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Background: Risk-taking, which involves voluntary choices for behaviors where outcomes remain uncertain,
undergoes considerable developmental changes during childhood, adolescence, and early adulthood. In addition,
risk-taking is thought to be a key element of many externalizing disorders, such as ADHD, delinquency, conduct
disorder, and substance abuse. In this review, we will discuss the potential adaptive and nonadaptive properties of
risk-taking in childhood and adolescence. Findings: We propose that the changes in brain architecture and function
are a crucial element underlying these developmental trajectories. We first identify how subcortical and cortical
interactions are important for understanding risk-taking behavior in adults. Next, we show how developmental
changes in this network underlie changes in risk-taking behavior. Finally, we explore how these differences can be
important for understanding externalizing behavioral disorders in childhood and adolescence. Conclusions: We
conclude that longitudinal studies are of crucial importance for understanding these developmental trajectories, and
many of these studies are currently underway. Keywords: Risk-taking behavior; adolescence; developmental
changes; individual differences; externalizing disorders; brain connectivity; ventral striatum.

Introduction
Many of the decisions we make in daily life involve an
element risk. For example, having another coffee in a
caf�e may result in missing the train for a next
appointment, or buying groceries at the new super-
market across the street may result in missing your
favorite product. That is, in a risky choice the
decision outcome carries a degree of uncertainty.
A more formal definition of risk-taking – as typically
used by economists – is choosing the option with the
highest outcome variability (Figner & Weber, 2011),
indicating that a risky choice may lead to greater
benefits, but may also lead to larger negative out-
comes at the expense of surety. In many examples
the negative consequences of excessive risk-taking
seem most salient, as is evident for car accidents,
binge drinking, and gambling (Krmpotich et al.,
2015). Contrary to common beliefs, however, risk-
taking encompasses not only negative behavior; in
some situations – or in some phases in life – it may be
highly adaptive to take risks (Crone & Dahl, 2012).
For example, risk-taking can lead to social benefits,
such as forming new relationships (Willoughby,
Good, Adachi, Hamza, & Tavernier, 2014) or maxi-
mizing financial outcomes (Peper, Koolschijn, &
Crone, 2013).

Adolescence has often been described as a period
of increased risk-taking (Steinberg et al., 2008).
Epidemiological reports have observed an increase

in risk-taking behavior in adolescence, such as for
traffic accidents, crime rate, and substance abuse
(Centers for Disease Control and Prevention Youth
Risk Behavior Surveillance Survey – United States,
2011; Substance Abuse and Mental Health Services
Administration Results from the 2010 National Sur-
vey on Drug Use and Health: Mental Health Findings
NSDUH Series H-42, HHS Publication No. (SMA) 11–
4667; see also Willoughby et al., 2014). There is a
long debate in the literature about whether risk-
taking is observed in all adolescents and as such is a
normative developmental hallmark of adolescence,
or is present in only a subset of adolescents who
have already been susceptible to problem behavior in
childhood (Bjork & Pardini, 2015). This debate dates
back to theories in the early 20th century when
adolescence was described as a period of storm and
stress, characterized by conflict with parents, emo-
tional outbursts, and risk-taking behavior (Hall,
1916). Personality theorists argued that risk-taking
outbursts in adolescence were necessary for devel-
oping into healthy adults, and that the absence of
this period of risk-taking would result in problem
behavior later in life (Freud, 1969). In the last
decades these views on adolescence have been more
nuanced by arguing that not all adolescents take
risks, and that risk-taking is not a necessity for
healthy development (Arnett, 1999). The individual
differences in risk-taking in adolescence remain an
important question and there is currently no
consensus on whether increased risk-taking, be it
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subtle or more extreme, is observed for all or some
adolescents.

Theories of risk-taking in adolescence have been
complicated even more by inconsistent findings in
experimental research using laboratory tasks to
measure risk-taking. Whereas some studies report
monotonic decreases in risk-taking from childhood
to adulthood (e.g., Crone, Bullens, van der Plas,
Kijkuit, & Zelazo, 2008; Paulsen, Platt, Huettel, &
Brannon, 2011; Van Duijvenvoorde, Jansen, Bred-
man, & Huizenga, 2012), other studies report ado-
lescent-specific peaks in risk-taking (Burnett, Bault,
Coricelli, & Blakemore, 2010; Figner, Mackinlay,
Wilkening, & Weber, 2009), or no differences at all
between children, adolescents, and adults (Van
Leijenhorst, Westenberg, & Crone, 2008). A recent
meta-analysis highlighted that adolescents and chil-
dren take more risks than adults, but this depends
partly on task demands (Defoe, Dubas, Figner, &
van Aken, 2015). In part because of these discrep-
ancies in findings, there is an emerging need to have
more precise measurements of the processes
involved in risk-taking and how these change in
adolescence. Recent findings from the field of neu-
roscience have provided important new insight into
how changes in neuroanatomic and neural activity
through adolescence contribute to a potential rise in
risk-taking behavior. In this review, we describe how
a specific network in the brain, which encompasses
the ventral striatum and prefrontal cortex (PFC),
changes anatomically and functionally across the
transition from childhood to puberty and from
puberty into late adolescence and adulthood.
Changes in this network are consistently related to
risk-taking behavior (McClure, Laibson, Loewen-
stein, & Cohen, 2004; Peper, Mandl et al., 2013)
and therefore we propose that a better understand-
ing of this network may lead to better understanding
of the dynamics of risk-taking in adolescence. There
will be a specific focus on the role of pubertal
hormones potentially driving parts of these changes
(Peper & Dahl, 2013).

First, we will define current theories on risk-taking
in adolescence. Second, we provide evidence that the
ventral striatum and PFC are critically involved in
risk-taking behavior. Third, we describe the struc-
tural changes that take place in this network and
how this relates to individual differences in risk-
taking. Fourth, we summarize the functional MRI
studies that have focused on risk-taking in adoles-
cence. Fifth, we describe functional connectivity
studies in relation to risk-taking and argue that
strengthening of the ventral striatum-PFC network
is a central factor in explaining individual differ-
ences and developmental changes. Finally, we will
discuss the implications of these changes for under-
standing individual trajectories in childhood disor-
ders, along with the broader conclusions arising
from the review.

Risk-taking in adolescence
Theories of risk-taking in adolescence have emerged
from two lines. Traditionally, risk-taking has been
interpreted as a purely cognitively driven process,
and these theories postulated that risk-taking in
adolescence was driven by the slowly developing
cognitive control capacities of adolescents (Casey,
2015; Duckworth & Steinberg, 2015). There is strong
evidence that the ability to use cognitive control, also
referred to as executive functions, changes consid-
erably during childhood and early adolescence, and
reaches adult levels around mid adolescence (Crone,
2009; Luna, Padmanabhan, & O’Hearn, 2010). For
example, children have more difficulties than adults
in keeping information in working memory (Van
Leijenhorst, Crone, & Van der Molen, 2007), con-
trolling impulses (Durston et al., 2006), and switch-
ing between tasks (Morton, Bosma, & Ansari, 2009).
These components of executive control follow differ-
ent developmental trajectories, with response inhi-
bition maturing in late childhood, task switching
around early puberty, and working memory in
midadolescence (Huizinga, Dolan, & van der Molen,
2006). Despite these consistent findings, a difficulty
with this theory is that mid to late adolescents
generally perform well on executive function tasks,
whereas they are known to show highest levels of
risk-taking (Steinberg, 2011). In addition, studies
testing the understanding of risk and probability
show that already young children have a clear
understanding of probabilities (Huizenga, Crone, &
Jansen, 2007; Jansen, van Duijvenvoorde, & Hui-
zenga, 2012; Schlottmann & Anderson, 1994).

In the last two decades, researchers have increas-
ingly acknowledged the important role that affective
processes may play in risk-taking behavior (Casey,
2015; Crone & Dahl, 2012; Duckworth & Steinberg,
2015). For example, adolescents are particularly
susceptible to risk-taking relative to adults if in a
context where risks are unpredictable (Tymula et al.,
2012), when rewards are encountered immediately
(van Duijvenvoorde, Jansen, Visser, & Huizenga,
2010; Figner et al., 2009), when counterfactual
emotions such as regret for not choosing the higher
alternative are involved (Burnett et al., 2010), or
when they are in the presence of peers (Gardner &
Steinberg, 2005; Peake, Dishion, Stormshak, Moore,
& Pfeifer, 2013). Recent frameworks point out that
understanding risk-taking in adolescence involves a
conceptualization of the interaction between the
cognitive and affective processes involved (Duck-
worth & Steinberg, 2015). These frameworks are well
grounded in neurodevelopmental models, often
referred to as dual processing models. These models
propose that under emotionally arousing situations
adolescents may be more prone to be influenced by
affective states compared to children and adults,
whereas under emotionally calm situations they are
more prone to make cognitively driven choices
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(Somerville, Jones, & Casey, 2010; Steinberg et al.,
2008; but see Pfeifer & Allen, 2012). Recent exten-
sions of the neurodevelopmental dual processing
models are focusing on characterizing developmental
changes in neural circuits (Casey, 2015), the flexible
recruitment of cognitive control depending on moti-
vational states (Crone & Dahl, 2012), and the
importance of decision context and (social) opportu-
nity for risk in different phases of life (Defoe et al.,
2015; Willoughby et al., 2014).

Biological perspective on risk-taking
Studies that have focused on the representation of
reward values in the brain have typically focused on
the ventral striatum and the ventromedial prefrontal
cortex (VMPFC). The striatum is roughly divided into
a dorsal part, which is related to a control network,
involved in action selection, maintaining future
goals, and inhibiting prepotent responses, and a
ventral part, which is related to a valuation network
involved in decision making, learning, and motivated
behavior (van den Bos, Rodriguez, Schweitzer, &
McClure, 2014). The VMPFC, a region located in the
PFC, comprises part of the medial orbital frontal
cortex and portions of the medial PFC. As part of a
cortical-basal ganglia circuit, the connectivity of the
VMPFC positions it well to integrate and represent
the value that is expected from choice (O’Doherty,
2011). That is, the VMPFC is heavily interconnected
with the ventral striatum, a structure important for
reward processing and learning (Haber & Knutson,
2010). For example, an analysis of brain regions
involved in risk-taking and reward processing in the
neurosynth database (an online meta-analysis data
base) shows that the contributions of the striatum
and VMPFC to risk-taking and reward processing are
robustly documented (Figure 1). As such under-
standing the developmental changes in striatum-
VMPFC structure, function, and connectivity is
highly relevant for understanding the developmental
changes and individual differences in risk-taking.

