategy for 
solving this problem, for several reasons. First, confidence matching is computationally cheap. People do not have to 
infer each other’s internal states, but simply have to track each other’s overt behaviour. Second, confidence matching 
fares best when people are equally accurate. Indeed, we tend to associate with similar others – friends, partners or 
colleagues – with whom we are likely to share common levels of expertise. Lastly, even when people differ in accuracy, 
confidence matching turns out to be beneficial when their confidence does not reflect this relationship. In truth, most of 
us are poor judges of our own accuracy relative to others.  
 
  



[T18] Physical Overreaching And Decision-Making: Evidence For Cognitive Control Depletion 
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In a previous study we showed that prolonging cognitive effort over several hours induces a bias toward more impulsive 
inter-temporal choices (between a small immediate payoff and a larger delayed payoff). This behavioral effect was 
linked to decreased activity in the Middle Frontal Gyrus (MFG), a region that was implicated in performing both hard 
cognitive task and inter-temporal choice. Here, we test whether an overload training period resulting in an overreaching 
state, defined as impaired physical performance associated with high perceived fatigue, could also increase impulsivity 
in inter-temporal choice and decrease related MFG activity.  
 
In total, 27 healthy triathletes participated in the study. They were divided into two groups: a control group (N = 18) 
which followed its habitual training program and the overtrained group (N = 9) which was submitted to a 40% overload 
during a 3-week period. FMRI data were acquired in both groups, while they were performing cognitive control tasks, 
intermingled with inter-temporal choices. 
 
As expected, behavioral data showed an increase in impulsive choice (preference for immediate rewards) for the 
overtrained group compared to the control group. At the neural level, the overtrained group exhibited a decreased 
activity in the MFG region involved in inter-temporal choice, relative to the control group.  
 
These findings are consistent with the theory that cognitive control resources might be depleted after intensive use 
(here, one week of overloaded physical training), releasing an impulsive tendency to go for immediate gratification. This 
implies that intense physical training mobilizes cognitive control resources, possibly for inhibiting or overcoming aversive 
signals linked to pain and fatigue.  
  



[T8] Reward-maximizing prioritization of a dynamic decision process governing sensory-
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Imagine facing two options of clearly different value, but knowing that only one of them will be attainable for a very 
short time, as indicated by an upcoming sensory cue. An adaptive strategy would be to prioritise the action related to 
the higher value option, but the mechanisms by which this could be done are unclear. Here we investigate the behaviour 
of human subjects facing this situation and, through modelling and parametric manipulation, provide a comprehensive 
explanation of their strategies in this new framework. 
In the original experiment using this paradigm, we presented 15 subjects with two coloured circle targets to the left and 
right of central fixation. After 800 ms delay, the fixation point changed colour to that of one of the two targets (cue), 
instructing to make a fast and accurate saccade to that target. Each colour was associated with a different number of 
points (5/40 pts), awarded if the saccade was made within a 250-300ms deadline. 
Exploring individual differences revealed three distinct behavioural ‘types’. Most of our subjects were ‘Opportunists’, 
displaying a clear RT difference between values and more erroneous saccades toward the high value target. Three 
subjects showed no effects of value on RT or accuracy (hereby labeled ‘Conservatives’). Finally, 2 subjects were 
‘Extremists’, who never acted towards the low value. The present study asked whether any given individual could exhibit 
each of these behavioural types given appropriate task settings, and sought to explain such effects in terms of reward 
maximisation strategies applied to a dynamic decision formation model. 
In our original study we constructed a sequential sampling model to capture the various levels of value-based biasing of 
behaviour among our subjects. The model contained only 4 free parameters. After a non-decision time (Ter) following 
cue-onset, a decision variable traces a random walk from a starting point to one of two decision bounds (+1: correct; -1: 
error) that triggers the corresponding action when reached. The incremental steps of the decision variable are subject to 
additive Gaussian noise of standard deviation s and at any moment in time, to a certain “drift rate,” or mean tendency. 
The novel aspect of our model was that we incorporated the additive influence of both value association and colour 
discrimination on drift rate, the former modelled as constant over time and the latter linearly growing from an initial 
value of zero, consistent with a relatively gradual emergence of colour selectivity in the visual system. This model 
provided a better fit to the reaction time data than either a biased starting-point or biased constant-drift rate model, 
which are most commonly considered in the literature for value effects. 
In the present experiment, we ran 100 conditions on each of three subjects, finely manipulating the critical task factors 
of value difference and deadline. Each of the subjects exhibited each of the three behaviour types identified originally, 
for certain values of these critical factors. We used the model to simulate the behaviour of these subjects in each of the 
conditions for a range of values of the critical drift-bias parameter, leaving every other parameter fixed to the fitted 
values of the previous experiments. This allowed us to identify the optimal amount of bias to maximise reward in each 
case. We compared this prediction to the actual behaviour of the subjects across all conditions, and observed a 
considerable degree of similarity in the pattern of bias adjustments. However, some discrepancies appeared when there 
was little value difference as well as little urgency. These were corrected when considering an effort cost to the 
prioritization biasing. 
Altogether our results show that human subjects prioritize higher value options when under time pressure and do so in a 
manner that could be considered optimal when effort is taken into account. 
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Perceptual decisions are often influenced by the recent history of stimulations1. Such effects can be taken to reflect 
Bayesian inference, via the building-up of an internal reference from the range of recent stimulations (context), and the 
combination of such implicit expectations with current sensory evidence. 
Here we used computational modelling and MEG recordings to identify the neural dynamics underlying this contextual 
effect on tactile frequency discrimination at the fingertips. Each trial consisted in a two-interval forced choice (“F1 > F2” 
or “F2 > F1”) based on the frequency of two successive electrical stimulations. The frequencies were centered either on 
30Hz (ranging from 26 to 34 Hz) or 34 Hz (30 to 38 Hz), defining two implicit contexts. Sixteen subjects performed 4 
blocks of each of these two contexts in counterbalanced order. 
All participants exhibited a contextual effect at the behavioural level, similar to previously reported phenomena such as 
the time-order effect2 or the contraction bias3. We could thus compare the MEG responses to physically identical pairs 
of stimulation presented in the two different contexts, and thus leading to different perceptual judgments. A Bayesian 
model was developed to account for this effect, which parameters can be estimated for each participant and context. 
These parameters will be used to constrain MEG data analysis, in particular during the maintenance delay between F1 
and F2, when the contextual effect is thought to originate. 
 
 
Acknowledgements. This project was funded by the MEEGAPERF project DGA-RAPID. 
 
1Raviv O, Ahissar M, Loewenstein Y (2012) How Recent History Affects Perception: The Normative Approach and Its Heuristic Approximation. 
PLoS Comput Biol 8: e1002731. 
2Preuschhof C, Schubert T, Villringer A, Heekeren HR (2011) Prior Information Biases Stimulus Representations during Vibrotactile Decision 
Making. Journal of Cognitive Neuroscience 22:875–887. 
3Ashourian P, Loewenstein Y (2011) Bayesian Inference Underlies the Contraction Bias in 
Delayed Comparison Tasks. PLoS ONE 6: e19551. 
 
  



[T10] Orbitofrontal and hippocampal contributions to acquiring an internal forward model 
 
Erie D. Boormana,b, Vani Rajendrana, Jill X. O’Reillya, Tim E. Behrensa,b 

 
Humans have a remarkable capacity to flexibly pursue their goals in the face of changeable internal states and external 
circumstances. Such goal-directed behavior rests on the ability to form and update a forward model that maps stimuli in 
the world to specific potential outcomes. Despite its centrality to accounts of goal-directed behavior, how the brain 
learns and flexibly stores a forward model to guide future behavior remains little understood.   

 
   Here, we combined repetition suppression (RS) FMRI with computational modeling of behavior to probe neural 
representations sensitive to the online strength of specific associations that compose a forward model, acquired and 
flexibly updated through learning. In particular, we interleaved choice trials to induce prediction errors and RS blocks to 
measure the online strength of recently updated associations between particular stimuli and ensuing outcomes (Fig. 1).  

 
    We first searched for updates to beliefs about 
transition probabilities between particular stimuli and 
outcome identities at choice feedback. This whole-brain 
analysis revealed identity prediction errors in lateral 
OFC, among other regions (p<0.05 cluster-corrected; 
Fig. 2A). Activity in these regions signals how much to 
update beliefs about transition probabilities that map 
choices to potential outcomes and in which direction.  
    After each choice trial, we deployed RS to probe 
recently updated associations. In particular, we 
compared presentation of gift cards that followed 
stimuli with which they were more strongly associated 
(High Contingency (HC)) to those that followed stimuli 

with which they were less strongly associated (Low Contingency 
(LC)), based on the associations acquired during choice trials up 
until the presented RS block (Fig. 1). Based on previous 
demonstrations of increased suppression for associated, compared 
to non-associated stimulus-outcome or stimulus-stimulus pairs, in 
the absence of any online learning, we predicted a reduction in the 
BOLD response for HC items when compared to LC items. We made 
the further prediction that the difference in the degree of RS 
between LC and HC items should be proportional to the difference 
in association strength between LC and HC stimulus–gift card pairs. 

To test this prediction, we regressed the current association strength, estimated by a normative Bayesian learning 
model, against the difference in BOLD RS between LC and HC items. This whole-brain analysis identified distributed 
effects in bilateral hippocampus, parahippocamal gyrus, inferior temporal gyrus, and right amygdala (p<0.05 cluster-
corrected Fig. 2B). The degree of suppression in between choices in these regions therefore flexibly tracks the current 
on-line association between stimuli and outcomes, suggesting a neural substrate for the online representation of 
stimulus-outcome associations.  
    Our findings suggest that lOFC updates beliefs in the transitions between choices and outcomes, which are encoded 
flexibly and rapidly in hippocampus, and interconnected regions. Collectively, these results suggest a potential neural 
substrate for acquiring, updating, and flexibly storing an internal forward model during goal-directed choice.   
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occasionally'report'which'item'they'had'seen'last.'(B)'Experimental'timeline.'

A

B

Suppression Block!
(probe association)

Choice Trial!
(prediction errors)

Suppression**
Block*

Choice**
Trial*

Choice**
Trial*

Suppression**
Block* …* N*=*75*Choice/Suppression*Blocks*

t=57*min*

?
  45
  55

 45
 55 0.2

5

0.75
HC

LC
0.75

0.25
LC

HC

  45

Z=-16

A B

Figure 2. A) Axial slice through Z-statistic map displaying effect of identity prediction 
errors (DKL) at feedback of choice trials that update beliefs about the transition 
probabilities between selected stimuli and ensuing outcome identities in lOFC. B) Axial 
and coronal slices through Z-statistic map relating to the effect of the current model-
derived stimulus-outcome identity association on suppression trials in bilateral 
hippocampus, amygdala, parahippocampal cortex, and inferior/middle temporal cortex. 
Maps are thresholded at Z = 2.3, p = 0.05 whole-brain corrected. 
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Serotonin signaling in the brain is an important system for the motivation of behavior. It has been associated in 
particular with aversive processing, impulsivity and inhibitory control. It is also the target of the most prescribed 
antidepressant drugs, such as citalopram (a serotonin reuptake inhibitor). However, we still lack a mechanistic 
understanding that would articulate the role of serotonin in various motivational processes such as effort production, 
decision making and instrumental learning  
We conducted a randomized, cross-over, double-blind, placebo-controlled experiment in which a group of healthy 
subjects were administered an acute dose of citalopram while they were tested on a comprehensive battery of 
motivational tasks. Significant effects of citalopram included a reduced sensitivity to monetary incentives in effort 
production (force task) and a consistent reduced willingness to accept effort or punishment costs in order to get rewards 
(choice task). These two effects can be explained by a common down-regulation of positive expectations in the cost-
benefit calculation that determines the intensity and orientation of behavior.  
These results suggest a role for serotonin in motivational control that is in line with the alleged opponency to dopamine, 
which has been shown to amplify reward sensitivity in similar tasks. This might also explain the affective blunting of 
appetitive expectations that has been observed in depressed patients treated with serotoninergic medication. 
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Introduction 
Models developed in mathematical psychology explain that perceptual decisions are made when sensory evidence 
accumulated over time reaches a specific decision threshold. Most studies have focused on self-affecting decisions but 
less is known regarding how payoffs concerning others influence perceptual decisions. Here, we designed a new 
perceptual decision making paradigm to investigate the influence of (a) the payoff associated with- and (b) the person 
affected by- a decision. We hypothesized that the decision threshold would be differentially modulated by these two 
factors. 
Methods 
38 Volunteers (19F, age: 22 ± 3.5) were asked to bring the bank information of a close relative and were told that they 
would play a game to win money for themselves or for this close relative, depending on the trial condition. Each trial 
began with the condition displayed using a symbol representing its beneficiary (’him’ or ’me’) next to a rectangle filled 
proportionally to the payoff (2€ or 10€); this remained on the screen during the entire trial. The subject had then to 
determine the left/right direction of moving dots (having 13% or 15 % motion coherence). Once a decision was taken, a 
feedback illustrating the outcome for the beneficiary of the decision was presented. If the decision was correct, subjects 
won the announced payoff, a red cross was presented otherwise (incorrect or miss). Each participant performed 4 blocks 
of 204 randomized trials, leading to 832 trials (104 per condition). Reaction times (RTs) and sensitivity (d’) were analyzed 
using a 2 payoff (high vs. low) x 2 beneficiary (close relative vs. self) x 2 coherence level (13% vs. 15%) repeated 
measures ANOVAs. Post-hoc analyses were performed using LSD Fisher tests. We estimated decision parameters using 
the matlab dmatoolbox [1]. 
Results 
Behavior. RTs and d’ showed a main effect of coherence level (RT15% < RT13% and d’13% < d’15%), confirming that the 
task was easier for higher coherence level (i.e; leading to faster RTs and higher d’). There was also a main effect of the 
beneficiary (p < .01) and a beneficiary-coherence interaction effect (p < .01) on RTs: subjects were faster at coherence 
15% than at coherence 13% for both themselves (p < .00001) and their relatives (p < .001). However, this coherence 
effect was reduced for their relatives: at coherence 
13% subjects were longer for their relatives than for themselves (p < .05), whereas at coherence 15% there was no 
difference. 
Also, a payoff-coherence interaction effect was found on RTs (p < .00001): subjects were faster for high payoffs than for 
low payoffs at coherence 13% (p < .01), but were slower for high than low payoffs at coherence 15% (p < .001). 
Sensitivity analysis showed all interaction effects to be significant, including the beneficiary-payoff-coherence 
interaction effect (p < .001). Subjects were more accurate for high than for low payoffs at coherence 13% (p < .00001) 
but more accurate for low than high payoffs at coherence 15% (p < .01) for themselves. In contrast, at both coherence 
levels, there was no difference between high and low payoffs for their relatives. At coherence 15%, subjects were more 
accurate for themselves than for their relatives for both high (p < .05) and low payoffs (p < .001). However, at coherence 
13%, they were better for their relatives than for themselves for low payoffs (p < .00001) and did not differ for high 
payoffs. 
Sequential sampling models. BICs from models assuming our main hypothesis were compared to the model assuming no 
difference between conditions. This comparison showed that the lowest BIC was found for the model where the 
threshold is modulated by the beneficiary of the decision (thresholdrelative < thresholdself). 
Conclusion 
Both RTs and d’ were influenced by the payoff related to- and, essentially, the beneficiary of- the decisions. Moreover, 
relative- related decisions were associated with a higher threshold than self-related ones. The findings indicate that 
socio-motivational contexts (i.e. the beneficiary of a rewarded decision) modulate the threshold of a perceptual 
decision. 
 



 [1] Vandekerckhove, J., and Tuerlinckx, F. (2007), ‘Fitting the Ratcliff Diffusion Model to Experimental Data’, Psychonomic Bulletin & Review, 
vol.14, no. 6, pp. 1011–1026. 
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Many natural sounds have spectrotemporal signatures only on a statistical level, e.g. wind, fire or rain. While their local 
structure is highly variable, the spectrotemporal statistics of these auditory textures can be used for recognition. This 
suggests the existence of a neural representation of these statistics. To explore the encoding of these statistics, we 
investigated the detectability of changes in the spectral statistics in relation to the properties of the change. 
To achieve precise parameter control, we designed a minimal sound texture - a modified cloud of tones - which retains 
the central property of auditory textures: solely statistical predictability. At a random time, the marginal probability of 
the tone cloud was changed, which listeners had to detect rapidly. 
    We find that the size of change as well as the time available to sample the original statistics, correlate positively with 
performance and negatively with reaction time, suggesting the accumulation of noisy evidence. If the change occurred 
at a spectral location with high prior probability of occurrence, performance again increased and reaction time 
decreased, which may suggest an attentional effect. Further, changes in statistics that occur nearby are more easily 
detected than equally large changes which are distributed along the spectrum. 
We demonstrate that one can account for the human performance and reaction times with a modified, but minimal 
drift-diffusion model, which captures the integration of statistical evidence. A cortical spectrotemporal filterbank model 
naturally implements these computations and thus replicates human performance, including the dependence on the 
distribution of the spectral location. 
In summary we quantified dynamical aspects of change detection in statistically defined contexts, and find evidence of 
the integration of statistical information. We will test change detection in textures as a probe to distinguish different 
states of consciousness in comatose patients. 
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The human brain is able to adjust and exploit multiple strategies for a same task, depending on behavioral demands. 
The representations of such stimuli-response mapping rules are called task sets. Most of the theoretical research on 
rule-based behavior is based on computational models at the level of behavior. Little is known however about its neural 
implementation and mechanisms. 
 
We examine a candidate mechanism for neural implementation of task sets by means of synaptic plasticity. Our model 
is composed of two interacting neural circuits. The associative network learns one to one associations between visual 
stimuli and motor responses, but cannot learn more than one stimuli-response mapping. The task rule network learns 
the representations of those mappings through hebbian and temporal sequence learning mechanisms. Task sets are 
encoded in its pattern of synaptic connectivity and a feedback to the associative network enables their retrieval. 
 
We first implement a rule-independent associative network. Fitting the model to behavioral data, we find that it can 
account for behavior in the session in which 24 different task sets are presented one after the other. In contrast, it 
poorly describes the behavior when only 3 task sets are presented repeatedly across the whole session. Introducing the 
task rule network permits to account for the data. Hence we show the importance of its activity and of its feedback to 
the associative network for the retrieval of a previously seen rule. Then we describe the effects of progressive learning 
through synaptic plasticity in the task rule network. 
 
Our model explores a mechanism for neural implementation of learning, acquisition and activation of rules towards 
action, at the boundary between functional and neuronal levels. 
 
