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Chapter 1

General Introduction
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Decision making is ubiquitous in daily life. Think of a typical day in which you are faced with 
a stream of decisions such as what to wear, what to have for breakfast, how to travel to work, 
whether to accept that new job offer, whether to spend or save your money, and so on. An im-
portant feature is that in many -if not most- decisions, the decision outcome carries a degree 
of uncertainty, i.e., an outcome may occur with a certain probability. These types of decisions 
are called decisions under risk. 

The main goal of this thesis is to gain insight into the developmental changes and individ-
ual differences in decision making under risk. Therefore, the research in this thesis pursues a 
multidisciplinary approach that combines insights from economic and developmental psycho-
logical theories of risky decision-making1. Moreover, to characterize individual differences 
in decision making, statistical techniques such as latent-class analysis are used that identify 
subgroups within populations. Furthermore, to be able to study the underlying mechanisms 
that drive observed choices, behavioral measures are combined with physiological measures, 
such as heart rate and brain activation. 

This thesis starts with a short overview of the history of the field of risky decision-making, 
which is rooted in economics and finance. It then continues with a discussion of developmen-
tal psychology theories pertaining to the field of risky decision-making. Finally, it presents 
an overview of various paradigms and methods followed by the introduction of the studies in 
this thesis.

1.1 A short history of decision-making research

Economics and Finance
Classic economic theories predict and explain people’s choice behavior as aimed towards 
maximizing expected value (EV; = probability × value) or expected utility (EU; = probability × 
subjective value) (Von Neumann & Morgenstern, 1944). The concepts of EV and EU are bet-
ter illustrated with an example: Imagine a choice between option A, a sure €49, and option B, 
a 50% chance of €100 (and €0 otherwise). If you would calculate the EV of both options, you 
will find that the EV (the net outcome) of option B is higher (€50). Choosing the higher EV 
option is thus considered the best objective (i.e., normative) choice. However, a fair amount 
of people may prefer the sure option of €49; a preference that can be explained by EU. That is, 
people may use subjective instead of objective values to compare choice options. A concave 
subjective value function increases less steeply between €50 and €100 than between €0 and 
€50, leading to a preference for the sure €49 (Bernouilli 1954/1738). The idea of EU was ex-
tended by the influential ‘theory of expected utility’ (Von Neumann & Morgenstern, 1944), 
that assumed choice preferences can be defined according to an expected utility function that 
can be either risk averse (concave) or risk seeking (convex). 

In parallel, finance proposed a somewhat different model to explain people’s choice be-
havior (Markowitz, 1965), in which choice was assumed to be based on an option’s expected 
return (i.e., EV) and expected risk (i.e., the variance of the distribution of possible outcomes). 

1 Note that the definition of ‘decision-making under risk’ or ‘risky decision-making’ in the develop-
mental literature commonly refers to choices that are associated with a certain probability of undesirable 
outcomes. In finance, however, it refers to situations in which outcomes occur with a known probability. 
In this thesis references to risky decision-making always meet the former, and in most cases also meet the 
latter definition.
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Note that in contrast to utility models, these ‘risk-return’ models include an explicit compo-
nent of risk in choice (Weber, 2010). Although EU and risk-return models have shown sub-
stantial explanatory power in human and even animal decision-making (Weber et al., 2004; 
Weber & Hsee, 1998), they assume a certain ‘rationality’ in choice behavior. That is, decision 
makers are assumed to have consistent beliefs and consistent preferences. Psychology, on the 
other hand, focused specifically on understanding the inconsistencies and biases in people’s 
decision making.

Psychology
Psychologists Kahneman and Tversky formulated Prospect Theory (PT2; 1979) to account for 
systematic biases observed in people’s decision making and the observed violations of utility-
based models. In PT, separate value functions are used for gains and losses, relative to a refer-
ence point (usually the status quo). Generally, the function is steeper for losses compared to 
gains, which results in a property known as loss-aversion (losses loom larger). A second ad-
dition of PT, is the possibility of a subjective evaluation of probability, to account for the fact 
that people tend to overweigh small probabilities (near 0; for instance, think about people’s 
enthusiasm for lotteries, but also their need for insurance for incidents with low prevalence), 
but underweigh medium or high probabilities (near 1; for instance the difference between a 
probability of .99 versus 1 looms larger than the difference between probabilities of .10 and 
.11) (Trepel et al., 2005). 

