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Abstract

Adolescence is associated with heightened mortality rates due in large measure to negative
consequences from risky behaviors. Theories of adolescent risk taking posit that immature
cognitive control coupled with heightened reward reactivity drive adolescent risk-taking, yet
surprisingly few empirical studies have examined these neurobiological systems together. In this
paper, we describe a related series of studies from our laboratory aimed at further delineating the
maturation of cognitive control through adolescence, as well as how rewards influence a key
aspect of cognitive control, response inhibition. Our findings indicate that adolescents can exert
adult-like control over their behavior, but that they have limitations regarding the consistency with
which they can generate optimal responses compared to adults. Moreover, we demonstrate that the
brain circuitry supporting mature cognitive (inhibitory) control is still undergoing development.
Our work using the rewarded antisaccade task, a paradigm that enables concurrent assessment of
rewards and inhibitory control, indicates that adolescents show delayed but heightened responses
in key reward regions along with concurrent activation in brain systems that support behaviors
leading to reward acquisition. Considered together, our results highlight adolescent-specific
differences in the integration of basic brain processes that may underlie decision-making and more
complex risk taking in adolescence.
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INTRODUCTION

Adolescence is associated with normative increases in novelty and sensation seeking (Dahl,
2004; Spear, 2000). These drives may have adaptive benefit as they may motivate youth to
explore novel environments and engage in new social relationships, leading to the
acquisition of skills and experiences critical in adulthood (Steinberg, 2004). However, these
drives may also result in risky behavior (e.g. experimenting with drugs; unprotected sex),
which can lead to aversive outcomes (e.g., substance abuse; unwanted pregnancy). Indeed,
increased morbidity and mortality rates during the adolescent period are due largely to
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consequences of preventable risk taking (Eaton et al., 2012). Consequently, understanding
why adolescents are prone to risk taking represents not only a major scientific but also a
pressing public health objective.

Risk-taking may be viewed as arising from decision-making, particularly choices made in
the context of heightened emotional arousal and/or salient incentives. Decision-making, in
turn, consists of more basic elements, of which incentive (reward/loss) processing and
inhibitory control are fundamental. From this perspective, examining the interaction of
incentive processing and inhibitory control may provide insight on the basic mechanisms
contributing to the complex behavioral phenomena of risky behavior. Increasingly,
developmental neuroscientists suggest that adolescents may be more vulnerable to risk-
taking because of limitations in the ability of prefrontal regulatory systems (prefrontal
circuits) to effectively regulate heightened reward and loss signals (striatal circuits) (Casey,
Jones, & Hare, 2008; Ernst, Pine, & Hardin, 2006; Geier & Luna, 2009). That is, while
adolescents may engage similar circuitry as adults to correctly perform a cognitive task, the
addition of rewarding or aversive (e.g., stressful) stimuli may alter brain activity and, by
extension, the resulting behavior (Steinberg, 2008).

Below, we review work from our laboratory investigating the neural bases of cognitive
control and reward processing in adolescence. Our studies utilize the antisaccade (an eye-
movement) task, a paradigm widely used in human and non-human primate studies to
understand brain-behavior relationships, specifically inhibitory control (Munoz & Everling,
2004). We operationalize cognitive control as the ability to suppress attention to compelling
yet goal-irrelevant stimuli in order to generate a planned response, though cognitive control
may be more generally thought of as top-down control over task-relevant processes, or the
ability to coordinate thoughts and actions toward realizing goals (Koechlin et al., 2003;
MacDonald et al., 2000). During the antisaccade (AS) task, participants are told that a light
will appear at an unexpected location on a computer screen and instructed to suppress the
automatic urge to move their eyes towards the light, but instead generate an eye-movement
to its mirror location. To investigate the relation between reward and inhibitory control, we
modified the AS task by providing incentives based on task performance. As such, this
simple task engages the relevant brain systems (importantly, prefrontal cortex and striatum)
required for reward processing and cognitive control of behavior, which may inform our
understanding of the development of circuitry underlying more complex behaviors like risk-
taking.