 
– A. Collins and E. Koechlin. Reasoning, learning, and creativity: frontal lobe function and human decision-making. PLoS biology, 
10(3):e1001293, 2012. 
– M. Donoso, A. G. Collins, and E. Koechlin. Foundations of human reasoning in the prefrontal cortex. Science, page 1252254, 2014. 
– S. Fusi, W. F. Asaad, E. K. Miller, and X.-J. Wang. A neural circuit model of flexible sensorimotor mapping: learning and forgetting on 
multiple timescales. Neuron, 54(2):319–333, 2007. 
– S. Ostojic and S. Fusi. Synaptic encoding of temporal contiguity. Frontiers in computational neuroscience, 7, 2013. 
– M. Rigotti, D. B. D. Rubin, S. E. Morrison, C. D. Salzman, and S. Fusi. Attractor concretion as a mechanism for the formation of context 
representations. Neuroimage, 52(3):833–847, 2010. 
– M. Rigotti, O. Barak, M. R. Warden, X.-J. Wang, N. D. Daw, E. K. Miller, and S. Fusi. The importance of mixed selectivity in complex cognitive 
tasks. Nature, 497(7451):585–590, 2013. 
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From 3.4% to 8% of patients with Parkinson’s Disease (PD) develop an impulse control disorder (ICD) such as 
pathological gambling (PG). This excessive risk-taking propensity is often associated with the patients’ dopaminergic 
therapy. It has however also been shown that subthalamic nucleus (STN) deep brain stimulation (DBS), known to restore 
normal motor activity in PD patients, can also induce PG, or in contrast, diminish PG in those patients suffering from it 
before surgery. It is therefore critical to better understand the role of STN in decision-making under risk.  
In a first set of experiments, we have tested the effects of bilateral excitotoxic lesions of the STN in rats trained to 
perform a task in which they have the choice between a “safe option” (small reward delivered in 100% of cases) and a 
“risky option” (large reward delivered in either 0, 50 or 100% of cases probability being announced by specific cues). In 
this task, STN lesions reduce the choice for the risky option when the probability to obtain the large reward is 50%. In a 
second task, rats were trained to perform a “loss chasing” task, mimicking the loss chasing behaviour observed in 
pathological gamblers when they attempt to recover their debts. The rats had to choose between two options: the 
“quit” option (wait for a short delay before starting a new trial) or the “chase” option (50% to get the possibility to start 
a trial immediately but 50% to get a longer delay). In this task, STN lesioned rats choose more often to quit than to 
chase. Taken together these experiments highlight the fact that STN lesions diminish the propensity to take risk. 
Since addiction is often described as a form of loss of control over drug intake, in a second set of experiments, we have 
addressed the role of STN in the control of drug intake in interaction with social factors. To determine whether proximal 
social factors interact with brain structures involved in addiction, we developed a self-administration task in which rats 
were allowed to take cocaine while a peer (familiar or stranger) observed them. In the presence of a peer, cocaine 
intake is decreased in the sham control group. STN lesions further enhance the effect of the peer presence. 
Furthermore, these effects are also modulated depending of the status of the peer (familiar or stranger) : the presence 
of a stranger potentiates the effect observed for each group. 
These last results suggest that the STN, in addition of being one of the key structures for cocaine addiction, is also 
involved in the neurobiological basis of social context occurring during the drug intake, making it even more interesting 
as a target for drug addiction. 
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The neural basis for decision making is likely to be spread over many brain regions. Widely studied forced-choice tasks 
have shown neural activity consistent with decision-related evidence accumulation in parietal and frontal cortex as well 
as in caudate [1, 2]. As caudate expresses its output entirely through its targets within the basal ganglia, these data 
imply that the cortico-basal-ganglia-thalamo-cortical (CBGT) loop is a major component of the decision making circuitry 
[1]. Unknown is the computation performed by the entire loop and its implications for the accumulation signals 
recorded in cortex and caudate. Since a looped architecture implies a recursive computation, here we generalise a 
Bayesian decision making algorithm (from [3]) to include recursion. We validate its behavioural predictions against the 
data, show that it functionally maps onto the CBGT loop components and find that this mapping uniquely accounts for 
the characteristically slow dynamics of neural activity recorded in cortex and caudate. 
 
The multi-hypothesis sequential probability ratio test (MSPRT) [4] is a probabilistic procedure for decision-making 
among any number of alternatives, N, that is optimal when N = 2 (and asymptotically optimal for N > 2). Our 
generalisation is able to use a posterior at any time in the past as the prior for a present decision. This prior is brought to 
the model cortex via the basal-ganglia-thalamo-cortical pathway and later re-used by the model basal ganglia for final 
inference. 
 
To test the model, we simulated macaque performance on the random dot-motion task, using inputs with the statistics 
of the spike trains of movement-sensitive neurons found in the middle temporal visual area (MT) (data from [5]). As an 
ideal observer (N = 2), the model predicted  that monkeys were using sub-optimal information to make their choices 
and that, surprisingly, such loss of discrimination information was proportionally greater at higher dot-motion strengths 
–clearer evidence in the stimulus was thus used less efficiently. By corrupting the statistics in its inputs to exactly match 
such loss of information, we recovered reaction time distributions, for correct and error trials, that tightly matched 
those of monkeys under the same error rates, for all motion strengths. 
 
Finally, our model reproduced the well-known long delay in divergence of decision-related activity in cortex (data from 
[2]) and caudate neurons. The model predicts that it is caused by the delayed fed-back posterior originating in basal 
ganglia when it is combined with the freshly accumulated evidence in cortex (likelihood). In this manner, our results 
indicate that the sluggish dynamics of accumulation-related neural activity in cortex and caudate are a hallmark of an 
algorithmic decision computation being carried out within the CBGT circuitry.  
 
[1] Ding L and Gold JI (2013). Neuron, 79(4):640-649. 
[2] Churchland AK, Kiani R and Shadlen MN (2008). Nat Neurosci, 11(6):693-702. 
[3] Caballero JA, Lepora NF, Gurney KN (2015), PLoS ONE, in press. 
[4] Baum CW and Veeravalli VV (1994). IEEE Trans on Inf Theory, 40(6):1994-2007. 
[5] Britten KH, Shadlen MN, Newsome WT, and Movshon JA (1992). J Neurosci, 12(12):4745-4765. 
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Decision making is often described as composed of multiple loops, mainly the limbic, associative, and motor loops, in 
the Prefrontal Cortex and Basal Ganglia. While the various nuclei of the Amygdala has been traditionally considered for 
their role in fear prediction and respondent conditioning [9, 4, 7], structural similitudes have been reported between 
the central amygdala (CeA) and structures involved in decision making the nucleus accumbens and the pallidum [5]. 
Particularly, the lateral capsular, lateral and medial subdivisions of CeA possess similarities in structures and 
connectivity respectively with the shell, the core of the nucleus accumbens and the pallidum. This, along with a spatial 
continuity between CeA and the shell of the nucleus accumbens [5], leads to the hypothesis that respondant 
conditioning could be seen as a loop more primitive but similar to decision-making loops. Moreover, lesions of the 
amygdala, and especially of the basal nucleus of the amygdala, impair operant conditioning paradigms like devaluation 
or reversal [8], or decision making in gambling [1]. In a direct way, learning associations between CS (conditioned 
stimuli) and US (unconditioned stimuli, ie. reward or punishment) allows the amygdala to learn CS values [2], and to 
provide such values in to the OFC and ventral striatum for goal-directed behaviors [8]. In an indirect way, the amygdala 
projects to VTA-SNc for dopamine and to the basal forebrain for acetylcholine, thus providing indirect reinforcing signals 
to the decision making system. 
We present here a simple neuronal model of the amygdala and propose to compare it to the decision making loops. Our 
model is composed of five populations from three different amygdalar nuclei. Neurons in these populations are 
described using a classical mean-rate formalism and a sigmoid activation function. Learning is hebbian and uses a 
Rescorla-Wagner like prediction error. One specificity is that amygdalar activation also takes into account the effect of 
acetylcholine, which modulates the competition between different amygdalar populations for choosing a sensory-based 
rule or a contextual one [11, 10]. Acetylcholine concentration is computed from the recent prediction errors of our 
model, and as such reflects the known uncertainty in reward prediction [12]. This model successfully reproduces 
experimental data recorded in fear and extinction conditioning [7], along with the effect of pathways impairment as 
reported in [11, 10, 3]. 
This model is the first step in modeling operant conditioning and goal-directed behavior. Thus, ongoing work is to 
extend this model to operant conditioning, by including OFC, shell and ventral pallidum structures. Another work in 
progress proposes to use the uncertainty level computed by our amygdalar network to help a decision making system to 
choose between exploration and exploitation. If known uncertainty is low, it means the model is correctly predicting the 
rule, so it should favour exploitation. At the opposite, the higher the uncertainty in predicting US, the more should it 
explore, because its current strategy is not reliable. 
We propose to highlight here both the similarities in functioning and reciprocal influences between respondent 
conditioning, as performed by our amygdalar model, and decision making. 
 
 [1] A. Bechara, H. Damasio, A. R. Damasio, and G. P. Lee. Different contribu- tions of the human amygdala and ventromedial prefrontal cortex to 
decision- making. The Journal of Neuroscience, 19(13):5473–5481, July 1999. 
[2] M. A. Belova, J. J. Paton, S. E. Morrison, and C. D. Salzman. Expecta- tion modulates neural responses to pleasant and aversive stimuli in primate 
amygdala. Neuron, 55(6):970–984, Apr. 2015. 
[3] L. Calandreau, P. Trifilieff, N. Mons, L. Costes, M. Marien, A. Marighetto, J. Micheau, R. Jaffard, and A. Desmedt. Extracellular hippocampal 
acetyl- choline level controls amygdala function and promotes adaptive conditioned emotional response. The Journal of neuroscience : the official 
journal of the Society for Neuroscience, 26(52):13556–13566, Dec. 2006. 
[4] R. N. Cardinal, J. A. Parkinson, J. Hall, and B. J. Everitt. Emotion and mo- tivation: the role of the amygdala, ventral striatum, and prefrontal 
cortex. Neuroscience & Biobehavioral Reviews, 26(3):321–352, 2002. 
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Sciences, 877:217–241, June 1999. 
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Emotional reaction to life events and outcomes, such as winning an award, or getting a divorce, are crucial as 
they should predict individuals’ subsequent actions. Yet, we do not know how feelings are used to make 
decisions, nor if explicit feelings can reliably predict choice. Such knowledge is not only of theoretical 
significance, but critical for policymakers, economists, and other professionals, who often elicit self-report 
feelings to predict behavior. Using computational models together with behavioral tasks we reveal the 
computational rules by which feelings are integrated into decisions. By eliciting self-report feelings associated 
with a range of monetary gains and losses, we characterize a “feeling function” that relates explicit feelings to 
economic outcomes. We then demonstrate that this function reliably predicts participants’ subsequent 
choices on a different task, and does so better than linear, log, and prospect theory-derived value functions. 
Contrary to widespread assumption, we show that gains and losses have equal impact on feelings. Yet, when 
making a decision, greater weight is placed on feelings associated with a loss than a gain. These relative 
weights predict individual differences in choice behavior and loss aversion. Our findings illuminate the rules by 
which feelings drive behavior, paving the way for real-world applications across myriad domains. 
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Objective  
Living in a volatile world, in which cue-outcome predictability changes quickly over time, poses a conflict between the 
opposite requests of exploring new available information and exploiting specific information of the environment. This 
conflict is commonly known as the exploitation and exploration dilemma [1]. Two main factors seem to modulate the 
switch between these two decision strategies: options’ reward expectation and long-term knowledge gain [2;3]. While 
most computational models have introduced these two dilemmas’ components in their formulation [3;4;5], little 
attention has been paid in neuroscientific field to the effects of long-term knowledge in driving the switch. In most 
cases, the switch between exploration and exploitation was simply driven by random parameters [6;7]. Here, in a 
volatile, undiscounted, finite-horizon 2-Armed-Bandit Task (2ABT), we disentangled the role of frontal functions on the 
exploitation and exploration trade-off, considering both reward gain and knowledge gain.  
Method  
The involvement of frontal functions on the dilemma was investigated by engaging participants (N=55, mean age=21.11) 
in a trial-by-trial working memory task while carrying out a 2ABT task (dual-task condition). Specifically, we adopted 
Lavie et al.’s procedure, which selectively interferes with the cognitive control functions of the frontal lobe [8;9]. At the 
beginning of each trial, a series of 9 random digits was displayed and participants were asked to memorize the set and 
keep it in memory until the end of the trial. Then, a single digit was presented (the cue) and participants had to indicate 
which digit had followed the cue in the memory set (i.e. set “123456789”, cue: 2, correct response: 3). A single-task 
condition was used as control condition. The reward rates (θ i) were independently and identically drawn from a Beta 
distribution with equal prior parameters (β (3,3)). Unknown to participants, θ i changed every 40 trials [10] on both 
arms (individuating 5 blocks with constant reward probability). The drawing of reward rates was carried out all at once 
[3; 5], so that each participant played the game with the same values. Being able to compare participants’ performance, 
we also used the same reward rates in both conditions. However, the conditions were randomized (50% of participants 
played the single-task first and 50% played the dual-task condition first). On each trial, for the chosen machine, the 
probability of obtaining a reward was drawn from a Bernoulli distribution (Ri (t)~ Bernoulli θi for that block). Binary 
feedback (1 point for gain and 0 point for not-gain) was shown to the participants. Exploitative and exploratory trials 
were labeled off-line as in Steyvers et al.: trials were designated as “exploratory” when participants chose an option 
with fewer previously experienced number of wins (Si (t-1)) and fewer previously experienced number of losses (Fi (t-
1)), and as “exploitative” when participants chose an alternative with more Si (t-1) and more Fi (t-1) [5]. However, we 
also considered the equal comparisons (e.g. exploitation when the chosen option had higher Si (t-1) and equal Fi (t-1), or 
exploration when it had lower Si (t-1) and equal Fi (t-1)) being more representative of the specific situation faced by our 
sample group. We also separately analyzed the two driving factors: reward gain and knowledge gain. In particular, we 
computed Si(t-1)/ Si(t-1)+Fi(t-1) as an approximation of options’ reward expectation. In this sense, exploitation was 
labeled as the alternative with higher reward expectation and exploration as the alternative with lower reward 
expectation. We also computed the global amount of knowledge known on each option (Si(t-1)+Fi(t-1)). We referred to 
exploitation as the option most often visited by the participants (higher Si(t-1)+Fi(t-1)) and exploration as the unfamiliar 
option (lower Si(t-1)+Fi(t-1)).  
Results  
Considering that the data was not independently distributed, we conducted two related-sample comparisons between 
the two conditions. Exploitation was increased during the dual-task condition (paired-sample t-test: mean dual = 0.5540, 
mean single = 0.3959; p< 0.000; t= 5.114; power = 0.999), whereas exploration was reduced (paired-sample t-test: mean 
dual = 0.2819, mean single =0. 3185; p < 0.037; t = 2.144; power = 0.802) compared to the single condition, suggesting a 
role of frontal functions in driving exploratory-behaviors [6;11]. However, overloading frontal functions with the 



secondary task did not affect how people balance the exploitative and exploratory strategies when using only reward 
history to discern between the two options. On the contrary, our experimental manipulation altered how participants 
managed the conflict between well-known options, drastically increased in the dual-condition (Wilcoxon’s two-related-
sample test: mean single= 0.5486, mean dual= 0.6452; p=0.000; power = 0.999), and less-known alternatives, 
extraordinarily reduced when inhibiting frontal functions (Wilcoxon’s two-related-sample test: mean single= 0.4524, 
mean dual=0.3548; p=0.000; power = 0.999). These results suggest a knowledge-related role of frontal functions in 
balancing the trade-off between exploration and exploitation. Moreover, any difference had been found in participants’ 
performance when executing either the dual-task or the single-task as the first condition.  
Conclusion  
Reducing the frontal resources seemed to disturb how people balanced the exploration and exploitation dilemma, 
minimizing the chance to carry out exploration. However, the impact of frontal functions was only linked to knowledge-
related exploration. A two-level process might separately computes reward and knowledge information and finally 
favors exploitative or exploratory strategies. Frontal regions seemed involved in one of these two-stages probably 
combing long-term knowledge gain of each alternative and favoring exploration of the environment under certain 
conditions. Future studies should better investigate the distinct computations made by frontal regions in driving 
knowledge-related exploration and the specific neuronal locations of this dual-process. 
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[W7] Interaction between reinforcement learning and Working memory 
 
Anne GE Collins, Michael J Frank. Brown University, Providence, RI, USA 
 
Human reinforcement learning results from the mixed contributions of multiple neuro-cognitive systems, such as 
prefrontal-dependent working memory (WM), and basal-ganglia dopamine-dependent reward-based learning (RL)1,2. In 
previous research, we developed a new task and computational framework to separate their contributions to learning, 
and showed that we could recover independent components. Here we extend this work to investigate how the two 
systems interact. We present an improved task design that increases sensitivity to the RL system while maintaining 
sensitivity to WM components. Subjects learned to select correct actions in response to visual stimuli. Varying the 
number of stimuli (set-size) to be learned allowed us to disentangle the capacity-limited and delay-sensitive WM 
contribution. Correct responses were deterministic, but to encourage a need for reward integration, we provided 
probabilistic gains of 1 or 2 points to correct trials; and added a subsequent transfer phase in which we assessed subject 
preferences among stimuli having different probabilistic values3. 
Results show that WM and RL systems both contribute separably to learning, but they are not independent: the RL 
system superseded WM as learning progressed. Furthermore, in the transfer phase, value discrimination was better for 
stimuli learned in high set-size blocks than low set-size blocks, arguing for an interference of the WM process over RL 
value integration. 
Most RL studies confound potential contributions of WM to human learning. In contrast, our new task allows us to 
separately estimate their contributions to learning and increases our sensitivity to both systems, while also allowing us 
to study their interaction. 
 

 
1. Collins AGE, Frank MJ. How much of reinforcement learning is working memory, not reinforcement learning? A behavioral, computational, and 
neurogenetic analysis. Eur. J. Neurosci. 2012; 35: 1024–35. 
2. Collins a. GE, Brown JK, Gold JM, Waltz J a., Frank MJ. Working Memory Contributions to Reinforcement Learning Impairments in Schizophrenia. 
J. Neurosci. 2014; 34: 13747–56. 
3. Frank MJ, Seeberger LC, O’reilly RC. By carrot or by stick: cognitive reinforcement learning in parkinsonism. Science. 
2004; 306: 1940–3 
  



[W19] Decision variability and neuronal noise correlations during economic choice 
 
Katherine E. Conen, Washington University in St. Louis 
Camillo Padoa-Schioppa, Washington University in St. Louis 
 
Fluctuations in neuronal activity are often correlated across cells. This phenomenon, termed noise correlation, can have 
major implications for information processing. In the context of decision making, certain patterns of correlated 
variability induce a systematic relationship between the fluctuations of individual cells and the subject’s eventual 
choice. This relation is quantified as a choice probability (CP), the accuracy with which an ideal observer could predict an 
upcoming decision based on the activity of a single cell. A neuron's CP reflects not only its own contribution to the 
decision (termed read-out weight), but also its correlations with the rest of the network. The precise relationship 
between CPs, noise correlations and read-out weights was described by Haefner and colleagues for a linear decision 
model (Haefner et al., 2013). Taking advantage of this relationship, we examined noise correlations and CPs in 
orbitofrontal cortex (OFC) during an economic choice, using Haefner and colleagues’ framework to test the hypothesis 
that offer value neurons in OFC provide the primary value input in economic choice. 