Although PT presents a flexible model for describing individuals’ choice behavior inside 
and outside the laboratory, the evaluation of an option still depends on an integration of value 
(gains and losses) and probability. An alternative view is that decisions may not rely on an 
integrative process, but can be based on a set of decision heuristics (Gigerenzer & Goldstein, 
1996; Russo & Dosher, 1983; Tversky & Kahneman, 1974). Heuristics are ‘rules of thumb’ 
that simplify the decision process by comparing options on a set of attributes. Heuristics are 
thus non-integrative (do not involve an integration of attributes such as probability and value) 
and non-compensatory (negative values on one attribute cannot be compensated by positive 
values on another attribute). Although heuristics may lead to biases in people’s behavior, they 
have also been called fast and frugal, because using a limited set of information yields faster 
choices, and often choices that are equivalent to normative ones (Bröder & Schiffer, 2006; 
Gigerenzer & Gaissmaier, 2011; Riedl et al., 2008). Examples of prominent decision heuristics 
are the Recognition heuristic (“take the option that is recognized first”; Goldstein & Giger-
enzer, 2002), the Availability heuristic (judged likelihoods are mixed-up with the ease they 
come to mind; Tversky & Kahneman, 1973; 1974), and Lexicographic heuristics (sort choice 
attributes in order of importance, take the best option on sequentially compared attributes; 
Brandstätter et al., 2006; Tversky et al., 1988). 

Decision-neuroscience
In even more recent decades, techniques such as functional magnetic resonance imaging 
(fMRI) yielded the possibility to open up ‘the black box’ (i.e., the brain), and to unravel the 

2 There is a set of parameters that is estimated in PT to explain people’s choice behavior. Two param-
eters describe the value function (α, β), one describes loss aversion (λ), and one (or two) describe(s) the 
probability function (γ, (δ)). PT estimated ‘average’ values of .88 for α and β (creating only slightly curved 
gain and loss values), a value of 2.25 for λ (indicating that losses loom approximately twice as large as 
gains) and a value of .64 for γ (Kahnemann & Tversky, 1979; Trepel et al., 2005).
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neural mechanisms that underlie observed choice behavior. Neuroscience focused on under-
standing decision making and learning by studying the neural activation related to experienc-
ing (or anticipating) decision outcomes (i.e., rewards and losses). A typically found ‘reward-
network’ in the brain centers around evolutionary old, subcortical, structures that include 
dopamine-rich areas in the midbrain, such as the (ventral) striatum (Schultz et al., 1997). The 
striatum has been implicated in anticipating and processing different types of rewards (but to 
some extent also losses; Tom et al., 2007) as well as in producing learning signals indicating 
whether an outcome is better or worse than expected (Cohen et al., 2010). 

A range of studies adopted a fairly model-based approach, in which representations of EV, 
or parameters from risk-return and PT models, are related to brain activation during decision 
making. An integrated EU or EV signal has been associated with neural activation in reward-
related regions, such as the ventral striatum, but also with prefrontal regions such as the ven-
tral medial prefrontal cortex (PFC), and regions involved in control and mental calculations, 
such as the lateral PFC and parietal cortex (Rushworth et al., 2011; Tobler et al., 2007). A risk 
signal has been associated with neural activation in regions coding more negative emotions 
and uncertainty, such as the anterior cingulate cortex (ACC), the dorsal medial PFC, and the 
insula (Mohr, Biele, & Heekeren, 2010; Preuschoff et al., 2008). 

Although we started to unravel the brain mechanisms underlying decision making, deci-
sion-neuroscience is still an emerging field. For instance, the neural mechanisms underlying 
different components of risky choice and the neural mechanisms of different decision heuris-
tics are still largely unknown.