The neuroscience of risk-taking has initially been
informed by neuropsychological studies involving
patients with damage to specific parts of the PFC.
The famous case study of Phineas Gage describes
the case of a railroad worker who was hit by an iron
rod that damaged a large part of the VMPFC. While
most of his cognitive functions remained intact, he
displayed personality differences, which were asso-
ciated with problems with emotional temper, anger
outbursts, and impulsivity (Damasio, Grabowski,
Frank, Galaburda, & Damasio, 1994). As then,
neuropsychological studies have consistently shown
that patients with damage to the VMPFC are
impaired in risky decision making.

A classic task to measure risk-taking in VMPFC
patients is the Iowa Gambling Task, which measures
reward sensitivity and future orientation (Bechara,
Damasio, Tranel, & Damasio, 2005). The task

involves four decks of cards where participants are
free to sample from all decks to maximize their profit.
Two cards are associated with high rewards on each
trial and two cards are associated with low rewards
on each trial, but all cards also involve unpredictable
losses. Unbeknownst to the participants, the cards
with the highest rewards are also associated with the
highest losses, and are therefore disadvantageous in
the long run. Healthy individuals, as well as VMPFC
patients, first sample from all decks and show a
quick preference for the high immediate reward
decks. However, healthy individuals learn over trials
to avoid the high immediate reward decks, because
they experience that these decks are disadvanta-
geous in the long run. VMPFC patients, in contrast,
fail to learn to switch decks, and continue sampling
from the high reward–high loss decks (Bechara,
Tranel, & Damasio, 2000). These findings were
interpreted to suggest that the VMPFC is a crucial
region for future orientation, and that damage to this
area of the brain results in risk-taking, especially
when contingencies are uncertain. A modification of
the task showed that patients with damage to
VMPFC have specific difficulties with reversal learn-
ing, suggesting that they have difficulty with switch-
ing from what was first seen as a good habit (Fellows
& Farah, 2005). Importantly, these deficits in value-
based decision making were observed in the absence
of working memory deficits (Bechara, Damasio,
Tranel, & Anderson, 1998). Intriguingly, the devel-
opmental studies have shown that performance of
adolescents on the Iowa Gambling Task mirrors the
performance of VMPFC patients. That is to say,
adolescents also show a preference for decks with
immediate reward even though this results in losses
in the long run (Crone & van der Molen, 2004; Smith,
Xiao, & Bechara, 2012). Note, however, that there
are individual differences in decision strategy on the
Iowa Gambling Task, and some children and ado-
lescents may be very capable of avoiding frequent
losses (van Duijvenvoorde et al., 2010; Huizenga
et al., 2007).

Even though these neuropsychological patient
studies are important for understanding the role of
VMPFC in risk-taking, these studies could not sep-
arate how the brain responds to the many different
processes that are involved when individuals take
risks. Methods to examine these processes in more
detail are – for example – relating risk-taking to
connectivity paths in the brain through white matter
connections, through functional connectivity, or by
relating risk-taking to neural activity during task
performance.

One way to study striatal and PFC communication
in relation to risk-taking has been by use of anatom-
ical connectivity. This anatomical connectivity is
established through white matter bundles consisting
of (myelinated) axons. Using diffusion tensor imag-
ing, white matter connections and its microstruc-
tural properties can – indirectly – be studied (Jones,
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2008). This technique is particularly informative
when testing the dual processing hypothesis, which
states that increased risk-taking is mediated by less
control of the PFC over striatal brain areas. Specif-
ically, this hypothesis suggests that there is an
imbalance between both brain systems, suggesting
abnormal communication through white matter
pathways. Results from studies examining these
anatomical tracts in relation to the developmental
changes in risk-taking and reward processing will be
further discussed in Developmental changes and
individual differences in structural connectivity and
brain morphology related to risk-taking.

In addition, over the past two decades, a series of
fMRI studies have used carefully controlled task
manipulations to separate neural activations of
processes such as risk, expected value, reward
anticipation and reward valuation that constitute
components of risky choice. These studies have
consistently reported a role for both the striatum
and the PFC when making risky choices and when
processing rewarding outcomes (see Figure 1). The
developmental changes in task-related neural acti-
vation and the decomposition of risky choice-related
processes are further discussed in Developmental
changes and individual differences in functional
activity related to risk-taking. In Developmental
changes and individual differences in functional
connectivity related to risk-taking, we will discuss
age-related change in intrinsic functional connectiv-

ity measures, a technique based on resting-state
connectivity analyses, in which we focus on findings
relevant to risk-taking.

A biological factor to consider that may trigger
some of the changes in risk-taking in adolescence is
the influence of hormonal changes such as testos-
terone. Testosterone is mainly produced by the
testes in males, but also by the ovaries and adrenal
glands in females (together producing about 1/10 of
the amount compared to males). In adults, various
studies on endogenous testosterone as well as
testosterone administration have reported that
higher levels of testosterone are related to more
economic and noneconomic risk-taking (Apicella,
Carre, & Dreber, 2015). For example, testosterone
levels are related to financial risk-taking (Coates &
Herbert, 2008), risk aversion at intermediate levels
but not at low or high levels (Stanton et al., 2011),
and may have a more general role in social status-
seeking behavior (Boksem et al., 2013). In addition,
testosterone levels influence neural activity in the
ventral striatum in risk-taking paradigms in adults
(Hermans et al., 2010). Given the massive changes
in hormone levels during adolescent development, it
is likely that these changes have an important
shaping role in brain organization (i.e., have irre-
versible effects on brain morphology) and PFC-
striatum connectivity, which may have implications
for risk-taking behavior (Peper & Dahl, 2013). These
studies are described in more detail below.

(A) (C)

(B)

Figure 1 Different methods point toward a crucial role of striatum-ventromedial prefrontal cortex implicated in risk-taking. (A) Lesion
mapping method, showing in yellow the region that corresponds with deficits on Iowa Gambling Task performance (see text for
explanation; Glascher et al., 2012), (B) white matter connectivity path that corresponds to regulation of impulsivity (Peper, Koolschijn
et al., 2013, with permission), and (C) Neurosynth meta-analysis of fMRI activations associated with the search term ‘risky’ or ‘reward’.
Results from neurosynth using the search term ‘risky’ (reverse inference, FDR-corrected 0.01) based on 55 studies. Results from neurosynth
using the search term ‘reward’ (reverse inference, FDR-corrected 0.01) based on 560 studies

© 2016 Association for Child and Adolescent Mental Health.

356 Eveline A. Crone et al. J Child Psychol Psychiatr 2016; 57(3): 353–8



Developmental changes and individual
differences in structural connectivity and brain
morphology related to risk-taking
Alterations in risk-taking during adolescence have
been attributed to changes in brain morphology. In
general, albeit time – and region – specific, gray and
white matter undergo considerable changes from
childhood into adulthood: An overall reduction in
gray matter volume and cortical thickness (i.e.,
neurons and its dendrites, but also intracortical
myelin and glial cells (Mills & Tamnes, 2014) takes
place (Raznahan et al., 2011; Wierenga, Langen,
Oranje, & Durston, 2014) as well as an increase in
white matter volume (i.e., myelinated axons;
Schmithorst & Yuan, 2010) and changes in organi-
zation of white matter connections (Lebel & Beau-
lieu, 2011; Simmonds, Hallquist, Asato, & Luna,
2014). These normative changes in brain structure
are thought to reflect fine-tuning and specialization
of neuronal networks and underlie refinement of
motor functioning, higher order cognition and cog-
nitive control (Bava et al., 2010).

The striatum-PFC white matter tracts have previ-
ously been related to impulsivity control in the delay
of gratification task in adults (van den Bos et al.,
2014; Peper, Mandl et al., 2013). This task captures
an individual’s sensitivity to choose an immediate
lower reward over a larger delayed reward. Typically,
the task involves multiple choices between options
such as ‘10 dollars today or 20 dollars next week’.
By varying the amount and time delay it is possible
to estimate an individual’s tendency to discount
delayed rewards. Individuals who are more inclined
to select the immediate reward are characterized as
more impulsive, whereas individuals who select the
delayed reward are characterized as less impulsive.
Studies that tested for the relation between delay
discounting impulsivity and PFC-striatum connec-
tivity in healthy adults reported that higher integrity
of fronto-striatal white matter tracts is related to
better behavioral control (less impulsivity) in the
delay of gratification paradigm (van den Bos et al.,
2014; Peper, Mandl et al., 2013). We recently found
that the integrity of these fronto-striatal white mat-
ter bundles substantially increases across adoles-
cence (Achterberg et al., in press), and that this
developmental increase in white matter is accompa-
nied by an improvement in impulse control over
time. That is to say, the relation between the age-
related increase in the ability to delay gratification
was partly mediated by the strength of the connec-
tions between the striatum and the PFC (see also
Van den Bos, Rodriguez, Schweitzer, & McClure,
2015).

A second way in which we have previously related
brain structure change to risk-taking is by relating
gray matter volume in the orbitofrontal cortex and
risk-taking on the Balloon Analogue Risk-taking
(BART) task (Figure 2). The BART is a computerized

task in which participants can inflate a balloon by
pressing a button and each button press relates to
an increase in money. However, if the balloon
explodes, all the money is lost. Therefore, it is key
to maximize the reward without pumping too long to
avoid explosion. The task is well known for its
relations with daily life risk-taking in adolescence
(Lejuez et al., 2002). BART risk-taking increases
between childhood and adolescence, shows a peak
in midadolescence, and a decrease in risk-taking in
early adulthood (Braams, van Duijvenvoorde, Peper,
& Crone, 2015). The age-related change in risk-
taking was mediated by gray matter morphology of
the orbitofrontal cortex (Peper, Koolschijn et al.,
2013), such that a relatively fast development of
the medial orbitofrontal cortex decreased risk-taking
in girls, but increased risk-taking in boys. These
data suggest that the orbitofrontal cortex accounts
for some of the variance in risk-taking development,
but does so in sexually dimorphic way.