We analyzed data from 1,484 neurons recorded from OFC in two experiments. In both experiments, monkeys 
made a series of choices between pairs of juices offered in varying amounts. Neurons were classified into one of four 
categories: offer value cells, which encoded the value of one of the juice options a monkey is choosing between; chosen 
value cells, which encoded the value of the option the animal ultimately chooses; chosen juice cells, which encoded the 
identity of the chosen juice in a binary way; and null cells, which did not fall into any previous category and generally 
had no decision-related activity. We computed noise correlations for all simultaneously recorded pairs (3,439 pairs) and 
used receiver operating characteristic (ROC) analysis to compute CPs in offer value neurons (229 cells). Noise 
correlations in OFC were ~0.02, considerably lower than values typically reported for sensory areas. Despite the 
difference in magnitude, noise correlations in OFC had a similar structure to those observed in other regions. In 
particular, higher noise correlations were found between neurons that were spatially close and had similar task-related 
responses. CPs in offer value cells were also low (mean = 0.513). Applying Haefner and colleagues’ framework, 
we tested whether empirical CPs were consistent with the hypothesis that offer value cells provide input to economic 
choice. We found that a plausible linear read-out of offer value cell activity would give rise to empirical values of CP. 
Specifically, the empirical mean(CP) fell between the mean(CP) predicted by a uniform-pooling model and that 
predicted by an optimal linear decoder. Interestingly, a major source of choice variability was the subject’s choice on the 
previous trial. This factor, termed “choice hysteresis” was reflected in the pre-offer activity of chosen juice cells and not 
in the activity of offer value cells. It might be interpreted as a shift in the decision threshold or as an independent input 
to the decision. Incorporating choice hysteresis into the mathematical framework improved the predicted CP for a 
uniform pooling model, bringing it closer to the empirical mean. 

These results highlight a striking difference in the effect of noise correlations between OFC and several sensory 
processing areas. The low noise correlations in OFC give rise to relatively small choice probabilities in offer value cells. By 
recapitulating choice probabilities from noise correlations, we show that these findings are consistent with the 
possibility that offer value cells provide the main source of input in economic choice.  
  



 

[T20] Playing hide and seek with primates: A comparative study of Theory of Mind 
 
Marie Devaine123, Aurore San-Gallib,4, Cinzia Trapanesed, Giulia Bardinod,5, Christelle Hano6,  Michel Saint Jalmee, 
Sebastien Bouretabc, Shelly Masid, Jean Daunizeauabc 
 
The ability to anticipate another individual’s behavior is likely to be critical for survival. Humans deal with this problem 
by deciphering others’ hidden intentions, which has been coined Theory of Mind (ToM). In the context of mutual social 
interactions, this induces the update of recursive beliefs: I think that you think that I think... However, there is no 
consensus on whether nonhuman primates are endowed with such sophisticated ToM. In this work, we ask whether 
primate species differ in terms of ToM sophistication. The main novelty of our approach is to evaluate primates’ ToM 
sophistication from the sequence of their choices in a game calibrated using information theory.  
 
We tested seven species including great apes (gorillas, chimpanzees and orangutans), monkeys (two species of 
macaques and sooty mangabeys) and prosimians (lemur catta) housed in different zoos (Ménagerie of Paris, Bioparco of 
Rome and the zoo of Saint-Martin La Plaine) and one lab (ICM). Our experimental paradigm is essentially a competitive 
game against a human opponent. At each trial, the individual has to guess where the human opponent has hidden the 
food (either in his right or left hand). Critically, the food location is chosen online by meta-Bayesian learning algorithms, 
whose artificial ToM sophistication is experimentally controlled, yielding three different conditions (this has been 
validated in humans). 
 
Performance results show that most nonhuman primates win in the control condition (algorithm without ToM), but lose 
against the most sophisticated ToM algorithm, in contrast to our previous results in humans (who won). Surprisingly, 
great apes do not perform better than the other nonhuman species. However, computational analyses of choice 
sequences reveal that while the behavior of monkeys and prosimians seems driven by simple learning strategies, great 
apes’ behavior is closer to the one of ToM agents that would assume a cooperative interaction with the experimenter.  
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We design an experiment consisting of binary lottery choices to jointly identify four measures of intertemporal 
preferences: the discount rate, (static) relative risk aversion, intertemporal elasticity of substitution, and correlation 
aversion. The concept of correlation aversion allows distinguishing between preferences for consumption smoothing 
over time (intertemporal elasticity of substitution) and willingness to tradeoff consumption over states of the world 
(relative risk aversion). Analyzing observed choices in the Random Utility Framework, we compare the standard 
discounted utility model, in which correlation aversion is constrained to zero and relative risk aversion is the inverse of 
the intertemporal elasticity of substitution, with a flexible second order Taylor expansion of the intertemporal utility 
function that imposes little a priori restrictions on the preferences of participants. Our results support the separation of 
risk aversion and intertemporal elasticity of substitution as distinct concepts. However we cannot reject the discounted 
utility model as a valid representation of intertemporal preferences at the individual level. 
 
 
Keywords: Intertemporal choice; Discounting behavior; Risk aversion; Correlation aversion; Discrete choice experiment; 
Random utility model; Behavioral microeconomics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



[W23] Rules and Goals: Neural Mechanisms of Cognitive Control in Human Prefrontal Cortex 
 
Sandrine Duverne & Etienne Koechlin 
 
Laboratoire des Neurosciences Cognitives, Institut National de la Santé et de la Recherche Médicale (INSERM U960), 
Département d’Etudes Cognitives, Ecole Normale Supérieure, Paris, France 
 
Cognitive control, i.e. the human ability to switch behavioral strategies in relation with internal mental states, involves 
the prefrontal cortex (PFC). Cognitive control is commonly postulated as being goal-directed, so that strategy switching 
operates in accordance with the person’s expectations about strategy outcomes. Here, we investigate this postulate 
using computational modeling and brain imaging for identifying the neural mechanisms subserving cognitive control. We 
found that the medial PFC encoded reward expectations driving strategy selection in the lateral PFC. Critically, however, 
this functional coupling between medial and lateral PFC was disrupted, when subjects switched strategies to comply 
with instruction cues: while the lateral PFC selected strategies according to such cues, the medial PFC still conveyed to 
lateral PFC the reward expectations that would drive strategy selection in absence of these cues.  These findings reveal 
that cognitive control may operate through internal rules contradicting the person’s ongoing goals and lead to dissociate 
the notion of controlled vs. goal-directed behavior. The human lateral PFC may thus have evolved as especially 
promoting rule-guided behavior thereby favoring the emergence and stability of cooperation/coordination rules 
regulating individual behaviors in human societies. 
  



[T24] Cue and Outcome-based Strategy Retrievals in Humans 
 
Muriel EKOVICH and Etienne KOECHLIN  
 
Laboratoire de Neurosciences Cognitives,  INSERM U960, Ecole Normale Supérieure de Paris  
 
Humans need to adapt to uncertain, changing, and open-ended environments. In such situations, decision-making 
involves exploring, adjusting and exploiting multiple strategies – defined as flexible sensorimotor mappings associating 
stimuli, actions, and expected outcomes. 
Collins and Kœchlin proposed a computational model that controls the creation, learning, storage, retrieval, and 
selection of such strategies for driving action (Collins 
& Kœchlin, 2012, PloS biology). The model monitors the reliability of a collection of concurrent strategies - i.e., the 
ability of alternative strategies to correctly predict action outcomes. Strategy reliability is updated in a Bayesian manner 
according to outcomes and contextual information and arbitrates between exploiting the most reliable strategy or 
exploring new ones to drive action. It has recently been shown that, without contextual information, the reliability of 
alternative learned strategies is monitored in frontopolar cortex (Donoso, Collins & Kœchlin, Science, 2014). 
The goal of this study is to investigate the neural mechanisms that subserve the monitoring and retrieval of stored 
strategies according to both contextual cues and action outcomes. 
We designed an fMRI experiment requiring healthy human subjects to learn by trials and errors and to switch between 
multiple strategies associated with various contextual cues. Experimental conditions varied unpredictably such that:  

(i) previously learned strategies re-occurred with either the same or new contextual cues,  
(ii) new strategies that needed to be learned occurred with new cues or previously encountered ones. 

Behavioral results and model fits show that subjects learned, monitored and switched across an expanding repertoire of 
strategies as predicted by the computational model. More specifically:  

(i) Known contextual cues were used proactively (before performing any action) to select the corresponding 
strategy; 

(ii)  When previously learned strategies re-occurred with unknown contextual cues, subjects selected the stored 
strategy reactively based on action outcomes. 

Model-based fMRI results revealed that strategy reliability is updated in the frontopolar cortex and the lateral prefrontal 
cortex. Moreover, lateral prefrontal cortex is engaged in the selection process in both cases. However distinct networks 
are involved depending on whether the retrieval is cue or outcome-based:  

(i) on the one hand, cue-based retrieval relies on a ventral pathway including ventromedial prefrontal cortex, 
striatum and bilateral hippocampus;  

(ii) (ii) on the other hand, outcome-based retrieval relies on a frontal network including frontopolar cortex. 
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 Expectation in perceptual decision making influences neural and behavioral responses by facilitating the 
processing of expected stimuli (Summerfield & DeLange, 2014). During our daily social interactions, most of our 
interpretations and decisions are based on past experience and priors about people and events. Particularly, 
expectations about people's characters and moods build upon previous encounters with these people, for example, if a 
colleague is often in a bad mood, it becomes more likely to perceive that colleague in that particular mood at any 
occasion.  
 Here we aim to identify the mechanisms of identity expectation influence on the categorization of facial 
expressions during an eye tracking behavioral study. We manipulated subjects' expectations about the emotional 
expressions (Fear and Anger) of identities. To do so, subjects were presented with short periods (48 trials) at the 
beginning of each experimental block where identities (32 in total) expressed either only anger (Anger group) or only 
fear (Fear group). During the rest of the block (112 trials, 8 blocks in total), all identities expressed anger and fear 
equally, and their emotional intensity varied parametrically. Importantly, during both periods, subjects performed an 
emotion categorization task (Fear or Anger?) and had no explicit warning of any change occurring between these two 
periods.  
 Subjects' accuracy was increased, and their reaction times decreased, for expected stimuli (Angry expressions 
belonging to the Anger group, and fearful expressions belonging to the Fear group) as compared to the unexpected 
conditions (emotion by group interaction p<0.01). Subjects therefore clearly integrated the information about stimulus 
identity even though it was manipulated implicitly. Model comparisons allowed characterizing the effect, by showing 
that subjects' decision bias rather than their choice sensitivity was influenced by identity expectation: response bias 
pulled toward anger for identities belonging to the Angry group and pulled toward fear for identities belonging to the 
Fear group. Pupil dilation not only tracked the perceptual evidence to response, but also subjects’ response bias (as in 
De Gee et al., 2014). Pupil dilation indeed increased when subjects responded against the group identity bias, this effect 
being correlated with the individual behavioral identity bias effect. Moreover, pupil dilation increased when subjects 
responded against their general bias toward fear and anger responses, again reflected in a correlation between 
behavioral response bias and pupil response main effect. To conclude, these results suggest that expectations about 
people’s mood shift the decision bias about their facial expressions in response-selective, not stimulus-selective 
structures. 
 
 
  



[T26] Role of prefrontal 5-HT in social decision making 
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Integrated decision-making processes, which are impaired in all major neuropsychiatric disorders, depend on 
the prefrontal cortex (PFC), mainly the prelimbic cortex (Prl), in rodents. Evidence links serotonin activity to 
social aggressive behavior. However there is not lot of information about its involvement in decision making 
processes. Moreover, there is no clue about which serotoninergic receptor subtypes might mediate such 
action on decision. Studies have provided evidence that 5-HT regulates diverse behavioral states, as emotion 
and cognition, via type1 (5-HT1ARs) and type2 (5-HT2ARs) serotonin receptors.  

The objective of this work is to investigate how the 5-HT system modulates social and decision-making 
behaviors. Firstly, we characterized the effects of chronic dietary tryptophan depletion in C57BL/6 male mice 
on two decision making tasks differing in complexity with always a choice between social contact and food; 1/ 
A social interaction task with food reward available in which animals make decisions in regard to both his 
internal social and food motivations and the uncertainty reflected by the behavior of the unknown social 
partner, 2/ A decision-making test in social context where choices made by the animal is only driven by his 
internal motivations as the social partner is restrained. We also measured impact of this diet on post-mortem 
5-HT level in PFC, dorsal hippocampus, dorsal striatum and amygdala along with measure of mRNA expression 
of 5-HT receptors in PFC, dorsal hippocampus and dorsal striatum. Eventually, we focused on 5-HT1A 
receptors and we microinjected agonist (8-OH DPAT) or antagonist (WAY-10635) into the Prelimbic cortex of 
mice during decision making tasks. 

In both decision tasks, tryptophan depletion increased social contact and food consumption along with 
increasing the search for social and food outcomes. This diet also induced massive weight decrease and 
impaired nesting behavior along with a more aggressive-like social behavior. Moreover, it significantly 
decreased 5-HT level in dorsal hippocampus, dorsal striatum, and amygdala. In PFC, 5-HT level didn't decrease 
significantly. Regarding receptors expression, diet induced no effect on mRNA expression for 5-HT2AR, but a 
significant decrease in mRNA expression of 5-HT1AR in both dorsal hippocampus and PFC. Eventually, Infusion 
of 5-HT1AR agonist 8-OH DPAT in Prelimbic cortex led to a decrease in social contact in social interaction task 
and no effect on social search during the decision making test in social context. 

 Our results showed a clear involvement of 5-HT1A receptors in Prl cortex. Indeed, 5-HT1AR agonist, 
which decreased social contact, might mimic excessive activity of 5-HT on 5-HT1AR on post-synaptic target. In 
contrast, tryptophan depletion, which increases social contact, might induce a decrease of 5-HT action on 5-
HT1A receptor due to the decrease tendency in 5-HT level and decrease receptor expression. However, 5-
HT1AR agonist, which decrease social contact in social interaction task, have no effect on social and food 
search in the decision-making test where choices were only driven internal motivations. 

 Additional work will be necessary to dissect mechanisms by which 5-HT1A receptor activation in the 
Prelimbic cortex impact decision making with a social component. 
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Mental models are an efficient way to represent the events we perceive in our environment (Tenebaum et al., 2011). 
When faced with observations that do not match expectations, our models need to be updated to reflect new 
environmental contingencies (Danckert et al., 2012; Stöttinger et al., 2014a). Recent research has demonstrated that 
right brain damage (RBD) impairs the ability to update to environmental changes (Danckert et al., 2012; Stöttinger et al., 
2014b); however, the mechanisms underlying these impairments are not entirely clear. We propose that the 
impairments observed in RBD patients stem from an impoverished ability to effectively explore their environment. We 
present results from two tasks in which RBD patients were required to learn and adapt to unannounced changes in 
probabilistic environments. The first required patients to play ‘rock-paper-scissors’ (RPS) against a computer that shifted 
play strategies at certain points throughout the task. Although generally able to learn a computer’s initial strategy, RBD 
patients demonstrated difficulties updating their play choices to exploit a computer’s new strategy. When we examined 
the strategies used by patients, we noticed that they engaged in a very limited exploration of the possible strategy space 
afforded by an RPS environment, especially when compared to healthy controls. In a second task, RBD patients played a 
game based on ‘Plinko’, which required them to estimate the likelihood that a ball falling through pegs would land in a 
series of slots. At unannounced points throughout the task, the distribution of ball drops they were attempting to 
estimate would change, and participants were required to adjust their estimates to match the new task contingencies. 
We examined both how accurately patients were able to learn each of the distributions they were exposed to, along 
with the trial-by-trial adjustments they made throughout the task to determine how effectively they were exploring 
possible options. Overall, RBD patients had more difficulty learning and updating to some of the distributions compared 
to healthy controls. Additionally, similar to the RPS results, patients showed much poorer efficiency in their exploration 
of task possibilities. Taken together, these results suggest that the impairments observed following RBD could be due to 
an inability to efficiently explore alternate hypotheses in their environment.  
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Binary category judgments (for example, deciding whether a line is tilted to the left or right of vertical, or whether a face 
is male or female) involve comparing perceptual information to a category boundary, in order to allocate stimuli to one 
of two classes. Across domains and modalities, observers tend to be more sensitive to information falling close to the 
category boundary. This finding can be accounted for if decision information is nonlinearly transduced to form a 
response, i.e. passed through a response function that has the same sigmoidal form as the typically-observed 
psychometric function. However, it is not yet entirely clear where and when these nonlinearities arise and how this 
categorical information is represented in the human brain. 
 
To address this question, we used a novel variant of the prototype distortion task, a visual categorization paradigm in 
which observers view a pattern of dots that they assign to one of two categories with a key press. Participants viewed a 
distorted, rotated dot pattern that consisted of two superimposed triangles (characterized by black dots and white dots 
respectively), one of which was inverted with respect to the other. The task was to report whether the black dot triangle 
was larger than the white dot triangle or vice versa. We created a continuum along which the stimuli were morphed 
from one category into the other, providing linear changes in objective decision information. As expected, we observed 
sigmoidal psychometric functions, suggesting that human observers were more sensitive near the category boundary. 
 
Using this task, we investigated how the modulations of distance to category boundary are reflected in multi-channel 
EEG recordings made from human observers. We found evidence for two consecutive parietal ERP components that 
encoded the distance to the category boundary, i.e. the level of decision information provided by the stimulus. An early 
effect (400-600ms after stimulus onset) showed a negative relationship between mean amplitude and distance to the 
category boundary (i.e. more positive for stimuli near boundary), whereas for the later effect (beginning at 600ms after 
stimulus onset), the relationship was reversed, with higher amplitudes elicited by stimuli characterized by greater 
distances to the decision boundary. We speculate that the first component may reflect a gain control signal, whose role 
is to calibrate processing with respect to the category boundary. The second component may be a classical decision 
related build up signal, as it has been explored in single-unit studies with non-human primates (e.g. Shadlen et al. 2001, J 
Neurophysiol) and more recently also in human scalp EEG recordings (O’Connell & Kelly, 2012, 2013). These findings 
show that categorical decision information is encoded both early and late in parietal EEG signals. Future analyses based 
on representational similarity (RSA; Kriegeskorte 2008) will be used to identify sites and time points where neural signals 
are more sensitive to category information. 
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Background: 
Repeated interactions are ubiquitous in social settings. The mechanisms of human learning in social contexts are far from 
being understood. On the one hand recent studies in neuroeconomics suggest that humans dynamically incorporate in 
their learning process a belief-based representation of the opponent’s adaptive behavior (Hampton et al 2008; Zhu et al 
2012; Devaine et al 2014). On the other hand experimental studies show behavioral responses that systematically 
deviate from the game theoretical prescription of equilibrium in beliefs, therefore questioning the general human ability 
to engage in such sophisticated strategic process (Costa-Gomes et al 2001). 
 