DEVELOPMENT OF COGNITIVE CONTROL

The ability to control behavior and make goal-directed responses is evident early in
development when even infants show instances of inhibitory control (Johnson, 1995). The
ability to exert cognitive control in a consistent manner, however, continues to improve
through adolescence (Bjorklund & Harnishfeger, 1995; Klein, 2001; Luna, Garver, Urban,
Lazar, & Sweeney, 2004). Our studies have found continued improvements in the rate of
correct responses through childhood (Luna et al., 2004) and through adolescence (Velanova,
Wheeler, & Luna, 2009) similar to those of other laboratories (Fischer et al., 1997; Klein et
al., 2005). As such, the processes supporting a single controlled response are available early
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on, but processes supporting the ability to effectively engage them continue to strengthen
into adulthood.

Furthermore, our studies suggest that brain function during the antisaccade task continues to
develop over adolescence. In a study of 8- to 27-year-olds performing the antisaccade task,
we demonstrated that a similar brain network (including prefrontal cortex and motor control
areas) were engaged across ages during successful trials (Velanova, Wheeler, & Luna,
2008). Children younger than 13 years of age, however, showed increased activation of
these regions, implying greater effort to perform at mature levels. However, when looking at
activity sustained across blocks of trials, which reflect circuits that support a cognitive
response state, children and adolescents demonstrated decreased activation in prefrontal and
posterior regions, suggesting age-related inefficiency in brain function to engage systems
that support the ability to consistently inhibit responses (Velanova et al., 2008). Differences
in the magnitude of activation across age groups (greater or lesser) are interpreted as
limitations in neural processing, based on the assumption that the adult mature model is the
ideal model of comparison (Luna et al., 2010). In this manner, greater magnitude of
activation in a young group compared to an adult group is interpreted as limitations in the
neural components supporting activation in a region that may not have reached efficient
mature levels (e.g., synaptic pruning may still be occurring) resulting in greater activity.
Further, greater magnitude of activation in a region by younger groups can be understood as
reflecting greater effort, similar to how adults show increased activation in relevant regions
with increased task difficulty (Braver et al., 1997). When younger groups show decreased
activation compared to the ideal mature adult model, this can be interpreted as reflecting
qualitative limitations in younger groups in accessing an optimal region that may underlie
ease of cognitive responses in adults.

In addition, there are age-related differences in processing an antisaccade error for
subsequent adjustment of behavior (e.g. when participants accidently looked at the light and
then immediately looked away) (Velanova et al., 2009). When adults made antisaccade
errors, the dorsal anterior cingulate cortex in the prefrontal cortex was utilized. This area of
the brain has been previously associated with error monitoring potentially regulating the
ability to improve behavior on subsequent trials (MacDonald et al., 2000). Adolescents and
children did not engage this region to the same degree as adults, and overall made more
antisaccade errors. Taken together, these results indicate that the ability to make an
inhibitory response is available early in development while the ability to monitor
performance and identify when errors are committed so as to adjust subsequent performance
in order to effectively engage inhibitory control in a sustained fashion, continues to mature
into adulthood.

Cognitive control of behavior is supported by a wide network of brain regions including
prefrontal and parietal cortices that interact with subcortical areas including the striatum,
thalamus, cerebellum, and brain stem, forming a circuitry that supports top-down control of
behavior (Sweeney et al., 1996). In a study assessing the direction in which distinct brain
regions communicate with one another (using a method called Granger Causality) to support
inhibitory control, we found that from childhood to adolescence connections that were
directed by prefrontal cortex became established and were subsequently strengthened into
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adulthood (Hwang, Velanova, & Luna, 2010) (Figure 1). These results are in agreement with
other effective connectivity studies indicating that strengthening of causal connection is
associated with age related improvements in cognitive processes (Bitan et al., 2009; Bitan et
al., 2006; Stevens et al., 2007).