1.2 Why a developmental perspective is needed

This thesis combines insights from economics and neuroscience with developmental psychol-
ogy. That is, most studies in this thesis include risky decision-tasks that are administered 
to a cross-sectional developmental population. A strong focus on development is interesting 
for several reasons: First, developmental studies deepen our understanding of the process 
of risky decision-making. That is, whereas adult studies have the potential to study what is, 
developmental studies have the potential to study the trajectory of that outcome. Moreover, 
adolescents and even children, are faced with many decisions ranging from ‘every day’ de-
cisions (what will I wear?), to consequential decisions (which school will I go to? Which 
courses will I take? Will I study or party?). Real-life statistics show that specifically the period 
of adolescence is characterized by ‘bad decision-making’ (Reyna & Farley, 2006). Behaviors 
such as (petty) crime, illicit drug use or school absence often start and/or peak during ado-
lescence and may have long-lasting influence over the course of the life-span. Understanding 
the processes that underlie such developmental changes in decision making are thus of broad 
societal interest. Finally, studies on the developmental changes in decision making inform the 
study of learning. That is, decision making is closely related to the efficiency of learning, in 
which decision-outcomes could signal the need to adjust subsequent behavior. Particularly in 
childhood and adolescence, learning shows pronounced changes and plays an important role 
in behavior (Siegler, 2000).

The developmental studies in this thesis are based on three theories pertinent to the study 
of the development of decision making: A theory on the neurodevelopmental trajectory of af-
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fective versus controlled processing, a theory on the development of counterfactual emotions, 
and a theory on the development of cognitive decision strategies. These theories are briefly 
outlined below. 

1.3 Developmental theories

Neurobiological Model – Affect and Control
An influential view in psychology (and cognitive neuroscience) is that behavior is the out-
come of affective impulses aimed towards obtaining (immediate) rewards, and cognitive-con-
trol processes aimed towards regulating behavior in favor of long-term goals (Miller & Cohen, 
2001). Inhibition and working memory are considered central processes of cognitive control 
(see for overviews Crone, 2009; Garon et al., 2008; Geier & Luna, 2009; Luna et al., 2010), in 
which inhibition is described as the ability to suppress more reflexive responses when plan-
ning an action, and in which working memory is described as the ability to retain relevant 
information online. Affective as well as cognitive-control processes are linked to underlying 
neural circuitries that continue to mature across development.

Numerous neuroimaging studies have demonstrated large structural and functional chang-
es in the brain until our mid-twenties. For instance, gray matter pruning and white matter 
maturation continues into early adulthood (Giedd et al., 1999; Gogtay et al., 2004; Shaw et al., 
2008; Sowell et al., 2002; 2003). However, different regions are shown to mature at different 
rates: that is subcortical, affective regions (such as the striatum) mature earlier in comparison 
to frontal, control regions (such as the PFC). These different maturational trajectories are 
thought to lead to an imbalance between affective impulses and control processes, specifi-
cally during the period of adolescence (Casey et al., 2010). Additionally, during adolescence, 
hormonal influences (Ernst & Fudge, 2009; Spear 2011) as well as changes in dopamine regu-
lation (Wahlstrom et al., 2010) may lead to an intensification of affective processes that may 
substantially drive adolescents’ decision-making.

A relatively underdeveloped (or selectively recruited; Crone & Dahl, 2012) PFC, together 
with a hyper-reactive affective system is linked to the typical characterization of adolescence 
as a period of increased reckless, risky, and thrill-seeking behavior (Dahl, 2004; Steinberg, 
2008). Imaging studies accordingly showed increased subcortical responses when receiving 
rewards in adolescence compared to childhood and adulthood (Cohen et al., 2010; Galvan et 
al., 2006; 2007; Van Leijenhorst, Moor et al., 2010), and this greater reward-related subcorti-
cal activation predicted self-reported everyday risk-taking behaviors (Galvan et al., 2007). On 
the other hand, imaging studies have also indicated little developmental increases in neural 
activity when receiving rewards (Bjork et al., 2004; 2010; Paulsen et al., 2012) or even de-
creased neural activity in adolescents compared to adults when anticipating rewards (Bjork et 
al., 2004; 2010; Geier et al., 2010). Recent overviews highlight that these mixed-findings may 
be due to differences in task design and analyses (Galvan, 2010), but also to large individual 
differences. That is, only some adolescents (in some situations) may be particularly prone 
to rewards. Alternatively, the neural imbalance in adolescence may also lead to exaggerated 
negative emotional states (Somerville et al., 2010). 