Aim and Methods: 
In our study we aimed to investigate individual differences and adaptive behavior to opponents’ strategies in repeated 
two-players constant sum games (i.e., a variation of an inspection game, with asymmetric payoffs). Participants (N=64) 
were engaged with two different opponents in two successive blocks of 100 repetitions of the stage game. We minimized 
the choice display in order to avoid elicitation of real-life social context that could have biased the learning beyond the 
choice outcomes but displayed the payoff matrix to make the game structure clear. To investigate inter-individual 
differences in learning we tested several computational models: from simple model-free to more sophisticated variants 
of reinforcement learning algorithms (Sutton & Barto 1998; Li & Daw 2011), to EWA (Camerer & Cho 1999), fictitious play 
(Fudenberg & Levine, 1998) and different orders of strategic thinking in the Influence model (Hampton et al 2008; 
Devaine et al 2014). Those models previously introduced in both the economics and cognitive neurosciences literature 
hierarchically differ in the depth of reasoning about how one’s own past behavior has influenced the behavior of the 
other. 
 
Results: 
We identified for each subject a model that both best fitted choices and in addition accurately reproduced key aspects of 
their choice behavior (i.e. proportion of choice between the two options, % win-stay, % lose-shift) when the model was 
simulated on its own to do the task with optimized parameters. Our results first indicate that the subjects differ in the 
strategic complexity of their learning computation, with a majority being best modeled by high order (i.e. sophisticated) 
models (i.e. Influence levels 1 and 2 models) but also for a significant proportion of them by lower levels of strategic 
learning (e.g. simple reinforcement learning models). When comparing individual behavior between the two trial blocks 
we found a change in both the relative weight and the level of the information incorporated in their decision process 
throughout the game. Interestingly, less than 20% of the models which best fitted subject’s behavior during one trial 
block could predict the subject behavior with a performance significantly higher than chance during out-of-sample with 
the same optimized parameters on the other block. Moreover, in 53% of subjects, separate model comparison on blocks 
1 and 2 found different best models on the two blocks. Together with additional investigations on individual strategic 
thinking and cognitive ability our results suggest inter-individual differences in the strategic learning process 
implemented during strategic interaction that might depend on the dynamic of the opponent’s behavior. 
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An important aspect of understanding motivation is cost-benefit decision-making, where rewards (benefits) are weighed 
against associated costs. Previous studies have demonstrated that rewards are subjectively devalued by effort 
(discounting). In addition, risky outcomes are also subjectively weighed against rewards. Recently, it has been suggested 
that similar mechanisms underpin subjective reward devaluation and risky decision-making when the cost is physically 
effortful. However, rewards are often weighed against cognitive effort. Yet, very little is known about the mechanisms 
that underpin the subjective valuation of rewards when they are weighed against cognitive costs.  
 
In this study, subjects (n=40) were first trained on an adapted version of a Rapid Serial Visual Presentation (RSVP) task. 
This task used number of attentional switches to information in left or right visual field streams to vary cognitive effort 
parametrically. Subjects then performed two decision-making tasks. Effort-discounting task (EDT): subjects indicated 
their preferences between a fixed low-reward (1 credit), low-effort (1 switch) “baseline” option, and a variable higher 
reward (2-10 credits), higher effort (2-6 switches) option. Risky-effort task (RET): subjects were required to choose 
between a  “safe” option where the effort was known (3 switches) and the reward was always 4 credits, and a ”risky” 
option where the effort levels where 50% likely to be a high or lower effort level than the safe option. The risky option 
varied over trials in terms of reward (2,4 or 6 credits) and being either low (2 or 4 switches) or high  (1 or 5 switches). 
Thus, the mean amount of effort in the risky and safe options was equal, allowing us to examine effort-risk sensitivity.  
 
As predicted, on the EDT subjects were more likely to choose the low effort baseline option as the amount of effort in 
the variable option increased, suggesting that subjects were discounting the rewards due to the associated cognitive 
effort cost. Intriguingly, on the RET subjects were more likely to choose the safe option rather than the risky option, 
particularly when the rewards on offer were equitable, suggesting that subjects were risk-averse. However, subject’s 
performance on the two tasks was not significantly correlated. 
 
We show for the first time that when deciding between differing levels of cognitive effort risks, people are risk-averse, 
preferring a known safe amount of effort to an uncertain risky amount. Moreover, contrary to recent studies examining 
physical effort, we show little evidence that similar mechanisms underpin reward discounting and risky decision-making 
in the cognitive effort domain. This research therefore supports recent findings in rodents that cognitive and physical 
effort may have different pharmacological and anatomical signatures in the brain.  
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According to rational choice theory, the relative value of two options should be unaffected by the value of a third 
option. However, it is known that humans violate this axiom of choice when making three-‐alternative (trinary) 
economical and perceptual decisions. Recently, two computational models have been proposed to account for the 
influence of a third (distracter) option (Chau et al., 2014; Louie et al., 2013). These models focus respectively on how 
decision values are normalized during value encoding and comparison. Here we assessed how a low-‐value distracter 
influences choices between two higher-‐value options in a sequential decision-‐making paradigm. Participants viewed 
three simultaneously-‐occurring streams of information (8 visual samples occurring at 4 Hz, comprising bars of variable 
length) and were asked to report which contained bars that were longer on average. Correct responses elicited feedback 
and a financial reward. Consistent with previous findings, as the value of the third option D increased, participants were 
less likely to choose the highest valued option HV over the second best, LV. However, we also observed that the 
momentary rank of each option was a key determinant of choices: samples where D was ranked the best, or second best, 
contributed most strongly to erroneous choices. This finding cannot be explained by previously proposed normalization 
models (Louie et al., 2013), or by a simple linear race model. However, using computational simulations, we show that it 
is consistent with a selective integration model (Tsetsos et al., 2012) in which local winners capture attention and enjoy 
preferential integration. In other words, irrational choices may result from the limited capacity of information processing 
systems, and the tendency to attend selectively to the most valuable items.  
 
To test the selective integration model, we recorded the pupil size of our participants during the execution of the task 
and found independent evidence for a differential allocation of attention to the three pieces of momentary evidence, 
whereby the local maximum was more strongly encoded than the value of the medium and minimum. As a validation of 
our analyses, we found that participants whose responses were more affected by the distractor were also the ones that 
showed a more differential encoding of the highest momentary value in their pupil diameter.  
 
Together, these findings suggest that attention and capacity limits play an important role in provoking systematic 
violations of rational trinary choice.  
 
  
Chau, B.K.H., Kolling, N., Hunt, L.T., Walton, M.E., and Rushworth, M.F.S. (2014). A neural mechanism underlying failure of optimal choice with 
multiple alternatives. Nat. Neurosci.  
Louie, K., Khaw, M.W., and Glimcher, P.W. (2013). Normalization is a general neural mechanism for context-‐dependent decision making. Proc. 
Natl. Acad. Sci. U. S. A.  
Tsetsos, K., Chater, N., & Usher, M. (2012). Salience driven value integration explains decision biases and preference reversal. Proceedings of the 
National Academy of Sciences, 109(24), 9659-‐9664.  
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Decision making takes a crucial role in daily life and can be seriously impaired in neurodegenerative diseases. It implies 
cortical-basal ganglia loops, but the respective roles of each structure are still debated. Urodeles offer a remarkable 
opportunity to address this question. 
First, whereas the organization of the basal ganglia in these animals is similar to the one of mammals, it has orders of 
magnitudes fewer neurons1 and is therefore at a level of complexity that is more tractable in terms of comprehension 
and modelling. Second, the extensive regenerative capacities of their midbrain networks allow the use of local lesions to 
investigate their connectivity and functionality. This also makes the urodele a unique experimental model for 
investigating the mechanisms of decision-making network plasticity after a midbrain injury. 
Therefore, we decided to set up a behavioral test of decision making in this animal model. Our task was based on the 
ability of urodele to discriminate polarized light. The animals were trained2,3 to associate the location of a shade shelter 
(urodeles do not like exposure to direct light) with a specific orientation of the polarization axis. We then performed a 
test to assess if the animals learned this association. This paradigm gave us access to a motor decision making mode. In a 
second step, we will perform selective lesions of the pallium (i.e. the cortex in lower vertebrates), the thalamus and the 
basal ganglia to determine the respective role of each structure. We will then study implication of dopamine4 in this 
behavioral task. To our knowledge, urodele is the earliest group of limbed vertebrates in which decision-making process 
has been successfully addressed yet. 
 
 
1 H.J. ten Donkelaar, Development and Regenerative Capacity of Descending Supraspinal Pathways in Tetrapods: A Comparative Approach 
(Advances in Anatomy, Embryology and Cell Biology), Springer, 2000 edition (2013) 
2 D. H. Taylor, K. Adler, Spatial Orientation by Salamanders Using Plane-Polarized Light, Science, 181, 285-287 (1973) 
3 A. Retailleau, C. Dejean, B. Fourneaux, X. Leinekugel, T. Boraud, Why am I lost without dopamine? Effects of 6-OHDA lesion on the encoding of 
reward and decision process in CA3, Neurobiology of Disease, 59, 151–164 (2013) 
4 C. L. Parish, A. Beljajeva, E. Arenas and A. Simon, Midbrain dopaminergic neurogenesis and behavioural recov- ery in a salamander lesion-induced 
regeneration model, Development and Disease, 134, 2881-2887 (2007) 
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Previous work has suggested that emotional valence – the positive or negative attribute that accompanies affect, 
emotions and their associated feelings – could be formally defined as the rate of change of free energy or surprise 
(Joffily and Coricelli, 2013). An apparent paradox emerged regarding how ‘positive surprises’ and ‘negative expectations’ 
could be accounted for within this scheme. The aim of the current work is to show that these two forms of affective 
states naturally emerge when the agent performs active inference. Active inference rests on the active sampling of 
outcomes that minimize variational free energy (Friston et al, 2015). Based on simulation results for a two-armed bandit 
task, it is shown that the valence of outcomes can be described as the difference between the current and the expected 
free energy under a (predictive) generative model of future states and outcomes, while the surprise of outcomes is 
(upper bounded by) the free energy of posterior beliefs about their hidden causes. 
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In order to survive, animals accumulate resources through repeated encounters with an uncertain world. Over the long 
run, resources are maximised by accepting encounters where the likely benefits outweigh the likely costs (e.g. those 
with net positive expected value). However, humans and animals often diverge from this optimal decision strategy, in 
particular by showing undue aversion to risk (or to potential loss). According to one view from behavioural ecology, risk 
aversion may be a natural attempt to keep cumulative resource levels above a survival threshold. However, we know 
little about the neural or computational mechanisms by which reward estimates are accumulated over time, or how 
accumulating reward over a temporal context (episode) influences risk attitudes. 
We asked healthy humans (n =20) to perform a decision-making task that involved accepting or rejecting a monetary 
gamble. Participants performed the task in 5 successive temporal contexts, saliently indicated by the colours on the 
screen. Colour contexts were of variable length, with a visual “countdown” disclosing the number of trials remaining. 
Participants accumulated rewards in each context by gambling, towards a “pot” which became fixed when the context 
switched. At the end of the experiment, participants were rewarded with the accumulated rewards of one randomly 
chosen pot. 
Logistic regression analyses were used to predict gambling propensity (i.e. p(accept)) as a function of experimental 
variables. As anticipated, these analyses revealed a strong influence of the momentary probability and magnitude of 
reward of each gamble. Strikingly however, subjects were less likely to gamble when rewards accumulated thus far (up 
to the previous trial) were greater. Gambling propensity was further reduced when high accumulated rewards were 
coupled with high possible momentary losses, pointing to a change in risk attitudes. Furthermore, gambling propensity 
changed as a function of outcome in the immediately preceding trial: paradoxically, subjects displayed a win-switch, 
lose-stay policy. 
We used the fMRI data to understand how cumulative rewards were encoded, and used to determine risky behaviour. 
Significant positive BOLD modulations were observed for accumulated rewards in clusters in the ventromedial prefrontal 
cortex (vmPFC): the genual anterior cingulate cortex as well as the medial frontal pole. A nearby region in the right 
inferior frontal lobe exhibited a negative BOLD response to the interaction of accumulated rewards and potential loss, 
suggesting that this region forms a substrate for the heightened risk sensitivity under accumulated resources. 
In order to account for the change in sensitivity to loss with reward accumulation, we simulated the decision to accept 
or reject a gamble based on its expected value using a previously described “adaptive gain” model. With every positive 
outcome, a roving value function shifted towards higher expected values, making subsequent “accept” choices less 
likely. Conversely, losses shifted the function towards lower expected values. With only two free parameters (decision 
noise and the shift size), the model faithfully recreated the behavioural effect of accumulated rewards. When applying 
the same model to behavioural data, it accounted for more individual variance than a simple model based solely on 
expected value. It thus points to an instant change in risk attitudes based on previous reward experience that accrues 
over time. 
Thus, humans adapt their risk attitudes according to accumulated reward, and areas in the vmPFC track this 
accumulation. 
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Much of our time is spent in pursuit of desired outcomes often in the form of repeated voluntary searches. For this, it is 
essential to consider not only the outcomes of the immediate choice, but plan ahead and consider later opportunities 
and cost of future searches. Take for example a situation in which you can repeatedly search in a specific environment. 
Because you can continue searching, you will not be stuck with the next outcome, but have the opportunity to continue 
beyond potentially bad options. However, when contemplating the value of such self-determined sequences, it is 
important to also keep in mind the possibly accumulating costs and other features of the environment such as its 
variance or complexity (which both relate to how likely you are to come across particularly good or bad options). 
Importantly, for optimal prospective choices, it is necessary to accurately predict ones own future choices as those 
affect whether an option is worth pursuing. For example, choosing to search because of the possibility of an unlikely 
high value outcome might be correct but only if the agent is prepared to persevere through a sequential search until 
that outcome appears, rather than stopping prematurely.  
In this study we developed a novel behavioural paradigm in which participants could search repeatedly up to a to a limit 
that varied from trial to trial. Every search incurred a cost (variable between trials) and environments varied in the 
number of alternatives as well as their average value and variance.  
Behaviourally, participants not only used the average value of the alternatives to compare against an offer, but also 
considered their future opportunities and costs when making decisions. As opportunities are not necessarily valuable in 
themselves, choices were predicted by a combination of variance of an environment and future opportunities. 
Remarkably, we found participants to over-persevere: Once they started searching, they were more likely to continue 
than would have been expected based on just the value of searching. 
Neurally, we found clear correlates of the prospective element of value in prefrontal cortex. We furthermore also 
observed widespread activity when participants searched sequentially. Importantly, in a relatively ventral part of 
anterior cingulate cortex (dACC) the complexity of an environment initially increased activity, but closer to the time of 
making a decision prospective value was signalled. Finally, later in the trial dACC was more active concurrently with less 
activity in the ventromedial prefrontal cortex (vmPFC), only when participants actually committed more searches, rather 
than when it was merely valuable to do so. During the actual search period, dACC was more active when participants 
were over-persevering and was suppressed when the first new offer was good, i.e. when it was more valuable to not 
initiate a sequential search. This overall pattern of activity suggests that the dACC could play a role in computing 
prospective value early on during the initial decision of whether to search or not, but also invigorates actual persevering 
searches when necessary.   
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Living organisms need to maintain energetic homeostasis, which often requires making complex long-term decisions 
under changing environmental conditions. When current conditions are bad, decision-makers have to trade off foraging 
now and waiting until conditions may improve. Such decisions require integrating over a time horizon of uncertain 
future conditions. If current internal energy resources are low, only a successful foraging attempt in the near future can 
avert starvation. A considerable literature has investigated the neural representations of values and probabilities in 
simple decision-making tasks. However, it is unclear how humans compute and integrate the environmental and internal 
variables necessary to make strategic decisions when faced with maintaining homeostasis in such complex scenarios. 
Here, we tested participants (n=27) in a novel virtual foraging task, for which we derived a priori the optimal strategy for 
all possible combinations of environmental conditions and internal energy levels. Bayesian model comparison showed 
that participants were almost optimal in minimizing long-term starvation probability. During choice, the optimal policy 
was associated with fMRI signals in the anterior cingulate cortex and the inferior frontal cortex. Activity in classic reward 
regions (including ventromedial prefrontal cortex, striatum, and posterior cingulate cortex) tracked the outcomes of 
participants’ decisions on their internal energy resources. 
We started from a fundamental biological goal of decision-making and elucidated the neural computations underlying 
the integration of the values and probabilities required to meet this goal in a nearly optimal fashion. This study thus 
bridges a gap between generic computational models of behavior and neural implementations at the systems level that 
are necessary to face biological challenges such as maintaining homeostasis. 
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Procrastination, i.e. the tendency to postpone unpleasant tasks to the last minute, is widely shared across human 
individuals. Yet it can be considered a sub-optimal behavior, as it often leads to greater (but later) effort expenditure. 
The computational and neural mechanisms of procrastination have so far remained elusive. 
We developed a task and a model to account for procrastination behavior.  The task involved choosing whether to 
produce an effort in order to get a reward now or tomorrow. Rewards and efforts were varied on a trial-by-trial basis. 
The model assumes that reward and effort are both hyperbolically discounted with time, using different factors. The 
probability of choosing to perform the task immediately or later is then determined by the net value (discounted reward 
minus discounted effort) computed for each delay. We assessed procrastination in 47 healthy subjects, not only with the 
choice task but also with two independent measures: the score on the subjective scale and the delay with which 
participants returned the administrative forms (a more ecological behavior). Finally, we independently estimated 
temporal discount rates for reward value and effort cost with separate choice tasks in which delays were systematically 
varied. 
We found that procrastinators had lower discount rates for reward and higher discount rates for effort than non-
procrastinators. This differential temporal discounting was a good predictor of procrastination level, whether it was 
measured with our experimental test, with the subjective scale or the ecological behavior. It therefore provides a 
cognitive mechanism for why procrastinators attribute a higher net value to delayed options than to immediate options.  
Our findings thus provide a computational framework to account for inter-individual differences in procrastination, and 
experimental tools to potentially decipher the neural bases of this seemingly irrational behavior. 
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Experienced value representations within the human orbitofrontal cortex (OFC) are thought to be organized 
through an antero-posterior gradient corresponding to secondary versus primary rewards. Whether this 
gradient depends upon specific morphological features within this region, which displays considerable 
intersubject variability, remains unknown. To test the existence of such relationships, we performed a subject-
by-subject analysis of fMRI data taking into account the local morphology of each individual. We tested 38 
subjects engaged in a simple incentive delay task manipulating both monetary and visual erotic rewards, 
focusing on reward outcome (experienced value signal). The results showed reliable and dissociable primary 
(erotic) and secondary (monetary) experienced value signals at specific OFC sulci locations. More specifically, 
experienced value signal induced by monetary reward outcome was systematically located in the rostral 
portion of the medial orbital sulcus. Experienced value signal related to erotic reward outcome was located 
more posteriorly, that is, at the intersection between the caudal portion of the medial orbital sulcus and 
transverse orbital sulcus. Thus, the localizations of distinct experienced value signals can be predicted from 
the organization of the human orbitofrontal sulci. This study provides insights into the anatomo-functional 
parcellation of the antero-posterior OFC gradient observed for secondary versus primary rewards because 
there is a direct relationship between value signals at the time of reward outcome and unique OFC sulci 
locations. 
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Accumulating evidence from the neuroimaging literature pinpoints the central role played by the dorsomedial 

prefrontal cortex (dmPFC) in social valuation. More particularly, a recent study from our lab showed that the 

dmPFC might be engaged in learning asymmetries of competitive skills between oneself and others. 