In a subsequent study, we identified connections between brain regions when participants
(aged 10-20) were not engaged in a task (referred to as “rest”) in the scanner in order to
capture the core architecture of the brain (Hwang, Hallquist, & Luna, 2012). We specifically
identified “hubs” in the brain, which are regions in the brain that have the greatest number of
connections with other regions. Similar to airports that serve as “hubs” for certain airlines,
these functional brain hubs are believed to function as way stations for information (traffic)
flow directing high volumes of information across the brain (Buckner et al., 2009).
Throughout development, the basic architecture of the brain remained stable (e.g. areas that
served as hubs and the regions they connected to did not change) and were organized in an
optimal small world arrangement as has been found previously (Fair et al., 2009). However,
similar to our functional connectivity studies during inhibitory control, we found that
connectivity of frontal hubs to the rest of the brain became established from childhood to
adolescence (Fig. 2A) in agreement with previous findings of reorganization of functional
networks with development (Fair et al., 2009). However, we did not find evidence for a
qualitative shift from short to long connections in the hub architecture that has been
evidenced when characterizing predefined controlled networks (Fair et al., 2007). By
adolescence, frontal hub connections were stable (Fig. 2B). These findings highlight the
stability of the basic architecture of the brain throughout development. This stability
supports subsequent refinements in neural connectivity during the bio-behavioral transition
into adulthood. Importantly, prefrontal executive networks are established by adolescence,
which further support the notion that adolescents can often behave like adults and that
differences in behavior might be context dependent due to immaturities in connection
strengths between brain regions.

Overall, our cognitive development studies indicate that the foundation for cognitive control
is available in childhood, becomes guided by executive prefrontal systems by adolescence,
but continues to mature through adolescence in specific areas including performance
monitoring and sustaining a cognitive manner of responding that support mature adult level
of controlled behavior. These results are in agreement with behavioral studies of the
development of executive function indicating significant improvements in processes
including working memory and inhibitory control from childhood to adolescence (Diamond,
2002; Zelazo, Craik, & Booth, 2004).

Next we review our work on reward processing in adolescence and its influence on
cognitive control.

REWARD PROCESSING IN ADOLESCENCE

Human behavior is strongly motivated by rewards and punishments. Indeed, a vast majority
of the behaviors that we engage in are done directly or indirectly to obtain rewards or to
avoid loss or punishment. For example, many of us wake before dawn and head to work
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everyday in order to earn money to buy the material goods that we want or need. Given its
central role in behavior, the study of rewards has unsurprisingly been the focus of extensive
scientific inquiry.

A large literature in animals and human adults has identified distinct brain circuitry
underlying incentive (reward, loss) processing. Key components of this circuitry include the
dorsal and ventral striatum (Delgado et al., 2000), ventral medial prefrontal cortex (Knutson
et al., 2005), amygdala (De Martino et al., 2010), and orbitofrontal cortex (O’Doherty et al.,
2001), among others ( see Schultz, 2000, for review). Previous work has also demonstrated
that central to the function of this circuitry is the neurotransmitter dopamine. Cells that
produce dopamine respond to different properties of incentives, including salience and
valence, and modulate reciprocal interactions between the prefrontal cortex and the ventral
striatum (which includes the nucleus accumbens), an area highly implicated in the
processing of rewards (Cools, 2008). Developmentally, converging evidence from rodent,
non-human primate, and human studies indicate a peak in the availability and function of
dopamine suggesting that adolescence is a period of heightened reward sensitivity.
Importantly, this sensitivity seems to parallel peaks in reward-seeking and sensation-seeking
behaviors (Rosenberg & Lewis, 1994; Spear, 2000; Wahlstrom, White, & Luciana, 2010).