Several chapters in this thesis evaluate this neurodevelopmental ‘imbalance’ model, and 
investigate children’s and adolescents’ decision making in contexts that trigger more or less 
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affective involvement (Chapter 2), and that tax control processes to a greater or lesser extent 
(Chapter 3; Chapter 4). Chapter 6 in this thesis investigates the neural changes in children’s, 
adolescents’ and adults’ risky choice. To date, most imaging studies have focused primarily on 
reward-processing and not on the constructs underlying risky choice. Therefore, this study 
combines a neurobiological view with a formal modeling perspective to distinguish neural 
patterns of activation associated with return and risk and activation triggered by obtained 
rewards and losses.

Counterfactual emotions
A decision theory that specifically focuses on the influence of affect in decision making is 
regret theory (Bell, 1982; Loomes & Sugden, 1982; Roese, 1997). That is, regret theory speci-
fies that a decision maker may anticipate how he/she will feel when different counterfactual 
outcomes occur. Counterfactual outcomes are outcomes that ‘could have been’ if an alterna-
tive path of action was taken. The comparison between a reality that is and a reality that could 
have been gives rise to anticipated or experienced counterfactual emotions such as regret and 
relief. Such counterfactual emotions have an obvious learning function, particularly when the 
counterfactual outcome would have been better (Weber, 2010). Additionally, regret theory 
states that risky decision-making is not only driven by maximizing some form of EU, but also 
by minimizing anticipated post-decisional regret (Bell, 1982; Roese, 1997).

Zeelenberg et al. (1996) highlighted the influence of counterfactual emotions on decision 
making by showing that people are more likely to choose the option in which the alternative 
was unrevealed (and in that way avoided possible regret). This tendency could actually lead to 
more risk-seeking as well as more risk-averse choice behavior. A compelling real-life example 
is the Dutch ‘Postcode Loterij’ (postal code lottery). This lottery chooses a Dutch postal code 
and anybody who bought a lottery ticket and lives in the drawn postal code area shares the 
prize. The anticipated regret of being confronted with ‘what could have been’ creates a strong 
pressure to buy the ticket (see also Zeelenberg & Pieters, 2004). 

But reflecting on what could have been is a complex skill and the development of regret 
and relief may therefore deviate from that of more basic emotions such as happiness, sadness, 
anger or fear. That is, anticipating or experiencing counterfactual emotions depends on the 
executive demands of holding in mind and comparing two representations of reality; that 
is, what could have happened (counterfactual reality) and what actually happened (actual 
reality). Chapter 5 in this thesis concerns the development of the experience of regret and 
relief and studies individual differences in the onset of these counterfactual emotions in early 
childhood.

Development of decision strategies
Finally, age-related changes in decision strategies may lead to changes in risky decision-mak-
ing across development. That is, utility-based theories state that decisions are made based on a 
computation of an integrated value. As discussed, an alternative view is that decisions can also 
be non-integrative, for instance, based on an attribute-based comparison of choice options 
(i.e., lexicographic heuristic). Surprisingly, these different types of decision strategies have a 
strong correspondence to Piagetian theory on the development of problem solving.

In a Piagetian framework, children’s problem solving has been described as a progres-
sion through a series of suboptimal stages before children use the correct strategy (Siegler, 
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1996). A famous problem-solving task that illustrates this progression is the balance-scale 
task (Siegler, 1981; 1996). In this task various weights are placed at various distances on both 
arms, and children are asked to predict whether the balance will tip to the left, to the right, 
or will remain in balance. Children may use various rules to solve this balance scale task. A 
simple, one-dimensional rule would involve a comparison of the numbers of weights only. A 
two-dimensional rule would be to first consider the weights, and if these are equal, consider 
the distances from the fulcrum. A correct decision is, however, only made when weights and 
distances are integrated correctly (weights × distance). 