Monitoring such relative dominance status during dyadic interactions could play an important role in the 

online adjustment of behavior and may enable individuals to optimize their social strategies. Here, we 

hypothesized that dmPFC computations play a causal role in learning and adapting to other’s competitive 

skills. Using a multiplayer social competition task in 34 subjects combined with reinforcement-learning 

modeling, we demonstrate that transcranial direct current stimulation (tDCS) applied over the dmPFC can bias 

social learning, so that more weight is attributed to social victories and less weight is attributed to social 

defeats. Moreover, gender differences in the exploration of the social hierarchy were cancelled by dmPFC 

stimulation, suggesting that the dmPFC is engaged differently in men and women during competitive 

interactions. 
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 Decision theory assumes that when faced with a binary choice, individuals first assign subjective values to each 
option, and then compare the two values to select the best. Understanding how option values are encoded and 
compared is a key objective for neuroeconomics. A large body of evidence suggests that the ventromedial prefrontal 
cortex (vmPFC) activity correlates with option value. However, the frame of value representation remains unclear: 
according to some studies vmPFC activity might represent pre-choice variables such as the sum of the two option values, 
in others the vmPFC might represent a decision variable such as left minus right or attended minus unattended option 
value, and in a last set of studies the vmPFC might represent a post-choice variable such as chosen minus unchosen 
option value.  
  

We hypothesized that the frame of value coding in the vmPFC is imposed by a default policy. This means that the 
brain reframes economic binary choices (A vs. B) as stay vs. switch choices. This hypothesis makes predictions at both 
the behavioral and neuronal level. At the behavioral level, it predicts that one set of options corresponding to the 
default policy should be chosen more often and more quickly than others. At the neural level, it predicts that the vmPFC 
should encode the relative value of the default option.  

 
In order to test this hypothesis, we developed a task involving subjects (n=24) choosing between two options 

pertaining to different categories (e.g., jazz vs. rock CD). We inferred the preference between categories from the mean 
of likeability ratings assigned to every item prior to performing the choice task. Choice data confirmed that items 
belonging to the preferred category were chosen more often and more quickly, even when regressing out the difference 
in likeability ratings. This behavior was well captured by a drift diffusion model that included a start bias in favor of the 
preferred category. FMRI data showed that vmPFC activity encoded the value of the value of option belonging to the 
preferred category (the default option), irrespective of choice. We therefore conclude that prior preferences can elicit a 
default policy that frames the neural representation of option values during binary choices. 
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Objective 
Why are all things better on a sunny day? Previous behavioral decision-making research has suggested that people rely 
on current affective states as informational input to make judgments (i.e. feelings-as-information effect) even if these 
feelings are unrelated to judgments (Schwarz & Clore, 1996). However, it is still unclear the physiological foundation of 
this integration of unrelated feelings as information in judgments. In this research, we propose that feeling-as-
information is not a contingent effect. We show that this effect can be mediated by short-term physiological reactions 
towards feelings by recording people’s facial affective valences and skin conductance responses. 
 
Methods 
We employed an incidental reward paradigm in a series of experiments. Participants first involved the receipt of a 
monetary reward (i.e. win or lose money), and subsequently 1) involved in an unrelated wine tasting task (study one); 2) 
were exposed to either affectively positive or neutral images (study two, three and four). Subjects then rated their 
enjoyment of wine tasting (study one) or seeing the images (study two, three and four) on a 9-point scale (1=”not at all” 
to 9=”very much”). Additionally, in study two; participants’ faces 
were recorded using a video camera while engaging in the task. The video footages were analyzed using an automated 
facial affective encoding software (FaceReaderTM, Noldus Information Technology) to indicate participants’ facial 
affective valence. In study three, we introduced a temporal delay when participants were 
evaluating the enjoyment of seeing the images. In study four, we recorded participants’ skin conductance reaction 
(Biopac MP36R & AcqKnowledge software) while they were performing the task. 
 
Results 
On the behavioral level, we replicated previous findings of incidental reward in different valuation domains (i.e. tasting 
and aesthetics judgments). We found that winning or losing money has a significant effect on reported enjoyment in a 
subsequently unrelated task such that participants liked the wines or images (i.e. both positive and neutral images) 
more after receiving the incidental reward relative to no reward. 
 
Facial affective encoding captured the online integration of affective information, reflecting a fast temporal dynamics 
(i.e. msecs level) of feeling-as-information effect on consumption enjoyment. Multi-level mediation analyses further 
suggested that facial affective valence served as the physiological basis for this effect, and that this effect can be 
attenuated by introducing a temporal delay. 
 
Skin conductance data did not show the mediation role of physiological arousal in influencing this effect, suggesting that 
the feeling-as-information effect is driven by affective valences exclusively. 
 
Conclusions 
Incidental feelings triggered by the receipt of reward influence the evaluation of unrelated consumption experience in a 
short period of time. The facial affective recording and skin conductance recording indicate that this effect is not merely 
a psychological effect but has physiological basis of affective valence (rather than emotional arousal). Our results also 
supplement a recent neuroimaging study where pre-stimulus activity of ventromedial prefrontal cortex has a significant 
impact on subsequent subjective pleasantness in humans and monkeys (Abitbol et al., under review) 
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Deciding in an uncertain and changing environment involves a balance between accumulating rewards using known 
strategies (exploitation) and acquiring knowledge through less rewarding but potentially adaptive strategies 
(exploration). Under uncertain situations, a larger amount of exploration may be required. According to recent theories, 
tonic levels of dopamine may control the balance between exploitation and exploration. To assess this hypothesis, we 
tested rats under flupenthixol, a dopamine D1, D2 receptor antagonist, in a probabilistic task involving two levels of 
uncertainty. During blocks of trials, the rats had to identify which of three levers yielded the highest probability of 
reward. The correct lever changed every 24 trials in an unsignalled manner. Under drug-free conditions, the rats reached 
over 70-80% accuracy by the end of a block. Uncertainty reduced accuracy and selectively increased the probability of 
shifting choice after a rewarded trial (win-shift), an index of exploration. It did not increase shifting after a non-rewarded 
trial, corresponding to a simple lose-shift strategy. The percentage of win-shift was found to slowly decrease across 
training sessions as well as within a block, and simulations using model-free reinforcement learning indicate that this 
effect may require an adaptive exploration level. After training, flupenthixol was injected intra-peritoneally (Experiment 
1: 0, 0.1, 0.2 or 0.3 mg/kg) or locally into the dorsomedial striatum (Experiment 2: 0, 5, 10 or 15 µg/side) prior to 
behavioural testing, according to a latin square design with at least 72 h recovery between injections. In both 
experiments, flupenthixol reduced accuracy in the low uncertainty condition, but not in the high uncertainty condition. 
Systemic flupenthixol dose-dependently increased the percentage of win-shift, irrespective of the level of uncertainty or 
of the degree of learning within a block. Intra-striatal flupenthixol appeared to have clearer effects on win-shift in the 
low uncertainty condition, including early in a block when uncertainty was higher. Microinjections of flupenthixol, unlike 
systemic injections, did not reduce motivation to complete the task. Further analyses suggest that flupenthixol effects 
on performance were related to the increase in exploration and that flupenthixol and uncertainty had separate effects 
on exploration. Altogether, these results indicate that low levels of dopaminergic activity may favour exploration, and 
that dopamine acting in the striatum may regulate exploration levels irrespective of the level of uncertainty.  
 



[T44] Neural Priming by the Variability of a Visual Ensemble 
 
Michael E (1) , Moran R (2), Balaguer J (1), Ruz M (3), Usher M (2), Summerfield C (1) 
 
(4) Department of Experimental Psychology, University of Oxford. 
(5) School of Psychological Sciences, Tel Aviv University. 
(6) Department of Experimental Psychology, Universidad de Granada. 
 

Background 
Human perceptual systems adapt to the repetition of features in the environment. This is demonstrated by the 
phenomenon of priming, in which observers are faster to classify or identity an object that been recently presented.  
Recent behavioural work suggests that perceptual systems show a similar adaptation to the statistical summary 
properties of a set of objects (priming by ensemble variability).  Here, we explore the neural and computational basis for 
this adaptation. 
 
Task and Methods 
We use a multielement perceptual decision task, in which observers are asked to judge the average colour of a “target” 
array, consisting 8 coloured shapes arranged in a ring around fixation. The target array is preceded by a similar “prime” 
array, with a prime-target interval of 100ms. We manipulated factorially the level of heterogeneity (or variability) in the 
feature values of the prime and target arrays, which could be either be of high variance (HV) or low variance (LV). 
Twenty adult participants (aged 18-35) performed this task whilst undergoing whole-brain fMRI.  
 
Behavioural and Neural Results 
Behaviourally, we replicate a previous observation that response times to correct target classification are facilitated 
when the level of variability is consistent across the prime and target arrays (i.e. faster for HV/HV than LV/HV, and faster 
for LV/LV than HV/LV). Imaging results showed a reduction in BOLD signal for prime-target pairs with matched levels of 
variability (i.e. an adaptation effect) in ventral temporal regions previously implicated in colour perception (i.e. the 
lingual gyrus) and high-level representation of shapes and textures. Additional effects were observed in premotor cortex 
and right dorsolateral PFC. Neural adaptation to ensemble variability persisted even when the local differences in 
feature values are taken into consideration, suggesting the observed adaptation is in response to the summary level 
stimulus description.  Neural adaptation to ensemble variability in the ventral stream predicted behavioural priming, 
suggesting that ensemble variance is computed and encoded in the sensory regions. 
 
Model 
We also describe a computational model that offers a mechanistic account of adaptation to variance. The model 
assumes that the prime statistics determine the mean and variance of a multiplicative “gain field” that modulates 
processing of the prime. The gain field has unit sum, acting as a fixed resource that can be focussed on a narrow range of 
features (i.e. with low prime variance) or spread more widely over feature space (i.e. with high prime variance). The 
model was able to effectively capture priming by ensemble variability and related behavioural effects. This model 
suggests that the observed BOLD correlates of priming by variability reflect a form of prediction error arising from a mis-
match in actual and most appropriate level of gain. Model predictions about integrated decision signals were regressed 
against BOLD data, revealing further activations in the parietal cortex. 
 
Conclusions 
Together, these findings suggest that sensory representations of decision-relevant information are sensitive to the 
ongoing statistical properties of visual input and available resources are directed to maximise processing efficiency.  
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More than 50% of US adults are invested in the stock market (Gallup 2013), with many managing their own portfolios 
through online trading. How do these retail investors make financial decisions? Researchers have only just begun to 
explore the emotional processes that affect individual investors’ decisions (Raghubir and Das 2010; Lee and Andrade 
2011; Grant, Xie, Soman 2014). In this project, we examine not only emotional but also attentional processes using 
physiological measures, i.e., facial affective reading and eye-tracking. We examine (1) how reference prices are formed, 
(2) how incidental emotions influence reference prices, and (3) what role attention plays in the process. 
 
In an online pretest, we asked people to examine stock charts and indicate the price at which they would be willing to 
sell the stocks (i.e., reference price), as well as their likelihood of selling. The goal was to examine to which extent people 
use (a) initial, (b) current, (c) highest, and (d) lowest price information to form their reference prices. In addition, prior to 
viewing the stock charts participants watched one of three videos intended to induce incidental emotions (positive, 
negative or neutral). Our preliminary results indicate that positive emotions (i.e., happiness) decrease, while negative 
emotions (i.e., fear) increase willingness to sell, relative to a neutral control condition. As to reference prices, positive 
emotions induce the lowest reference price followed by negative emotions and the neutral condition. Additional data 
collection is in progress to confirm these results across a larger sample size and different demographic groups. 
 
In the lab, we ran a similar version of the task with a couple of modifications: (1) participants’ facial expressions were 
analyzed while they watched the videos, and (2) their eye-movements were recorded while they examined stock charts. 
Our preliminary results show that looking at the “highest price” region appears to mediate the effect of positive or 
negative emotions on formation of reference prices: investors exposed to positive emotions attend more to positive 
past information (i.e., price peaks on stock charts), which affects formation of their reference prices. Additional data 
collection is in progress to confirm these preliminary results and to answer related questions, such as to what extent the 
physiological readout of emotions correlates with the reported reference prices. 
 
As more and more retail investors manage their stock portfolios directly online, it is important to better understand how 
they make financial decisions and what role their environment plays in the process. Future research can use the here 
developed paradigm to examine which neural substrates give rise to the observed behavioral effect as well as whether 
and how the decision-making process fails or can be improved. 
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The presence of a monetary support (precious metal tokens, paper, etc.) in an exchange situation is not enough for 
calling it money. It is also necessary that this support fulfills the functions that must achieve a money. 
For instance, an agent — virtual, human or non-human primate — who would learn to give a token for a consumption 
good is not enough to assume that this agent knows how to use a money — or even that he actually uses money. 
Indeed, it could be the case that this agent just barters the monetary support against another type of object. For this 
item to be considered as money, it is necessary that the agent takes part in an economic system in which he seeks to use 
this object as a medium of exchange, this in parallel to the fact that all other agents in the economy use this token as a 
mean of exchange, except those for which it is the production or consumption good. In this context, a question is then 
to know what are the required conditions to be in — or to move towards — a such situation, a situation one can call 
“monetary equilibrium”. 
A series of formal models proposes to clarify this issue of money emergence, exploring what could be the conditions for 
the appearance of monetary equilibria, and which properties have these equilibria (i.e. Jones, 1976; Kiyotaki & Wright, 
1989; Iwai, 1996). However, very few studies address this issue from a learning point of view (i.e. Wright, 1995) and also 
very little works use simulations and experimental results to support their theoretical results; only one model, to our 
knowledge, was studied from this latter angle: the model of Kiyotaki & Wright (1989) — cf. Marimon (1990) and Duffy 
(2000). 
On the basis of the model of Iwai (1996), we build a learning model which allows us to study the conditions for money 
emergence, while assuming that the agents that make up the economy exhibit a bounded rationality and benefit only of 
extremely limited information. 
This model has been tested through simulations involving virtual agents. Our preliminary results show that emergence 
of money is indeed possible with agents which exhibit bounded rationality and benefit only of a limited information, and 
thus, allow us to open a discussion on the effect of the interaction between cognitive abilities of agents and 
fundamental structure of an economy on this emergence. 
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Motivation to perform an action can be defined by the subjective value of this action, and quantified by the ratio 
between its cost and its benefit. It requires convergence and integration of limbic, motor and associative information to 
adapt behaviors accordingly. The basal ganglia (BG) are known for their implication in processes involving these different 
types of information. The subthalamic nucleus (STN) is a key structure in basal ganglia, initially studied for its role in 
motor processes, it has been more recently shown that it can participate in motivated behavior and the control of 
adapted behavior. We recorded 79 neurons in the STN of two monkeys in a visuomotor task requiring a motor effort to 
get a reward. Four distinct associations of visual stimuli determine four cost (force to develop on a lever: small or 
high)/benefit (reward size: small or large) ratios for the animal. Behavioral data showed that animals discriminate the 
different conditions of the task and modulate their behavior accordingly, making more errors in conditions in which a 
high pressing force is required and less errors when the upcoming reward is large. 
We performed two-way ANOVAs, with force and reward as factors, on neuronal activities in three periods of the task, 
after the cues occurrence, during the holding of the required force and after reward delivery. This allowed us to 
compare the activity among the conditions and determine the effect of force, reward or a force/reward interaction. We 
defined a selectivity index for the force and the reward (FSI and RSI respectively). A positive FSI/RSI  meant that activities 
were higher in the high force/large reward conditions, a negative FSI/RSI in the low force/small reward ones. After the 
cues occurrence, we found two populations of neurons. One population (19/79, 24%) was modulated by the force the 
animals had to develop on the lever, with a majority of neurons showing a positive FSI (17/19, 89%). Another population 
(15/79, 19%), modulated by the reward amount, also integrated the level of effort, and could thus represent a 
neurophysiological substrate for motivational processes in the STN. During the holding period, most neurons were 
modulated by the force amount (32/79, 41% vs. 13/79, 16% by the reward amount). Conversely, after reward 
occurrence, a majority of neurons was modulated by the reward amount (28/79, 34% vs. 19/79, 13% by the force 
amount). Our results seem to indicate that the neurons in the STN are encoding motor and motivational information 
independently, particularly at the time of cue occurrence. This may rely on the strong direct cortical influence that this 
nucleus receives and may help to keep the selectivity of the information through the basal ganglia. Moreover, analyses 
using iterative multiple linear regressions showed a strong impact of baseline activity, which mediated the effects of 
internal motivational state on behavioral outputs. There was also an influence of the evoked response in the STN on the 
propensity to perform the task; meaning that the activity of the STN could predict the behavior of the animal to perform 
or not the task, on the base of the information conveyed by the visual stimuli. 
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 Adolescence is a period of life characterised by changes in learning and decision-making. Learning and decision-making 
do not rely on a unitary system, but instead require the coordination of different building blocks in the form of 
dissociable computational modules. Here, we aimed to trace the developmental time course of the computational 
modules responsible for learning from reward or punishment, and learning from counterfactual feedback. Adolescents 
and adults carried out a novel reinforcement-learning paradigm in which participants learned the association between 
cues and probabilistic outcomes, where the outcomes differed in valence (reward versus punishment) and feedback was 
either partial or complete (either only the outcome of the selected option or both the outcomes of the selected and 
unselected option were displayed). Unlike adult performance, adolescent performance did not benefit from 
counterfactual (complete) information. In addition, while adults learned symmetrically from both reward and 
punishment, adolescents learned from reward but were less likely to learn from punishment. Computational strategies 
changed during development: whereas adolescents’ behaviour was better explained by a basic reinforcement-learning 
algorithm, adults’ behaviour integrated increasingly complex computational features, namely a counterfactual learning 
module (to account for the higher performance in the complete feedback context) and a value contextualization module 
(to account for symmetrical reward and punishment learning). This tendency to rely on rewards and not to consider 
alternative consequences of actions might contribute to an explanation of risky decision-making in adolescence.  
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Aims 
Dopamine (DA) has been strongly implicated in representing predictive values assigned to cues and also updating these 
predictions when they are not accurate. However, it is not clear what role phasic DA plays when rewards are 
unexpectedly of different identity or how DA responds when the subjective value of a reward changes.  
  
Methods  
Food-‐restricted rats were trained on a 2‐option choice task where a single lever press was associated with delivery 2s 
later of a particular quantity of a particular reward type (pellet or sucrose solution) (“standard” trials). On a subset of 
trials, rats unexpectedly received an increased quantity of the expected reward type (“big” trials: 5% of total) or the 
standard quantity of the alternative reward type (“surprise” trials: 20% of total). Using fast-‐scan cyclic voltammetry, we 
recorded DA release in the nucleus accumbens core as animals performed the task. To manipulate subjective value, in 
separate devaluation sessions, animals were given free access to one of the rewards prior to testing and DA recordings.  
  