Ventral striatal function has been of particular interest in developmental neuroimaging
studies. For the most part, studies have shown increased activation in the ventral striatum
during adolescence relative to adulthood during the processing of rewards (Ernst et al.,
2005; Galvan et al., 2006; Geier, Terwilliger, Teslovich, Velanova, & Luna, 2010;
Padmanabhan, 2011). Increased activation in ventral striatum has been demonstrated during
passive reward tasks (van Leijenhorst et al., 2009) as well as active tasks with relatively
simple response demands (Ernst et al., 2005; Galvan et al., 2006) and cognitive control
requirements (Geier et al., 2010; Padmanabhan, 2011). However, when an abstract cue
associated with a reward is used in the context of a simple speeded response adolescents
show decreased involvement of ventral striatum compared to adults (Bjork et al., 2004;
Bjork, Smith, Danube, & Hommer, 2007). Considered together, these studies suggest that
the adolescent reward system may be highly influenced by contextual demands and the
specific component or stage of reward processing under investigation (Galvan, 2010; Geier
& Luna, 2009; Bjork, Smith, Chen, & Hommer, 2010), and that adolescents show
differential reward sensitivity relative to younger and older comparison groups.

It is important to recognize that characterization of adolescents’ reward responses in
isolation provides an incomplete picture of motivated behavior. Reward processes function
together with cognitive control processes to enable goal-directed behavior. Our work has
focused on characterizing the interaction of rewards and inhibitory (cognitive) control. In
order to characterize the effect of reward on inhibitory control unique to the adolescent
period, we tested 8-21 year old subjects using an incentive modulated antisaccade task,
modified for use in an event related fMRI design (Padmanabhan et al., 2011). Three
rectangles with “$” signs to resemble a “slots” machine was used to depict the possibility of
a reward dependent on correct performance while neutral trials were depicted using “#”
signs. Participants could win up to US $25 depending on performance. Children and
adolescents committed more inhibitory errors compared to adults during neutral trials,
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consistent with our prior work. However, children and adolescents showed a decrease in the
number of errors on rewarded trials, while adult performances remained at high levels. All
participants showed increased speed of responses in rewarded trials, indicating that rewards
were more compelling than neutral trials. Although activation in reward and cognitive
circuitries were evident across age groups, only adolescents showed increased activation in
ventral striatum in rewarded vs. neutral trials, concurrent with increased activation in
intraparietal sulcus and putamen, regions important for antisaccade performance. These
results suggest increased adolescent sensitivity to rewards that may enhance performance by
elevating activity in regions that support behaviors that lead to a reward, although we did not
find correlations between activation in these regions and effects of rewards on behavior.
Children showed greater activation in frontal eye movement control regions across different
trials, perhaps reflecting overall increased effort in generating inhibitory responses, a finding
evident across antisaccade studies (Velanova et al., 2009). Together, these findings are in
line with literature finding enhanced reward sensitivity during adolescence (Galvan, 2010)
and advance the model by showing that rewards may contribute to increased recruitment of
brain circuitry that enhances the ability to generate responses that result in rewards.