How do these systems get triggered to change in
adolescence? Animal studies have shown that
testosterone is able to directly affect structural brain
development, for instance, by influencing axonal
diameter (Pesaresi et al., 2015), myelination (Mel-
cangi et al., 2003), and number of synapses (Cooke,
Breedlove, & Jordan, 2003). Adolescence is hall-
marked by an increased production of sex steroid
hormones (Grumbach & Styne, 1998). Therefore, one
possible hypothesis is that adolescent increases in
testosterone relate to increased risk-taking and
decreased behavioral control through an effect on
gray matter and white matter connections (Peper,
Pol, Crone, & van Honk, 2011).

Indeed, human neuroimaging studies across sev-
eral modalities are now being published that demon-
strate an association between increased adolescent
testosterone and decreased white matter integrity
within the PFC and between the PFC and subcortical
areas (Herting, Maxwell, Irvine, & Nagel, 2012; Men-
zies, Goddings, Whitaker, Blakemore, & Viner, 2015;
Peper, de Reus, van denHeuvel, &Schutter, 2015), as
well as increased gray matter volume in the orbito-
frontal cortex (Peper, Koolschijn et al., 2013). With
respect to behavioral risk-taking tendencies, testos-
terone effects on reduced brain connectivity are
related to increased alcohol use (Peters, Jolles, Van
Duijvenvoorde, Crone, & Peper, 2015), increased
aggression (Peper et al., 2015), and increased labo-
ratory risk-taking (Peper, Koolschijn et al., 2013).
Even though effects could be demonstrated in both
sexes, the effects were most pronounced in boys.
These studies provide evidence that adolescent
testosterone changes mediate the relation between
brain structure and risk-taking behavior.

The exact neuronal mechanisms, however, of how
testosterone affects risk-taking through PFC mor-
phology and connectivity remain unclear. Possibly,
testosterone directly influences PFC morphology, as
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receptors for androgens such as testosterone are
found in the PFC (Finley & Kritzer, 1999). Alterna-
tively, indirect effects of testosterone on neurotrans-
mitter systems within the PFC such as the serotonin
system (Handa, Hejna, & Lorens, 1997) or the
dopamine system (Aubele & Kritzer, 2012) could
also account for individual differences in reward-
related risk-taking behavior. Moreover, a recent
study suggests that testosterone is positively related
to risk-taking but only among individuals low in
cortisol (Mehta, Welker, Zilioli, & Carre, 2015),
underscoring a ‘dual-hormone hypothesis’ pertain-
ing to risk-taking tendencies (Dabbs, Jurkovic, &
Frady, 1991).

In sum, structural connectivity and sex hormones
are important biological factors in explaining indi-
vidual differences in risk-taking tendencies.

Furthermore, the developmental changes in these
factors relate to changes in risk-taking behavior
across adolescence.

An important factor in all these studies is the
question of whether adolescent-specific changes in
risk-taking are excessive (i.e., reckless sensation-
seeking behavior), or merely a form of adaptive
exploratory behavior. It has been found that rela-
tively high secretion of testosterone in adolescent
girls is related to increased monetary gains on a risk-
taking task (Peper, Koolschijn et al., 2013) and to
less self-reported anxiety (Peper et al., 2015). It
might therefore be speculated that – at least in girls
– relatively high testosterone relates to adaptive
exploratory behavior. That is to say, adolescence is
associated with quickly changing environmental
demands that require adaptive skills and high flex-

Figure 2 Example of a Balloon Analogue Risk-taking (BART) task trial (adapted from Lejuez et al., 2002). (A) By mouse clicking on the
pump, the balloon was inflated, and 0.05€ was gained for each pump. The total amount of collected money on each trial was stored in a
temporary bank (not displayed on the screen). Participants could decide to stop inflating the balloon at any time and collect their money
by clicking the €€€ button. Then, their money was transferred to the permanent bank (accompanied by a slot-machine sound), and the
amount was displayed on the screen. When the balloon exploded, the computer played a ‘pop’ sound, and the temporarily saved money
on that trial was lost. (B) The medial orbitofrontal cortex (OFC): we found that a smaller medial OFC volume in boys and larger OFC
surface area in girls related to more risk-taking. A mediation analysis indicated that OFC morphology partly mediates the association
between testosterone level and risk-taking, independent of age (from Peper, Koolschijn et al., 2013; with permission). (C, D) Longitudinal
graphic representation of age at both time points and total number of explosions in the BART on both time points. Individual subjects are
represented by individual lines (C). Subjects measured only once are represented by points. Predicted values for total numbers of
explosions in the BART based on the optimal fitting model (D). Dotted lines represent 95% confidence interval (from Braams et al., 2015,
with permission)
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ibility. Risk-taking is associated with explorative
behavior, linked to obtaining personal autonomy
and identity based on experience (Romer, 2010). As
such, adolescents who engage in high levels of –
adaptive- risk-taking should also be more likely to
learn from the negative consequences of their behav-
ior.

Two recent studies support this notion, by sug-
gesting that testosterone levels modulate risky
behavior in an adaptive way (Apicella et al., 2015).
Moreover, risk-taking was higher in late adolescents
with higher integrity of white matter connections
(Kwon, Vorobyev, Moe, Parkkola, & Hamalainen,
2014). The authors also argued that more risk-taking
relates to ‘more mature’ white matter connections
and could be interpreted as normal development.
These findings suggest a broader interpretation of
risk-taking in adolescence, which can both be adap-
tive or maladaptive.

Developmental changes and individual
differences in functional activity related to
risk-taking
A wealth of studies has examined risk-taking in
relation to neural activity during task performance.
To understand how the striatum and PFC are
involved in developmental changes in risk-taking,
studies have used fMRI to test task-related activity in
these brain regions. In these studies, processes
involved in risk-taking have been studied in more
detail, for example, by differentiating between pro-
cesses in different phases of risk-taking, such as
reward anticipation, reward valuation during choice,
and reward-related processing during outcomes.
These findings have been informative with respect
to how subregions in the striatum-PFC network are
sensitive to different aspects of risk-taking.

Reward anticipation

To gain insight into reward anticipation, studies
used simple paradigms with control conditions
where choices had no consequence on outcome
(e.g., press the button when a stimulus appears).
These studies reported that the ventral striatum is
active when anticipating and when receiving
rewards, relative to no rewards or losses (Van
Leijenhorst, Zanolie et al., 2010). Reward anticipa-
tion in the ventral striatum was heightened in 13–
17-year-old adolescents, compared to 8–11-year-old
children and 18–29-year-old adults in response to
the same level of reward (Galvan et al., 2006; Van
Leijenhorst, Zanolie et al., 2010). Heightened reward
anticipation activity in the striatum was also
observed in 12–16-year-old adolescents, compared
to adults, in a study that used a choice and no-
choice gambling task, but this difference was only
found in the no-choice condition (Jarcho et al.,
2012). Thus, in terms of reward sensitivity there is

robust evidence that reward sensitivity shows ado-
lescent-specific heightened activity, which may indi-
cate that adolescents are more driven by rewards. It
should be noted that this heightened response in the
striatum of adolescents has not been found in more
complex reward-anticipation paradigms, in which
the delivery of reward remains uncertain or depen-
dent on performance (Bjork, Smith, Chen, & Hom-
mer, 2010; Hoogendam, Kahn, Hillegers, van
Buuren, & Vink, 2013). This may indicate that,
when adolescents anticipate predictable rewards,
they show more activation in the ventral striatum
than children or adults, but that this is not the case
when adolescents anticipate on unpredictable
rewards. Future studies need to unravel the specific
role of predictability of rewards in targeted task
paradigms.

Reward valuation during choice

Next, studies used risky choice paradigms to exam-
ine not only reward anticipation, but also the neural
activity that is involved when taking voluntary risks.
When participants are faced with a risky decision,
they often need to decide between a certain chance of
getting a small reward (safe choice), and an uncer-
tain chance of getting a high reward (risky choice).
A large neuroimaging study tested how children,
adolescents and adults make choices when faced
with safe versus risky choices, and the neural
activity associated with each choice. It was found
that safe choices were associated with activation in
the dorsolateral PFC, whereas risky choices were
associated with activation in the VMPFC (Van Lei-
jenhorst, Moor et al., 2010). In addition, a lower part
of the VMPFC/subgenual anterior cingulate cortex
(ACC; the subcallosal cortex), a region previously
implicated in affective processing, was more active in
12–17-year-old adolescents compared to 8–10-year-
old children and 18–25-year-old adults when taking
high reward risks. These findings suggest again a
unique affective coding of rewards in adolescence in
a region that lies at the intersection of the VMPFC
and the ventral striatum. A study that used a
comparable design found that adults showed more
activation in the dorsal ACC and ventral lateral PFC
than adolescents when taking risks (Eshel, Nelson,
Blair, Pine, & Ernst, 2007). Together, these findings
suggest that adults rely more on PFC regions that are
important for deliberative processing when making
risky choices, whereas adolescents show stronger
recruitment of VMPFC regions that are important for
affective processing.

From these studies it is, however, not yet clear
which component of choice drives these effects. That
is, greater risks are typically associated with greater
rewards, and thus a risky choice may be driven by
insensitivity to risk or a greater sensitivity to reward.
One way to disentangle different influences in valu-
ation is to decompose risky choice using a formal
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framework in combination with a task that indepen-
dently varies risk and reward. A recent study
followed a risk-return model to specify the influence
of changing risks (outcome variability) and changing
returns (expected value) on the choices of children
(8–12-year-olds), adolescents (16–19-year-olds), and
adults (25–35-year-olds). It was observed that
return-sensitivity was related to increased activation
in the VMPFC, which increased monotonically across
age groups (but see Barkley-Levenson and Galvan
(2014) for an adolescent-specific increase specifi-
cally in ventral striatum activation during return-
valuation). On the other hand, risk sensitivity related
to activation in the anterior insula and dorsal medial
PFC, which peaked in the adolescent age group (van
Duijvenvoorde, Huizenga et al., 2015). These results
confirm the role of the VMPFC in valuation during
choice in developmental populations, although ado-
lescents showed a distinctive neural response to risk
relative to children and adults. These findings con-
firm the benefits of using more advanced modeling
approaches and also show adolescent-specific
change in a wider affective network than PFC-
striatum connectivity. Future studies should unravel
how PFC-striatum responses interact with insula
activity during risk-taking.