Results  
The subjective value of the two types of reward was titrated to be equal across animals. Nonetheless, DA release on 
surprise trials when pellets were unexpectedly received after a response on the sucrose lever was consistently larger 
than on standard pellet trials or on surprise trials when sucrose solution was received. This mismatch between the 
animals’ preferences and the DA-‐associated cached values was also evident in the period when the options were 
presented, with cues associated with the pellet lever eliciting greater DA than those associated with the sucrose lever. 
Following pre-‐exposure to pellets or sucrose, rats biased their choices to the alternative reward type. Now, DA levels at 
the time of the cue or after surprising reward delivery were larger for the valued option, irrespective of whether it was 
pellets or sucrose. This rules out sensory differences between sucrose solution and pellets as driving the differences in 
reward identity coding.  
  
Conclusion  
Together, these results suggest DA release encodes a value signal that is distinct from behavioural preference and is 
potentially influenced by current motivational need.  
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In a group, Individuals can improve their judgments by integrating others’ opinions into their own beliefs. This 
is true in particular for jurors in a court who deliberate appropriate level of punishments for norm violators. 
However, the computational processes engaged when jurors integrate punitive decisions of others in groups 
of different sizes have not been investigated. Here we tested several computational accounts of group 
decision making and identify their neural underpinnings. We show that jurors integrate others’ judgments and 
adjust their own judgments according to the credibility of each judgment using Bayes' rule. Moreover, the size 
of the group making the judgments and the confidence in one’s judgment are incorporated to optimally 
balance between judgments. At the brain level, we found that the frontopolar cortex (FPC) tracks the 
subjective credibility of others’ judgments as alternatives while the dorsal anterior cingulate cortex (dACC) 
monitors the dissimilarity between one’s judgment and justice, approximated from others’ judgments 
(volatility of the current belief). In addition, the effective connectivity between these two brain regions explain 
inter-individual differences in behavioral flexibility when adapting to others’ opinions. This finding suggests 
that the ACC-FPC network is critical for guiding a group to reach an optimal decision. 
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Diffusion of responsibility is a sociopsychological phenomenon whereby a person is less likely to take 
responsibility for an action when others also can make the same action. When the responsibility to contribute 
to a public good is diffused, each individual hopes that someone else will volunteer. In such volunteer’s 
dilemma (VD), no dominant strategy exists. Here we investigated the neural mechanisms engaged in the 
decisions to cooperate in a repeated VD game in which we manipulated the level of diffusion of responsibility. 
25 healthy participants were scanned using fMRI while playing a Public Goods Game (PGG). They were led to 
believe to play with randomly selected 4 others among 48 strangers who were in a room where the computers 
were connected to the scanner. Within the same 5 members group, participants made decisions in repeated 
interactions about whether they contribute their resources to the group (cost 1€) or free-ride. On each trial, a 
fixed amount (2€) was equally given to all group members if the accumulated contribution exceeded a stated 
minimum number of contributors (C= 2 or 4) that was necessary for the public good. By modulating the 
number of necessary contributors (C), we examined how different levels of the VD change the cooperative 
decision to contribute to the group and its underlying neural mechanisms. During PGGs with a weak VD (C=4), 
higher responsibility imposed to participants increased individual’s contribution to the group. Nevertheless, 
they were turned into free-riders if their contribution was not reciprocated. Accordingly, the same decisions 
were more likely to be repeated in the subsequent trial compared with the PGGs with a strong VD (C=2). At 
the brain level, the anterior cingulate cortex (ACC) was more strongly engaged for perceiving the outcome, 
when players sustained cooperation in successive trials for C=4 compared to when they did for C=2. During 
PGGs with strong volunteer’s dilemma (C=2), participants were more likely to change their decisions to adapt 
their strategies to others’ by using a mixed equilibrium, in which both cooperation and free-riding coexisted, 
by increasing the chance of producing public goods more often with less expenses (efficiency of contribution). 
When comparing PGG in strong versus weak VD, the posterior temporo-parietal junction (TPJp) was more 
active for freeriders when they turned to cooperators, probably reflecting a social tactic aiming at higher 
contributions of others in the future, while the dorsomedial prefrontal cortex (dmPFC) and the medial 
orbitofrontal cortex (mOFC) were more active for cooperators when they changed decision to free-riding to 
exploit the public good. When varying the degree of diffusion of responsibility, specific components of the 
social brain network were differentially engaged in monitoring reciprocation, social tactic, cooperative 
behavior and free-riding decisions. These results have implications for understanding the neural mechanisms 
underlying intriguing sociopsychological phenomena arising in groups of people when responsibility is not 
explicitly assigned. 
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Two distinct systems, goal-directed and habitual, support decision making. It has recently been hypothesized that this 
distinction may arise from two reinforcement learning mechanisms, model-based and model-free. Although individuals 
are largely different in the degree of employing model-based and model-free control, it is not known whether these 
differences depend on relative strength of anatomical connectivity within frontostriatal circuits involved in learning and 
behavioral control. In this study, we fill this gap by combining diffusion tensor imaging with a multistep decision task 
known to distinguish contribution of model-based and model-free control (Daw et al., 2011). We exploited the presence 
of large inter-individual differences in the degree of model-based control in this task. We found evidence that the 
degree of model-based control is predicted by the structural integrity of white-matter tracts from the ventromedial 
prefrontal cortex to the dorsomedial striatum. Our findings indicate that individuals with stronger afferences from the 
ventromedial prefrontal cortex to the dorsomedial striatum are more likely to rely on a model-based strategy to control 
their instrumental actions. Furthermore, a simulated lesion analysis suggests that this effect is driven by top-down 
influences from ventromedial prefrontal cortex to dorsomedial striatum. These findings suggest a mechanism for 
instrumental action control through which dorsomedial striatum determines, at least partly, the relative contribution of 
model-based and model-free systems during decision-making according to top-down model-based information from the 
ventromedial prefrontal cortex. 
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The ability to manipulate dynamically task sets is a fundamental aspect of cognitive and motor development 

[Johnson:2012]. Early in infancy, infants are capable to perform flexible decision-making and dynamic executive control 
even at a simple level in order to deal with the unexpected [Tenenbaum:2011]. Decision making endows infants to 
evaluate the different alternatives they have for achieving one goal with respect to the ongoing sequence and to select 
the correct one(s) among different alternatives, it owes them also the possibility to inhibit some previously learned 
strategies in order to explore new ones never seen before [Yokoyama:2005]. 

  
In this line, we propose to model a dual system based on (1) the learning of task sets and on (2) the evaluation of 

these task sets relative to their uncertainty, and error prediction. Our system is supported by evidences showing the 
existence of a error-learning mechanism found in the pre-frontal cortex –, more precisely in the anterior cingulate cortex 
[Khamassi:2011],– necessary to predict the best motor output relative to the learned task sets. These task sets are 
learned separately by reinforcement learning in the parietal cortex after their evaluation and selection. These parallel 
processes may ensure the flexible adaptation to the current situation and to novel tasks. 

 
 We perform two experiment setups to show the sensorimotor mapping and switching between tasks. First, in a 

simulated environment and then in a robotic experiment for motor task learning and switching. We use neural networks 
to learn simple sensorimotor mapping for different tasks and use their variance and error for estimating the 
sensorimotor prediction. Above a certain threshold, The error signal is used to select and to valuate the current strategy. 
If no strategies are found pertinent for the current situation, this corresponds to a novel motor schema that is learned 
independently. In a cognitive experiment, we employ the system first to learned multiple strategies from spatio-
temporal sequences and to predict when a switch in the strategy has occurred based on the error or reward received. In 
the robotic experiment, we show how a robotic arm learns two sensorimotor strategies for stabilizing one light object 
and one heavier based on proprioceptive information. Uncertainty on a new object has to trigger the decision-making 
from the two strategies and to select the best one based on the proprioceptive feedback and the error signal delivered. 
 
Pitti A, Braud R, Mahé S, Quoy 
 M and Gaussier P (2013) Neural model 
 for learning-to-learn of novel task sets in 
 the motor domain. Front. Psychol. 4:771. 
 doi: 10.3389/fpsyg.2013.00771 
  



[T52] How healthy is a food product? Neural bases of the use of nutritional information 
 
 Prevost M,1,2 Baciu M,1 Muller L,1,2 Ruffieux B,1,2 Crosetto P,1,2 Cousin E,1 Pichat C,1 Hot P.1 
1 Université Pierre Mendès France 
2 Institut National de Recherche Agronomique 
 

 
1. Public policies are being made to try to help people make healthier nutritional choices when they do 

their grocery shopping. One way to improve food choice is to label food efficiently so that we understand quickly and 
clearly how good or bad a product is for our health. Currently, nutritional information of food products in many 
European countries indicates the amount of nutrients contained in the food with numerical values. A traffic light system 
has been recently adopted in some other countries to indicate the range of nutrients through colors, which is thought to 
be easier to process and to understand than numerical values. However, little is known about the cognitive processes 
behind the evaluation of food product from nutritional information, and their neural correlates. This experiment 
investigated the extent to which these processes were analytical and effortful. 
 

2. We tested two types of labels: numbers (Guideline Daily Amount) and colors (Traffic Light). In particular, 
we wanted to assess whether choices were made faster and more accurately with color labels compared to numbers. 
We also wanted to assess whether numbers recruited more parieto-frontal regions (executive function, analytical 
reasoning) than colors whereas colors would recruit more limbic and insular regions (emotional and reward functions).  
 

3. A total of 50 healthy participants evaluated how healthy were 60 food products per condition while 
inside a 3T scanner. Their cerebral activity (functional magnetic resonance imaging) was analyzed using spm12. We 
manipulated two factors: 1/ the type of information (no nutritional information, nutritional information in the form of 
numbers, nutritional information in the form of color); 2/and the number of attributes (1:kilocalories to 5: salt, fat, 
added sugar, cholesterol, saturated fatty acids).   
 

As expected, people classified healthy and unhealthy food better and faster when they were given nutritional 
information in the form of colors compared to numbers and compared to pictures of the food product. Performance 
dropped when they had to evaluate the product with 3, or 5 attributes, no matter the label format. As expected, labels 
with numbers recruited more superior parietal, middle frontal and superior medial frontal regions than labels with 
colors. However, these regions were also activated during the task with colors when there was more than 1 piece of 
information, suggesting that people still needed to process colored information using analytical reasoning to make their 
decision about how healthy the food product was.  

 
In conclusion, to be sure to never choose an unhealthy food product, the best option out there is to put a unique 

piece of information using a color code. More than one piece of information, whether numbers or colors, remain 
effortful and difficult to process, probably due to the conflicting information presented.   
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Background and Rationale: The striatum is widely accepted to be an essential part of neural circuitry for learning and 
decision making (1); however the neurochemical processes involved are less well understood. Animal studies have 
shown a key role for the neurotransmitter Acetylcholine (ACh) during reversal learning (2), but this has not been studied 
in humans due to a lack of appropriate non-invasive techniques. Proton magnetic resonance spectroscopy (1H-MRS) is 
non-invasive and can be used to investigate certain metabolites in vivo. Although 1H-MRS cannot detect Ach due to its 
low concentration in the brain, it can detect the ACh precursor choline (Cho) (3). Evidence from the animal literature 
suggests Cho levels as measured with 1H-MRS are proportional to ACh levels in brain tissue (4), therefore potentially 
making Cho an appropriate proxy for ACh. We have previously shown that cortical Cho betrays the well-documented 
cholinergic involvement in visuospatial attention (Lindner et al., unpublished observations under review). In this study, 
we investigated the relationship between individual differences in average (trait) striatal cholinergic markers and 
probabilistic learning with reversal; we measured average regional striatal Cho levels using 1H-MRS and performance on 
a computerised behavioural task. 
Methods: 36 participants ([20 female; 24.3 ± 3.5 years) completed a computerised multi-alternative probabilistic 
learning task, with a contingency reversal component. Participants were presented with 4 decks of cards to choose from, 
with each deck containing winning and losing cards corresponding respectively to a gain or loss of 50 points. Each deck 
contained a different probability of generating winning cards (75%, 60%, 40% or 25%), and a cumulative points total was 
presented at the end of each trial. The learning criterion was set at selection of either of the two highest decks at least 
80% of the time over ten consecutive trials. Once the learning criterion was reached, the deck probabilities were 
reversed so that the high probability decks became low probability and vice versa (if the criterion was not reached, the 
probabilities were reversed after 100 trials). Participants were not informed of the reversal. The task ended once the 
learning criterion was reached following the reversal (or after another 100 trials).  
During their visit, participants were also scanned using a Siemens Trio 3T MRI scanner with an 8-channel coil. A T1 
structural scan was acquired to aid the subsequent MRS voxel placement (slice thickness = 1mm; TR = 2020ms; TE = 
2.9ms; number of slices = 176; FOV = 250mm). Three MRS scans were performed using PRESS (voxel size: 10mm x 15mm 
x 15mm; TR=2000ms; TE=30ms): 128 spectra were collected and averaged in each of the dorsal striatum, ventral 
striatum and cerebellum. Voxel placement was based on anatomical landmarks.  
Results: Preliminary data suggests a relationship between striatal Cho levels and performance on the task after the 
reversal. Specifically, trait levels of Cho in the dorsal striatum correlate with perseveration whereas trait levels in the 
ventral striatum correlate with new learning. Conversely, neither dorsal nor ventral striatal Cho was correlated with 
initial learning parameters (trials to criterion) and correlations were not seen between cerebellar trait levels of Cho and 
task performance in any learning parameters.  
Conclusions: Considered in light of findings from the animal literature that show a positive correlation between Cho and 
ACh levels (4), these results suggest that higher trait ACh levels are associated with better performance during 
probabilistic reversal. Additionally, these findings support the idea of using Cho measures as a surrogate for 
understanding brain ACh function, providing a non-invasive way for the in-vivo monitoring of cholinergic neurochemistry 
in the human brain. 
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Humans can cognitively control their emotions, but vary in how well they can do this and what kind of strategies they 
tend to employ. These variations have been linked to variations in the experience of emotions [1]. Conversely, emotions 
can influence cognitions; here is a substantial literature on their interplay, but there are few mechanistic examinations 
of their interaction. Using computational modeling, we therefore attempted to examine in detail how emotional stimuli 
influence the contents of cognitive processes. To do this, we developed a sequential, goal-directed affective decision-
making task, and ran a behavioral study as well as a study using eye tracking whose goal was to examine the meta-
reasoning process. 
32 subjects were extensively trained on a task that was introduced by [4]. In this task, participants effectively have to 
plan paths through mazes to maximize the total rewards and minimize the total losses earned along these paths. In 
previous work, we have used computational models of choice and found a Pavlovian reflexive inhibition of planning at 
points of losses (pruning), and a hierarchical division of plans at points of rewards [5]. To examine the influence of 
emotion on pruning, we complemented this task with intermittent performance feedback and incidental mood-relevant 
information (moderate IAPS images). 
To further understand the mechanistic details of how subjects decided which part of the decision-tree to evaluate, i.e. 
what solutions they adopt to the meta-reasoning problem, we additionally tested 24 subjects on a version of the task 
including eye tracking. We used the gaze location to inform the models at very fine resolution about what subjects may 
have considered during their cognitive planning. Specifically, in order to make a plan, subjects must internally make 
multiple iterative decisions: after having considered one choice, they must decide what options to think about and 
consider next. We analyzed decision-making behavior in the behavioral task by building several computational models 
reflecting our beliefs about the decision-making process, fitted them to the data and then performed approximate 
Bayesian model comparison; see [4] for details. 
Reflexive inhibition of internal search processes at points of large losses, so-called “pruning”, was robustly present in all 
subjects (the corresponding model had an iBIC score of 12360, more than 150 points better than any model that did not 
account for pruning; the parameter pruning was significantly different from the parameter representing inhibition at 
non-large losses/rewards, p<0.0001), replicating our previous reports. However, pruning was resistant to both mood 
manipulation and performance feedback (Models that allowed reward preference / pruning to differ between blocks 
had an iBIC score of 12365 / 12386, i.e. worse than the score of 12360 for the pruning model assuming constant 
parameter values across trials/blocks). Error rates immediately after losses did not show evidence for a catastrophic 
breakdown of performance reported amongst depressed patients in planning tasks [2]. 
In the version of the task that included eye tracking, eye gaze position improved our ability to predict choice behavior by 
providing information about the part of the decision-tree that had been evaluated (iBIC score of 11710 vs. 12025 when 
comparing models with and without eye gaze information). 
Our results suggest that the combination of eye tracking, computational modelling and goal-directed planning in 
reward/loss tasks may prove a useful way to examine in detail what consequences affective stimuli have on the contents 
and the processes of cognition. We plan to investigate this further using generative models of and performing model 
comparison on the meta-reasoning (i.e. planning prior to decision-making) process explicitly, as well as using effective 
mood manipulation techniques. 
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origins', Behaviour research and therapy, vol. 37, no. 6, pp. 503-531. 
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Many of our efforts in social interactions are dedicated to optimizing our predictions of others’ preferences, mental 
states, and behaviors, also referred to as Theory of Mind (ToM). Although much research has been devoted to 
identifying the neural implementation of ToM, it remains unclear how humans integrate self- and other-related 
information to predict others’ preferences and how they optimize their predictions over time. 
 
Here, we utilize a novel preference task to investigate neural mechanisms involved in updating social predictions and 
learning from prediction errors. To ensure high ecological validity, the task involves real social feedback. Participants 
(N=21) are asked to predict the preferences of three different people for a number of items (food types, beauty 
products and leisure activities). They subsequently receive trial-by-trial feedback about the other’s actual preference 
ratings. After completing the task, participants rate their own preferences for the same items. On the single subject 
level, we modeled participant’s trial-by-trial prediction errors (the absolute difference between participant’s rating of 
the other person’s preference and the person’s actual preference rating) and the perceived self-other difference (the 
absolute difference between participant’s ratings of their own preference versus that of the other person). Trial-by-trial 
computation of prediction errors and of perceived self-other differences was associated with activity in ventral and 
dorsal parts of the medial prefrontal cortex (MPFC). The computation of prediction errors versus perceived self-other 
differences elicited a stronger neural response in the dorsal part of the MPFC, superior temporal sulcus and in the 
ventral striatum. The opposite contrast yielded activity in the ventral MPFC and bilateral amygdala. 
 
We show that when participants infer another person’s preferences, they encode the task- irrelevant difference 
between their own and the other person’s preferences. Moreover, our results are in line with the notion of a dorsal-
ventral functional gradient in the MPFC, distinguishing between other- versus self-relevant social processing. In a next 
step, we will apply computational learning models to delineate participants’ individual social learning capacity by using 
past feedback to improve predictions for future items. 
 