The hypothesis that such reasoning is also applied in decision making when confronted 
with multiple choice attributes (gains, losses, probabilities) was tested by Huizenga et al. 
(2007). They found that younger children were more inclined to use only one decision at-
tribute to make a decision (a primary focus on probability of loss), whereas older children 
were able to use a two-dimensional strategy, focusing first on the probability, and if these 
were equal between options, choose on the basis of amount of loss. Eventually, a small group 
of adults attained integrative decision-making, in which decision attributes were correctly 
integrated (into EV). Thus, in accordance with a Piagetian framework, children may be more 
prone to use such simple decision strategies, and the complexity of such strategies (i.e., the 
number of attributes considered) may increase with age. Jansen et al. (2012) accordingly 
showed an age-related increase in the complexity of decision-strategies (i.e., the number of 
decision attributes considered). However, this study also observed large individual differ-
ences in which a subgroup of children applied a normative, integrative, decision strategy3. 

Chapter 2 in this thesis studies the different types of decision strategies that occur in 
an adolescent population, to determine whether the complexity of decision strategies in a 
‘low-affective’ decision context predicts risky decision-making in a more affective (i.e., mo-
tivationally-salient) context. Additionally Chapter 7 focuses on the neural mechanisms un-
derlying different decision strategies (integrative and non-integrative strategies) in an adult 
population.

1.4 Paradigms to study decision making under risk

In this thesis risky decision-making is studied with different experimental paradigms (tasks) 
that present a controlled environment that is understandable and comparable across differ-
ent ages. All decision tasks in this thesis present choices that differ in the probability and the 
amount of losses and gains. However, these tasks vary in two important ways: First, whether 
or not outcomes are experienced immediately, thereby varying the level of affective-moti-

3 Beyond the scope of this thesis, but a lively debate in the literature, is whether we become more or 
less ‘rational’ as we grow older. With ‘rational’, we refer to an increasing use of more integrative (i.e., 
normative) strategies and a lesser susceptibility to decision-biases. A classical Piagetian framework pre-
dicts an increase in normative choice behavior based on an increase in integrative decisions. On the other 
hand, fuzzy-trace theory (Reyna & Ellis, 1994) predicts a developmental decrease in normative choice 
behavior, since with increasing age we would increasingly rely on ‘gist’ processing. Gist is explained as 
an intuitive, heuristic, gut-based feeling, which is often right, but more susceptible to biases. The study of 
Jansen et al. (2012) supports both accounts. That is, some young children displayed ‘integrative’ decision-
strategies (consistent with fuzzy trace theory), but most displayed a very simple sequential strategy. With 
age the complexity of sequential strategies increased (consistent with Piagetian theory).
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vational engagement (Loewenstein et al., 2001)4. Second, whether or not choice attributes 
are presented explicitly, thereby varying the load on control processes, such as (working) 
memory. 

A first prominent task in this thesis is the Gambling Machine Task (GMT; Jansen et al., 
2012; Van Duijvenvoorde et al., 2010), which is used to investigate and delineate individuals’ 
decision-strategies. In the GMT, participants make a series of choices with clearly presented 
choice options and no immediate outcomes are experienced. Typically, this type of task may 
be referred to as a ‘cold’ (i.e., low-affective) decision task. 

Other tasks used in this thesis are the Columbia Card Task (CCT; Figner et al., 2009; Figner 
& Weber, 2011) and the children’s version of the Iowa Gambling Task (IGT; Bechara et al., 
1994; Crone & Van der Molen, 2004). In both tasks immediate outcomes are experienced, 
leading to a relatively greater influence of affective-motivational processes. Therefore, they 
are often referred to as ‘hot’ or ‘affective’ decision tasks. The CCT presents a card game with 
explicit information on loss-probability, amount of loss and amount of gain, in which partici-
pants can choose to either take a card (with a possibility of turning a gain or loss card) or to 
stop taking cards (which ends the game round and saves the accumulated score). In contrast, 
in the IGT, choice information is not explicitly presented and participants need to learn to 
maximize their overall winnings by repeated sampling from options that differ in net outcome 
(EV). 

Although the use of such experimental paradigms may seem to have low predictive-power 
for real-life behavior, performance on the CCT has been shown to correlate with people’s self-
reported need-for-arousal (Figner et al., 2009), and the IGT has been used as a diagnostic tool 
for people with impulse control deficiencies, as in, for example, substance abusers and lesion-
patients (Bechara et al., 1994; Goudriaan et al., 2005; Stout et al., 2004; Verdejo-Garcia et al., 
2007, see also Dunn et al., 2006). Also performance on the GMT is associated with behavioral 
disorders and mild intellectual disability, which are characterized by simpler decision strate-
gies (Bexkens et al., in prep).