Processing of outcomes

After taking risks, individuals typically receive a
reward or loss following their choices. The rewarding
outcome also results in activation in the ventral
striatum. Several studies reported that this reward
response in the ventral striatum is higher in adoles-
cents (typically 13–17-year-olds) compared to chil-
dren and adults (Ernst et al., 2005; Galvan et al.,
2006; Padmanabhan, Geier, Ordaz, Teslovich, &
Luna, 2011; Van Leijenhorst, Moor et al., 2010;
Van Leijenhorst, Zanolie et al., 2010), although not
all studies have reported heightened activity (Bjork,
Smith et al., 2010). A study that included different
reward conditions, winning for self, for a friend or for
an unknown other, showed that this heightened
activity during adolescence was specific for self-
relevant gains (Braams, Peters, Peper, Guroglu, &
Crone, 2014).

Recently, the adolescent peak in neural activity in
the ventral striatum to rewards was confirmed in a
longitudinal study in which 254 adolescents
between ages 8–27 years were scanned twice when
performing a gambling task, with a 2 year period
between the two scans (Braams et al., 2015). This
study also allowed a better understanding of which
behavioral tendencies co-vary with the neural
response over time. It was found that the drive for
reward, as measured with the BIS/BAS self-report
questionnaire, in particular varied with the ventral
striatum response to rewards. A similar sensitivity to
individuals’ ventral striatum response was observed
in relation to reward sensitivity in a separate

longitudinal study (van Duijvenvoorde et al., 2014).
These longitudinal results provide a unique oppor-
tunity for relating changes in neural activation to
changes in behavior over time. Even though most
studies focused on rewarding and positive outcomes,
some studies have also focused on other types of
salient outcomes. For example, it was found that
adolescents also show elevated activation compared
with adults in the ventral striatum following an
aversive event in the form of nontasty juice in
comparison to a neutral baseline (Galvan & McGlen-
nen, 2013). These findings suggest that the ventral
striatum is more sensitive to affective learning
signals in adolescence in general. Future studies
should examine different types of feedback (reward,
loss, pleasurable stimuli, aversive stimuli), and their
relation to learning and behavioral adjustment, in
more detail (Figure 3).

Although some consistent findings emerge, these
studies also present some contradictory findings of
adolescent-specific patterns of neural activation.
Besides the use of different task paradigms, age-
ranges, and baseline contrasts (Galvan, 2010;
Richards, Plate, & Ernst, 2013), these contradictory
findings may also point to the large individual
differences within the adolescent age group. In
addition, many studies report a monotonic decrease
in risk-taking behavior between childhood and
adulthood, while reporting a specific adolescent
peak in neural activity (Galvan et al., 2006; Van
Leijenhorst, Moor et al., 2010). Closer inspection of
these behavioral patterns seems to suggest that
adolescents often show larger variability in behavior
(Ripke et al., 2012). A prior neuroimaging study
reported large individual differences in adolescents’
risk sensitivity ranging from very risk averse to risk-
seeking, whereas adults were more uniformly risk
averse (van Duijvenvoorde, Huizenga et al., 2015).
Possibly, adolescents are more sensitive than adults
to contextual cues, or show different types of sensi-
tivity to context, such as social rewards (Willoughby
et al., 2014). This may be a result of a transition
period during adolescence in which they may be
more susceptible to environmental influences (Crone
& Dahl, 2012). Future approaches combining model-
based influences with different experimental condi-
tions may be a promising method to highlight these
influences across development and to specify the
extent of individual differences across developmental
stages.

These imaging studies reviewed above have
demonstrated regional age-related differences in
neural activation during the process of risk-taking
or reward processing. In general, the studies confirm
adolescent-specific heightened activity in the stria-
tum, both when anticipating rewards and when
receiving rewards. In addition, the studies show that
when taking risks (i.e., when evaluating different
options and making voluntary choices), adolescents
show heightened activity in regions that are thought
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to work closely together with the PFC-striatum
network, such as the subgenual ACC (which lies as
the intersection of the striatum and PFC) and the
insula. Together, these findings highlight both the
consistent findings (in terms of heightened striatum
activity during outcome processing), as well as the
complexity (in terms of different regions working
together when making choices) of understanding
risk-taking development.

An additional question is to what extent connec-
tivity between the striatum and PFC regions changes
from trial-to-trial during choice or outcome. This
question has been examined in imaging studies by
examining connectivity patterns in adolescents of
different ages. Although there are still only a few
studies that have used this approach, several of
these studies have reported an age-related increase
in functional connectivity between the ventral stria-
tum and medial PFC when receiving positive feed-
back relative to negative feedback (van den Bos,
Cohen, Kahnt, & Crone, 2012) and gains compared
to losses (van Duijvenvoorde et al., 2014). Even
though this connectivity between ventral striatum
and medial PFC was not related to increased risk-
taking in the latter study (van Duijvenvoorde et al.,
2014), the strength in connectivity between the
ventral striatum and anterior insula attenuated
individuals’ risky decision making, indicating a
regulatory role of this network. In addition, a recent
longitudinal study reported that decreases in func-
tional connectivity between the striatum and medial
PFC between ages 15- and 17-years, were associated
with decreases in risk-taking behavior (Qu, Galvan,
Fuligni, Lieberman, & Telzer, 2015). Taken together,
these functional connectivity patterns provide

important additional information above an approach
that only focuses on regional activity patterns over
age. That is to say, regional activity and connectivity
measures provide complementary information with
respect to how certain brain structures are sensitive
to rewards, and how brain regions interact when
valuing rewards. Future studies are necessary,
however, to understand these connectivity patterns
in relation to behavioral changes in more detail.

Developmental changes and individual
differences in functional connectivity related
to risk-taking
A relatively new way to examine the relation between
risk-taking and striatum-PFC connectivity is by
examining functional activity during rest. Task-free
connectivity patterns, also known as resting-state
connectivity, assess synchronous activity between
brain regions when subjects are awake but resting,
and focuses on spontaneous low frequency fluctua-
tions in the blood oxygen level dependent signal (Fox
& Raichle, 2007). A great advantage of resting-state
connectivity analysis is that it allows us to study age-
related changes in intrinsic functional connectivity
in children of all ages due to their minimal atten-
tional demands. Also, resting-state analyses allow
for both exploratory, data-driven analyses, such as
independent component analyses, as well as the
testing of specific hypotheses by use of seed-based
approaches. Taken together, resting state connectiv-
ity is a powerful method that provides insight into
the functional architecture of neural connections
(see also Ernst, Torriso, Balderston, Grillon, & Hale,
2015).

Figure 3 Example stimulus display and adolescent peak in ventral striatum activity in a gambling task with an equal probability of
rewards and losses. Displayed is the ventral striatum brain region that shows an adolescent peak in reward responsiveness (adapted from
Braams et al., 2014)
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A prior study examining resting state connectivity
across adolescence aimed to test linear and nonlin-
ear changes in a reward-based network. This study
focused on the nucleus accumbens (a subregion of
the ventral striatum) and used resting state data
from 269 participants ranging between ages 8 and
25 years. Results showed that connectivity between
the striatum and a ventral part of the medial PFC
decreased with age. That is, specifically in the
younger children functional connectivity between
the striatum and VMPFC was high, and this connec-
tivity declined into adulthood (Van Duijvenvoorde,
Achterberg, Braams, Peters, & Crone, 2016). The
study related the functional connectivity strength
between the striatum and VMPFC to individual
differences in self-report reward valuation, and
found that individuals, who enjoyed winning money
more, had stronger functional coupling between the
striatum and VMPFC. This relation mediated the
observed age-related decrease in winning pleasure
(Van Duijvenvoorde, Achterberg et al., 2016). Simi-
larly, a recent study using a relatively similar age
range and sample (66 participants, ages 4–23 years;
Fareri et al., 2015) also observed a decrease in
functional connectivity between the striatum and
VMPFC, particularly a subgenual part of the ACC. In
this study, the age-related decrease was associated
with increases in endogenous testosterone. Tenta-
tively these results may suggest that a decline in
positive coupling between these regions indicates a
functional specialization of value-based processes,
which may be partly driven by testosterone. The
functional roles of the subgenual ACC versus the
striatum may become more differentiated with age
(e.g., Christakou, Brammer, & Rubia, 2011),
although this will need to be tested in further
studies.

Second, van Duijvenvoorde et al. (2014) observed
a strengthening of connectivity between the striatum
and dorsal regions of the medial PFC across adoles-
cence (see Figure 4), although this strengthening
was not related to reward valuation. This increase in
functional connectivity between the striatum and the
dorsal medial PFC may reflect an increase in top
down regulation over the striatum. Several prior
studies have suggested that there are different roles

of the medial PFC along the dorsal to ventral axes
(Beckmann, Johansen-Berg, & Rushworth, 2009;
Crone, 2014). In a functional neuroimaging study
using a two-choice probabilistic gambling task it was
found that VMPFC activity was related to increased
risk-taking behavior, whereas dorsal medial PFC
activity was related to decreased risk-taking behav-
ior (Van Leijenhorst, Moor et al., 2010). Together,
these results suggest that in late childhood func-
tional coupling between the striatum and VMPFC
may result in increased reward valuation, and with
development increasing functional specialization
leads to a decoupling of these regions that supports
reward-based learning and controlled behavior. In
addition, age-related increases in functional integra-
tion between the striatum and the more dorsal MPFC
regions may also lead to more regulated behavior.

A third study examined functional connectivity
between the VMPFC and two subcortical regions: the
striatum and the amygdala, in relation to alcohol
use. It is well documented that alcohol use increases
in adolescence and this is often considered a real life
indicator of risk-taking. Advanced pubertal develop-
ment and higher testosterone levels were associated
with more alcohol intake, and activity in the striatum
was related to more recent alcohol use in adoles-
cence (Braams et al., in press). Therefore, in a recent
study the hypothesis was tested that VMPFC con-
nectivity to these subcortical regions would be
related to alcohol use. Contrary to expectations there
was no relation between VMPFC and striatum con-
nectivity and alcohol use, but the connectivity
between VMPFC and amygdala was a strong predic-
tor of alcohol use (Peters et al., 2015). Several prior
studies already reported that the amygdala is impor-
tant for predicting alcohol use, and the triadic
imbalance model of adolescent brain development
also points to an important role of the amygdala in
adolescent decision making (Richards et al., 2013).
Thus, an important direction for future studies is to
extend the model to other affective brain structures,
especially when aiming to explain more complex
daily life risk-taking. For example, a study that
compared risk-taking adolescents with nonrisk-tak-
ing adolescents showed that risk-taking adolescents
were characterized by connectivity between the

Figure 4 Resting-state connectivity between the nucleus accumbens (nAcc) seed and the ventral medial prefrontal cortex (VMPFC) and
dorsal medial PFC (dmPFC) across adolescence. Dots display extracted parameter estimates in brain regions sensitive to age-related
change as observed in a whole-brain seed-based analysis (From Van Duijvenvoorde, Achterberg et al., 2016, with permission)
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amygdala and PFC, whereas nonrisk-taking adoles-
cents showed stronger connectivity between the
striatum and dorsal, but not ventral, medial PFC
(DeWitt, Aslan, & Filbey, 2014).