 
 
This study was supported by a grant from the Hilibrand Foundation. 
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Introduction. 
In animal models, effects of Pavlovian contingencies on instrumental responding have been proposed as key 
mechanisms in addiction (Corbit & Janak, 2007; Glasner et al., 2005). In human alcohol dependence, such Pavlovian 
effects from alcohol-related contextual cues on approach behaviour may elicit alcohol consumption during relapse. We 
investigated the effects of alcohol-related contingencies on approach behaviour and associated neural activation in 
alcohol dependence and tested how these effects are associated with disease severity and relapse. 
Methods. 
31 recently detoxified patients with alcohol dependence and 24 healthy controls of similar age, gender, and intelligence 
(all ps > .24) underwent instrumental training where approach or non-approach towards initially neutral stimuli was 
reinforced using monetary reward (see Figure 1). Approach behaviour was subsequently tested in extinction with either 
alcohol-related or neutral (water-related) pictures presented in the background during functional magnetic resonance 
imaging. Patients were followed up over three months. In first-level fMRI analyses, onsets of alcohol-related and of 
neutral pictures were each parametrically modulated by the trial-by-trial number of button presses. For second-level 
analysis, we computed a contrast coding the difference in this modulation for alcohol-related minus neutral pictures, 
coding the neural effect of Pavlovian-to-instrumental transfer (PIT) from alcohol-related contingencies. Based on the 
central role of its involvement in PIT (Corbit, Muir, & Balleine, 2001), we extracted mean BOLD activations for a priori 
defined VOIs from the left and the right NAcc. 
Results.  
In the presence of alcohol-related stimuli, we observed a decrease of responding to approach stimuli in alcohol-
dependent patients (i.e., reduced number of button presses; t(53) = 3.37, p < .01), together with increased approach-
related activation in the right nucleus accumbens (t(44) = 1.70, p < .05; see Figure 2). The decrease in approach 
behaviour in the context of alcohol-related stimuli was abolished in severe alcohol dependence (t(27) = 3.00, p < .01), 
and went along with a decreased neuronal effect in severe dependence only (t(20) = 2.21, p < .05). Similarly, the alcohol-
picture induced decrease in approach was weak in relapsers during follow up (ps < .05), and these subjects also showed 
a reduced neuronal effect (ps < .05). 
Conclusions. 
This is the first study reporting a neuronal effect of alcohol-related Pavlovian contingencies on instrumental behaviour in 
alcohol dependence. The general (neural and behavioural) effects of alcohol-related Pavlovian contingencies may serve 
as a marker for disease severity and relapse in alcohol dependence, with broad implications for treatment interventions. 
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Figures 

 
Figure 1. A) To collect a shell, subjects had to perform repeated button presses. B) Pavlovian contingencies. C) 
Instrumental task was performed with Pavlovian contingencies in the background. 
 

 
Figure 2. Compared to healthy controls (HC), patients with alcohol use disorder (AUD) showed stronger negative 
behavioural PIT (left panel) and stronger positive neural PIT in the NAcc (right panel). 
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Distinct neural systems for habitual (model-free) versus goal-directed (model-based) choices are key to complex human 
decision-making (Daw et al., 2011). Imaging, electrophysiological interference and pharmacological results point to the 
lateral PFC as an important mediator of the balance between the two systems (for review see Dolan & Dayan, 2013). The 
lateral PFC is also known to be involved in working memory (Baddeley, 2003) and other neural processes that relate to 
individual variation in this trade-off. We therefore asked whether structural aspects of the lateral PFC might relate to the 
individual variation in the trade-off between model-based and model-free decision-making. 
130 subjects underwent structural and 91 subjects functional MRI while performing a Markov-decision task. We used 
computational modeling to estimate a model parameter ω, assessing the relative degree of model-free versus model-
based decision-making for each individual subject. Moreover, we performed voxel-based morphometry (VBM) and 
model-based computational fMRI analysis (the task, modeling, and fMRI analyses were performed according to Daw et 
al., 2011). Working memory functioning was assessed using the digit span backwards task. 
Subjects with stronger model-based (goal-directed) components had higher grey matter density in the dorsolateral 
prefrontal cortex (dlPFC; p_FWE whole brain = .05, t = 4.71; see Figure 1 and 2). At this site, grey matter density was also 
associated with higher working memory functioning (p_FWE ROI = .04, t = 2.52; see Figure 2), and fMRI BOLD showed a 
model-based reward prediction error signal (p_FWE ROI = .03, t = 2.73; Figure 1). 
These results suggest that structural variation in the human brain may contribute to individual variation in decision-
making. Higher grey matter density in the dlPFC may support working memory processes facilitating model-based 
control of choice behavior. 
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Figure 1. The degree of model-based behavior correlated with grey matter density in the dorsolateral PFC as assessed 

via VBM (green). Model-based reward-prediction errors (RPE MB) in fMRI were present at the same site. 

 
Figure 2. Correlation of dorsolateral PFC (dlPFC) grey matter density with the balance between model-free (MF) and 

model-based (MB) behavior (left panel) and with working memory (right panel). 
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The environments in which animals and humans live are complex. To make the best decisions, agents must learn which 
choices are associated with good or bad outcomes, such as monetary rewards, or effort. They must then integrate 
information about these qualitatively different types of outcomes to make choices. Outcomes may, however, have 
informational content that is independent of whether or not they are immediately rewarding. In this case, agents should 
only learn about the informational content which has a genuine and sustained relationship to the choice taken (and thus 
should be remembered for future decisions), whereas the rewarding content would be irrelevant for learning and 
estimating the choice’s future value and should thus be ignored. However, as we know that many brain systems are 
extremely sensitive to reward receipt we examine here whether this might bias learning and whether neural systems 
exist to counteract such biases and allow for learning of value without real reward experiences. 
 
We recorded brain activity using functional magnetic resonance imaging (fMRI) while 20 human participants learned the 
reward and effort magnitudes of two options and chose between them. Crucially, they only sometimes received the 
rewards associated with the option chosen.  They were, however, always shown the associated reward magnitude 
regardless of whether the rewards were really received or hypothetical. Thus, whether a reward was real (i.e. they 
received it as monetary pay-off) or hypothetical (i.e. they did not receive it as pay-off) was incidental and should not 
have affected participants’ future choices, as the information needed for learning was the same in both conditions.  
 
Even though it was irrelevant for future choices whether rewards were real or hypothetical, participants were biased 
towards repeating choices that led to real rewards. Computational modeling revealed this to be due to a simple decision 
preference bias for options that had been associated with a real reward, rather than a change in learning from reward 
magnitudes when they were real or hypothetical. Ventromedial prefrontal cortex (vmPFC) and amygdala activity was 
related to this bias. Specifically, participants that had a larger activation in vmPFC to the receipt of real compared to 
hypothetical reward were more biased. The amygdala carried a signal, at the time of choice, that reflected whether 
choices were made in agreement with, or against, the bias. Anterior prefrontal cortex (aPFC), frontal operculum/anterior 
insula (FO/AI), and dorsal anterior cingulate (dACC) activity appeared to counteract such biases in several ways and 
mediated more flexible and optimal decision-making. Firstly, representation of the value of switching was enhanced at 
the same time as the receipt of real reward promoted staying with the current choice. Secondly, these areas also 
showed a main effect to the receipt of real compared to hypothetical reward and participants that showed this more 
strongly were more resistant to the stay-bias. 
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While the enhancing effects of dopamine on learning from rewards have been largely documented, less is known about 
its role in learning other choice dimensions such as physical effort. Neuroimaging studies have suggested a partial 
dissociation between the circuits involved in reward and effort learning, with the ventromedial prefrontal cortex/ventral 
striatum encoding expected reward and the anterior insula/dorsal anterior cingulate cortex encoding the expected 
effort. The latter structures have been previously implicated in learning from punishments – a form of learning that 
seems to be dopamine independent. We therefore hypothesized that the dopamine enhancers such as the medication 
used in Parkinson’s disease (PD) should improve reward maximization but not effort minimization. 
We tested PD patients (N=20, 7 females, age 59.8 ± 6.5 years) in two states: « On » and « Off» dopaminergic medication. 
Patients performed an instrumental learning task with the aim of maximizing their monetary gains while minimizing 
their physical efforts. On every trial they made a choice between two abstract cues differentially associated with 
monetary rewards (80/20% chance of winning 50c or 10c) and physical efforts (80/20% chance of producing 80% or 20% 
of their maximal force on a hand grip). Reward and effort contingencies were manipulated such that for every pair of 
cues the two options differed either in the expected reward or in the expected effort. 
We observed a significant interaction between the medication status («On» vs «Off») and learning type (reward vs 
effort): F(1,19)=8.16, p=0.01. Learning from reward was selectively impaired in the Off state as compared to the On state 
(p<0.001), while there was no effect of medication on learning to avoid physical effort (p=0.78) or in average learning 
performance when pooling the reward and effort conditions (p = 0.47). We compared different computational models 
using Bayesian model selection (BMS) to best capture the effect of dopaminergic medication. The best family 
corresponds to Q-learning models with selective modulation of reward magnitude between «On» and «Off» states (xp > 
0.95 when compared to the same family with no change in reward magnitude). We replicated these findings in a 
separate group of PD patients (N =15, 1 female, age 57.7 ± 10.2 years) who performed a more complex version of the 
task. The interaction between learning type and medication status was again significant: F(1,14)=5.6, p=0.04, with a 
specific effect of medication on reward learning  (p=0.01) but not effort learning (p=0.52). As in the first group, BMS 
favored a family of models in which reward magnitude was modulated by medication over the alternative models (xp > 
0.85).  
These results strengthen the hypothesis that learning to avoid physical effort is independent from dopamine level. It 
might rely on the same neural systems that are responsible for learning to avoid punishments such as monetary losses. 
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Decades of behavioral studies have contributed with key knowledge on the phenomena of in-group bias, showing that 
people tend to favor members of own groups even in anonymous contexts. Neuroimaging studies have focused mainly 
on the hedonic aspects of in-group bias, demonstrating activity of the brain reward system by the act of cooperating 
with in-group members, largely based on the minimal group paradigm. In this study, we aim to investigate the neural 
bases of in-group cooperation, focusing on neural regions previously related to in-group perception and affiliative 
behavior (i.e. subgenual cortex and septo-hypothalamic area). To this aim, we developed a task in which participants 
could collaborate with other individuals from a meaningful social group: soccer fans of same soccer club. In a new event-
related fMRI design, participants (N=22) could earn money for themselves (‘self-reward condition’), for anonymous 
participants that supported the same soccer team (‘team’ condition) and for anonymous participants that did not 
support any soccer team (‘non-team’ condition) by pressing a dynamometer while inside the scanner (24 trials in each 
condition). There was also an ‘effort only’ control condition (one third of the trials) in which participants were asked to 
perform an effort without monetary incentive for self or others. The amount of effort made on each trial determined 
how much money was accumulated in each condition. Participants benefited themselves directly only in the self-reward 
condition. Moreover, to reinforce in-group feelings, participants watched 15 clips of soccer fans of their own team in a 
stadium, as well as 15 clips of a ‘neutral’ group of fans in a similar context (interspersed across the experiment). 
Behavioral analysis showed that participants made more effort to earn money for themselves than for supporters of 
their own team or to non-fans. At the functional level, the ventromedial prefrontal cortex (vmPFC, BA11) was more 
engaged in reward (self-reward, team and non-team) versus effort only conditions (p < 0.001 unc. whole-brain), while 
the ventral striatum survived only for the contrasts of self and team conditions versus effort only (p < 0.001 unc. whole-
brain).  When contrasting brain activity during clips of in-group fans versus an implicit baseline, we found a cluster in the 
subgenual cortex (p < 0.001 unc.), a region previously involved in group perception and prosocial emotion/altruism, 
which was further used for connectivity analyses. Seed-based ROI-to-ROI functional connectivity analysis revealed 
greater connectivity between the vmPFC and subgenual cortex when contrasting team vs. non-team conditions (r =0.34; 
p<.05 FDR corrected), while the correlation between these areas was not significantly different in the other contrasts. 
These results indicate a common network underlying selfish and other-regarding rewards (in-group and ‘generic’ 
anonymous), with in-group cooperation (team condition) engaging additional reward related regions (e.g: ventral 
striatum) in comparison with altruistic cooperation (non-team condition).This latter connectivity analysis indicates that 
when participants cooperate with in-group members, the subgenual cortex, which has been specifically implicated in 
prosocial emotions, showed increased connectivity with the vmPFC, involved in valuation of different options at stake 
during decision making. 
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Control of externally-triggered response activation is essential for appropriate behaviour. While those control processes 
are typically studied in conflict tasks, the Posner cueing task, by separating irrelevant and relevant stimuli dimensions, 
allows the dissociation of early response facilitation ipsilateral to a non-relevant cue stimulus from its subsequent 
disfacilitation. Here, we investigated motor control processes triggered by this non-relevant cue. First, distribution 
analysis of reaction times (RT) in a Posner task revealed signs of inhibition already for the longest RTs of short cue-target 
intervals, suggesting that time elapsed after cue onset is the critical factor for ipsilateral response suppression. This was 
also supported by electromyographic (EMG) data showing that ‘partial errors’ (i.e., subthreshold muscular activity 
revealing incorrect covert response activations) are more likely on the ipsilateral hand early after cue onset, but turn to 
be more probable on the contralateral hand for longer delays. In a second experiment, we directly assessed motor 
cortex excitability modulation induced by the cue by applying TMS over M1 during the cue-target interval. Preliminary 
results suggest that, after an initial increase, the corticospinal excitability of the ipsilateral hand decreases compared to 
the contralateral hand. Those results confirm that non-relevant stimuli can trigger response activation that spreads until 
the primary motor cortex. The subsequent disfacilitation of the response is associated with a decrease of motor cortex 
excitability. 
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Several neurophysiological signals have been related to decision-making by their resemblance to the theoretical 
“decision variable,” whose build-to-threshold dynamics form the core of sequential sampling models. In animals, single-
unit and population activity in lateral intraparietal cortex, frontal cortex, the superior colliculus and the striatum have 
been found to exhibit dynamics consistent with decision variables. In the human electroencephalogram (EEG), build-to-
threshold dynamics have also been observed in several signals, including motor preparation signals reflected in mu and 
beta- band activity, the lateralized readiness potential (LRP), and more recently, also in a centro-parietal positivity (CPP). 
The latter process has the distinction of being domain- general, in that it is invoked regardless of specific motor 
requirements or sensory dimensions, but is more puzzling in terms of its relationship with mathematical instantiations of 
the decision variable because within the same discrimination task, the CPP for the two alternatives are indistinguishable 
based on either topography or dynamics. 
In relating either human non-invasive or animal intracranial decision-making measures to theoretical decision variables, 
a key issue is that sequential sampling models come in several varieties, and depending on which model forms the 
foundation of a neurophysiological analysis, predictions for neural measures differ. For example, random walk models 
such as the Drift Diffusion Model (DDM) describe the integration of evidence in a single decision variable that diffuses 
until one of two opposing bounds is reached. In contrast, race models describe the development of two separate 
decision variables, and decisions are executed according to which first reaches its bound. While manipulations such as 
evidence strength of a single alternative will lead to the same predicted changes in buildup rate regardless of the 
underlying mechanism (single or dual), manipulations that are likely to cause changes to both alternatives, such as 
evidence-independent urgency signals proposed to underlie decisions under time pressure, would affect decision signals 
in a way that should distinguish these candidate mechanisms. 
Here we examine this issue in two experiments that manipulated urgency conditions and levels of sensory evidence, and 
mapped decision alternatives to the left and right hands, allowing quantification of motor preparation for both 
alternatives. In the first, a novel two alternative forced-choice (2AFC) contrast discrimination paradigm was employed in 
which behavioral adjustments were provoked through the implementation of time- dependent reward functions. In two 
'deadline' conditions, subjects earned response time- independent rewards for correct responses and lost points for 
incorrect answers until a long (accuracy) and a short (speed) deadline. In two ‘the faster the better’ conditions, rewards 
decreased linearly over time at a low (accuracy) or a high (speed) rate. Contrary to what would be expected for a single 
alternative in most sequential sampling models, the CPP was found to ascend with a greater slope and to reach greater 
overall amplitude in both speed conditions. Examination of mu/beta signals over motor cortex contralateral and 
ipsilateral to the correct hand, however, revealed steeper buildup of both alternatives and smaller differences between 
alternatives in the speed condition. The former suggests the existence of an evidence-independent urgency signal 
whereas the latter indicates a closer 'race' between the alternatives. If similar changes are expressed in separate 
accumulators at the supramodal level, this represents an explanation for the greater slope and amplitude of the CPP 
under time pressure. Indeed, the sum of contralateral and ipsilateral mu/beta signals exhibited a similar increase in both 
slope and peak amplitude. 
To explore this further, we are currently employing a discrete 2AFC dot motion discrimination task in which a minority of 
trials contain motion in both directions, one being weak enough to slip the observers’ awareness in the context of the 
stronger motion in the ‘correct’ direction. A greater CPP amplitude for trials with added 'counter-evidence' will support 
the hypothesis that the CPP represents the additive sum of neural population activity representing the two alternatives 
in this task, while a lower CPP amplitude in these trials can be viewed as evidence for the existence of a single 
accumulator that computes the joint probability based on both evidence traces. 
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Curiosity and information seeking are irrepressible drives in primates, and this characteristic has expanded with 
the evolution of the prefrontal cortex. The primate's prefrontal cortex is part of a dense core of highly interconnected 
areas ideally positioned to exert a specific role in cognition and that are regularly co-activated during adaptive decision-
making. Empirical descriptions complement theoretical accounts suggesting that parts of the dense core, especially 
lateral prefrontal cortex (LPFC) and midcingulate cortex (MCC), contribute to different components of free, exploratory 
and adaptive decisions. However, both the experimental evidence and theory provide conflicting information on the 
synergy between MCC and LPFC. Decisions to check or seek for information are qualitatively different from decisions 
driven by environmental cues and are altered in obsessive compulsions. Here, we specifically tested whether checking 
for information relies on distinctive prefrontal neural dynamics within MCC and LPFC.  

We designed a dual-task protocol that stimulates voluntary checking for bonus rewards. We demonstrate that 
decisions to check engage primarily midcingulate rather than lateral prefrontal cortex, but that the bias is reversed for 
instructed decisions. The dissociation is mostly observable when decoding information processed by each area, at the 
population level. In addition, specific neural dynamics were observed for decision to check. Hence, neural coding and 
dynamics show that decisions to check are distinct and rely on specific synergies between prefrontal areas. 
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In an unknown environment, behavior obeys to the rules of unsupervised learning: according to the feedbacks some 
actions are reinforced, others are devaluated until converging to a stable strategy. 

When feedbacks are binary, they are unambiguous as a positive feedback always means that the action which 
conducted to obtain it should be reinforced. However in the natural world, the taste of a fruit, or the money won in a 
lottery game is distributed on a continuous scale. The link between the value of the feedback and the behavioral 
consequences (keeping the same action or switching to another one) has to be learned and is specific to the task and to 
the current environment.  

We ask how this learning happens. In most previous work this link is trivial: The higher the feedback is the more the 
action should be reinforced. This is exactly accountable by a reinforcement learning model which would not perform a 
task-specific learning of the real “values” of the feedbacks. But reinforcement learning would fail to behave optimally in 
settings where some specific low rewards are obtained more often after making the action which is in average the most 
rewarded. These low rewards should reinforce the action, opposite to what is predicted by a reinforcement learning 
algorithm. 

To check whether the brain is able to do more than reinforcement learning we designed tasks presenting a non-trivial 
link between the value of feedback and optimal behavioral consequences. 