Reward processing consists of multiple stages that may be temporally dissociable, e.g. initial
reward assessment, anticipation, feedback processing. Identifying which stages of reward
processing show developmental differences is important, not only because each stage
implicates different ensembles of neural regions, but also because they can influence the
interpretation of changes in rewarded behavior. For example, differences in reward
assessment could implicate changes in motivation, while differences in feedback processing
could implicate changes in error monitoring, updating, or learning. In order to better identify
which stages of reward processing may show differences during adolescence, we used a
rewarded antisaccade task designed to independently assess brain responses during distinct
stages of reward processing, including reward assessment (processing of the rewarded/
neutral cue), response preparation/reward anticipation (presentation of fixation/instruction
cue), and motor response (correct inhibitory response) (Geier et al., 2010). We were able to
dissociate and separately characterize blood-oxygen-level-dependent (BOLD) activation
associated with each reward processing stage that had been previously identified in the
literature to be distinct (Schultz, 2000) by using a fast, event-related fMRI design with
partial “catch” trials (Ollinger et al., 2001). In Geier et al., 2010, we focused on the
adolescent period and tested subjects aged 13-17 years compared to 18- to 30-year-olds.
Behaviorally, all subjects responded faster when making correct rewarded vs. neutral trial
responses, but only adolescents showed a significant improvement in rate of correct
responses, which reached adult levels. Imaging results indicated increased activation in the
ventral striatum by adults compared to adolescents during the initial cue assessment period,
suggesting that the ventral striatum may play a key role in the assessment of reward value
and that adults may have earlier access to this signal relative to adolescents. Adolescents
compared to adults showed a subsequent dramatic increase in ventral striatal activation later
during the response preparation/reward anticipation period (see Figure 3). The recruitment
of ventral striatum in adolescents later in reward processing, and immediately preceding the
response, may expose vulnerability to impulsive decision making in the sense that
adolescents may have comparably less time than adults to assess and appropriately integrate
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rewards with goal-oriented behavior. Similar to the Padmanabhan et al. (2011) study
described above, Geier et al. (2010) demonstrated that critical regions of the oculomotor
control network were recruited to higher levels in adolescents in conjunction with
heightened ventral striatal activation, suggesting a possible mechanism for how behavior
improves with reward incentives in adolescence. Together, these results provide evidence
suggesting that adolescents have delayed reward reactivity that is enhanced during the
period when response preparation and reward anticipation occurs enhancing activity in
regions that support the behavior that leads to reward receipt. The proximity of enhanced
reward reactivity in adolescence immediately preceding a reward motivated response may
underlie the impulsive nature of adolescent sensation seeking.

CONCLUSIONS

Adolescents’ propensities for risk-taking may be strongly linked to a normative
neurobiological sensitivity to rewards coupled with a still-emerging cognitive control over
behavior. Brain systems that support executive control of behavior are close to adult levels
in adolescence, supporting abstract thought and the ability to generate voluntary executive
responses, but these systems are still limited in the ability to be flexibly and effectively
engaged. Adolescence is also a period during which heightened reactivity to reward
incentives may bias the ability to exert executive control of behavior. Our studies
investigating the interaction of rewards and inhibitory control suggest that adolescents show
a heightened engagement of key reward regions along with parallel enhancements in
inhibitory control related circuitry. Notably, the timing and pattern of neural recruitment we
identify appears uniquely adolescent. Importantly, reward reactivity in adolescence occurs
immediately preceding the response, which may make them vulnerable to impulsivity. In
naturalistic settings, heightened reactivity to rewards and activation of response systems
directed towards reward acquisition may bias reward-driven decisions towards potentially
risky behavior.
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Figure 1.
The results of connectivity analysis during the antisaccade task for 78 participants including

26 children (aged 8-12 years, 11 males and 15 females), 25 adolescents (13-17 years, 10
males and 15 females), and 27 adults (18-27 years, 11 males and 16 females). Left- and
right-hemisphere connections are placed on the right hemisphere to aid with visualization.
Arrows connecting two ROISs represent significant effective (causal) connectivity from one
ROI to another. Only significant connections are displayed. Children showed reliance on
parietal regions (light blue), while by adolescence prefrontal connections become
predominant (dark blue). By adulthood there is a strengthening and increase in number of
prefrontally guided connections (red/orange).
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Figure 2.

Connectivity of frontal, cognitive control hubs are primarily established between childhood
and adolescence (A), which by adolescence are relatively stable into adulthood (B)
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Estimated impulse response functions from deconvolution analysis for the cue, preparation,
and response stages of the reward antisaccade task (highlighted in yellow) for striatal
regions showing age and/or incentive interactions across time (for methodological details
see Geier et al., 2010). Error bars represent £1 standard error of the mean. Upon cues, adults
show greater activation in ventral striatum compared to adolescents. By the preparation
period adolescents show greater reactivity in ventral striatum compared to adults. During the
response stage there are no age group differences in the dorsal striatum.
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