How do individual differences inform what we
know about childhood disorders?
Youth with disruptive behavioral disorders typically
show more risk-taking problems compared to their
age-matched peers (Bjork & Pardini, 2015). Dual-
processing models have suggested that risky behav-
ior, such as alcohol consumption, illegal drug use or
committing minor crimes, start in adolescence,
which creates a period of risk for healthy develop-
ment (Casey & Jones, 2010; Somerville et al., 2010).
Indeed, many psychiatric illnesses, such as sub-
stance abuse, anxiety or depression, have their onset
in adolescence, suggesting that the reorganization in
brain development during this period may create
vulnerabilities (Paus, Keshavan, & Giedd, 2008).
However, it is not yet well determined if externalizing
disorders reflect an extreme on a continuum of risk-
taking behavior or represent a different underlying
developmental trajectory (Plichta & Scheres, 2014).

Several studies have examined the relation
between activation in the ventral striatum to rewards
and individual risk-taking propensity and reported a
positive relation in healthy adolescents (van Dui-
jvenvoorde et al., 2014; Galvan, Hare, Voss, Glover,
& Casey, 2007). Greater activation in the ventral
striatum to rewards was also observed in individuals
who score high on sensation-seeking, although a
family history of alcohol had no effect (Bjork, Knut-
son, & Hommer, 2008). Together, these findings
suggest that ventral striatum responsiveness is
higher for individuals who are more risk-seeking. A
longitudinal structural brain development study
showed that adolescents with smaller ventral stria-
tum volume were more likely to have initiated alcohol
use 2 years later (Urosevic et al., 2015). How con-
nectivity between the striatum and PFC relates to
risk-taking behavior exactly remains poorly under-
stood, with inconsistent findings between studies
(Berns, Moore, & Capra, 2009; Jacobus et al., 2013).
Possibly, these effects are dependent on the devel-
opmental time course, the subregion within the
striatum and PFC that is being studied, or whether
the tasks measures dangerous or adaptive types of
risk-taking.

There is some evidence in favor, and some evi-
dence against the hypothesis that disruptive behav-
ioral disorders, or externalizing disorders, are
extremes of the normal variation in risk-seeking
behavior. In a large study including 17–18-year-old
adolescents with ADHD, their siblings, and adoles-
cents without ADHD, it was found that on a reward
task, the ADHD participants showed heightened
activity in both the striatum and the VMPFC relative
to adolescents without ADHD, with an intermediate

patters for siblings of adolescents with ADHD (von
Rhein et al., 2015). Furthermore, increased func-
tional connectivity between the nucleus accumbens
and the PFC has been found to be associated with
greater impulsivity in children with ADHD (Costa
Dias et al., 2013). Interestingly, heightened brain
activity within the striatum and/or PFC is not always
observed in ADHD: for instance, adults with ADHD
show reduced reward responses in the striatum
(Kappel et al., 2015). Thus, it is possible that the
reward sensitivity in ADHD expresses itself differ-
ently over the course of development (Plichta &
Scheres, 2014).

Another study compared 13–17-year-old adoles-
cents with externalizing disorders (conduct disorder,
oppositional defiant disorder, and ADHD) with
healthy age-matched adolescents on a reward antic-
ipation and receipt task. This study showed height-
ened activity in the ventral striatum in adolescents
with externalizing disorders specifically to receiving
reward outcomes (Bjork, Chen, Smith, & Hommer,
2010). However, yet another study on 10–17-year-
old adolescents with externalizing disorders (con-
duct disorder and oppositional defiant disorder),
observed reduced activity in the ventral striatum to
reward cues relative to a healthy control group
(White et al., 2014).

Finally, adolescents age 14–18-years with sub-
stance abuse disorder showed no differences in
ventral striatum activity on a risk-taking task, but
showed reduced activity in VMPFC when experienc-
ing rewards, and heightened activation in lateral
orbitofrontal cortex when receiving unexpected
losses (Crowley et al., 2010). These differences
between studies may depend on several individual
difference factors such as the presence or absence of
callous-unemotional traits. However, despite the
striatum-VMPFC differences in clinical groups, the
studies often show inconsistent findings in terms of
the direction of the differences. There is a need for
studies that include children, adolescents, and
adults, with and without externalizing disorder, to
test the question of whether reward sensitivity is
specific for a certain developmental phase and to
unravel the role of individual differences in person-
ality traits.

Conclusions and future perspectives
This review discussed how ventral striatum-PFC
connections relate to the development of risk-taking
behavior in adolescence. We discussed the role of
structural morphology, structural connections,
functional connections, and task-related activity in
explaining individual patterns of risk-taking behav-
ior, in the context of the dual processing model of
adolescent brain development (Somerville et al.,
2010). Even though the relation between the ventral
striatum and the PFC in relation to risk-taking is well
established in adults, only recently have researchers
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extended these methods to the question how adoles-
cent risk-taking changes across development. As
structural and functional connectivity between stria-
tum and dorsal medial and lateral PFC increases, as
is observed across adolescent development, individ-
uals become less impulsive. In addition, as func-
tional connectivity between striatum and VMPFC
decreases (or becomes more independent), as is
observed across adolescence, individuals become
less reward sensitive. Thus, as children grow up,
the network changes considerably which is associ-
ated with more future oriented, less impulsive
choice.

Intriguingly, neural activity in both the ventral
striatum and VMPFC is heightened in midadoles-
cence relative to childhood and adulthood, although
this is dependent on specific task conditions
(Richards et al., 2013). Together, these findings
suggest that in the process of brain maturation,
specifically the maturation of ventral striatum-PFC
connectivity, there is possibly enhanced sensitivity
of this reward-seeking and valuing network, which is
associated with a peak in certain types of risk-taking
behavior (Braams et al., 2015; Figner et al., 2009).
Possibly, a temporarily less inhibited system allows
adolescents to explore their environment, seek out
new relations and differentially value information
that they receive (Crone & Dahl, 2012).

Going back to the long-standing debate whether
risk-taking is observed in all adolescents and as
such is a developmental hallmark of adolescence, or
whether it is present in only a subset of adolescents
who have already been susceptible to problem
behavior in childhood (Bjork & Pardini, 2015), the
results suggest some heightened reward sensitivity,
at least in neural activity (Braams et al., 2015), in
most adolescents. However, in terms of actual risk-
taking behavior, research to date remains inconclu-
sive (Willoughby et al., 2014), and the relation
between reward sensitivity and risk-taking behavior
is not yet fully understood. It remains an important
question when increased risk-taking is part of nor-
mative development and when it is an indication for
potential negative outcomes, such as sensitivity for
developing disruptive behavior or substance depen-
dency.

One potential way of investigating this in further
detail will be to combine longitudinal research with a
relatively young (preadolescent) sample. Conse-
quently, (neuro)biological characteristics of children
who develop extreme or pathological forms of risk-
taking could be detected when moving into adoles-
cence, compared to children who do not develop
extreme forms of risk-taking. Stemming from this
review, reduced striatum-PFC connectivity and
enhanced reward sensitivity as well as increased
sex steroid hormone secretion are likely candidates
for these biological characteristics.

A second crucial question concerns whether the
heightened reward sensitivity causes only vulnera-

bilities for excessive ‘bad’ risk-taking behavior, or is
also potentially a driver for positive, motivated
behavior. For example, friendly emotional faces
are also typically associated with ventral striatum
activity which is stronger for adolescents than for
children and adults (Somerville, Hare, & Casey,
2011). In addition, peers enhance neural activity in
the ventral striatum in adolescents (Chein, Albert,
O’Brien, Uckert, & Steinberg, 2011), but peers also
reinforce positive helping and donating behavior
(Van Hoorn, Van Dijk, Meuwese, Rieffe, & Crone,
2015). It was previously found that adolescents
who have stronger family obligations show more
activity in the ventral striatum when they donate
money to the family (Telzer, Fuligni, Lieberman, &
Galvan, 2013), suggesting that heightened emo-
tional reactivity in the striatum can also be asso-
ciated with the rewarding feeling of caring for
others.

One way to examine this question in more detail
is by moving beyond only testing snap shots in
development, and focusing on individual trajecto-
ries using longitudinal measures. There are now
several longitudinal studies in the literature in
which it was found that individual differences in
reward-seeking behavior or risk-taking propensity
are important covariates of neural activity in ventral
striatum and VMPFC (Braams et al., 2015; van
Duijvenvoorde et al., 2014). In addition, longitudi-
nal measures have the potential to unravel the
question of whether neural architecture predicts
behavioral outcomes or vice versa. For example, it
remains an important question whether substance
abuse influences subsequent brain development or
whether certain trajectories of brain development
create a vulnerability factor for developing sub-
stance abuse.

Finally, understanding risk and reward sensitiv-
ity over the course of development will prove
extremely valuable for understanding the emer-
gence of child- and adolescent-specific impulsivity
disorders, because these studies often suffer from
inconsistent findings across studies (Plichta &
Scheres, 2014). A crucial direction for future
studies will be to use multi-model approaches,
which will gain insight into how functional and
structural connectivity develop relative to each
other. Several of these approaches were illustrated
in this review. In addition, it will be important to
measure a wide range of risk-taking behaviors,
such as dangerous versus adaptive risk-takers,
and include control-related and affective processes
together. The dynamic inter-relations between
these processes will be one of the key focus points
for future research.
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Key points

• This review describes the most recent insights in neural processes involved in risk-taking, with a focus on brain
structure, function, and connectivity, in healthy adolescents and adolescents with impulsivity disorders.

• The review moves beyond a discussion of regional functional activity, and puts emphasis on connectivity
patterns as important determinants for age changes and individual differences.