While participants often failed to infer this non-trivial relationship, their behavior could still not be fully explained by 
reinforcement learning. We developed a learning model accounting for participants data which makes a biased count of 
obtained rewards after each action. Notably our model dichotomizes the possible actions by opposing “the most 
rewarded action” to all the other ones. Also in our model everything happens as if it was performing counterfactual 
learning, and also counting unobserved feedbacks (the one delivered by the unchosen actions). For each unchosen 
action, the model heuristically simulates what the feedback would have been if the option had been chosen using its 
belief of whether this action is or not the most rewarded one. 

  



[W65] Counterfactual inference of causal attribution in a reversal-learning task 

 
Héloïse THERO, Valérian CHAMBON and Etienne KOECHLIN 
 
Laboratoire de Neurosciences Cognitives INSERM U960, Ecole Normale Supérieure, Paris 
 

We live in a permanently changing world that requires the ability to plan and perform flexible behaviours. To 
do so, we need to find out which of our actions have consequences in the external world, and we need to choose among 
competitors the most adapted action. This requires being able to attribute a causal link between our actions and events 
occurring in the outside world – that is, to distinguish events that are caused by our own actions from events that occur 
independently. The exact mechanisms through which the human mind links an action and its outcome are still to 
unravel. 

In a modified reversal-learning task, human subjects faced simultaneously two slot machines and had to 
choose between two shapes, which would influence the outcomes of one of the slot machine. Additionally subjects had 
to select which of the two slot machines they wanted to see the reward. Unpredictable reversals could occur so that the 
shapes’ influence over one machine abruptly transferred to the other one and the rewarding outcomes associated with 
the two shapes reversed. In one condition, the chosen shape would impact the observed reward. In another condition, 
shapes had no impact on the outcomes but one machine was more rewarding than the other. Finally, the shapes still 
had no influence and the two machines led to the same average reward. 

Critically, the model that best fitted the participants’ behaviour in every condition was a reinforcement-
learning model that updated the counterfactual (non-chosen) actions in the opposite direction of the chosen action. 
Thus, we found that a simple rule that symmetrized the observed reward to compute a reward “that-could-have-
happened” best accounted for the participants’ ability to flexibly adapt their actions after reversals. Surprisingly, in the 
condition where participants had no control over the obtained reward, the counterfactual update weights were as high 
as in the condition where the participants’ choices influenced the outcomes. Such a similarity in subjects’ strategies 
across condition suggests that people rely on a strong prior of control to make decisions, as illustrated in the psychology 
literature by the so-called (and pervasive) ‘illusion of control”. 

Interestingly, the fitted counterfactual update weights were higher for the action associated with the non-
chosen machine, compared with the non-chosen shape, indicating that participants inferred higher causal efficacy to the 
choice of the machine rather than to the choice of the shape. Thus participants seemed to consider a hierarchy between 
the different loci of control, the influence of the shapes being subordinate to the influence of the machines. In 
naturalistic conditions, powerful and hierarchical illusions of control may arise through counterfactual inferences in 
order to increase our ability to flexibly adapt to a changing world.  
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 Exposure to drugs of abuse can produce many neurobiological changes that can cause long-lasting alterations in 
decision-making behavior. Animals treated with methamphetamine display increased valuation of rewards and 
decreased sensitivity to associated costs or risks, rendering them susceptible to subsequent drug-taking behavior 
despite negative consequences. However, it remains an open question how drugs of abuse are able to exert such long-
lasting effects. Increased reward valuation can result from an altered percept of reward history brought about by the 
actions of the drug of abuse on striatal reward circuitry. Indeed, several computational models implicate estimated 
reward history as a major factor in reward-based decision-making. Due to its role in striatal plasticity and reward 
learning, we investigated the effects of methamphetamine on Bdnf transcription and TrkB signaling. Additionally, we set 
out to quantify the effects of voluntary exercise, an environmental manipulation which has been proposed as a 
treatment for substance abuse, on these measures. We found that methamphetamine significantly increased TrkB 
signaling in the striatum, an effect that was gone six weeks later, supporting the hypothesis that experience with 
methamphetamine opens a narrow window of striatal plasticity. Exercise independently was able to induce the same 
effect, however this was blocked if animals had been pre-exposed to methamphetamine. This suggests that variation in 
the environment is able to induce a state of striatal plasticity and facilitated reward learning, but that 
methamphetamine blocks the ability of milder manipulations such as exercise to do so. The reward learning which takes 
place during this window likely has a strong effect on estimated reward history, and therefore on future decision making 
behavior. 
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Human observers pay particular attention to evidence which is surprising or salient, as reflected in theories of bottom-
up attention and neural oddball responses. Such behaviour is arguably adaptive as it prevents potentially dangerous 
rapidly unfolding environmental events from going unnoticed. However, recent research suggests that this tendency is 
not ubiquitous. This new evidence demonstrates that in human decisions, more consistent or expected information is 
given a greater weight than unexpected or surprising evidence (Cheadle et al 2014). Here, we tested whether more or 
less frequently-occurring, but equally informative, evidence would be weighted differentially during evidence 
integration, employing a classic probabilistic urns and balls task. Participants viewed 8 samples of coloured balls and had 
to determine whether these balls were drawn from an urn in which green and orange predominated, or from an urn in 
which blue and pink predominated. The dominant category comprised 60% of the urn, but crucially, the colour split 
within the dominant category was not even. An optimal (binomial) model would predict that all colours within a 
category should be treated equally. Alternatively, if people pay greater attention to more surprising things, the rarer 
colour within a category should be given greater credence in the decision process. In contrast to these two notions, 
logistic regression showed that the more dominant colour within a category was given greater weight than the less 
dominant colour within a category, despite both being equally predictive of choice. This effect was particularly 
pronounced in larger samples, suggesting an optimal reliability-weighting effect. It was also more prominent in the later 
samples, indicative of a confirmatory recency bias. These results suggest that theories of evidence integration 
emphasizing the heighted impact of consistent (expected) evidence on a choice may be more apt to model perceptual 
decisions than those which emphasize bottom up attentional bias. Whilst this strategy may be viewed as suboptimal, it 
is advantageous in terms of computational efficiency. 
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If basal ganglia are widely accepted to participate in the high-level cognitive function of decision-making, their role is 
less clear regarding the formation of habits. One of the biggest problem is to understand how goal-directed actions are 
transformed into habitual responses, or, said differently, how an animal can shift from an action-outcome (A-O) system 
to a stimulus-response (S-R) one while keeping a consistent behaviour? We introduce a computational model that can 
solve a simple two armed bandit task using reinforcement learning and explicit valuation of the outcome. Hebbian 
learning has been added at the cortical level such that the model learns each time a move is issued, rewarded or not. 
Then, by inhibiting the output nuclei of the model (GPi), we show how learning has been transferred from the basal 
ganglia to the cortex, simply as a consequence of the statistics of the choice. Because best (in the sense of most 
rewarded) actions are chosen more often, this directly impacts the amount of Hebbian learning and lead to the 
formation of habits within the cortex. These results have been confirmed in monkeys doing the same tasks where the 
BG has been inactivated using muscimol. This tends to show that the basal ganglia implicitly teach the cortex in order for 
it to learn the values of new options. 
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Years of research within the cognitive and decision sciences have converged to the idea that human decisions are 
systematically at odds with rational choice theory and utility maximisation. This thesis, although empirically well 
supported, is somewhat paradoxical: why did humans evolve to be irrational? To address this question, it is necessary to 
understand the form and scope of the cognitive processes that promote irrational decisions. However, unveiling the 
processes of higher cognitive functions, such as those mediating economical decision-making, is challenging because the 
flow of input information is rarely under experimental control. To circumvent this problem, and inspired by research in 
perception, we use a novel paradigm (termed “value psychophysics”) that disguises complex multi-attribute decisions 
into time-controlled, psychophysical experiments. With this paradigm, we empirically obtain analogues of classical 
economic paradoxes such as framing effects, contextual preference reversal and violations of transitivity.  
 
Using the sequential sampling framework, we explain all these paradoxes based on a single selective integration 
mechanism that, prior to each step of evidence accumulation, a) ranks the incoming information according to value and 
b) suppresses the momentary gain of the less valuable (low-ranked) pieces of incoming information. Although discarding 
information in this way leads to intransitive, irregular choices, we find that selective integration protects against “late” 
internal noise, which corrupts decision formation downstream input representation. As a result, under substantial late 
noise, selective integration outperforms the speed and accuracy of the optimal integration strategy (e.g. based on 
SPRT). Correspondingly, we show that use of an intransitive strategy improved accuracy most markedly for those 
observers with higher estimated late noise. These findings suggest that violations of rational choice theory may have 
evolved to promote reward-maximising choices that are robust to noise arising during neural computation. 
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Background 
One key problem faced by the brain is in deciding how much effort to mobilize in order to attain a specific goal. The 
problem is particularly difficult as it requires not only an initial discounting of potential rewards according to effort costs, 
but a persistent maintenance of effort until the goal is reached1-2. The ventromedial prefrontal cortex (vmPFC) has been 
strongly implicated in representing predictive rewards and choice preferences3. What is less clear, however, is the 
extent to which the vmPFC contributes to discount effort costs from expected rewards. The current experiment aims at 
identifying the contribution of the vmPFC to the encoding of the effort/reward trade-off in monkeys. 
 
Methods 
We recorded local field potentials (LFPs) in the vmPFC in two rhesus macaques performing a reward-effort task, where 
they must squeeze a hand grip (3 levels of difficulty) in order to get fluid reward (3 sizes of reward). In each trial, a visual 
cue indicated both effort level and reward size. The expected value of each trial was assessed by measuring the 
abandon rates (the decision to perform the trial, or not). Abandon rates rose as reward decreases and effort increases, 
indicating that the reward value was discounted by the amount of physical effort required to obtain it. Since the vmPFC 
is also thought to be involved in affective and vegetative processes, we assessed autonomic arousal using pupillometry. 
The pupil response increased with the expected reward at the cue and with the amount of physical effort produced 
during the action.  
 
Results 
We used a time frequency analysis to assess the influence of task parameters on specific frequencies of the LFP signal. 
Right after the cue onset, the expected reward positively modulated LFP power (p<0.05, cluster-corrected) in the low 
frequency bands (between 3 and 30 Hz). On the other hand, these low frequency oscillations were negatively 
modulated by the anticipated effort cost (p<.05, cluster-corrected). Moreover, the power in the 3-30 Hz band of the LFP 
signal at the cue onset is predictive of subsequent choice to perform the trial, or not (p<.05). During the action itself, the 
LFP power in these low frequency (3-30 Hz) scaled positively with the imposed effort level (p<.05, cluster-corrected). 
Finally, the LFP signal at both cue and action onsets correlates positively with pupil dilation (r>0.1, p<.05). 
 
Conclusions 
These results suggest that the population activity in the vmPFC is affected by the expected value, which increases with 
the expected reward and decreases with the anticipated effort cost. Our results also reveal a relationship between 
vmPFC and autonomic arousal, as reflected in the positive correlation with pupil dilation. To sum up, our data indicate 
that the activity of VMPFC neurons reflects both expected value and autonomic arousal.   
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Ageing does not uniformly affect all components of decision-making performance. For example, there is evidence that 
while reward processing is preserved in old age, neural sensitivity to losses is significantly reduced (Samanez-Larkin et al, 
2007). This is in line with an extensive body of evidence suggesting that older adults favour processing of positive 
information and down-regulate the impact of negative material, a so-called “positivity effect”. Although the positivity 
effect has been demonstrated in older adults across various domains (e.g. attention, autobiographical memory) 
(Scheibe & Carstensen, 2010), evidence from decision-making tasks is rather mixed (Ferdinand & Kray, 2013). Critically, 
it remains unclear whether the positivity effect extends onto more complex decision-making tasks that require 
integration of both social and outcome-based feedback. More specifically, although younger and older adults show 
similar neural representations of reward value, it is not clear whether the positivity effect might modulate the way older 
adults process value relative to the available social context. 
In this study, we used a novel choice task in which positive and negative outcomes are experienced in light of varying 
levels of agreement with the choices of other participants (i.e. a social agreement context). Twenty young male 
participants (mean age = 28 years) and twenty-one older male participants (mean age= 53 years) underwent functional 
magnetic resonance imaging (fMRI) whilst performing the task.  
Behaviourally, we measured how the probability of staying with the same option varied as a function of the value of 
previous outcomes, the level of social agreement and their interaction. In the younger group, low social agreement 
specifically modulated the likelihood of staying after losses, but not wins. By contrast, in older adults, the level of social 
agreement had no effect on staying behaviour. 
At the neural level, we first investigated age-related differences in neural representation of positive and negative 
outcomes. Contrary to prior research, we found that older adults showed attenuated neural signal in the ventral 
striatum (VSTr) during presentation of both positive and negative decision outcomes. Furthermore, a set of regions 
including the VSTr and ventro-medial prefrontal cortex (VMPFC) showed greater activation difference between high and 
low social agreement in younger compared to older adults. In line with the positivity effect, plots of mean percent signal 
change revealed that this difference was principally driven by increased frontostriatal sensitivity to low social agreement 
in the younger compared to older group.  
Finally, we examined how the level of social agreement modulated the evaluation of positive or negative outcomes on a 
trial-by-trial basis. We found age-dependent changes in this integrative mechanism: younger, compared to older, adults 
showed greater activity during wins with decreasing social agreement in an extensive network comprising of bilateral 
anterior insula, dorsal anterior cingulate and lateral fronto-polar cortex. By contrast, younger adults showed increased 
activity in the VMPFC with decreasing social agreement, but older adults did not. The findings suggest striking age-
related differences in both simple and more complex neural representations of value, the latter involving integration of 
the available contextual information (social agreement) into value processing. 
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Facial expressions of emotion constitute powerful signals that are critical for survival and successful social interaction 
(Darwin, 1904; Ohman, 1993). In order to react efficiently to emitted social cues in the environment, one must first 
identify which information is relevant by deploying its spatial attention, then prepare an appropriate response. 
Emotional faces possess an inherent salience that strongly attracts attention, particularly when faces convey 
threatening signals. Indeed, the literature suggests that threat-related stimuli capture and prioritize attention more 
efficiently than positive or neutral ones (Esteves et al., 1994; Fox et al., 2000; Maratos, 2011), but opposite action 
tendencies, either approach or avoidance behaviors can be elicited by these threat-related expressions (Marsh et al., 
2005; Marsh & Ambady, 2007; Bossuyt et al., 2013; Hammer & Marsh, 2015).  
 
Here, our project aims at investigating how a realistic context of social threat can modulate the allocation of spatial 
attention, which can then inform upcoming decisions of action. We built stimuli reproducing a social environment, i.e. a 
waiting room with four seats, where the two middle seats are occupied by two individuals, one with a neutral 
expression and the other one expressing anger or fear of varying intensity. In a first experiment assessing the effects of 
threat-related emotions on the allocation of spatial attention, subjects had to detect an upright or inverted “T” 
appearing on either outer seat. In a second experiment testing the influence of anger and fear on upcoming decisions of 
action, participants were requested to indicate where they would like to sit by moving the cursor from the center of the 
screen to the desired seat. In this task, we recorded the movement kinematics using mouse–tracking, and the pupil 
dilation. Fearful and angry facial expressions, known to have different social functions, were expected to have a 
differential impact on attention and action-related decisions. Also, we expected individual differences in anxiety to be 
relevant in the present context, in line with studies showing an attentional bias toward and enhanced processing of 
threat-related information in anxiety disorders (Bar-Haim et al. 2007; Cisler and Koster 2010; Shechner et al., 2012). 
 
Both experiments indicate that fearful and angry expressions induced opposite effects on spatial attention and action-
based decisions, consistent with the different information they transmit to the observer. While anger, by signaling a 
potential direct threat, prompts better “T” discrimination in opposite side of the scene and avoidance behaviors; fear, 
by signaling the presence of a danger in the environment, elicits better “T” discrimination in the same side of the scene 
and affiliative approach behaviors. Interestingly, the more participants were anxious, the more they displayed opposite 
behaviors to fear and anger expressions, i.e. a higher tendency to avoid threat signaled by angry and to approach fearful 
faces. These results are supported by our preliminary mouse-tracking analyses showing an influence of anxiety on 
movement kinematics. 
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The progression from past to recent reward rates in natural environments often follows a trend over time. The ability to 
discern how the reward rates of one's own actions change is important for decisions to stay engaged in an action or to 
switch to alternative behaviour; this is true in a variety of situations from stock market trading to animals foraging.  
 
We show that humans compare recent and past reward rates to track changes in reward rates and construct estimates 
of future values. The comparison of recent and past rates of reward is reflected by opposing signals associated with 
reward estimates linked to recent and longer-term timescales in human dorsal anterior cingulate cortex (dACC). The 
relative strengths of these signals govern how we decide whether to persist in our current behavior or to switch to an 
alternative course of action.  
 
Computationally, a simple reinforcement learning (RL) mechanism is unable to base its decisions on the reward rate 
trend, because it combines past and recent reward rates in a single value estimate. However, a RL mechanism can be 
modified to do so by simply maintaining a memory of the previous history of reward prediction errors, as this enables 
recent rewards to be scaled by the longer-term average reward rate of the environment. Signals in dACC correspond to 
key variables from the modified RL model. 
 
As the decision to switch or stay looms, functional interactions related to accumulation of evidence, regardless of choice 
ultimately taken, occurs between dACC and frontal operculum (FO).  Individual variation in dACC signals and interactions 
with FO are associated with how multiple time constants guide choices about future values. 
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Near-misses are non-win outcomes that are proximal to the jackpot in gambling. Previous research has shown that near-
misses foster persistent play and increase gambling motivation (Côté, Caron, Aubert, Desrochers, & Ladouceur, 2003; 
Kassinove & Schare, 2001). Using functional magnetic resonance imaging, near-misses are found to increase neural 
signal in brain reward circuitry that overlapped with the jackpot wins (Chase & Clark, 2010; Clark, Lawrence, Astley-
Jones, & Gray, 2009). The present study investigated subjective and hormonal responses to near-misses in the social 
competition. We used a Tetris competition task where a pair of male volunteers played a Tetris task for 15 minutes and 
the person who scored higher will get additional award (Zilioli & Watson, 2012). Saliva samples were collected to 
measure hormonal responses. The competition outcome was rigged such that one player was assigned as ‘winner’ and 
the other was assigned as ‘loser’. The closeness of the scores between winner and loser was further manipulated such 
that the competition could be a ‘near’ outcome (i.e. 1442 vs. 1431 points) or ‘clear’ outcome (i.e. 1442 vs. 270 points). 
Subjectively, losing the competition by a narrow margin was experienced as more pleasant and increased motivation to 
play, generalizing near-miss effect from gambling into a social context. Winning the competition by a narrow margin 
reduced testosterone level, and the effect was restricted among individuals with higher basal cortisol, consistent with 
the ‘dual hormone hypothesis’ that the neuroendocrine reproductive (HPG) and stress (HPA) axes interact to regulate 
dominance (Mehta & Josephs, 2010).  
 

 
 
 