1.5 Methodological approaches

As suggested before, large individual differences may exist in decision making (Huizenga et 
al., 2007) that are not observed if averaged data are analyzed. To uncover these individual dif-
ferences, several studies in this thesis use latent-class analysis (Chapter 2, 5, and 7). Such an 
analysis allows for the determination of subgroups characterized by homogenous choice pat-
terns. Another way to uncover individual differences in choice-behavior is to estimate formal 
model parameters at an individual level. In Chapter 6 we use the latter approach to estimate 
individual differences in the sensitivity to risk and return during risky choice and correlate 
these individual measures with brain activation.

4 Note that the behavioral economics literature additionally mentions a ‘descriptive-experience’ gap. 
That is, descriptive choice (choice without feedback) and experiential choice (based on repeated sam-
pling) may differ, because people’s behavior indicates lower impact of rare events in descriptive choice, 
but higher impact in experiential choice. This has been related to, among others, sampling errors in expe-
riential choice (Hertwig et al., 2009).
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In addition, the research in this thesis uses several physiological measures. In Chapters 6 
and 7 we include fMRI to assess the neural processes underlying risky decision-making. fMRI 
is assumed to indicate activation of a brain region (i.e., innervated by oxygen-rich blood) 
when performing a certain decision task or when experiencing decision outcomes. Addition-
ally, in Chapter 4, we used heart-rate indices to investigate responses to decision-outcomes. 
Beat-by-beat-heart changes have been shown to be sensitive to the processing of psycholog-
ically relevant information. More specifically, heart rate slows in anticipation of feedback, 
which is followed by an accelerated recovery to baseline (Jennings & Van der Molen, 2002). 
When expectancies are violated, or outcomes convey negative information (losses, punish-
ments, social exclusion, errors) heart rate recovery is considerably delayed. The amount of 
slowing thus conveys important information on the internal processing of decision outcomes.

1.6 Outline

Chapters 2-4 in this thesis investigate affective and cognitive-control processes in children’s, 
adolescents’, and adults’ risky decision-making, by using tasks that trigger more or less affec-
tive involvement and that tax control processes to a greater or lesser extent. That is, Chapter 
2 describes a study in an adolescent age group (14-16-year-olds), that first aims to illustrate 
individual differences in decision making in an affective risky decision-task (IGT) and a ‘low-
affective’ decision task (GMT). Second, this study aims to test whether decision strategies in 
the low-affective task are predictive of decision making in the high-affective task. Chapter 3 
describes a study across several age groups (from 7-year-olds to young adults) that addresses 
how lowering memory load influences decision making across development. For this reason 
we use a decision task in which explicit decision-information is presented (informed), and 
a task in which information needs to be learned from repeated choices (noninformed; as in 
the IGT). Chapter 4 implements a similar but simplified paradigm to investigate three age 
groups (8-9, 11-13, and 18-24-year-olds) with the aim to specifically study the processing 
of outcomes (i.e., feedback) across development in informed and noninformed contexts, by 
analyzing both behavioral and heart-rate indices. 

Chapter 5 concerns a study in five age groups (5-6, 7-8, 9-10, 11-13, and 18-22-year- olds) 
and focuses specifically on the development of counterfactual emotions, i.e., regret and relief, 
and on individual differences in the developmental onset of these emotions.

The last two empirical chapters focus on the neural mechanisms and individual differ-
ences underlying i) age-related changes in risky decision-making and ii) individual differ-
ences in risky decision-strategies. That is, Chapter 6 includes an fMRI-version of the CCT 
in combination with a formal risk-return model to investigate (neural) changes in sensitivity 
to risks and returns in children, adolescents, and adults (8-11, 16-19, and 25-35-year-olds). 
Chapter 7 focuses on individual differences in decision strategies in a young adult popula-
tion (18-28-year-olds). Specifically, the aim is to compare the neural mechanisms underlying 
compensatory (integrative) versus non-compensatory (non-integrative) decision-strategies.

Finally, Chapter 8 summarizes the empirical studies and discusses implications for the 
main developmental theories. 