• Specifically ventral striatum – prefrontal cortex connectivity is related to individual differences in risk-seeking
behavior. Both regional activities and connectivity patterns provide complementary information on risk-taking
development.

• Longitudinal measurements of ventral striatum – prefrontal cortex activity and connectivity will prove crucial
for our understanding of the emergence of impulsivity disorders, such as ADHD and conduct disorder.

References
Achterberg,M., Peper, J.S., VanDuijvenvoorde, A.C.K.,Mandle,

R.C., & Crone, E.A. (in press). Fronto-striatal white matter
integrity predicts development in delay of gratification: a
longitudinal study. Journal of Neuroscience.

Apicella, C.L., Carre, J.M., & Dreber, A. (2015). Testosterone
and economic risk-taking: A review. Adaptive Human
Behavior and Physiology, 1–28.

Arnett, J.J. (1999). Adolescent storm and stress, reconsidered.
The American Psychologist, 54, 317–326.

Aubele, T., & Kritzer, M.F. (2012). Androgen influence on
prefrontal dopamine systems in adult male rats: Localization
of cognate intracellular receptors in medial prefrontal
projections to the ventral tegmental area and effects of
gonadectomy and hormone replacement on glutamate-
stimulated extracellular dopamine level. Cerebral Cortex,
22, 1799–1812.

Barkley-Levenson, E., & Galvan, A. (2014). Neural
representation of expected value in the adolescent brain.
PNAS, 111, 1646–1651.

Bava, S., Thayer, R., Jacobus, J., Ward, M., Jernigan, T.L., &
Tapert, S.F. (2010). Longitudinal characterization of white
matter maturation during adolescence. Brain Research,
1327, 38–46.

Bechara, A., Damasio, H., Tranel, D., & Anderson, S.W. (1998).
Dissociation of working memory from decision making
within the human prefrontal cortex. Journal of Neuro-
science, 18, 428–437.

Bechara, A., Damasio, H., Tranel, D., & Damasio, A.R. (2005).
The Iowa Gambling Task and the somatic marker
hypothesis: Some questions and answers. Trends in
Cognitive Sciences, 9, 159–162; discussion 162–154.

Bechara, A., Tranel, D., & Damasio, H. (2000). Char-
acterization of the decision-making deficit of patients with
ventromedial prefrontal cortex lesions. Brain, 123(Pt 11),
2189–2202.

Beckmann, M., Johansen-Berg, H., & Rushworth, M.F. (2009).
Connectivity-based parcellation of human cingulate cortex
and its relation to functional specialization. Journal of
Neuroscience, 29, 1175–1190.

Berns, G.S., Moore, S., & Capra, C.M. (2009). Adolescent
engagement in dangerous behaviors is associated with

increased white matter maturity of frontal cortex. PLoS
One, 4, e6773.

Bjork, J.M., Chen, G., Smith, A.R., & Hommer, D.W. (2010).
Incentive-elicited mesolimbic activation and externalizing
symptomatology in adolescents. Journal of Child Psychology
and Psychiatry, 51, 827–837.

Bjork, J.M., Knutson, B., & Hommer, D.W. (2008). Incentive-
elicited striatal activation in adolescent children of
alcoholics. Addiction, 103, 1308–1319.

Bjork, J.M., & Pardini, D.A. (2015). Who are those “risk-taking
adolescents”? Individual differences in developmental
neuroimaging research. Developmental Cognitive Neuro-
science, 11, 56–64.

Bjork, J.M., Smith, A.R., Chen, G., & Hommer, D.W. (2010).
Adolescents, adults and rewards: Comparing motivational
neurocircuitry recruitment using fMRI. PLoS One, 5, e11440.

Boksem, M.A., Mehta, P.H., Van den Bergh, B., van Son, V.,
Trautmann, S.T., Roelofs, K., . . . & Sanfey, A.G. (2013).
Testosterone inhibits trust but promotes reciprocity.
Psychological Science, 24, 2306–2314.

van den Bos, W., Cohen, M.X., Kahnt, T., & Crone, E.A. (2012).
Striatum-medial prefrontal cortex connectivity predicts
developmental changes in reinforcement learning. Cerebral
Cortex, 22, 1247–1255.

van den Bos, W., Rodriguez, C.A., Schweitzer, J.B., & McClure,
S.M. (2014). Connectivity strength of dissociable striatal
tracts predict individual differences in temporal discounting.
Journal of Neuroscience, 34, 10298–10310.

Braams, B.R., Peters, S., Peper, J.S., Guroglu, B., & Crone,
E.A. (2014). Gambling for self, friends, and antagonists:
Differential contributions of affective and social brain
regions on adolescent reward processing. NeuroImage, 100,
281–289.

Braams, B.R., van Duijvenvoorde, A.C., Peper, J.S., & Crone,
E.A. (2015). Longitudinal changes in adolescent risk-taking:
A comprehensive study of neural responses to rewards,
pubertal development, and risk-taking behavior. Journal of
Neuroscience, 35, 7226–7238.

Braams, B.R., Peper, J.S., Van der Heide, D., Peters, S.. &
Crone. E.A. (in press). Nucleus accumbens response to
rewards and testosterone levels are related to alcohol use in
adolescents and young adults. Developmental Cognitive
Neuroscience.

© 2016 Association for Child and Adolescent Mental Health.

doi:10.1111/jcpp.12502 ARR: risk-taking in adolescence 365



Burnett, S., Bault, N., Coricelli, G., & Blakemore, S.J. (2010).
Adolescents’ heightened risk-seeking in a probabilistic
gambling task. Cognitive Development, 25, 183–196.

Casey, B.J. (2015). Beyond simple models of self-control to
circuit-based accounts of adolescent behavior. Annual
Review of Psychology, 66, 295–319.

Casey, B.J., & Jones, R.M. (2010). Neurobiology of the
adolescent brain and behavior: Implications for substance
use disorders. Journal of the American Academy of Child and
Adolescent Psychiatry, 49, 1189–1201.

Chein, J., Albert, D., O’Brien, L., Uckert, K., & Steinberg, L.
(2011). Peers increase adolescent risk-taking by enhancing
activity in the brain’s reward circuitry. Developmental
Science, 14, F1–F10.

Christakou, A., Brammer, M., & Rubia, K. (2011). Maturation
of limbic corticostriatal activation and connectivity
associated with developmental changes in temporal
discounting. NeuroImage, 54, 1344–1354.

Coates, J.M., & Herbert, J. (2008). Endogenous steroids and
financial risk-taking on a London trading floor. Proceedings
of the National Academy of Sciences of the United States of
America, 105, 6167–6172.

Cooke, B.M., Breedlove, S.M., & Jordan, C.L. (2003). Both
estrogen receptors and androgen receptors contribute to
testosterone-induced changes in the morphology of the
medial amygdala and sexual arousal in male rats.
Hormones and Behavior, 43, 336–346.

Costa Dias, T.G., Wilson, V.B., Bathula, D.R., Iyer, S.P., Mills,
K.L., Thurlow, B.L., . . . & Fair, D.A. (2013). Reward circuit
connectivity relates to delay discounting in children with
attention-deficit/hyperactivity disorder. European Neu-
ropsychopharmacology, 23, 33–45.

Crone, E.A. (2009). Executive functions in adolescence:
Inferences from brain and behavior. Developmental Science,
12, 825–830.

Crone, E.A. (2014). The role of the medial frontal cortex in the
development of cognitive and social-affective performance
monitoring. Psychophysiology, 51, 943–950.

Crone, E.A., Bullens, L., van der Plas, E.A., Kijkuit, E.J., &
Zelazo, P.D. (2008). Developmental changes and individual
differences in risk and perspective taking in adolescence.
Development and Psychopathology, 20, 1213–1229.

Crone, E.A., & Dahl, R.E. (2012). Understanding adolescence
as a period of social-affective engagement and goal
flexibility. Nature reviews. Neuroscience, 13, 636–650.

Crone, E.A., & van der Molen, M.W. (2004). Developmental
changes in real life decision making: Performance on a gam-
bling task previously shown to depend on the ventromedial
prefrontal cortex. Dev Neuropsychol, 25, 251–279.

Crowley, T.J., Dalwani, M.S., Mikulich-Gilbertson, S.K., Du,
Y.P., Lejuez, C.W., Raymond, K.M., & Banich, M.T. (2010).
Risky decisions and their consequences: Neural processing
by boys with Antisocial Substance Disorder. PLoS One, 5,
e12835.

Dabbs, J.M., Jr, Jurkovic, G.J., & Frady, R.L. (1991). Salivary
testosterone and cortisol among late adolescent male
offenders. Journal of Abnormal Child Psychology, 19, 469–
478.

Damasio, H., Grabowski, T., Frank, R., Galaburda, A.M., &
Damasio, A.R. (1994). The return of Phineas Gage: Clues
about the brain from the skull of a famous patient. Science,
264, 1102–1105.

Defoe, I.N., Dubas, J.S., Figner, B., & van Aken, M.A. (2015). A
meta-analysis on age differences in risky decision making:
Adolescents versus children and adults. Psychological
Bulletin, 141, 48–84.

DeWitt, S.J., Aslan, S., & Filbey, F.M. (2014). Adolescent risk-
taking and resting state functional connectivity. Psychiatry
Research, 222, 157–164.

Duckworth, A., & Steinberg, L. (2015). Unpacking self-control.
Child Development Perspectives, 9, 32–37.

van Duijvenvoorde, A.C., Huizenga, H.M., Somerville, L.H.,
Delgado, M.R., Powers, A., Weeda, W.D., . . . & Figner, B.
(2015). Neural correlates of expected risks and returns in
risky choice across development. Journal of Neuroscience,
35, 1549–1560.

van Duijvenvoorde, A.C., Jansen, B.R., Visser, I., &
Huizenga, H.M. (2010). Affective and cognitive decision-
making in adolescents. Developmental Neuropsychology,
35, 539–554.

van Duijvenvoorde, A.C., Op de Macks, Z.A., Overgaauw, S.,
Gunther Moor, B., Dahl, R.E., & Crone, E.A. (2014). A cross-
sectional and longitudinal analysis of reward-related brain
activation: Effects of age, pubertal stage, and reward
sensitivity. Brain and Cognition, 89, 3–14.

Durston, S., Davidson, M.C., Tottenham, N., Galvan, A.,
Spicer, J., Fossella, J.A., & Casey, B.J. (2006). A shift from
diffuse to focal cortical activity with development.
Developmental Science, 9, 1–8.

Ernst, M., Nelson, E.E., Jazbec, S., McClure, E.B., Monk,
C.S., Leibenluft, E., . . . & Pine, D.S. (2005). Amygdala and
nucleus accumbens in responses to receipt and omission of
gains in adults and adolescents. NeuroImage, 25, 1279–
1291.

Ernst, M., Torriso, S., Balderston, N., Grillon, C., & Hale, E.A.
(2015). fMRI Functional connectivity applied to adolescent
neurodevelopment. Annual Review of Clinical Psychology,
11, 361–377.

Eshel, N., Nelson, E.E., Blair, R.J., Pine, D.S., & Ernst, M.
(2007). Neural substrates of choice selection in adults and
adolescents: Development of the ventrolateral prefrontal and
anterior cingulate cortices. Neuropsychologia, 45, 1270–
1279.

Fareri, D.S., Gabard-Durnam, L., Goff, B., Flannery, J., Gee,
D.G., Lumian, D.S., . . . & Tottenham, N. (2015). Normative
development of ventral striatal resting state connectivity in
humans. NeuroImage, 118, 422–437.

Fellows, L.K., & Farah, M.J. (2005). Different underlying
impairments in decision-making following ventromedial
and dorsolateral frontal lobe damage in humans. Cerebral
Cortex, 15, 58–63.

Figner, B., Mackinlay, R.J., Wilkening, F., & Weber, E.U.
(2009). Affective and deliberative processes in risky choice:
Age differences in risk-taking in the Columbia Card Task.
Journal of Experimental Psychology. Learning, Memory, and
Cognition, 35, 709–730.

Figner, B., & Weber, E.U. (2011). Who takes risks when and
why? Determinants of risk-taking. Current Directions in
Psychological Science, 20, 211–216.

Finley, S.K., & Kritzer, M.F. (1999). Immunoreactivity for
intracellular androgen receptors in identified subpop-
ulations of neurons, astrocytes and oligodendrocytes in
primate prefrontal cortex. Journal of Neurobiology, 40, 446–
457.

Fox, M.D., & Raichle, M.E. (2007). Spontaneous fluctuations in
brain activity observed with functional magnetic resonance
imaging. Nature Reviews Neuroscience, 8, 700–711.

Freud, A. (1969). Adolescence as a developmental disturbance.
New York: American Book.

Galvan, A. (2010). Adolescent development of the reward
system. Frontiers in Human Neuroscience, 4, 1–9.

Galvan, A., Hare, T.A., Parra, C.E., Penn, J., Voss, H., Glover,
G., & Casey, B.J. (2006). Earlier development of the
accumbens relative to orbitofrontal cortex might underlie
risk-taking behavior in adolescents. Journal of Neuroscience,
26, 6885–6892.

Galvan, A., Hare, T., Voss, H., Glover, G., & Casey, B.J. (2007).
Risk-taking and the adolescent brain: Who is at risk?
Developmental Science, 10, F8–F14.

Galvan, A., & McGlennen, K.M. (2013). Enhanced striatal
sensitivity to aversive reinforcement in adolescents versus
adults. Journal of cognitive neuroscience, 25, 284–296.

© 2016 Association for Child and Adolescent Mental Health.

366 Eveline A. Crone et al. J Child Psychol Psychiatr 2016; 57(3): 353–8



Gardner, M., & Steinberg, L. (2005). Peer influence on risk-
taking, risk preference, and risky decision making in
adolescence and adulthood: An experimental study.
Developmental Psychology, 41, 625–635.

Glascher, J., Adolphs, R., Damasio, H., Bechara, A., Rudrauf,
D., Calamia, M., . . .& Tranel, D. (2012). Lesion mapping of
cognitive control and value-based decision making in
prefrontal cortex. PNAS, 109, 14681–14686.

Grumbach, M.M., & Styne, D.M. (1998). Puberty: Ontogeny,
neuroendocrinology, physiology, and disorders. In J.D.
Wilson, D.W. Foster, H.M. Kronenberg, & P.R. Larsen
(Eds.), Williams textbook of endocrinology (9th edn, pp.
1509–1626). Philadelphia, PA: WB Saunders.

Haber, S.N., & Knutson, B. (2010). The reward circuit: Linking
primate anatomy and human imaging. Neuropsychophar-
macology, 35, 4–26.

Hall, G.S. (1916). Adolescence: Its psychology and its relations
to physiology, anthropology, sociology, sex, crime, religion
and education. New York: D. Appleton.

Handa, R.J., Hejna, G.M., & Lorens, S.A. (1997). Androgen
inhibits neurotransmitter turnover in the medial prefrontal
cortex of the rat following exposure to a novel environment.
Brain Research, 751, 131–138.

Hermans, E.J., Bos, P.A., Ossewaarde, L., Ramsey, N.F.,
Fernandez, G., & van Honk, J. (2010). Effects of exogenous
testosterone on the ventral striatal BOLD response during
reward anticipation in healthy women. NeuroImage, 52,
277–283.

Herting, M.M., Maxwell, E.C., Irvine, C., & Nagel, B.J. (2012).
The impact of sex, puberty, and hormones on white matter
microstructure in adolescents. Cerebral Cortex, 22, 1979–
1992.

Hoogendam, J.M., Kahn, R.S., Hillegers, M.H.J., van Buuren,
M., & Vink, M. (2013). Different developmental trajectories
for anticipation and receipt of reward during adolescence.
Developmental Cognitive Neuroscience, 6, 113–124.

Huizenga, H.M., Crone, E.A., & Jansen, B.J. (2007). Decision-
making in healthy children, adolescents and adults
explained by the use of increasingly complex proportional
reasoning rules. Developmental Science, 10, 814–825.

Huizinga, M., Dolan, C.V., & van der Molen, M.W. (2006). Age-
related change in executive function: Developmental trends
and a latent variable analysis. Neuropsychologia, 44, 2017–
2036.

Jacobus, J., Thayer, R.E., Trim, R.S., Bava, S., Frank, L.R., &
Tapert, S.F. (2013). White matter integrity, substance use,
and risk-taking in adolescence. Psychology of Addictive
Behaviors, 27, 431–442.

Jansen, B.R., van Duijvenvoorde, A.C., & Huizenga, H.M.
(2012). Development of decision making: Sequential versus
integrative rules. Journal of Experimental Child Psychology,
111, 87–100.

Jarcho, J.M., Benson, B.E., Plate, R.C., Guyer, A.E., Detloff,
A.M., Pine, D.S., . . . & Ernst, M. (2012). Developmental
effects of decision-making on sensitivity to reward: An fMRI
study. Developmental Cognitive Neuroscience, 2, 437–447.

Jones, D.K. (2008). Studying connections in the living human
brain with diffusion MRI. Cortex, 44, 936–952.

Kappel, V., Lorenz, R.C., Streifling, M., Renneberg, B.,
Lehmkuhl, U., Strohle, A., . . . & Beck, A. (2015). Effect of
brain structure and function on reward anticipation in
children and adults with attention deficit hyperactivity
disorder combined subtype. Social Cognitive and Affective
Neuroscience, 10, 945–951.

Krmpotich, T., Mikulich-Gilbertson, S., Sakai, J., Thompson,
L., Banich, M.T., & Tanabe, J. (2015). Impaired decision-
making, higher impulsivity, and drug severity in substance
dependence and pathological gambling. Journal of Addiction
Medicine, 9, 273–280.

Kwon, M.S., Vorobyev, V., Moe, D., Parkkola, R., &
Hamalainen, H. (2014). Brain structural correlates of

risk-taking behavior and effects of peer influence in
adolescents. PLoS One, 9, e112780.

Lebel, C., & Beaulieu, C. (2011). Longitudinal development of
human brain wiring continues from childhood into
adulthood. Journal of Neuroscience, 31, 10937–10947.

Lejuez, C.W., Read, J.P., Kahler, C.W., Richards, J.B., Ramsey,
S.E., Stuart, G.L., . . . & Brown, R.A. (2002). Evaluation of a
behavioral measure of risk-taking: The Balloon Analogue
Risk Task (BART). Journal of Experimental Psychology, 8,
75–84.

Luna, B., Padmanabhan, A., & O’Hearn, K. (2010). What has
fMRI told us about the development of cognitive control
through adolescence? Brain and Cognition, 72, 101–113.

McClure, S.M., Laibson, D.I., Loewenstein, G., & Cohen, J.D.
(2004). Separate neural systems value immediate and
delayed monetary rewards. Science, 306, 503–507.

Mehta, P.H., Welker, K.M., Zilioli, S., & Carre, J.M. (2015).
Testosterone and cortisol jointly modulate risk-taking.
Psychoneuroendocrinology, 56, 88–99.

Melcangi, R.C., Ballabio, M., Cavarretta, I., Gonzalez, L.C.,
Leonelli, E., Veiga, S., . . . & Magnaghi, V. (2003). Effects of
neuroactive steroids on myelin of peripheral nervous
system. Journal of Steroid Biochemistry and Molecular
Biology, 85, 323–327.

Menzies, L., Goddings, A.L., Whitaker, K.J., Blakemore, S.J., &
Viner, R.M. (2015). The effects of puberty on white matter
development in boys. Developmental Cognitive Neuroscience,
11, 116–128.

Mills, K.L., & Tamnes, C.K. (2014). Methods and
considerations for longitudinal structural brain imaging
analysis across development. Developmental Cognitive
Neuroscience, 9, 172–190.

Morton, J.B., Bosma, R., & Ansari, D. (2009). Age-related
changes in brain activation associated with dimensional
shifts of attention: An fMRI study. NeuroImage, 46, 249–256.

O’Doherty, J.P. (2011). Contributions of the ventromedial
prefrontal cortex to goal-directed action selection. Annals
of the New York Academy of Sciences, 1239, 118–129.

Padmanabhan, A., Geier, C.F., Ordaz, S.J., Teslovich, T., &
Luna, B. (2011). Developmental changes in brain function
underlying the influence of reward processing on inhibitory
control. Developmental Cognitive Neuroscience, 1, 517–529.

Paulsen, D.J., Platt, M.L., Huettel, S.A., & Brannon, E.M.
(2011). Decision-making under risk in children, adolescents,
and young adults. Frontiers in Psychology, 2, 72.

Paus, T., Keshavan, M., & Giedd, J.N. (2008). Why do many
psychiatric disorders emerge during adolescence? Nature
Reviews Neuroscience, 9, 947–957.

Peake, S.J., Dishion, T.J., Stormshak, E.A., Moore, W.E., &
Pfeifer, J.H. (2013). Risk-taking and social exclusion in
adolescence: Neural mechanisms underlying peer influences
on decision-making. NeuroImage, 15, 23–34.

Peper, J.S., & Dahl, R.E. (2013). Surging hormones: Brain-
behavior interactions during puberty. Current Directions in
Psychological Science, 22, 134–139.

Peper, J.S., de Reus, M.A., van den Heuvel, M.P., & Schutter,
D.J. (2015). Short fused? associations between white matter
connections, sex steroids, and aggression across
adolescence. Human Brain Mapping, 36, 1043–1052.

Peper, J.S., Koolschijn, P.C., & Crone, E.A. (2013). Devel-
opment of risk-taking: Contributions from adolescent
testosterone and the orbito-frontal cortex. Journal of
Cognitive Neuroscience, 25, 2141–2150.

Peper, J.S., Mandl, R.C., Braams, B.R., de Water, E., Heijboer,
A.C., Koolschijn, P.C., & Crone, E.A. (2013). Delay
discounting and frontostriatal fiber tracts: A combined DTI
and MTR study on impulsive choices in healthy young
adults. Cerebral cortex, 23, 1695–1702.

Peper, J.S., Pol, H.E., Crone, E.A., & van Honk, J. (2011). Sex
steroids andbrain structure inpubertal boys and girls: Amini-
review of neuroimaging studies. Neuroscience, 15, 28–37.

© 2016 Association for Child and Adolescent Mental Health.

doi:10.1111/jcpp.12502 ARR: risk-taking in adolescence 367



Pesaresi, M., Soon-Shiong, R., French, L., Kaplan, D.R., Miller,
F.D., & Paus, T. (2015). Axon diameter and axonal
transport: In vivo and in vitro effects of androgens.
NeuroImage, 115, 191–201.

Peters, S., Jolles, D.D., Van Duijvenvoorde, A.C., Crone, E.A.,
& Peper, J.S. (2015). The link between testosterone and
amygdala-orbitofrontal cortex connectivity in adolescent
alcohol use. Psychoneuroendocrinology, 53, 117–126.

Pfeifer, J.H., & Allen, N.B. (2012). Arrested development?
Reconsidering dual-systems models of brain function in
adolescence and disorders. Trends in Cognitive Sciences, 16,
322–329.

Plichta, M.M., & Scheres, A. (2014). Ventral-striatal
responsiveness during reward anticipation in ADHD and
its relation to trait impulsivity in the healthy population: A
meta-analytic review of the fMRI literature. Neuroscience
and Biobehavioral Reviews, 38, 125–134.

Qu, Y., Galvan, A., Fuligni, A.J., Lieberman, M.D., & Telzer,
E.H. (2015). Longitudinal changes in prefrontal cortex
activation underlie declines in adolescent risk-taking.
Journal of Neuroscience, 35, 11308–11314.

Raznahan, A., Shaw, P., Lalonde, F., Stockman, M., Wallace,
G.L., Greenstein, D., . . . & Giedd, J.N. (2011). How does your
cortex grow? Journal of Neuroscience, 31, 7174–7177.

von Rhein, D., Cools, R., Zwiers, M.P., van der Schaaf, M.,
Franke, B., Luman, M., . . . & Buitelaar, J. (2015). Increased
neural responses to reward in adolescents and young adults
with attention-deficit/hyperactivity disorder and their
unaffected siblings. Journal of the American Academy of
Child and Adolescent Psychiatry, 54, 394–402.

Richards, J.M., Plate, R.C., & Ernst, M. (2013). A systematic
review of fMRI reward paradigms used in studies of
adolescents vs. adults: The impact of task design and
implications for understanding neurodevelopment. Neuro-
science and Biobehavioral Reviews, 37, 976–991.

Ripke, S., Hubner, T., Mennigen, E., Muller, K.U., Rodehacke,
S., Schmidt, D., . . . & Smolka, M.N. (2012). Reward
processing and intertemporal decision making in adults
and adolescents: The role of impulsivity and decision
consistency. Brain Research, 1478, 36–47.

Romer, D. (2010). Adolescent risk-taking, impulsivity, and
brain development: Implications for prevention. Devel-
opmental Psychobiology, 52, 263–276.

Schlottmann, A., & Anderson, N.H. (1994). Children’s
judgments of expected value. Developmental Psychology,
30, 56–66.

Schmithorst, V.J., & Yuan, W. (2010). White matter
development during adolescence as shown by diffusion
MRI. Brain and Cognition, 72, 16–25.

Simmonds, D.J., Hallquist, M.N., Asato, M., & Luna, B. (2014).
Developmental stages and sex differences of white matter
and behavioral development through adolescence: A
longitudinal diffusion tensor imaging (DTI) study.
NeuroImage, 92, 356–368.

Smith, D.G., Xiao, L., & Bechara, A. (2012). Decision making in
children and adolescents: Impaired Iowa Gambling Task
performance in early adolescence. Developmental Psy-
chology, 48, 1180–1187.

Somerville, L.H., Hare, T., & Casey, B.J. (2011). Frontostriatal
maturation predicts cognitive control failure to appetitive
cues in adolescents. Journal of Cognitive Neuroscience, 23,
2123–2134.

Somerville, L.H., Jones, R.M., & Casey, B.J. (2010). A time of
change: Behavioral and neural correlates of adolescent
sensitivity to appetitive and aversive environmental cues.
Brain and Cognition, 72, 124–133.

Stanton, S.J., Mullette-Gillman, O.A., McLaurin, R.E., Kuhn,
C.M., LaBar, K.S., Platt, M.L., & Huettel, S.A. (2011). Low-
and high-testosterone individuals exhibit decreased aversion
to economic risk. Psychological Science, 22, 447–453.

Steinberg, L. (2011). The science of adolescent risk-taking.
Washington, DC: National Academies Press (US).

Steinberg, L., Albert, D., Cauffman, E., Banich, M., Graham,
S., & Woolard, J. (2008). Age differences in sensation
seeking and impulsivity as indexed by behavior and self-
report: Evidence for a dual systems model. Developmental
Psychology, 44, 1764–1778.

Telzer, E.H., Fuligni, A.J., Lieberman, M.D., & Galvan, A.
(2013). Meaningful family relationships: Neurocognitive
buffers of adolescent risk-taking. Journal of Cognitive
Neuroscience, 25, 374–387.

Tymula, A., Rosenberg Belmaker, L.A., Roy, A.K., Ruderman,
L., Manson, K., Glimcher, P.W., & Levy, I. (2012).
Adolescents’ risk-taking behavior is driven by tolerance to
ambiguity. Proceedings of the National Academy of Sciences
of the United States of America, 109, 17135–17140.

Urosevic, S., Collins, P., Muetzel, R., Schissel, A., Lim, K.O., &
Luciana, M. (2015). Effects of reward sensitivity and regional
brain volumes on substance use initiation in adolescence.
Social Cognitive and Affective Neuroscience, 10, 106–113.

Van den Bos, W., Rodriguez, C.A., Schweitzer, J.B., & McClure,
S.M. (2015). Adolescent impatience decreases with
increased frontostriatal connectivity. Proceedings of the
National Academy of Sciences of the United States of
America, 112, E3765–3774.

Van Duijvenvoorde, A.C., Achterberg, M., Braams, B.R.,
Peters, S., & Crone, E.A. (2016). Testing a dual-systems
model of adolescent brain development using resting-state
connectivity analyses. NeuroImage, 124, 409–420.

Van Duijvenvoorde, A.C., Jansen, B.R., Bredman, J.C., &
Huizenga, H.M. (2012). Age-related changes in decision
making: Comparing informed and noninformed situations.
Developmental Psychology, 48, 192–203.

Van Hoorn, J., Van Dijk, E., Meuwese, R., Rieffe, C., & Crone,
E.A. (2015). Peer influence on prosocial behavior in
adolescence. Journal of Research on Adolescence,
Advanced online publication. doi: 10.1111/jora.12173.

Van Leijenhorst, L., Crone, E.A., & Van der Molen, M.W.
(2007). Developmental trends for object and spatial working
memory: A psychophysiological analysis. Child Devel-
opment, 78, 987–1000.

Van Leijenhorst, L., Moor, B.G., Op de Macks, Z.A., Rombouts,
S.A., Westenberg, P.M., & Crone, E.A. (2010). Adolescent
risky decision-making: Neurocognitive development of
reward and control regions. NeuroImage, 51, 345–355.

Van Leijenhorst, L., Westenberg, P.M., & Crone, E.A. (2008).
A developmental study of risky decisions on the cake
gambling task: Age and gender analyses of probability
estimation and reward evaluation. Developmental Neu-
ropsychology, 33, 179–196.

Van Leijenhorst, L., Zanolie, K., Van Meel, C.S., Westenberg,
P.M., Rombouts, S.A., & Crone, E.A. (2010). What motivates
the adolescent? Brain regions mediating reward sensitivity
across adolescence. Cerebral Cortex, 20, 61–69.

White, S.F., Fowler, K.A., Sinclair, S., Schechter, J.C., Majestic,
C.M., Pine, D.S., & Blair, R.J. (2014). Disrupted expected
value signaling in youthwith disruptive behavior disorders to
environmental reinforcers. Journal of the American Academy
of Child and Adolescent Psychiatry, 53, 579–588. e579.

Wierenga, L.M., Langen, M., Oranje, B., & Durston, S. (2014).
Unique developmental trajectories of cortical thickness and
surface area. NeuroImage, 87, 120–126.

Willoughby, T., Good, M., Adachi, P.J.C., Hamza, C., &
Tavernier, R. (2014). Examining the link between
adolescent brain development and risk-taking from a
social-developmental perspective (reprinted). Brain and
Cognition, 89, 70–78.

Accepted for publication: 17 November 2015
First published online: 6 January 2016

© 2016 Association for Child and Adolescent Mental Health.

368 Eveline A. Crone et al. J Child Psychol Psychiatr 2016; 57(3): 353–8

http://dx.doi.org/10.1111/jora.12173

